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This article assesses the technological, economic, and environmental aspects of installing the first 7.8 kW PV installation on a rooftop of a domestic house in Bahrain for a period of 2 years (20th March 2018 to 31st March 2020). The maximum solar electricity generated was 1,228.9 kWh (August 2018), and the least was 728.16 kWh (December 2019). The maximum daily specific yield (SY) was 6.12 kWh/kWp (on 14 April 2019). The annual average daily specific yield for this domestic building was 4.13 kWh/kWp. The average performance ratio (PR) of the PV system was 73.0% in 2019. The self-sufficiency (SS) of this installation was found to vary from 15.3% to 50.7%. The average SS value in 2018 was 22.8%, while in 2019 it was 28.6%. Furthermore, a cubic relation correlation was established, relating the month number (X) and the monthly average of the daily specific yield (Y). It was found that installing a solar PV system will cut about 39.0% of CO2 annually, which is equal to 4.637 tons and hence saves 38,567 ft3 of natural gas. The initiative of encouraging the use of rooftops in Bahrain to produce zero-carbon electricity is a step towards retrofitting the built environment to combat climate change.
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1 INTRODUCTION
The Government of Bahrain had established an initiative to financially support 10 households to install a 7.8 kWPV system on the rooftop of their houses (domestic building) in different areas of Bahrain in 2017. The purpose was to monitor the performance of these PV systems and explore any difficulties facing the owners and residents. This was a step towards encouraging the use of solar energy in domestic houses to generate solar electricity to fulfil Bahrain’s target of attaining a 5% renewable energy share of the total conventional energy by 2025 and a 10% target by 2035, which was then modified and announced in COP-26 to be 20% by 2035 (SEU, 2017).
The first non-domestic 4 kWPV system to provide solar electricity installed in a Bahraini building was in 2010 (Alnaser, 2015; Abdali et al., 2019) in the Princess Sabeeka Park in the town of Awali. This installation was part of 6.9 kW hybrid renewable energy project (4 kW solar PV, 1.7 kW wind, 1.2 kW hydrogen fuel cells) managed by the Bahrain Petroleum Company (Bapco) (Figure 1).
[image: Figure 1]FIGURE 1 | The first non-domestic 4 kW photovoltaic (PV) panel to provide solar electricity installed in a Bahraini building was in 2010. On the left is the specification of the installed PV system, and on the right shows the location of the renewable energy system (PV and wind) in Princess Sabeeka Park in Awali. The project is managed by Bapco (Alnaser, 2015).
The second PV installation was conducted on the Sadeem building in Awali in 2014 by Bapco (Alnaser, 2017; Alnaser and Alnaser, 2017). There are 36 PV panels on the roof of this building, each having 240 Wp, meaning the total installed power is 8.64 kW. The panels’ orientation is 225° from the north and is at a tilt angle of 25°, although the latitude of Bahrain is 26.138°N and the latitude is 50.88° E. The total area of PV panels on the roof is about 60 m2 (Figure 2).
[image: Figure 2]FIGURE 2 | The second 8.64 kW PV installation on a building in Bahrain (Sadeem building) in Awali in 2014 by Bapco. There are 36 PV rooftop panels, each having 240 Wp (Alnaser, 2017; Alnaser and Alnaser, 2017).
Subsequently, the first large PV installation in Bahrain (5 MW) was in 2014 (Alnaser et al., 2014; Alnaser et al., 2015; Alnaser et al., 2018; Alnaser and Alnaser, 2019). This PV installation is located at Princess Sabeeka Park in Awali (26.1° N, 50.6° E). The minimum and maximum values of the monthly average daily global solar radiation in Awali were 4.00 kWh/m2 and 4.79 kWh/m2 in January and July of 2015, respectively (Abdali et al., 2019).
In February 2016, the Tatweer Petroleum company, Bahrain, installed a 1 MW solar PV as a ground installation connected to the electricity grid of Tatweer to provide enough electricity to meet the total energy requirements of the company’s headquarters in the region (Trade Arabia, 2016). Later, on 30th December 2019, Tatweer Petroleum installed another ground 3 MW Solar PV generating more than 5,400 MWh per year, which is equivalent to the energy used by 300 Bahraini homes, bringing the company’s use of renewable energy to 6% (Barakat, 2019).
Nearly 46 MW of solar PV installation has been either executed or is planned to be in operation by 2024 in Bahrain (Kim, 2022), as referred to in Table 1.
TABLE 1 | The executed and planned solar PV installation in Bahrain. Nearly 46 MW of solar PV installation has been either executed or is planned to be in operation by 2024 (Kim, 2022). The red color indicates the projects managed by a single company, i.e., Y&K Company.
[image: Table 1]The projects in red color in Table 1 are managed by the Y&K Company, a Korean technology launching in Bahrain and the GCCC. Y&K Company is the contractor of nearly 18 MWPV solar projects (Figure 3) (Kim, 2022). Bahrain has kicked off a tender to award a 20-year contract to a local or international company to build, operate, and transfer (BOT) and maintain a grid-connected solar project with a minimum capacity of 72 MW in the southern area of Bahrain (Maisch, 2022). There is over 250 MW in planning or execution to be delivered by 2025.
[image: Figure 3]FIGURE 3 | The relatively large-scale solar PV installations in Bahrain executed and managed by Y&K company, a Korean technology launching in Bahrain and other Gulf Cooperation Council Countries (GCCC) (Kim, 2022).
A pilot project for installing solar PV on 10 houses commenced in 2017. For these decentralized rooftop solar projects, the cabinet proposed and approved net metering in 2017, targeting residential-, commercial-, and industrial grid-tied electricity customers.
In a survey (Alsabbagh, 2019) comprising 764 respondents (63% were women and 37% men), four important questions were asked.
1- Is it possible to install residential PV in Bahrain?
2- Is there a PV solar panel manufacturing company operating in the country?
3- Has PV already been installed in selected houses in Bahrain?
4- Does electricity generation from residential PV reduce the electricity bill?
The answers were as follows (Alsabbagh, 2019): more than 80% answered Q1 and Q4 correctly, though only around 40% answered Q2 and Q3 correctly. This result indicates the participants overall had general knowledge about solar energy but were less knowledgeable about the status of the use of solar PV in Bahrain.
Only around 33% of participants expressed willingness to pay for installing residential PV, which costs BD 3,500 (USD 9,300). This cost covers the installation of 24 solar panels that produce 12,500 kWh per year, as estimated by the Electricity and Water Authority in Bahrain (Alayam, 2019)—74% of the participants were willing to pay only 50% of the capital cost. However, 48.2% expressed interest in installing PV in their house if the government fully subsidized it. This indicates an acceptance of solar PV in Bahrain, as a majority of the participants supported it when not factoring in who would pay the capital cost. The barrier most commonly chosen was the relatively high capital cost, at 37% of all replies. This seems realistic, as the payback period is not attractive (the payback period is around 10 years). This is considering that a net metering policy is implemented, by which the purchasing rate of the generated electricity equals the selling rate.
This aim of this article is to disseminate knowledge to the government, public, investors, and policymakers on the performance of the first domestic house with a rooftop PV system—this house was one of 10 other government-built houses as part of the identified seven projects and three policies for achieving the RE target (SEU, 2017) set by the government in Bahrain, which focus mainly on projects financed by the private sector and regulated and supported by the government, including the installation of rooftop solar PV systems on existing residential and commercial buildings (SEU, 2017). This will help in the refinement and modification of many conditions, laws, policies, and criteria set in this regard.
2 METHODOLOGY
The data of the performance of the PV system on the roof of the first domestic PV house in Bahrain were collected from a local company in Bahrain, the Almoayyed Solar Company (ASC), which specializes in energy service and energy auditing to improve the overall energy performance of the commercial, industrial, and residential sectors. This house was one of 10 domestic houses supported by the government to use a PV Solar System. ASC was assigned to manage and monitor the solar input and solar electricity output, cleaning, troubleshooting, and maintenance. All the solar electricity was recorded and tabulated.
According to ASC, this first solar PV domestic house (House 4 #108)—owned by Hussain Hassan Mansour Sanad—may have had the best performance due to the cleaning of the PV panels once every 15 days in the period from 03/06/2018 to 03/05/2019. In addition, the owner of the house was the most cooperative house owner with ASC. After the expiration of the cleaning contract, the household cleaned the PV system once a month.
2.1 PV system description
The 7.8 kWp PV system of the house consists of the following.
i- Twenty-four (24) polycrystalline silicon (Poly-Si) PV panels, manufactured by Jiangsu Seraphim Solar System Co. Ltd., Model SRP-325-6pA, China. Based on STC:1000 W/m2, air mass (AM) 1.5, T = 25°. The technical data of each panel are as follows:
 | 
[image: ]The PV panels were facing 160° (instead of 180°, due south) because of a rooftop limitation and to avoid the shadowing of the panels. The panels were titled at 12° (instead of 26°, which is the latitude of Bahrain) to avoid wind force stress on the PV panels, because they were anchored on a concrete foundation that can withstand wind speeds of no more than 30 m/s (110 km/h). The flow of turbulent air under the panels may cause serious stress on their stability. This is shown in Figure 4.
ii- Invertor: An inverter with AC nominal output of 7000 W was used. It was manufactured by Fronius International GmbH, model SYMO -7.0-3-M, Austria. The inverter features a simple, standardized mounting system, making installation and maintenance easy and simple. The solar DC connection area is separate from the power stage set compartment, with both being installed separately. The inverter is simply placed in the wall bracket and then secured. This means that it is not necessary to remove the entire inverter for servicing, just the power stage set. All the cabling remains in place. The inverter allows for a data communication package with fully integrated datalogging, WLAN, Ethernet, energy management, a web server, and a range of interfaces. The inverter is connected to the internet by a network cable or WLAN—without additional cabling—and grants an overview of how the PV system is operating. Connection to third-party components is provided by means of interfaces such as Modbus TCP SunSpec, Modbus RTU SunSpec, or Fronius Solar API (JSON). The inverter has the following OUTPUT features:
 | 
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iii- DC SPD box: This is a DC surge protective device to protect the DC electric system from surge. Moreover, it allows replacement of the protective metal oxide varistor (MOV), i.e., a voltage-dependent device that has an electrical behavior similar to back-to-back Zener diodes. This ensures convenience and a reduced cost.
iv- PV Array junction box: This is also referred to as PV combiner boxes. It collects DC power from the 7.8 PV strings with blocking diodes on each string for protecting panels from the reverse current flow. The collected power is then transferred to the inverter to be converted into AC.
v- Smart PV meter: The smart PV meter, also called the renewable energy meter, measures the solar energy generated from the solar PV system. This is in contrast to a bi-directional billing meter, which only measures the energy being sent back to the grid, not the total solar produced by the PV system. Net metering is a billing mechanism that allows the plant operators to feed electricity they do not use back into the grid and credits solar PV system owners for what they add to the grid in terms of kWh credit (no money but energy credits). The PV meter is installed as part of the PV system and is used to determine the self-consumed part of the solar power in kWh in conjunction with the data from the billing meter. The billing meter is owned by EWA, the grid system operator.
[image: Figure 4]FIGURE 4 | The PV panels on the rooftop of the first 7.8 kW PV domestic building (House 4 #108) in Bahrain were anchored on a concrete foundation that can withstand wind speeds of no more than 30 m/s (110 km/h).
Figure 5 illustrates the four components of the PV electronic systems in house #108, and Figure 6 shows the electric connections of the system. Such a system is made for all protype domestic 7.8 kW solar PVs in Bahrain. It is planned to charge each household about BD 3,500 (USD 9,300) for the whole system.
[image: Figure 5]FIGURE 5 | The main components of PV power electronic systems for PV array installed in the first 7.8 kW PV domestic building (House 4 #108) in Bahrain. These components are a smart PV meter, PV array junction box, DC SPD box, and solar inverter.
[image: Figure 6]FIGURE 6 | The diagram of the PV electric systems installed in the first 7.8 kW PV domestic building (House 4 #108) in Bahrain.
Figure 7 shows the layout of the roof of House 4 #108 without PV array and with PV array. It is very clear that the PV occupies about 20% of the roof. This has advantage of providing shade on the roof and hence less heat transfer from roof to rooms through the ceiling; it also has the advantage of allowing space for social gatherings or activities on the roof, as the PV panels were raised off the roof deck.
[image: Figure 7]FIGURE 7 | The layout of the first 7.8 kW PV domestic building (House 4 #108) in Bahrain with PV (top) array and without PV array (bottom).
Figure 8 shows the actual layout of the roof from the top of the PV panels (top right), below the PV panels (top left), the official inauguration of the project (bottom right), and a view of the installed of the roof PV from the ground and from the neighborhood (bottom left). All the recorded data of solar generation were stored and processed at ASC and were kindly provided to the author in the form of Excel sheets. The data were tabulated and analyzed statically.
[image: Figure 8]FIGURE 8 | The layout of the PV panels of the first 7.8 kW PV domestic building (House 4 #108) in Bahrain. Top of PV panels (top right), below the PV panels (top left), the official inauguration of the project (bottom right), and view of the roof PV from the ground (bottom left).
3 RESULTS AND DISCUSSION
3.1 Performance of PV solar electricity generation
According to the raw data provided for the solar electricity generation of the first domestic building using solar 7.8 kWp PV in Bahrain, the maximum obtained solar electricity on a particular day in the 2 years under study was 47.78 kWh (on 14 April 2019), followed by 46.60 kWh (on 18 April 2018).
Figure 9 shows the monthly solar electricity (in kWh) in 2018 and 2019 produced for the first domestic building in Bahrain (House 4 #108) to have a 7.8 kW solar PV system on its rooftop. The data are from 20 March 2018 up to 31 March 2020 (2 years).
[image: Figure 9]FIGURE 9 | The monthly solar electricity (in kWh) in 2018 and 2019 produced for the first domestic building in Bahrain (House 4 #108) to have a 7.8 kW solar PV system on its rooftop. The data are from 20 March 2018 up to 31 March 2020 (2 years).
Table 2 shows that the total solar electricity generated in the year 2019 was 11,328.58 kWh (full year), while in 2018 it was 9,186.98 kWh; it was expected that the total in 2018 would be less than in 2019 because the operation started in 20 March 2018, and thus 3 months (January, February, and March) were not counted. Table 2 also shows that July and August were the months that produced the highest monthly average; for example, in 2018, the months August and July were the most productive at 1228.9 kWh and 1219.77 kWh, respectively. In 2019, June and July had the highest yield at 1135.59 kWh and 1128.12 kWh, respectively. Surprisingly, in all summer months of 2018 and 2019 we detected no daily solar yield at more than 45.25 kWh. This clearly attributed to effect of the solar PV tilt angle (12 [image: image]) and azimuth (160°), for if the PV panels’ tilt angle was 26° and their azimuth was 180°, this would definitely lead to the highest daily solar electricity generation in June and July (Alnaser and Alnaser, 2017).
TABLE 2 | The monthly solar electricity produced for the first domestic building in Bahrain to have a 7.8 kW solar PV system on its rooftop. The data are from 20 March 2018 to 31 March 2020.
[image: Table 2]It was also found that the minimum obtained solar electricity on a particular day in 2 years was 1.14 kWh (on 23 January 2020), followed by 2.08 kWh (on 5 January 2020). In the year 2018, the lowest daily solar electricity yield was 5.23 kWh (on 11 April) kWh, followed by 6.4 kWh (on 25 November). Again, looking at Table 2, it clearly shows that in November 2018, the least monthly solar electricity yield was harvested (761.4 kWh), while in 2019 it was in December (728.15 kWh). The annual average per month for the year 2018 was 1,020.78 kWh (9 months; January, February, and March are excluded), while in 2019 it was 944.1 kWh. This reduction may be attributed to a tiny deterioration in the PV system component or less solar potential that year.
Figure 10 shows the measured monthly average global solar radiation at Bahrain International Airport (lat. 26° 16′N, long. 50° 39′E, height 2 m). The total monthly solar potential in 2018 was 5,351.8 W/m2, and the average monthly solar radiation was 446.0 W/m2, while in 2019 these were 5,452.9 W/m2 and 454.4 W/m2, respectively. This means that the year 2019 was more solar rich than 2018, which led us to conclude that the lower solar electricity yield from the PV panels may be attributed more to the degradation of the PV cell, i.e., due to heat, and a consequently higher PV panel temperature and connecting cables, as well as due to the effect of high UV radiation, which reaches about 26–30 W/m2 (Som, 1992; Alnaser, 1997), and may be due to other weather conditions such as sky turbidity and humidity.
[image: Figure 10]FIGURE 10 | The monthly average of global solar radiation (W/m2) measured at Bahrain International Airport (lat. 26° 16′N, long. 50° 39′E, height 2 m). The total monthly solar potential in 2018 was 5,351.8 W/m2, and the average monthly solar radiation was 446.0 W/m2, while in 2019 these were 5,452.9 W/m2 and 454.4 W/m2, respectively.
3.2 The specific yield values for the PV system
The specific yield (SY) (final yield) (kWh/kWp) is usually calculated from the energy output EAC (daily, monthly, or yearly) divided by the rated power output PPV,rated (Wp) of the PV system (Gulkowski, 2022). The energy output, herein, is calculated as the amount of AC (alternating current) power produced by the system over a given period of time.
[image: image]
This term complements the known terminology of the so-called performance ratio (PR), which indicates the efficiency of the yield of the PV system. The PR is calculated using the following relation (Youtube, 2022):
[image: image]
where GH is the global inclined irradiation (kWh/m2/y), and Pnom PV is the PV module installed capacity (kWp). For example, from the result in Section 1 of the discussion (Table 2), E AC in 2019 for the 7.8 kWp PV (= Pnom PV) was 11,328.58 kWh, while GH (from Figure 12) was nearly 1,990 kWh/m2/yr, leading to the average PR for 2019 = 73.0%, while for 2018 it was 60.3% (GH = 1,953.4 kWh/m2/yr; E AC = 9,187 kWh). This lower value for 2018 is expected, since no solar electricity was generated from the PV system in January, February, and March.
According to the raw data provided for the monthly specific yield (in kWh/kWp) of the building under study, it was found that the maximum SY obtained on a particular day in 2 years was 6.12 kWh/kWp (on 14 April 2019), followed by 6.10 kWh/kWp (on 23 April 2019).The highest value SY per day in 2018 was 5.97 kWh/kWp (on 18 April), followed by 5.76 kWh/kWp per day (on 23 June).
Table 3 clearly shows that July and August were the months with the highest SY daily average; for example, in 2018, the months of August and July had the highest SY at 5.05 kWh/kW and 5.08 kWh/kW, respectively. In 2019, June and July were the months with the highest daily SY at 4.75 kWh/kW and 4.82 kWh/kW, respectively.
TABLE 3 | The average daily specific yield per month produced for the first domestic building in Bahrain to have a 7.8 kW solar PV system on its rooftop. The data are from 20 March 2018 up to 31 March 2020 (2 years).
[image: Table 3]Figure 11 shows the monthly average specific yield per day (in kWh/kWp) of the building under study for the period from 20 March 2018 to 31 March 2020 (2 years). The annual average of the specific yield for this domestic building was 4.13 kWh/kWp/day. In comparing this value with the first 8.64 kW BIPV at Sadeem building of Bapco in Awali (company building (Alnaser and Alnaser, 2017), Bahrain), this value (4.13 kWh/kW/day) seems to be close to that reported for the Bapco house, which has an SY ranging from 3.6 kWh/kW/day to 4.6 kWh/kW/day, with an average 4.13 KWh/kW/day.
[image: Figure 11]FIGURE 11 | The average daily specific yield per month (in kWh/kWp/day) produced for the first domestic building in Bahrain to have a 7.8 kW solar PV system on its rooftop (House 4 #108). The data are from 20 March 2018 up to 31 March 2020 (2 years). The annual average of the specific yield is 4.13.
In comparing with other Gulf Cooperation Council Countries (GCCC), for a building in Abu Dhabi (AlAli and Emziane, 2013), the SY was 4.7 kWh/kW/day on average. In the Kingdom of Saudi Arabia (Alabduljabbar et al., 2019), the average SY was 4.49 kWh/kW/day. In Oman (Elmenreich et al., 2014), the SY was 5.13 kWh/kW/day. In Qatar (Abdallaha et al., 2015), on average, it was 5.5 kWh/kW/day. In Poland (Gulkowski, 2022), for July and August 2021, the highest median value of SY was 5.3 kWh/kWp/day, and the maximum SY was 7.0 kWh/kWp/day. For this house under study (House 4 #108), the maximum SY per day was 6.12 kWh/kWp, which is less than the Polish value, because in their work the panels were facing south with a tilt angle of 20° (Poland’s latitude is 35° N) and made of Longi Solar LR6-60HPH, efficiency 19.3%.
3.3 The self-consumption ratio
The self-consumption ratio (SC), defined as the amount of energy consumed locally, was calculated using Equation (Bošnjakovi´c et al., 2021):
[image: image]
where EC is the amount of energy consumption from PV, and EE is the amount of energy exported to the grid.
The self-sufficiency ratio (SS), defined as the amount of consumption delivered by the local production from the PV system, can be calculated using the following equation (Bošnjakovi´c et al., 2021):
[image: image]
where EI is the amount of energy imported from the grid for a remaining load. Table 4 shows the calculated monthly SC for the period from April 2018 to March 2020 (2 years). For example, in June 2018, EC = 1,180 kWh and EE = 0, which gives SC = 100%. If EC is less than the consumption from the grid (EI), then SC will be always equal to 100%.
TABLE 4 | The electricity consumption (in kWh), solar electricity production (in kWh), amount of consumption delivered by the local production from the PV system (SS), and energy saving for the first domestic building in Bahrain to have a 7.8 kW-PV on its rooftop (House 4 # 108). The first line (in black) in each cell is for the consumption of conventional electricity from the utility, the second line (in red) is the yield of solar electricity from the rooftop 7.8 kW PV panels, the third line (in purple) is for the self-sufficiency ratio (SS), and the fourth line (in green) is for the percentage of conventional electricity saving.
[image: Table 4]In Table 4, it is only March 2019 where EC = 1,086 kWh and EE = 30 kWh, where SC = 97.3%. However, the table shows that amount of consumption delivered by the local production from the PV system (SS) varies from as low as 15.3% and 15.8% in June and July 2018, respectively, and 16.8% in September 2019 to relatively larger values of 50.7% in March 2019.
The average SS value for this house in 2018 was 22.8%, while in 2019 it was 28.6, compared to the 30.16 kW PV system in Poland (Gulkowski, 2022), with its PV panels tilted 25° (Poland’s latitude is 35°), facing south-east, and with an efficiency of 17.7%. In their work, the SC values were than 90% in November, December, and January and less than 50% in June, July, and August. For the SS, they were less than 10% in December, January, and February and more than 60% from May to August but did not exceed 70.6%. It is expected that the energy demand in Poland will be orders of magnitude different than in the GCCC due to the demand for cooling, which is normally met by local electricity consumption; by comparison, in Poland and other northern regions, heating is the big energy demand, but this is most often met with district heating networks or non-electric means. Hence, their electricity demand is greatly reduced.
3.4 The environmental benefits
Bahrain has set a national target of achieving carbon neutrality by 2060, with an interim goal of a 30% reduction in CO2e emissions by 2035. Among the proposed policies to achieve this (Alsabbagh and Alnaser, 2022) is the adoption of renewable energy technologies. Luckily, solar and wind energies in specific have been extensively explored in the GCCC (Alharb and Csala, 2021; Albuflasa et al., 2022). The initiative of the MEWA with support from Tatweer (a governmental oil and gas company) to financially support 10 domestic buildings to install 7.8 kW PV (among them is the first house, House 4 # 108) is among the endeavors to reduce CO2e emissions by 30% in Bahrain by 2035.
Table 4 (last row, in green) shows that the saving of conventional energy and consequently the CO2 in this house varied from low monthly values of 18% (June to August) for the year 2018 and from 20% to 22% (August to September) in 2019. The annual average saving was 29.6% in 2018 and 48.4% in 2019. If we assume that the house annually consumes 29,000 kWh, which is equal to emissions of 11,890 kg CO2e (11.9 tons)—knowing that every 2,435 kWh = 1 metric ton of CO2 emission or 1 kWh = 0.41 kg of CO2 emission (EIA, 2022), which is used in Bahrain—and another reference considers 1 kWh = 0.309 kge (BEIS, 2018), hence the CO2e emission is 8,961 kg (8.9 ton). Therefore, based on the actual results obtained from this house (House 4 #108), we conclude that installing 7.8 kWp of PV in domestic houses in Bahrain will annually save about 39.0% of CO2, which is equal to 4637.1 kg (4.637 ton) and also saves 38,567 ft3 of natural gas annually, assuming that each kWh equals 3.41 ft3 of natural gas (Traditionoven, 2022). This saving can be used for the petrochemical industry instead of burning for electricity. This means that if all houses in the form of domestic buildings (villas) in Bahrain, which number 137,284 (out of 273,733 buildings) (Tribune, 2022), are installed with a 7.8 kW PV on their rooftops, then the cut in CO2 will be about 636,586 tons (0.64 million tons or 0.64 billion kg).
3.5 The payback period
The government had arranged with developers that the cost of every 7.8 kW PV rooftop system should not exceed BD 3,500, including fixing, maintenance, equipment, and 2 years of cleaning. Now, when referring to Table 5, it is clear that no more than 12,000 kWh of solar electricity can be generated from the PVs annually. A total of 1,000 kWh of monthly solar electricity was generated. This is clearly understood from our findings in Section 2, Table 3; the maximum SY was 5.08 kWh/kWp/day, which means that the per month (30 days) maximum generated solar electricity was 1,189 kWh. This solar electricity production will be purchased @ 3 fils/kWh (US¢ 0.8/kWh), since it falls in the subsidized category (0—3,000 kWh), whereas from 3001 to 6000 kWh it costs 9 fils/kWh (US ¢2.3/kWh) for local first home domestic consumption. This means that in a year the customer will produce 14,268 kWh, which worth nearly BD 43 (USD114), and nearly 81 years are required to cover the cost of BD 3,500 (USD 9,259). This is not encouraging for a customer wants to invest in solar energy application. Previous studies (Al-Alawi et al., 2017) suggested a purchased tariff of for each kWh of solar electricity is 75fils/kWh (US ¢ 20/kWh) to 85 fils/kWh (US¢ 23/kWh). They also suggested adopting an FIT policy along with a government subsidy of 30% of the capital cost of the residential PV system. In a previous article (Alnaser, 2017), it was suggested that a suitable purchase for each 1 kWh solar electricity is 380 fils (about USD1.0) for a payback period of 5 years for the Sadeem house, Bapco (governmental building), where the cost of the installation was relatively very high. In this study, a purchase of 100 fils/kWh (US¢ 27/kWh) for solar electricity may be attractive for payback in 3 years for domestic houses.
TABLE 5 | Comparison between the findings of this study with other studies in GCCC countries.
[image: Table 5]According to Alsabbagh (Alsabbagh, 2019), although net metering is widespread, it was found to be ineffective for Bahrain because the tariff for residential electricity consumption is relatively low. Net metering is more successful when the tariff is high and per capita electricity consumption is relatively high (RCREEE, 2016).
3.6 Modeling the monthly average of daily specific yield (SY)
The daily SY data per day per month of the 2-year period (from 20 March 2018 to 31 March 2020) was entered in MS Excel and analyzed using Statistical Package for the Social Sciences (SPSS) Version 28. A p-value of less than 0.05 was considered statistically significant, which indicates strong evidence against the null hypothesis, as there is less than a 5% probability that the null is correct.
According to the data, the value of the Pearson correlation coefficient shows no significant relation (R = 0.31, p > 0.131; R2 = 0.096 (only 9.6%)) when using SPSS program between the month of the year (X) and the monthly average of the daily specific yield (Y), i.e., the energy per inverter per kW per day in a particular month (kWh/kW/day/month). For example, the specific yield (SY) per day in February (X = 2) was 4.38 kWh/kWp, in June (X = 6) it was 4.15 kWh/kWp and in November (X = 11) it was 3.87 kWh/kWp, which is far from the actual measured values, which were 4.00 kWh/kWp, 4.9 kWh/kWp, and 3.30 kWh/kWp, respectively. This linear relation contradicts the reality; the relation indicates that the SY per day reduces as we depart from January.
A cubic relation correlation was established (Figure 12) and gives the highest correlations (r = 0.85 and R2 = 0.73, with significance P ˂ 0.001). The following relation was found between the month number (X) and the monthly average of the daily specific yield (Y):
[image: image]
[image: Figure 12]FIGURE 12 | The cubic relation between the month number and specific yield, i.e., the energy per inverter per kW per month per day using actual measured data for the 2-years performance of solar generation for the first house integrated with a rooftop 7.8 kW PV system in Bahrain. Data are from March 2018 to March 2020.
Eqn. 5 is novel; it gives the best estimate for solar electricity produced by a PV Solar System in each month. To explain the result of this model, the yield (Y) in February (X = 2) was 3.96 kWh/kWp, in June (X = 6) it was 4.68 kWh/kWp and in November (X = 11) it was 3.29 kWh/kWp; these values are very close to the actual measured values, which were 4.00 kWh/kWp, 4.90 kWh/kWp, and 3.30 kWh/kWp, respectively. The outcome of this cubic equation is by far much better than the linear one.
Table 5 compares the findings of our study with a similar study in Sohar, Oman (Elmenreich et al., 2014), Kuwait City, Kuwait (Al-Otaibi et al., 2015), Abu Dhabi, UAE (AlAli and Emziane, 2013), and Riyadh, KSA (Alabduljabbar et al., 2019); all these locations are in an arid zone and give close figures, which validates the performance of this first domestic house.
It is interesting to note that the performance of a 5 kWp rooftop photovoltaic system in the University of Lucknow (latitude 26.30° to 27.10° N and longitude 80.30° and 81.13° E) in India shows that the final yield was about 4 kWh/kWp/day, with an annual average daily performance ratio of 76.97% (Bajpai and Yadav, 2018), which also agrees with our result.
3.7 The owner’s response toward installing rooftop PV system
In an interview on 30 July 2022, the owner of the first domestic building in Bahrain to have a 7.8 kW PV system (House 4 #108) summarized the advantages and drawbacks of installing a PV system on the roof. These are.
1. Solar energy is a renewable energy source and is abundance in Bahrain. Therefore, it has to be utilized to reduce the load on the national grid.
2. The maintenance requirement is very low; this indicates reliance on the component of PV installation.
3. It saves the country from background noise pollution, as gas turbines produce heat and noise.
4. It is attractive looking and gives more beauty to the house.
5. Family members can use the area under the installed PVs as a lounge for social gatherings.
6. The roof of the house will be cooler due to the shade provided by the PV panels. The shadow forecasted on the split-unit air conditioners improve the conditioners’ performance. Moreover, the heat flow from the roof to the rooms through the ceiling will reduce significantly. This makes the interior temperature of the house lower than usual and accordingly leads to less electricity consumption.
The drawbacks, which are very few, are.
1. The PV system is very expensive.
2. The regular cleaning, either once a week, twice a month, or once a month.
The outcome of this solar PV rooftop project may encourage Bahrain and other Gulf Cooperation Council Countries (GCCC) to use the roof space for solar electricity.
Alsabbagh (Alsabbagh, 2019) had discussed the disadvantages of using solar PV at a vast scale in Bahrain, which include land use, where solar energy requires a considerable area (1 MW requires 36,000 m2 in the USA and about 13,000 m2 in Bahrain), and water use for cleaning the PV panels (about 120 L/MWh) (Alsabbagh, 2019). The outcome of this work provides a solution and drops these barriers by suggesting the use of rooftops.
It is believed that disseminating more knowledge of the successful experience in domestic rooftop PV installation, which is the aim of this article, will contribute to breaking down the barriers against using solar electricity in domestic houses, along with the lack of trained and technically skilled labor, lack of public acceptance, and absence of governing bodies and legislation (IEA, 2014; Ali et al., 2017; Lewis, 2022). According to Kazim el (Albadi et al., 2017), other than the financial barriers to using solar technologies, the grid-connected PV (GCPV) system must be understood and studied intensively, as it could help in reducing peak load demand and could offer an alternative energy source.
The performance of the PV Solar System can be improved by different paths (direct, spiral, and curved) for water flow in a photovoltaic/thermal (PV/T) system (Hoseinzadeh and Garcia, 2021). Moreover, the expansion of renewable energy installations that leads in involving more territories and providing benefits to the local energy mix—which depends on the density of the energy demand and the closeness of the producers, i.e., the penetration of renewable energy in increasing the boundaries of the urban energy system—can be used as a tool to disseminate the use of the PV system on rooftops more widely (Hoseinzadeh et al., 2022a; Hoseinzadeh et al., 2022b). Moreover, by using the DesignBuilder Software, the energy consumption of the building was determined, and this will contribute to reducing energy consumption in buildings in humid areas (HoseinzadehZakeriShirkhani and Chamkha, 2019).
Currently, we are in process of performing this evaluation for 10 domestic houses in Bahrain, which will allow policymakers to overcome any drawbacks and waive out the hurdles that prevent the installation of rooftop PV systems on most houses in Bahrain to achieve the country’s commitment to zero emissions by 2060.
CONCLUSION
The initiative of the Government of Bahrain to support the installation of domestic rooftop PV systems is a great step toward retrofitting the country’s built environment to combat climate change. The results provided by the first house to be retrofitted with a 7.8 kW solar PV system are promising and encouraging. The maximum solar electricity generated in a month was 1,228.9 kWh (August 2018), and the least was 728.16 kWh (December 2019). The maximum specific yield obtained on a particular day in 2 years was 6.12 kWh/kWp/day (on 14 April 2019). The annual average SY was 4.13 kWh/kWp/day. The average performance ratio (PR) of this PV system in 2019 was 73.0%, and the self-sufficiency (SS) varied from 15.3% to 50.7%, while the average SS value was 22.8% in 2018 and 28.6% in 2019.
The annual cut in CO2 emissions from this house was about 39.0%, which is equal to 4.637 tons, saving 38,567 ft3 of natural gas. This saving can be used for a clean petrochemical industry instead of burning for electricity and producing greenhouse gases. This means that if all 137,284 domestic houses (out of 273,733 buildings) in Bahrain were to be integrated with a 7.8 kW PV system on their rooftops, then the cut in CO2 would amount to about 636,586 tons (0.64 million tons or 0.64 billion kg).
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Project name Location Solar- Solar Contract Project execution Remark
capacity type scope period
(Kw)
From To
1 Garmco Factory Garmeo Sitra 6000 | S/W Panel | Design, Permitand | May.2021 | Ongoing Under bidding

roof PPA Tendering until Dec with PPA
mounted Project 2023 companies
Solar Management

2 Aria Food Aria HIDD 1785 | S/W Panel | Design, Permitand | Dec2021 | June2022 Project

roof PPA Tendering Completion
mounted Project
Solar Management

3 JUWI Solar/Wind EWA Askar 5000 | Ground o&M Sept2021 | ongoing Under O&M

Farm O&M ‘mounted/
WTG
4 RSCI Carport RSCI Muharraq 2600 | Carport Solar | Solar design Audit | May2022 | Dec.2022 Under Design
Solar and Consultancy Permit
5 BASF Almoayyed Solar Co HIDD 200 | S/W Panel | Designand solar | Sept2021 | Dec2021 Project
roof installation Completion
‘mounted
Solar

6 Bahrain Mall AT Comsip Seef 6,000 | S/W Panel | Design review and | July2021 | Ongoing Under
roof Permit process until construction
mounted Dec2022
Solar
7 Bahrain Bahrain Tender Askar 4,000 | Solar Carport | Design review and | July2021 | Ongoing Project
Internation Permit process until Completion
Circuit Dec2022
8 Bapco Awali Club Bapco Riffa 200 | Villa and Sample projects for | Aug2022 | March2023 | Under Design
Ground entire club area Permit
‘mounted

9 Midal Cable Midei Group Askar 2100 | S/W Panel | Design review and | July2021 | On going Under
roof Permit process until construction
mounted Dec2022
Solar

10 Imerys Factory Ai Jayani Hidd 4,600 | Ground/roof | Design review and | April2022 | Ongoing Under Design
arport Permit process until Permit

March 2023

11 BLZ Warehouse Brupco Hidd 1,000 | /W Panel | Design review and | May.2021 | May.2022 Project

roof Permit process Completion
‘mounted
Solar

12 King Hamad Almoayyed Solar Co Busaiteen 4,000 | Carport and | Design review and | Dec2020 | March2022 | Project
University 10of Solar Permit process Completion
Hospital Solar
Project

13 Bahrain Training | Almoayyed Solar Co Bahrain 1,000 | Carport and | Design review and | May.2021 | Dec.2021 Project
Institute roof Solar Permit process Completion

Structural
Assessment
14 Batelco building | AlmoayyedAlmoayyed Bahrain 880 roof Design review and | May2021 | Dec.2021 Project
Solar Co ‘mounted Permit process Completion
Solar
15 Bahrain Pipe Almoayyed Solar Co Bahrain 440 roof Design review and | May2021 | Dec.2021 Project
mounted Permit process Completion
Solar
16 YK Showroom Almoayyed Solar Co Bahrain 326 roof Design review and | May.2021 | Dec2021 Project
mounted Permit process Completion
Solar
17 Al Esiah Society Almoayyed Solar Co Bahrain 133 | roof Design review and | May2023 | Dec.2021 Project
mounted Permit process Completion
Solar

18 OMER IREC Hidd 244 | S/W Panel | Design review and | May2021 | Dec2021 Project
BANAEEA OUD roof Permit process Completion
Factory mounted

Solar

19 BTIand ITS Solar IREC Isatown 914 | Carportand | Design review and | May.2021 | Dec2021 Project

2 Schools (MOE) roof Solar Permit process Completion
Structural
Assessment

20 Madaris Solar Tarsheed Energy Bahrain 1,200 | Carport and | Design review and | June2021 | Dec.2021 Project
Energy project roof Solar Permit Process Completion
5 Schools (MOE)

21 Windpower On- | Golded Horizon Real Manama Wind NetMetering April2021 | Dec2021 Project
Gnd Design Estate Turbine Connection design Completion
(World Trade Generation | with Wind
Center) 750 KW Turbine

22 Canadian school Kooheji Contracting Diyar al 500  Carportand | Solar Construction | April2021 | Ongoing Under Design

Muharraq roof Solar and Consultancy until Permit
Dec.2021
23 Aluminium Aluminium Kitchen Sitra 370 | S/W Panel | Solar Construction | Dec2020 | Ongoing Under Design
Kitchen Factory Factory roof and Consultancy until Permit
mounted Dec2021
Solar
24 Peninsular Farm Peninsula Farm Askar 1,400 | Ground Solar Construction | June.2020 | Ongoing Project
Mounted and Consultancy until Completion
Dec2021
25 Takhzeen BCFC Hidd 250 | S/W Panel | Solar Construction | June.2020 | Feb.2021 Project
Warchouse roof and Consultancy Completion
‘mounted
Solar
26 GAC Showroom BCFC Sitra 45 | Roof Solar Design and | Feb 2020 | June 2020 Project
Mounted Permit Supervision Completion

27 Bahrain Welding Midal Cable Askar 250 | Roof Solar Design and | June 2020 | Feb 2021 Project
Wire Factory Mounted Permit Supervision Completion

28 Ebrahim Villa Mr.Ebrahim Isatown 35 | Roof Solar Design and | Jan2021 | May.2021 Project

Mounted Permit Supervision Completion

29 VKL Building VKL Holdings Manama 60 | Roof Solar Designand | Jan2021 | June 2021 Project

Mounted Permit Supervision Completion

45,532






OPS/images/fbuil-09-1178512-g012.gif





OPS/images/fbuil-09-1178512-g009.gif
IH IIIII |||u





OPS/images/fbuil-09-1178512-g008.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
in Built Environment





OPS/images/fbuil-09-1178512-g003.gif





OPS/images/fbuil-09-1178512-g004.gif





OPS/images/fbuil-09-1178512-g001.gif





OPS/images/fbuil-09-1178512-g002.gif





OPS/images/fbuil-09-1178512-g007.gif





OPS/images/fbuil-09-1178512-g005.gif





OPS/images/fbuil-09-1178512-g006.gif





OPS/images/math_4.gif
SS = Ec /(Ec + E),





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Built Environment

A domestic rooftop PV system: a
step towards retrofitting the
built environment to combat
climate change in Bahrain





OPS/images/math_3.gif





OPS/images/math_5.gif
Y =279+40.74X - 0.08X" + L.54x10 "X, R* =0.725 (5)





OPS/images/fbuil-09-1178512-001.jpg
Power rating 325W

Current at Py, 872 A

Voltage at Pyas 373V

Short-circuit current | 9.03 A

Open-circuit voltage 457V

Maximum string voltage | 1000 Ve

Maximum series fuse rating 15 A

Weight 23kg

Dimension | 196 mx 099 mx 4em






OPS/images/inline_1.gif





OPS/images/fbuil-09-1178512-002.jpg
AC nominal output

(Pac,)

Max. output power (Pyc pay)

AC output current (Ic pom)

101 A

= 7000 VA

Grid connection (U,,)

AC voltage range (Upn - Uus)

Frequency range (fin - finax)

~ NPE 400/230, 3~ NPE 380/220 V'
150-280 V'

50/60 Hz, 45-65 Hz

Dimensions of the invertor

Weight

431 mm (width), 645 mm (height), 204 mm
(depth)

219 kg

Suitable for ambient temperature
Maximum efficiency (PV - grid)

MPP adaptation efficiency

~25°C to +60°C.

98%

> 99.9%






OPS/images/math_2.gif
Eac/ (GHXP  opv)s





OPS/images/math_1.gif
Exc/Prviated





OPS/images/fbuil-09-1178512-t003.jpg
House #108 PV size 7 kW Bahrain
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Average 433 399 401
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House #108 PV size 7 kW Bahrain

Solar electricity produced in kWh

2018 2019
January - 795.48 876.01
February [ - 83411 949.65
March | - Loseo2 | Loms
April 97645 1,03463
May 987.07 1,135.59
June 1,180.38 1,111.86
July 121977 1,128.12
August ) 1,070.03
September L 87124
October 95096 738.93
November 7614 794.41
December 806,31 728.16
Total 9,186.98 1132858 2,849.18

Average 1,020.78 944.1 949.7
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Project Latitude and Size of Specific yield kWh/  Cost of solar kWh US¢  Pay-back period

longitude installation (Years)
First Domestic Rooftop Building 263'N, 505" E 78 kW 41 27 (1f each kWh is purchased 3
in Bahrain Rooftop @Us ¢27)
Kuwait (Al-Otaibi et al., 2015) 294'N,480'E 21.6 kW 45 NA NA
Rooftop
Abu Dhabi (AIAli and Emziane, 245 N, 544 E 146 kW 39 NA 42
2013) System 6
Riyadh (Alabduljabbar et al., 24.7°N, 467 E 124 kw 45

X 54 NA
2019)






OPS/images/fbuil-09-1178512-t004.jpg
Year Feb Mar Apr May Jun Jul Sept Oct Nov Dec  Total kWi
2018 1,940 1,838 2851 2087 | 2851 | 6546 | 6500° 6441 1,195 2838 | 2216 1,198 27,375
NoPV | NoPV 4501 977 987 1,180 1220 1,229 1076 951 761 806 8,087

- - 136% | 319% | 257% | 153% | 158% | 160%  473% | 300% | 256% | 402% 228%

158% | 468% | 346% | 180% | 188% | 191%  900% | 335% | 343% | 67.3% 29.6%

019 1,096 1,169 1,056 1619 | 2667 | 3452 | 3422 4840 4285 3506 | 2272 1,348 | 28,332
796 834 1,086 1,035 1,136 1112 1,128 1,070 871 739 794 728 11,329

421% 41.6% 507% | 39.0% | 299% | 246% | 248%  18.1%  168% | 174% | 259% | 35.1% 28.6%

72.6% 713% | 1028% | 63.9% | 426% | 417% | 330% | 221%  203%  2L1% | 349%  540% 48.4%

‘ 2020 1,340 1257 1361 I 3,958

876 950 1024 2,850

39.5% 43.0% 429% | 41.9%

65.4% 75.6% 722% 72.0%

*Yield of 10 days * Estimated ** Excluding January, February, and March.





