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Abstract

:

In this study, the impact of the electricity crisis on the economic growth of Nigeria is presented. Unlike other existing studies that checked the effect of electricity consumption on economic development or environmental sustainability for different countries, the present study will further present a techno-economic analysis of a proffered solution to the imminent electricity crisis. Time-series regression models are used to analyze the effect of electricity consumption on economic development and environmental sustainability while RETScreen professional software is used to perform a techno-economic analysis and determine the feasibility of a 500-kW microgrid Solar Photovoltaic (PV) system integrated for electricity generation. From the analysis results, a strong positive correlation effect is evident between electricity consumption and GNI, as well as a strong negative correlation between electricity consumption and gross domestic savings. Also, strong positive correlation effects are evident in the case of carbon emissions by buildings, by the power industry, and by other combustion industries on electricity consumption in Nigeria. Considering the net present value, internal rate of return and payback periods, the use of solar PV systems for electricity generation is feasible in the 12 different locations in Nigeria studied in this research. The most feasible area for solar PV installation is the northern part of Nigeria as Gombe and Kaduna recorded a simple PBP and an equity PBP are 6.3 years and 7.4 years respectively.
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1. Introduction


The target of every country’s economy, be it developing, emerging, or developed country is to achieve sustainable development [1]. The globalization and growth rate witnessed by every economy is increasing the global energy demand consistently as this is a driver for most economic activities. Electricity has become a necessity and an integral part of day-to-day living due to its relationship with human’s industrial production, agricultural productivity, health, education, etc. [2]. Its accessibility enhances both domestic/residential needs and this positively correlates with economic factors like; reduced poverty, enhanced overall standard of living, and increased exportation [3]. Odekanle et al. [4] stated that the constant availability of energy supply for industrial, domestic, and agricultural purposes is a strong indicator of a community’s infrastructural development. In fact, energy consumption is a reflection of a nation’s development due to its immense contribution to socio-economic growth. Research has shown that there is a relationship between economic growth and total energy consumption for many developed countries, however, the share of electricity in the overall economic development of developing (African) countries was not considered [5]. Therefore, there is a need to study the impact of the electricity crisis in many African countries on its overall economic development. One of the main aims of the United Nations Sustainable Development Goals (UN-SDGs) is to provide access to modern and clean energy [6].



Globally, carbon emission from fossil fuel usage, cement production, and other industrial processes have played a significant role in global environmental sustainability. Adom et al. [7] studied the long-term effects of demographic, economic, and political indices on potential and actual carbon emissions. Their results showed that a higher oil and electricity price will reduce the current and future carbon emission [7]. The advantages and disadvantages of enforcing some emission restriction measures within carbon emission control areas were highlighted in another study [8]. It was reported that the introduction of emission restrictions will reduce the emitted sulfur oxide by 40.4%, however, this will require a significant decrease in the vessels sailed by liner shipping company [8]. Considering the transport sector, Lo et al. [9] analyzed the determinants of carbon emissions in air transport passenger traffic using Italy as a case study. They found that aircraft size decreases the emission per available seat kilometers but it increases total emissions [9]. The impact of economic growth on Azerbaijan carbon emissions shows that economic growth has a positive statistically significant impact on carbon emissions [10]. While Andersson et al. [11] presented the relationship between firm ownership and provincial carbon emissions in China, Lin and Xu [12] analyzed the regional differences in carbon emission efficiency in the Chinese metallurgical industry. In both studies, it is highlighted that carbon emission is an imminent global issue.



Nigeria has the largest economy and population in African and it is among the top 10 most populated in the world. Just like many African countries, Nigeria is still faced with the difficulty of meeting its ever-increasing population’s energy (especially electricity) demand [13]. Different governmental reforms and policies to rescue the situation in the energy sector have been ineffective over the years. The power sector has failed to provide electricity to over 40% of Nigerians in the last 10 years and over 80 million of its citizens are without access to electricity [14]. Even after five years of privatizing the electricity sector, the country’s electricity generation, transmission, and distribution remain erratic [15]. Ali et al. reported that the investors who acquired the electricity distribution and generation companies are grappled with problems like gas shortfall, water management, inadequate supply, electricity theft, limited distribution networks, and huge metering gap [1].



The energy crisis in the country has drawn both research and political attention to the need for an imminent solution and alternative sources to complement the existing system. Most researches [16,17,18], have proffered renewable energy integration is the most sustainable way forward. Ogundimu and Okoroigwe [19] presented the prospect and challenges of solar thermal energy for electricity production in Nigeria. They reported that fossil fuels subsidy in the country and the cost of solar thermal technology are two main factors discouraging investors and ultimately hindering the use of solar thermal technologies for electricity generation. Ejiofor et al. [20] studied the potential of rice husk gasification technology for off-grid electricity generation in Nigeria. A 1.52 MW power generation potential from rice husk which includes a yearly, monthly, and daily total generation of 13,132.8 MWh, 1094.4 MWh, and 36.48 MWh was reported from the study. The potential for electricity generation from abattoir wastes in Nigeria was presented in another study and an estimated range of 1040 MWh to 1665 MWh of electricity could be generated monthly from these wastes [4]. In another study, Tegina et al. [21] proposed the use of solar PV and wind turbines to fully drive the electricity sector. It was also estimated that about 1.54 million renewable energy technology jobs can be created in Nigeria by 2050. Similarly, Bamisile et al. [13] developed an approach for sustainable energy planning towards the full electrification of Nigeria by 2030 with the use of fossil fuels and renewable energy sources.



In all the aforementioned studies, it has been established that there is a need to increase electricity production in Nigeria, however, the impact of the on-going electricity crisis on the country’s economy is yet to be studied. Although Ali et al. [1] studied economic growth, urbanization, and electricity consumption nexus, their research only focused on the effect of rural-urban migration impact on electricity consumption and economic development. Though globalization, electricity consumption, and economic growth have been established as major players in the world’s environmental degradation in literature [22], this study only considered the top 10 electricity consuming countries globally. Therefore, in this paper, the impact of the electricity crisis in Nigeria on its economic growth is presented. As the world seeks to reduce carbon emissions, the sustainability of electricity production has been critically scrutinized in recent years. This research seeks will further this course by studying the impact of electricity consumption in Nigeria on its carbon emission. Unlike other existing researches in literature that checked the effect of electricity consumption on economic development [23,24] or environmental sustainability [25] for different countries, the present study will further present a techno-economic analysis of a proffered solution to the imminent electricity crisis. This study is novel as different time-series regression models are used to analyze the effect of electricity consumption on economic development and environmental sustainability. Also, RETScreen professional software is used to perform a techno-economic analysis and determine the feasibility of a small-scale off-grid solar photovoltaic (PV) system integrated for electricity generation. While the technical analysis will focus on the sizing of the system, the economic feasibility will present the payback period, net present value, and internal rate of return for the sized system. Ten different locations across Nigeria will be considered within the scope of this study for solar PV installation. This study will serve as a template for researchers to check the electricity consumption, carbon emission, and economic growth nexus. It will also enhance the knowledge of scholars about the techno-economic analysis of solar energy technology. A brief summary of Nigeria’s energy sector is presented in Section 2 of this paper while the electricity crisis in this country is detailed in Section 3. The effect of electricity consumption on the economic development and environmental sustainability of Nigeria based on data collected between 1971 and 2014 will be is presented in Section 4. A viable solution to the electricity crisis is proposed and analyzed in Section 5. The main concluding points are highlighted in Section 6.




2. Overview of Nigeria’s Energy and Electricity Sector


The electricity system in Nigeria is dominated by natural gas power plants. It accounts for 85% of the electricity produced while cars (and the transport sector in general) runs fully on diesel and gasoline (petrol) [26]. Therefore, satisfying the unmet electricity demand without increasing greenhouse gas emissions and considering resource constraints will create a dilemma for Nigeria’s energy decision-makers. To solve this crucial problem, the government has developed the National Renewable Energy and Energy Efficiency Policy (NREEEP). This policy is proposed for the sustainable development agenda and this will contribute to CO2 mitigation without ignoring its developmental priorities [27]. It outlines various programs and policies for the deployment and utilization of RE technologies. The NREEEP has short-term, medium-term, and long-term targets to integrate wind and solar energy into the commercial electricity sector. The long-term target year is 2030 and this includes the integration of over 6000 MW of solar (PV and CSP) electricity with other renewable electricity into the country’s power sector [28].



Nigeria has both Renewable (RE) and non-RE (conventional fossil) resource deposits in large quantities. However, these resources are un/under-utilized, leading to critical energy poverty in the country. For conventional energy or fossil fuel resources, Nigeria has a vast deposit of natural gas, coal, oil, and lignite. For renewables, there is a large potential energy source like solar, wind, biomass to hydropower [29]. Table 1 summarizes the reserves and potentials RE in Nigeria. Other fossil fuel sources like tar sand, bitumen, etc. are also available in the country [30]. Nigeria’s key Renewable Energy Sources (RES) are hydro, solar, biomass, geothermal energy, and wind [16]. Based on research, installing wind power plants appears to be more realistic in the coastal and northern parts of Nigeria [31]. Some potential sites for geothermal energy have been discovered in Nigeria, but they are yet to be explored on a large and useful scale. Some of the key factors limiting RE growth in Nigeria are (a) large fossil fuel deposits, (b) inadequate market clarity on the benefits/opportunities of RE to the private sector, (c) subsidies on oil and gas products, (d) high knowledge gaps on the financial support mechanisms available, and (e) poor power grid network [30].



Nigeria has 23 on-grid generating plants with a total installed capacity of 10,396 MW (out of which 6056 MW is the maximum available capacity). The only RE power plant connected to the power grid is hydro with an installed and an available capacity of 1938.4 MW and 1060 MW [32]. Also, there is a critical imbalance between power generation and transmission in Nigeria. The transmission network capacity is 5300 MW which is 29% lower than the theoretical generating capacity of 7500 MW and also about 41% lower than the available generation capacity. Because of the obvious inherent reliability issues in the transmission infrastructure, transmission losses are generally up to 7.4% [32]. Inadequate technological infrastructure, pertinent transmission issues, limited/zero access to the power grid, and insufficient power supply have all contributed to the energy poverty that has dominated Nigeria [33]. It is appalling that about 40% of Nigerians do not have access/connection to the electricity grid [13], while a significant percentage of those connected only have electricity from 0 to 15 hours daily [34]. Presently, it is practically impossible to have 100% renewable electrification as the hydro-power potential is limited [17]. To provide a solution to Nigeria’s electricity problem, researchers have made a series of recommendations. Aliyu et al. [35] detailed Nigeria’s electricity crisis with a special focus on capacity expansion and power generation. A 100% RE use for Nigeria electricity generation; comprehensive analysis of available RES and their potential for electricity generation was carried out Akuru et al. [17]. Considering the population and other factors, the future electricity demand for Nigeria was estimated in another study [36]. Electricity generation capacity was speculated to be 160 GW [33] and that load demand would be 19.6 TWh by the year 2030 [37].



The feasibility of generating hydrogen from biogas in south-western Nigeria has been analyzed and it was found that about 40.5 million tons of hydrogen could be generated yearly thereby producing 19.46 GWh of electricity [38]. The prospect of thermal grid electricity based on CSP was also reviewed by Ogunmodimu and Edmund [39] while Enongene et al. [40] analyzed the prospects of solar PV systems in residential buildings. Both studies found that solar energy is one of the most viable solutions to the present energy crisis in Nigeria. The effect of electricity consumption on economic development was presented in another literature [41]. It was discovered that the high the electricity demand and supply, the more the boost in the economy of the country.



Renewable Energy Potential and Utility in Nigeria


Solar energy is abundant and it is the most promising of all the RES in Nigeria. It has received much attention in recent decades due to the abundance of sunlight and it is seen to be a promising renewable energy source for the future [44]. Nigeria is close to the equator; hence the potential for large-scale solar development to drive the economy is feasible. The annual technical potential of solar energy with a 5% conversion efficiency in Nigeria is estimated to be 1.50 × 1018 J of energy [45]. The estimated average radiating solar energy in Nigeria is about 3.84 kWh/m2/day and this is about 1.082 million tons of oil equivalent in a day [45]. The solar potential in this country is also about 4000 times the current daily crude oil production and about 13,000 times the natural gas daily production [46]. The total energy demand of the nation could be met if only 0.1% of the total solar energy potential on Nigeria’s landmass is converted to electricity (using a 1% efficiency) [47]. In 2018, the total solar energy utilized to generate electricity only produced 28.2 GWh [48].



Despite the relatively huge potential of wind power generation in Nigeria, its development has been nonexistent over the years. The only prominent wind power plant in Nigeria is located in Rimi village, Katsina state and it has 37 wind turbines with a total capacity of 10 MW [49]. It is disappointing that despite the enormous potential, the total wind energy utilized for commercial electricity generation is zero or not documented as of 2019 [48]. Power generation using large hydropower contributes about 30% to the total installed generation capacity [50].



The combined electricity generation capacity from small hydropower in Nigeria is about 3500 MW [51]. In this country, energy is obtained from the 3 major hydropower stations at Kainji, Jebba, and Shiroro [52]. According to International Renewable Energy Agency (IRENA) [48], in 2018, the total hydropower potential (excluding pumped storage) utilized for electricity generation in Nigeria produced 6758 GWh.



Biomass is one of the potential resources for enormous RE power generation because of its availability and the application of traditional biomass energy in Nigeria. If this resource is tapped, it will reduce the adversative environmental and socio-economic effects of energy shortages in the country [53]. However, structured policies should be implemented effectively. Nigeria has the potential to produce an estimated 47.97 MTOE annually from biomass resources [54], however, it is very difficult to determine the consistency of this resource (Figure 1). Biomass production for energy generation can be a direct replacement for fossil fuels and also serve as a backup for the exhaustible fossil fuel resources. This will in turn reduce CO2 emissions and further decrease global warming [53]. The biogas potentials in Nigeria are vast but technical skills and infrastructures for widespread biogas production are insufficient [50]. On average, over 60,952 tons of CO2 can be reduced yearly if biogas is used to displace kerosene [55]. The IRENA has documented that the total bioenergy utility for the purpose of generating electricity in Nigeria is 25 GWh. This amount is from bioenergy solid biofuels (no electricity is generated from biogas and bioenergy municipal wastes) [48]. Table 2 presents the total renewable electricity generated in Nigeria in 2018 compared with other countries as reported by IRENA [48]. The report includes electricity generation from renewable energy resources such as hydropower, wind energy onshore, wind energy offshore, solar PV, solar thermal, bioenergy (solid biofuels), bioenergy (biogas), bioenergy (municipal wastes), geothermal energy, and marine energy.





3. Nigeria Electricity Sector Crisis


The unavailability and inaccessibility of electricity in Nigeria keep increasing yearly and this is a major challenge yet to be resolved [13]. Globally, Nigeria is one of the poorest countries in terms of electricity generation. The grid-connected electricity per-capita consumption of this nation is 126 kWh. This is very low when compared with other African/developing countries (South Africa (3926 kWh) and Ghana (361 kWh)) [58]. Over 41% of the Nigerian populace has little or no access to electricity; this is more than 80 million people. Nigeria’s power sector problems affect the generation, transmission, and distribution arm of the power network. It is noteworthy that just 25% of the generated electricity is delivered for users’ consumption [59]. The remaining 75% is lost in the generation, transmission, and distribution process. Nigeria depends on gas-fired power plants for more than 80% of its electricity while hydropower generates less than 20% [60]. For several decades, electricity crisis in Nigeria has become a norm. This has led to the bane of her economic growth and development. The root causes of this deficiency are connected to financial, sociopolitical, and structural issues [60]. The major challenges facing the power generation companies are highlighted as follows:




	
Pipelines are frequently vandalized by militants in Nigeria. Between June 2014 and June 2015, Nigeria National Petroleum Corporation (NNPC) recorded 3400–4000 attacks on the various pipeline locations in the country [61].



	
Secondly, purchasing gas from the oil and gas companies to ensure adequate delivery of gas to fire the thermal power plants is another key issue. This is due to the price at which natural gas is sold to the electricity-generating companies. It leads to an increase in the price of electricity which eventually leads to a high cost of doing business [60].



	
Thirdly, incessant strike actions embarked upon by different energy-based organizations. This causes gas supply to thermal power stations to be shut-off leading to a drop in the quantity of power available from the national grid by more than 70%. This action is capable of shutting down the country’s economy as the supply of electricity to consumers is highly dependent on the delivery of natural gas to these power stations.








Nigeria’s power sector is at the mercy of the availability of gas and adequate gas supply infrastructure, creating an urgent need for alternative ways of producing electricity. Finding permanent solutions that will resolve these problems is a herculean task for the government. This situation persists even though Nigeria is well endowed with a large amount of RE and non- RES. Most of the electricity generated in Nigeria comes from non-RES. Although the Nigerian federal government targets over 30% integration of renewables into the energy mix by 2030 [62], it is important for the country to respond to the demand of the circumstances and act fast on its energy policies.



Proposed Solutions to Nigeria Electricity Sector Crisis


In order to meet the high demands of electric power, there is a need to adopt multiple sources of energy with proper energy policies. The low power generation experienced in Nigeria since independence is mainly due to the nations’ concentrated efforts on electricity generation from only two sources which are hydro and natural gas [63]. From keen observation and obvious results both in literature and experiences, these two energy sources have been poorly harnessed and mismanaged. To overcome the challenge of low power generation in this country, there is a need to supplement both hydro and gas with other energy sources such as solar and wind [64]. It is also recommended that the current electric power generation capacity will have to rise to 160 GW by 2030 to solve Nigeria’s electricity sector crisis [36]. Adequate finance must be set aside for the operation, maintenance, upgrading, and expansion of the power sector infrastructure to solve this electricity crisis. Researchers have recommended different solutions to combat the crisis in Nigeria’s electricity sector and the most outstanding solutions are summarized in Table 3. However, no research in literature considered the role of EVs and hydrogen production in order to enhance renewable integration for electricity generation as a potential solution.





4. Effect of Electricity Consumption on Economic Development and Carbon Emission


In this section, the impacts of the erratic nature of electricity availability to end-users on the country’s overall economic development are analyzed. Also, its effect on the environmental sustainability of Nigeria is considered. Panel estimators are used in regressing electricity consumption against economic indicators. The details of the method and the result of the analysis are presented in the subsequent subsections.



4.1. Panel Estimator


In analyzing the effect of inadequate electrification on economic development and environmental sustainability in Nigeria, economic development and greenhouse emissions data have been collected. First, the effect of economic development on electricity consumption between 1981–2014 is analyzed. The economic development indicator variables utilized in the model as the explanatory variables include gross national income (GNI), trade, gross domestic savings (GDS), and domestic credit to the private sector (DCPS). Electricity consumption is the primary response variable. Second, Nigeria’s carbon emissions data in six categories namely total carbon emissions, emissions by the power industry, by the transportation sector, by buildings, by other combustion industries, and by other sectors are used as response variables against economic development between 1981–2014. Third, the effect of carbon emissions on electricity consumption in Nigeria is analyzed by using the categorized carbon emissions data as predictor variables and electricity consumption as the response variable between 1971–2014.



GNI has been used in place of GDP as it has become a preferable measure of economic growth in the past few decades. While GDP measures the gross value added by residents within a country, GNI considers the total value produced by a country from within and without. The major shortcoming of simply using GDP is that it fails to attribute appropriately, the economic ups and downturns as real changes in cyclical fluctuations. GNI is therefore a reliable alternative with a more complete picture as an economic metric. In checking the impact of economic development on carbon emissions, Lin et al. [69] and Dong et al. [70], also considered GNI as a more appropriate measure of economic growth. Trading of goods and services alongside FDI inflow are often considered as factors leading towards economic growth [71,72]. Increased savings and domestic credit to the private sector which depicts investment into the private sector have also been added as economic development indicators. Table 4 provides the variables, definition, sources, and abbreviations for all the predictor and response variables used in the present study.



Two time series data sets have been collected for Nigeria. First, economic data and electricity consumption data between 1981–2014, and carbon emissions and electricity consumption data from 1971–2014. The analysis is done by using the time series linear regression model according to the literature specifications [77,78]. First, the analysis is done in static form, and then in one-year finite distributed lag form with all autoregressive dynamics in place. The standard static time series formula is therefore implemented as:


   Y t  =    α t  +  x t   β t  +  ε t   



(1)




where Y is the dependent variable, t time period,  β  the population Y-intercept, and  ε  the error term. With the finite distributed lag form defined as:


   Y t  =    α 0  +  β 0   z t  +    β 1   z  t − 1   +  β 2   z  t − 2   +  ε t   



(2)







As a robustness measure, the autoregressive integrated moving average (ARIMA) test model is also utilized in order to capture autoregressive dynamics more explicitly. The ARIMA test model is most appropriate as a robustness measure for better understanding, analyses, and forecasting of the time series data. The standard ARIMA model formula is therefore implemented as:


     (  1 −     ∑   i = 1    p ´     α i   L i   )   X t  =    (  1 +     ∑   i = 1  q   θ i   L 1   )     ε t   



(3)




where L is the lag operator,    α i    are the autoregressive parameters, and  ε  the error term. The augmented dickey-fuller test for stationarity is also carried out.



Stata and R statistical program has been used as the tool for running each econometric model described above and also for plotting the bivariate scatter plots. Table 5 reports the descriptive statistics first for electricity consumption, carbon emissions, and economic development for Nigeria between 1981–2014, and then electricity consumption and carbon emissions from 1971–2014.




4.2. Empirical Results and Discussions


In this section, the time series static, finite distributed lag, and ARIMA test model estimation results are discussed to check the effect of economic development on electricity consumption and carbon emissions, as well as the impact of carbon emissions on electricity consumption in Nigeria between 1981–2014, and 1971–2014 respectively. Economic development indicators used include GNI, trade, GDS, and DCPS. To first get a visual representation of the correlation between these variables, bivariate scatter plots have been provided in Figure 2 and Figure 3 showing the effect of electricity consumption on economic development from 1981–2014, and then the carbon emissions and electricity consumption nexus effect.



In Figure 2, a strong positive correlation effect is evident between electricity consumption and GNI, as well as electricity consumption and gross domestic savings between 1981 and 2014 while the others do not show particularly strong positive or negative correlations. This signifies that as electricity consumption increases, the GNI of the country increase. This further stresses the need for more electricity supplies to end-users as this will increase the overall economic development of the country. The negative correlation between electricity correlation and GDS is a reflection of the current reality of the country. Due to the erratic nature of the electricity supply available, many end-users are forced to generate their own electricity using small-scale electricity generating sets (popularly known as generators). The purchase, operation, and maintenance of these generators consume a significant amount of their income, thereby reducing their savings. Hence the negative correlation between electricity consumption and GDS.



In Figure 3, strong positive correlation effects are evident in the case of carbon emissions by buildings, by the power industry, and by other combustion industries on electricity consumption in Nigeria between 1971 and 2014. However, it is noteworthy that electricity consumption does not affect the total CO2 emission of the nation. To empirically test these nexus effects, the time series regression model is utilized in static form and then in one year finite distributed lag form. As a robustness measure, the ARIMA test model is implemented to check these effects. Table 6 comprehensively reports findings for all 3 models as regards the effect of economic development on electricity consumption and carbon emissions in 6 layers.



The effect of economic development on electricity consumption and carbon emissions in Nigeria from 1981–2014 is presented in Table 6 using three models. These are static time series regression model, a 1-year lag finite distributed model, and ARIMA test model as a robustness measure. The static model which checks the effect of the economic predictors on the response variables shows that gross national income and electricity consumption are strongly positively correlated. This indicates that a unit increase in GNI results in increased electricity consumption at a 1% significance level in the same year. In contrast, gross domestic savings and electricity consumption are negatively correlated at a 5% significance level. This indicates that increased domestic savings amount to a decrease in electricity consumption in the same year. In the one year finite distributed lag model, the most significant effect is once more seen between GNI and electricity consumption at a 1% significance level. This indicates that GNI increase in 1981 for instance positively impacts electricity consumption in 1982 and onwards. The ARIMA test model agrees with the static and one year finite distributed lag regression findings in that GNI and electricity consumption remain strongly positively correlated while GDS and electricity consumption remain strongly negatively correlated at a 1% significance level. These findings agree with other studies on electricity consumption and economic growth in that economic growth tends to act as a catalyst for increased electricity consumption [79,80].



Furthermore, economic development as a predictor variable has also been tested on six other response variables which are categories of carbon emissions in Nigeria. In the static model, total carbon emissions and GNI are positively correlated at the 10% significance level while trade and total carbon emissions are strongly positively correlated at the 1% significance level. This indicates that as an economic development indicator, trading activity increases amount to increases in total carbon emissions in the same year. Strong significant effects are also evident in terms of carbon emissions by the power industry and by buildings. For these two categories, GNI increase amounts to increased carbon emissions while DCPS and emissions are strongly negatively correlated at a 1% significance level. This indicates that as domestic credit to the private sector in Nigeria increases, emissions by the power industry and buildings decrease in tandem.



As for the transportation sector, an increase in trading activities is found to negatively affect carbon emissions levels in the same year and similarly in the case of a one-year lag. Such that increased trading activities aggravate the carbon emissions by the sector. This finding agrees with recent studies that have found the carbon footprint of the transportation sector especially high [81,82].



Additionally, carbon emissions by the other combustion industries and sectors are similarly found to be aggravated by increases in trading activities. Interestingly, although carbon emissions by the other combustion industries are aggravated by increases in gross national income, a negative effect is the case in terms of emissions by all other sectors. Indicating that carbon emissions are reducing in other economic sectors besides building, transport, and the power industry. These findings are further reiterated by the ARIMA test model at stronger significance levels. Table 7 reports the estimation results of the 3 models on the effect of carbon emissions on electricity consumption between 1971–2014. The first and second models are the time series regression in static form and then one-year finite distributed lag form. ARIMA test model is used as the third model as a robustness measure. All autoregressive dynamics are in place.



Using the time series static regression model, Table 7 shows that carbon emissions by the power industry and by the other combustion industries have strong positively significant correlations with electricity consumption at 5% and 1% significance levels respectively. This indicates that increased carbon emissions by the power and other combustions industries amount to increased electricity consumption rates in the same year. The one year finite distributed lag model also provides the same positive significant effect at the 5% significance level. It shows that increased carbon emissions by the power and other combustion industries in 1971 for instance, results in an increase in electricity consumption in 1972. The ARIMA test model further reiterates the same finding at the 1% significant level with significant sigma and critical values. As the power industry is predominantly responsible for energy production and the other combustion industries for high levels of greenhouse gas emissions, it is no surprise that out of all the sectors, their impact on electricity consumption is most evident.





5. The Way Forward; Techno-Economic Feasibility of Solar PV System in Nigeria


As stated in Section 3, different researchers have proposed different methods to solve the current electricity crisis in Nigeria. One of the most feasible solutions is the use of renewable energy sources for electricity generation considering an off-grid system or a smart/micro-grid. Adesanya and Pearce [83] evaluated the economic viability of captive off-grid diesel and solar PV hybrid energy systems. Their model was proposed for six different Nigerian private sectors. The analysis results showed that five of the six sectors had discounted payback times for the systems under the same year and the return on investment is greater than 100% [83]. Salihu et al. [84] presented an off-grid PV microgrid developmental study for rural electricity generation in Nigeria. They reported that the commissioning of the project in January 2018 improved the economic activities and social life of the beneficiary communities greatly [84]. Following the propositions in existing literature, the present study will present the techno-economic analysis of a 500-kW PV installation for 12 different locations in Nigeria. An off-grid (microgrid) system is considered for the feasibility study and a schematic diagram of the PV layout is illustrated in Figure 4. Also, a fixed axis solar PV system is considered as it is the most utilized solar PV technology in Sub-Sahara Africa. Further details about the techno-economic analysis are presented in subsequent subsections.



5.1. Site Selection


The electricity crisis in Nigeria has plagued all its urban and rural communities as there is no particular location that has 24 h of electricity supply consistently. Therefore, in this study, 12 different locations from all the geo-political zones in Nigeria have been considered for solar PV installation. These locations have been selected based on the available data in the National Aeronautics and Space Administration (NASA) database. The performance comparison of solar PV off-grid systems will also be done in this study. This will help determine the most feasible location for the solar PV installation. The details of each of the locations considered in this study are summarized in Table 8.




5.2. Materials and Methods


In this section, the materials used for the simulation of the off-grid PV installation is justified. RETScreen simulation program is used to execute the designed 500 kW PV system. This simulation program has been used for different techno-economic feasibility studies in existing works of literature [85,86,87]. In this study, a China Sunergy PV module with 200 kW peak capacity is used considering the PV module availability in the RETScreen database. The module has a module efficiency of 15.7% and a practical efficiency of 15.3% (as stated in Table 9). The PV module is also chosen based on its availability in the market and it has been used in other existing studies [87] that considered the feasibility of PV installation. Other details such as current, voltage, operating temperature, etc. of the PV module are summarized in Table 9.



A 650 kW inverter system is used in modeling the solar PV micro-grid system in accordance with works of literature [85,86,87]. The PV modules and the inverters are considered to have 3.2% and 1% miscellaneous losses respectively. Also, the inverter used in this study has an efficiency of 95%. The operative relative humidity of the solar PV module is 40–95% while the frame of the module is made with an anodized aluminum profile. In summary, the capacity factor of the PV system varies from one location to the other and these are similar to the capacity factor used in another study that considered PV installation in Nigeria [13].




5.3. Economic Parameters


To calculate the economic viability of the proposed solution, it is important to use the appropriate economic variables. It is noteworthy that Nigeria’s currency (Naira) has been fluctuating in recent years and therefore a 420 Naira to a Dollar exchange rate is used for the economic analysis presented while all the calculations are made/presented in Dollars. In this study, the total investment (including, installation, PV modules, inverter, development, periodic, engineering, and balance of system component) cost for the 500 kW PV installation is $757,500 [13,89]. Based on the most recent electricity tariff update in Nigeria, the electricity pricing used for the economic analysis in this study is $ 0.1484 per kilowatt-hour [90]. Also, 1% of the total investment cost is considered as the annual operation and maintenance (O&M) cost [87]. Furthermore, the interest rate is set at 4%, and a 22-years project life span is used in calculating the economic viability [91]. Although most solar PV systems’ life span is 25 years, it is noteworthy that the production of the system reduces by 10% or more after the first 20–22 years, therefore, 22 years has been used in this study. An inflation rate of 1% is considered while a 15% effective income tax is used for the analysis.




5.4. Results and Discussions


In this study, a 500-kW PV system is simulated based on technical and economic parameters in order to determine its viability in different locations in Nigeria. RETScreen simulation program has been used for the analysis and the feasibility will be determined based on different economic indicators (PBP, IRR, NPV). For comparison purposes, the capacity of the PV plants is the same for all the locations considered and therefore the required solar collector area (3266 m2) is the same. However, the electricity production from the PV systems varies from one location to the other as seen in Figure 5. Typically, the solar radiation in the northern part of Nigeria is higher (Table 8) in comparison to the other parts of the country. This is evident in the electricity produced for the PV plants analysis in Northern locations namely; Gombe (858 MWh/yr), Kaduna (855 MWh/yr), and Abuja (824 MWh/yr). Based on the result of the analysis, Port-Harcourt (PH) had the least yearly electricity export rate (582 MWh/yr) followed by Warri (675 MWh/yr) and Aba (MWh/yr).



The electricity production rate of the PV plant for each of the locations is directly proportional to the cumulative cashflow rate (Figure 6). While the cash flow for the Northern locations is higher, locations like Ankpa, Enugu, Ibadan, Osogbo, and Onitsha all had a comparatively similar income cashflow rate. Although the use of storage systems has not been considered in the scope of this study, the yearly electricity production from the PV plants in all the locations shows the potency of the technology for solving the current electricity crisis. Considering the NPV, IRR, and PBP for the projects in all the locations, it can be concluded that the use of solar PV is economically viable. A project is said to be feasible if the NPV is greater than 1. As seen in Table 10, the net present value for all the locations is between $794,108 and $1,245,681. This further justifies the importance of decentralized renewable energy-based off-grid systems for meeting Nigerians electricity needs.



The pre-tax and after-tax IRR also reflect that the use of solar PV for electricity production will be a good investment for both private individual and commercial companies/organization. Since solar radiation is mostly available during working hours, the integration of solar PV plants without storage systems will be more suitable for office/commercial buildings. The simple payback period and the equity payback period of the project in all the locations is also very feasible. For Gombe and Kaduna, the simple PBP and equity PBP are 6.3 years and 7.4 years respectively (Figure 7). it is noteworthy that the simple PBP and equity PBP for all the locations are less than 10 years (excluding Equity PBP for PH). This further shows that this is the right way forward if the country will solve its electricity crisis soon.



As seen in Table 10, other economic parameters such as; annual life cycle saving, benefit-cost ratio, electricity production cost, and electricity export income show that the project will be viable in any location in Nigeria. Also, considering the continuous increase in Nigeria’s electricity tariffs in recent years, the economics of solar PV utilization will increase positively within the next few years. This will further make the project more viable and bring-in more profit for investors. Comparing the difference in locations, the northern part of Nigeria is more suitable for solar PV utilization while the extreme south (PH and Warri) is the least suitable. The integration of the PV system in the western part (Osogbo, Lagos, and Ibadan), as well as the eastern part (Onitsha, Enugu) of the country, has similar performance.



Apart from the economic and technical feasibility of the solar PV plant, the environmental sustainability of the project further justifies its importance. The 500-kW will reduce the yearly CO2 emission by a substantial amount (677 tCO2/yr–861 tCO2/yr). Also, considering the 22-years lifespan of the project, about 21,513 tCO2/yr can be saved from being emitted to the atmosphere by installing a 500-kW PV plant in Gombe. The total emission reduction for all the locations is summarized in Table 11.





6. Conclusions


In this study, the electricity crisis in Nigeria has been discussed extensively and some of the proposed solutions in works of literature were reviewed and presented. Also, the effect of the electricity crisis on the economic development of Nigeria over the years has been analyzed based on the data collected between 1971 and 2014. The use of solar PV microgrid system for electricity generation has been proposed as the way forward and the techno-economic viability of the solution has been analyzed extensively. The main concluding points from this study are highlighted as follows:




	
Based on the time series regression analysis, electricity consumption affects the GNI of the country. Therefore, it can be concluded that economic consumption affects the country’s GNI and an increase in electricity consumption will increase the country’s GNI.



	
While electricity consumption affects the CO2 emission from the power industry and other combustion industries, it is noteworthy that the electricity consumption of Nigeria does not affect the total carbon emission. This further shows the inadequacies in the power industry and it can be concluded that the use of more sustainable means of electricity generation will not affect the country’s environmental sustainability.



	
The techno-economic analysis of solar PV micro-grid application for electricity generation showed that this is one of the most effective immediate solutions to the power sector crisis in Nigeria. Considering the economic indicator (NPV, IRR, and PBP) results for the use of a 500-kW solar PV system for electricity generation in 12 different locations in Nigeria, it can be concluded that the use of solar PV is an economically viable solution to the imminent electricity crisis.








In the future study, the use of other renewable energy sources available in Nigeria will be considered for electricity generation. Also, the integration of storage will be analyzed to show the feasibility of total electricity production based on renewable energy sources. It is noteworthy that the techno-economic analysis presented in this study only considers the use solar PV for the micro-grid and this is a limitation for the solution presented. In the future, the use of other renewable energy-based technologies will be considered for further analysis.
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Figure 1. Nigeria renewable (solar/wind) energy potential and electricity sector outlook [55,56,57]. 
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Figure 2. Effect of Economic Development on Electricity Consumption from 1981–2014. 
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Figure 3. Effect of Carbon Emissions on Electricity Consumption from 1971–2014. 
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Figure 4. Solar PV microgrid layout for Nigeria. 






Figure 4. Solar PV microgrid layout for Nigeria.



[image: Sustainability 13 02229 g004]







[image: Sustainability 13 02229 g005 550] 





Figure 5. Comparison of electricity production by the PV systems for different locations. 
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Figure 6. Cash cumulative flow for different locations. 
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Figure 7. Simple and Equity PBP for 500-kW PV installation in Nigeria. 
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Table 1. Nigeria’s RE and non-RE reserves, potentials, and potentials [42,43].
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	Resource
	Reserve
	Production





	Crude Oil
	5.24 Btoe (37,453 million bbl)
	1.83 × 109 bbl/day



	Solar
	About 4.2 × 106 MWh/day using 0.1% land area (potential of 3.5 kWh/m2–7.0 kWh/m2 daily)
	6 MWh/day



	Natural Gas
	1.93 × 1014 scf
	2.78 × 1012 scf



	Small Hydropower
	3500 MW (0.34 Btoe)
	30 MW



	Large Hydropower
	11,250 MW (0.8 Btoe)
	1938 MW



	Wind
	4 m/s at 12% probability, 70 m height, 20 m rotor (2–4 m/s at 10 m height)
	-



	Coal and Lignite
	2.175 × 109 tonne
	-



	Animal Waste
	2.45 × 106 assorted animals in 2001
	7.81 × 105 ton of waste/day



	Tar Sand
	3.1 × 1010 bbl equivalent
	-



	Municipal Waste
	1.85 × 107 ton (0.5 kg/capita/day)
	-



	Energy Crops
	2.82 × 107 hectares of arable land
	2.56 × 105 ton of assorted crops/day



	Fuel Wood
	1.1 × 107 hectares of forest and woodland
	1.20 × 105 ton/day



	Agricultural Residues
	9.14 × 107 ton/yr
	-
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Table 2. Renewable electricity generation in Nigeria compared with other countries in 2018.
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RE

	
Hydrpower

	
Wind

	
Wind

	
Solar

	
Solar

	
Bioenergy

	
Bioenergy

	
Bioenergy

	
Geothermal

	
Marine

	
Total




	

	

	
(Excl. Pumped Storage)

	
(Onshore)

	
(Offshore)

	
(PV)

	
(Thermal)

	
(Solid Biofuels)

	
(Biogas)

	
(Municipal Waste)

	

	

	




	
Country

	

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh

	
GWh






	
China

	
1,199,200

	
357,340

	
-

	
178,062

	
-

	
40,833

	
-

	
23,264

	
-

	
-

	
1,798,699




	
USA

	
295,501

	
275,732

	
-

	
81,244

	
3940

	
45,893

	
13,259

	
8382

	
18,773

	
0

	
742,724




	
Brazil

	
388,971

	
48,489

	
-

	
3987

	
-

	
53,364

	
-

	
-

	

	
-

	
494,811




	
Germany

	
17,975

	
90,484

	
90,467

	
45,784

	
-

	
10,827

	
33,416

	
6163

	
178

	
-

	
295,294




	
India

	
131,650

	
55,009

	

	
30,707

	
-

	
17,781

	

	
188

	

	
-

	
235,335




	
UK

	
5490

	
30,217

	
26,687

	
12,857

	
-

	
23,532

	
5701

	
3638

	

	
9

	
108,131




	
Spain

	
34,334

	
50,885

	
-

	
7877

	
4867

	
4221

	
923

	
755

	

	
0

	
103,862




	
Turkey

	
59,938

	
19,949

	
-

	
7800

	
-

	
474

	
2159

	
-

	
7431

	
-

	
97,751




	
S.Africa

	
889

	
6467

	
-

	
3926

	
1029

	
444

	
45

	
-

	
-

	
-

	
12,800




	
Nigeria

	
6758

	
-

	
-

	
28

	
-

	
25

	
0

	
-

	
-

	
-

	
6811




	
Ghana

	
6017

	
-

	
-

	
43

	
-

	
17

	
0

	
-

	
-

	
-

	
6077
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Table 3. Summary of proposed solutions to Nigeria electricity sector crisis from literature.
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	References
	Proposed Solution Description





	[65]
	Energy mix and structured maintenance methodology. Elimination or minimization of corruption.



	[36]
	Adequate Funding.



	[63]
	Elimination or reduction of gas pipeline and other related infrastructure vandalism.



	[66,67]
	Introduction of standard electricity reform model to reduce the dominance of the state government in the power sector. This can be achieved through the creation of Independent Regulatory Agencies and private sector participation in the electricity markets.



	[18]
	Implementing the policy of carbon-neutral energy through strong political commitment at all levels of governance. This is beyond the technical feasibility and economic viability of an energy system; it encompasses long-term and well-designed policy interventions.



	[13]
	Use of natural gas only to meet electricity demand by a single generation technology.



	[38]
	Generation of electricity by hydrogen derived from biogas using food waste.



	[68]
	Using hydrogen as a future energy carrier in the transportation, energy, and power sectors. Hydrogen is presented as an alternative fuel that could reduce energy consumption and reduce/eliminate emissions. The research shows that if hydrogen-powered vehicles were to become the predominant mode of road transportation through 2030, there will be a significant reduction of GHG emissions.
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Table 4. Definition of Variables.






Table 4. Definition of Variables.











	Variable
	Abbreviation
	Definition
	Source





	Electricity Consumption
	Elec.C
	Annual electric power consumption produced by powerplants.
	World Bank Data (WBS)



	CO2 Total
	TCO2
	Annual fossil CO2 emissions and including sources from fossil fuel usage namely combustion, industrial processes (cement, steel, urea, and chemicals), flaring, and product usage measured in Mt CO2/yr.
	Publication Office of the European Union (POEU) Database



	CO2 per capita
	CO2Pc
	Annual fossil CO2 emissions per capita.
	POEU



	CO2 by Power Industry
	CO2Pi
	Annual fossil CO2 emissions by country by the power industry.
	POEU



	CO2 by Buildings
	CO2B
	Annual fossil CO2 emissions by buildings in a country.
	POEU



	CO2 by Transport
	CO2T
	Annual fossil CO2 emissions by the transportation system in a country.
	



	CO2 by Other Combustion Industries
	CO2OCI
	Annual fossil CO2 emissions by other combustion industries within a country.
	POEU



	CO2 by Other Sectors
	CO2OS
	Per capita annual fossil CO2 emissions within a country. Measured by t CO2/cap/yr.
	POEU



	Gross National Income
	GNI
	The sum gross domestic product of a country including the net incomes from abroad. It indicates the annual value produced by a country’s economy [73].
	WBS, OECD



	Gross Domestic Savings
	GDS
	This is calculated as GDP minus the final expenditure of consumption. It includes savings of the private and public sectors, as well as households [74].
	WBS, OECD



	Trade% of GDP
	Trade
	This is the sum of all imports and exports of goods and services measured as a percentage of GDP [75]
	WBS, OECD



	Domestic Credit to the Private Sector by Banks:
	DCPS
	This refers to the financial resources provided to the private sector by depository corporations excluding the central bank which all establish a claim for repayment measured as a percentage of GDP [76].
	International Monetary Fund
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Table 5. Descriptive Statistics.
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1981–2014




	
Variables

	
Mean

	
Std. Dev.

	
Min

	
Max

	
N






	
Elec.C

	
101.0467

	
26.81432

	
50.90104

	
156.797

	
34




	
TCO2

	
87.39029

	
11.8151

	
68.05

	
106.12

	
34




	
CO2PI

	
7.07

	
2.083216

	
4.67

	
12.64

	
34




	
CO2B

	
5.176765

	
1.342988

	
2.79

	
8.63

	
34




	
CO2T

	
19.81029

	
5.650716

	
11.76

	
29.59

	
34




	
CO2OCI

	
10.40412

	
3.84016

	
5.43

	
18.4

	
34




	
CO2OS

	
41.32088

	
10.71773

	
25.29

	
66.56

	
34




	
GNI

	
1.50 × 1011

	
1.46 × 1011

	
2.54 × 1010

	
5.50 × 1011

	
34




	
DCPS

	
9.216964

	
4.369579

	
4.948031

	
22.26723

	
34




	
Trade

	
33.06722

	
12.9492

	
9.135846

	
53.27796

	
34




	
GDS

	
5.68 × 1010

	
4.02 × 1010

	
1.41 × 1010

	
1.52 × 1011

	
34




	
1971–2014




	
Elec.C

	
88.86668

	
33.32896

	
28.57044

	
156.797

	
44




	
TCO2

	
81.25591

	
17.16356

	
34.87

	
106.12

	
44




	
CO2PI

	
5.824773

	
2.976317

	
0.59

	
12.64

	
44




	
CO2B

	
4.456591

	
1.84232

	
0.9

	
8.63

	
44




	
CO2T

	
16.98455

	
7.442569

	
2.98

	
29.59

	
44




	
CO2OCI

	
8.690682

	
4.671511

	
1.23

	
18.4

	
44




	
CO2OS

	
42.19409

	
10.55306

	
25.29

	
66.56

	
44
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Table 6. Estimation Results for Effect of Economic Development on Electricity Consumption and Carbon Emissions from 1981–2014.
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Static




	
Variables

	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)




	

	
Elec.C

	
TCO2

	
CO2PI

	
CO2B

	
CO2T

	
CO2OCI

	
CO2OS




	
GNI

	
2.02 × 10−10 ***

	
4.13 × 10−11 *

	
2.01 × 10−11 ***

	
1.38 × 10−11 ***

	
4.07 × 10−12

	
2.82 × 10−11 ***

	
−3.94 × 10−11 **




	

	
(4.20 × 10−11)

	
(2.07 × 10−11)

	
(1.75 × 10−12)

	
(2.66 × 10−12)

	
(1.16 × 10−11)

	
(5.07 × 10−12)

	
(1.63 × 10−1)




	
DCPS

	
0.169

	
−0.766

	
−0.123 ***

	
−0.211 ***

	
0.311

	
−0.157

	
−0.182




	

	
(0.943)

	
(0.465)

	
(0.0393)

	
(0.0598)

	
(0.261)

	
(0.114)

	
(0.366)




	
Trade

	
0.256

	
0.718 ***

	
0.0141

	
0.00418

	
0.241 ***

	
0.118 ***

	
0.545 ***




	

	
(0.211)

	
(0.104)

	
(0.00878)

	
(0.0134)

	
(0.0584)

	
(0.0255)

	
(0.0817)




	
GDS

	
−2.78 × 10−10 **

	
−7.70 × 10−11

	
−1.92 × 10−11 ***

	
−1.39 × 10−11 *

	
1.39 × 10−11

	
−2.76 × 10−11 *

	
−4.24 × 10−11




	

	
(1.15 × 10−10)

	
(5.68 × 10−11)

	
(4.80 × 10−12)

	
(7.30 × 10−12)

	
(3.19 × 10−11)

	
(1.39 × 10−11)

	
(4.46 × 10−11)




	
Cons

	
76.53 ***

	
68.88 ***

	
5.817 ***

	
5.699 ***

	
7.583 ***

	
5.281 ***

	
33.29 ***




	

	
(9.726)

	
(4.794)

	
(0.405)

	
(0.617)

	
(2.695)

	
(1.175)

	
(3.769)




	
N

	
34

	
34

	
34

	
34

	
34

	
34

	
34




	
R2

	
0.756

	
0.695

	
0.930

	
0.609

	
4.07 × 10−12

	
0.827

	
0.771




	
Chi2 (P-v)

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000




	
1 Year Lag




	
Variables

	
(8)

	
(9)

	
(10)

	
(11)

	
(12)

	
(13)

	
(14)




	

	
Elec.C

	
TCO2

	
CO2PI

	
CO2B

	
CO2T

	
CO2OCI

	
CO2OS




	
GNI

	
2.02 × 10−10 ***

	
4.12 × 10−11

	
1.68 × 10−11 ***

	
1.25 × 10−11 ***

	
1.45 × 10−11

	
1.97 × 10−11 ***

	
−3.91 × 10−11 *




	

	
(4.20 × 10−11)

	
(2.99 × 10−11)

	
(1.88 × 10−12)

	
(3.19 × 10−12)

	
(1.40 × 10−11)

	
(6.75 × 10−12)

	
(2.11 × 10−11)




	
DCPS

	
0.1692492

	
−0.497

	
−0.0785 *

	
−0.158 **

	
0.130

	
0.103

	
−0.0941




	

	
(0.9431259)

	
(0.615)

	
(0.0387)

	
(0.0655)

	
(0.288)

	
(0.139)

	
(0.435)




	
Trade

	
0.2563699

	
0.572 ***

	
0.00992

	
−0.00874

	
0.174 **

	
0.0624 *

	
0.557 ***




	

	
(0.2107549)

	
(0.137)

	
(0.00865)

	
(0.0146)

	
(0.0644)

	
(0.0310)

	
(0.0971)




	
GDS

	
−1.99 × 10−10

	
−7.26 × 10−11

	
−1.56 × 10−11 **

	
−1.74 × 10−11 *

	
8.19 × 10−12

	
−1.71 × 10−11

	
−1.49 × 10−11




	

	
(1.38 × 10−10)

	
(9.37 × 10−11)

	
(5.90 × 10−12)

	
(9.98 × 10−12)

	
(4.39 × 10−11)

	
(2.11 × 10−11)

	
(6.62 × 10−11)




	
Cons

	
71.76 ***

	
70.43 ***

	
5.624 ***

	
5.928 ***

	
10.09 ***

	
5.087 ***

	
30.68 ***




	

	
(9.482)

	
(6.415)

	
(0.404)

	
(0.683)

	
(3.006)

	
(27.48)

	
(4.534)




	
N

	
33

	
33

	
33

	
33

	
33

	
33

	
33




	
R2

	
0.762

	
0.481

	
0.916

	
0.473

	
0.505

	
0.716

	
0.664




	
Chi2 (P-v)

	
0.0000

	
0.0008

	
0.0000

	
0.0010

	
0.0008

	
0.0000

	
0.0000




	
ARIMA




	
Variables

	
(15)

	
(16)

	
(17)

	
(18)

	
(19)

	
(20)

	
(21)




	

	
Elec.C

	
TCO2

	
CO2PI

	
CO2B

	
CO2T

	
CO2OCI

	
CO2OS




	
GNI

	
2.49 × 10−10 ***

	
3.97 × 10−11

	
2.12 × 10−11 ***

	
1.53 × 10−11 ***

	
9.80 × 10−12

	
2.96 × 10−11 ***

	
−5.13 × 10−11 **




	

	
(4.62 × 10−11)

	
(4.07 × 10−11)

	
(1.83 × 10−12)

	
(5.57 × 10−12)

	
(2.88 × 10−11)

	
(7.79 × 10−12)

	
(2.37 × 10−11)




	
DCPS

	
−0.372

	
−0.748

	
−0.136 **

	
−0.228 ***

	
0.245

	
−0.173

	
−0.0455




	

	
(1.829)

	
(0.598)

	
(0.0538)

	
(0.0650)

	
(0.502)

	
(0.117)

	
(0.763)




	
Trade

	
0.184

	
0.721 ***

	
0.0124

	
0.00204

	
0.232 **

	
0.116***

	
0.563 ***




	

	
(0.236)

	
(0.148)

	
(0.00989)

	
(0.0154)

	
(0.0990)

	
(0.0375)

	
(0.117)




	
GDS

	
−3.50 × 10−10 ***

	
−7.46 × 10−11

	
−2.10 × 10−11 ***

	
−1.61 × 10−11

	
5.16 × 10−12

	
−2.98 × 10−11

	
−2.41 × 10−11




	

	
(9.17 × 10−11)

	
(1.51 × 10−10)

	
(3.61 × 10−12)

	
(1.40 × 10−11)

	
(7.27 × 10−11)

	
(1.90 × 10−11)

	
(5.22 × 10−1)




	
Cons

	
81.82 ***

	
68.70 ***

	
5.944 ***

	
5.856 ***

	
8.223

	
5.438 ***

	
31.96 ***




	

	
(12.28)

	
(7.104)

	
(0.457)

	
(0.761)

	
(5.109)

	
(1.721)

	
(6.520)




	
Sigma

	
12.55 ***

	
6.522 ***

	
0.542 ***

	
0.830 ***

	
3.632 ***

	
1.594 ***

	
5.020 ***




	

	
(1.823)

	
(0.842)

	
(0.080)

	
(0.129)

	
(0.522)

	
(0.225)

	
(0.580)




	
N

	
33

	
33

	
33

	
33

	
33

	
33

	
33




	
5% Critical

	
−3.576

	
−3.576

	
−3.576

	
−3.576

	
−3.576

	
−3.576

	
−3.576




	
1% Critical

	
−5.782

	
−4.325

	
−4.325

	
−4.325

	
−4.325

	
−4.325

	
−4.325




	
Chi2 (P-v)

	
0.7217

	
0.0000

	
0.0277

	
0.0022

	
0.0518

	
0.0021

	
0.0000








Standard errors in parentheses *** p < 0.01, ** p < 0.05, * p < 0.1.
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Table 7. Effect of Carbon Emissions on Electricity Consumption from 1971–2014.
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(1)

	
(2)

	
(3)




	
Variables

	
Static

	
1 lag

	
ARIMA






	
TCO2

	
−0.196

	
−0.00651

	
−0.183




	

	
(0.608)

	
(0.729)

	
(0.472)




	
CO2PI

	
6.551 **

	
6.890 **

	
7.382 ***




	

	
(2.579)

	
(3.055)

	
(2.571)




	
CO2B

	
−2.049

	
−2.162

	
−2.289




	

	
(2.570)

	
(3.034)

	
(2.631)




	
CO2T

	
0.335

	
−0.424

	
−0.0354




	

	
(0.710)

	
(0.844)

	
(0.677)




	
CO2OCI

	
3.445 ***

	
3.620 **

	
3.722 ***




	

	
(1.179)

	
(1.415)

	
(1.282)




	
CO2OS

	
−0.116

	
−0.0865

	
−0.110




	

	
(0.582)

	
(0.688)

	
(0.455)




	
Constant

	
45.04 ***

	
35.88 **

	
44.35 ***




	

	
(10.67)

	
(14.26)

	
(9.519)




	
Sigma

	

	

	
9.666 ***




	

	

	

	
(1.581)




	
N

	
44

	
43

	
43




	
1% Critical

	

	

	
−4.233




	
5% Critical

	

	

	
−3.536




	
R2

	
0.909

	
0.868

	




	
Chi2

	
0.0000

	
0.0000

	
0.0000








Standard errors in parentheses *** p < 0.01, ** p < 0.05.
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Table 8. Effect of Carbon Emissions on Electricity Consumption from 1971–2014.
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	Location
	Latitude (°N)
	Longitude (°E)
	Elevation (m)
	Annual Average Wind Speed (m/s)
	Annual Average Daily (Horizontal) Solar Radiation (KWh/m2/day)
	Average Annual Ambient Temperature (°C)





	Aba
	5.1
	7.4
	154
	2.1
	4.7
	25.8



	Abuja
	9.2
	7.2
	573
	2.4
	5.45
	26



	Ankpa
	7.4
	7.6
	164
	2.4
	5.12
	26.6



	Gombe
	10.3
	11.2
	360
	3.5
	5.77
	27.9



	Ibadan
	7.4
	3.9
	198
	2.5
	4.90
	26.3



	Kaduna
	10.5
	7.4
	615
	2.5
	5.64
	26



	Lagos
	6.5
	3.5
	32
	2.8
	4.74
	27.1



	Onitsha
	6.2
	6.8
	137
	2.1
	4.80
	26.3



	Osogbo
	7.8
	4.6
	289
	2.3
	4.89
	26.1



	Port Harcourt
	4.9
	7.0
	18
	2.1
	3.96
	26.9



	Warri
	5.5
	5.8
	18
	2.4
	2.4
	26.8
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Table 9. Photovoltaic module specifications [87,88].
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	Item
	Specification





	Manufacturer
	China Sunergy



	Width and Length
	990 mm × 1956 mm



	Module model and type
	Mono-Si-CSUN200-48M



	Weight
	23.8 kg



	Mounting dimensions and thickness
	50 mm



	Module rated power
	200 W



	Current [@PeakPower]
	8.37 A



	Voltage [@Peak Power]
	35.80 V



	Module Efficiency
	15.7%



	Practical Efficiency
	15.3%



	Short circuit current
	8.83 A



	Open circuit voltage.
	44.5 V



	Operating temperature
	−40–+85 °C



	Frame
	Anodized aluminum profile



	Standard Operating Conditions (SOC)
	25 °C, AM 1.5, 1000 W/m2



	Operating Relative Humidity
	40–95%
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Table 10. Summary of the electricity production and the economic indicators for the 500-kW installation in all the locations.
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	Location
	Pre-Tax IRR (%)
	After-Tax IRR (%)
	Net Present Value ($)
	Annual Life Cycle Savings ($/yr)
	Benefit-Cost (B–C) Ratio
	Energy Production Cost ($/MWh)
	Electricity Export Income ($)





	Aba
	11.6
	9.3
	853,074
	43,391
	2.13
	76.16
	103,711



	Abuja
	14.40
	11.80
	1,167,553
	59,386
	2.54
	64.58
	122,322



	Ankpa
	13.10
	10.60
	1,019,185
	51,840
	2.35
	69.57
	113,542



	Enugu
	12.40
	10.00
	938,822
	47,752
	2.24
	72.61
	108,786



	Gombe
	15.20
	12.50
	1,261,767
	64,178
	2.67
	61.38
	127,340



	Ibadan
	12.10
	9.80
	913,360
	46,457
	2.21
	73.63
	107,279



	Kaduna
	15.10
	12.40
	1,245,681
	63,360
	2.64
	62.22
	126,945



	Lagos
	11.70
	9.40
	871,167
	44,311
	2.15
	75.39
	104,782



	Onitsha
	12.00
	9.60
	895,104
	45,528
	2.18
	74.38
	106,199



	Osogbo
	12.40
	10.00
	946,695
	48,152
	2.25
	72.3
	109,252



	PH
	8.80
	6.70
	559,020
	28,434
	1.74
	91.52
	86,310



	Warri
	11.00
	8.80
	794,108
	40,391
	2.05
	78.82
	100,222
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Table 11. Emission reduction summary.
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	Location
	Net GHG Reduction (tCO2/yr)
	Net GHG Reduction in 22 yrs (tCO2)





	Aba
	701
	15,419



	Abuja
	827
	18,185



	Ankpa
	767
	16,880



	Enugu
	735
	16,173



	Gombe
	861
	21,513



	Ibadan
	725
	15,949



	Kaduna
	858
	18,873



	Lagos
	708
	15,578



	Onitsha
	718
	15,788



	Osogbo
	738
	16,242



	PH
	583
	12,832



	Warri
	677
	14,900
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