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Overview

Solar photovoltaic (PV) electricity generation is not a new phenomenon in sub-Saharan Africa (SSA): solar PV technology has been used in development projects for rural electrification since the 1960s, yet the electrification rate of SSA is only 26% (Legros et al. 2009). Solar PV has been perceived as one of the most appropriate solutions for rural electrification in the form of decentralized and off-grid power for SSA (Szabó et al. 2011; Szabó et al. 2013; UNEP 2012; Van der Plas and Hankins 1997). In this region grid connections are usually mainly in the major cities and their suburbs. Electric utilities have deficient generation capacity and lack sufficient infrastructure to expand electricity access (Eberhard, Foster, et al. 2008; Eberhard, Rosnes, et al. 2011; Eberhard and Shkaratan, 2012; IMF 2013; Mkhwanazi 2003; World Bank 2010). Universal access to electricity through grid extension is prohibitively expensive in SSA owing to the human geography of the region, in which a large percentage of the population lives in rural areas and in small settlements (Eberhard and Shkaratan, 2012; IMF 2013; World Bank 1996). It is estimated that 62.7% of the population of SSA resides in rural areas (World Bank 2013), and 89% of this rural population does not have access to electricity (Legros et. al. 2009). Some of these residents live within sight of the national grid, yet they cannot afford the initial cost of a connection (Eberhard, Foster, et al. 2008; Eberhard, Rosnes, et al. 2011; Lighting Africa 2011). Therefore, the majority of solar PV projects implemented in SSA have been off-grid systems targeted at urban poor and rural residents.

Recently solar PV system costs have been falling rapidly worldwide. These system costs have decreased mainly as a result of falling module prices, the biggest cost component of the PV system. The installed system costs have also decreased as a result of decreasing non-module costs. Because module costs have fallen at a much faster rate than non-module costs, they have decreased as a share of total system costs.

The aim of this paper is to examine the feasibility of off-grid solar PV technology in SSA in the context of the falling prices and costs of these solar PV systems. Only off-grid power systems will be considered here.

Methods

The feasibility of off-grid solar PV systems in SSA is analysed focusing on five major issues: cost-effectiveness, affordability, financing, environmental impact, and poverty alleviation. First, a comparison is made between the cost-effectiveness of the solar PV systems versus small diesel generator sets. In order to make this comparison of the alternative technologies the levelized cost per kWh of energy (LCOE) is estimated using the formula:
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where It is the investment expenditures in year t, FOCt is the fixed operating expenditures in year t, VOCt is the variable operating expenditures in year t, Et is the quantity of electricity produced in year t in kWh, r is the discount rate, and n is the economic operational lifetime of the system.

Second, the affordability of the solar PV systems is considered in comparison with the current budget allocation of households using kerosene lamps. Using the estimates of the LCOE for the solar PV systems, the annual cost of a solar PV system is estimated and compared with the annual household expenditure on kerosene lamps.

Third, issues related to the financing of the solar PV systems are examined from the households’ point of view. Fourth, the environmental impact and costs of replacing kerosene lamps with solar PV systems are considered. A calculation is made of the CO2 emissions avoided by solar PV systems, and the costs per tonne of CO2 avoided are estimated. Fifth, the impact of solar PV rural electrification on poverty alleviation is examined.

A scenario analysis is carried to find out how long it will take for solar PV systems to become competitive with diesel generators for electricity generation. The number of years (N) needed for a solar PV system to have the same LCOE as a diesel generator set when the capital cost of a solar PV system is decreasing is calculated using the formula:
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where LCOEs and LCOEd are the LCOE of the solar PV system and diesel generation set, respectively, and i is the rate of decrease in the solar PV system capital cost. In this estimation a zero decrease in the cost of diesel generators is assumed.

Results

Cost-effectiveness issue Using Equation (1), the LCOE for solar PV systems using a 10% discount rate is estimated at US$0.83 per kWh. This is a very high cost per unit of electricity generated compared to the grid system tariff rates in Africa of between US$0.08 and US$0.16 per kWh (Eberhard et al. 2011). The LCOE for a small diesel generator is estimated at US$0.42 per kWh. Therefore, the cost per unit of electricity generated is much higher for solar PV energy than for diesel generators.

Affordability issue Using the estimates of the LCOE for the solar PV systems of $0.83/kwh, the annual cost of a solar PV system would be US$51 (US$4.2 per month), or 2.3% of household income. This can be compared with household expenditure on kerosene lamps, which are the most common alternative lighting source, followed by dry cell batteries and candles (Adkins, Oppelstrup, and Modi 2012; Apple et al. 2010; Bacon, Bhattacharya, and Kojima, 2010; Begg et al. 2000; Lam, Chen, et al. 2012a; Lam, Smith, et al. 2012b; Lighting Africa 2010, 2011, 2013; Mills 2000).
Expenditure on glass-covered kerosene lamps (taking into consideration the average purchase cost of the device, the monthly operating cost, the average lifetime of the product, and the number units of the device per household) is estimated to be US$40–98 per household per year in countries in SSA (Lighting Africa 2011). This represents an average annual expenditure of US$57 per household (US$4.75 per month), or 2.6% of monthly household income. Household expenditure on kerosene is roughly equal to the amount a household would have to pay to finance a PV system under annuity conditions.
Issues with financing From the households’ point of view, however, there are many important differences between these two alternatives. First, with solar PV, households are burdened with a long-term financial obligation involving the repayment of a sizeable debt, whereas with kerosene lighting they are free to buy energy sources in accordance with their needs and budget constraints (GTZ 1995). Second, the annualized cost of solar PV is calculated by spreading the cost of financing over the entire 20-year lifetime of the project, which does not match reality. Micro-finance institutions or commercial banks usually require both a short payback period, making the periodic payments much higher, and some type of collateral, which many rural customers cannot offer. Third, in most rural areas regular monthly household income is available in only a small number of households in which there are teachers, nurses, or civil servants. With an irregular income stream, it is very difficult to obtain and pay for a loan, which is the case with a solar PV system. Fourth, traditional energy expenditure is an average value, and it does not necessarily reflect the regular monthly expenditure on energy. For example, during times of economic crisis, expenditure on traditional energy sources can be cut or adjusted to suit income constraints. However, monthly repayments to financial institutions cannot usually be cut or adjusted. Fifth, the instalment of a solar PV system does not necessarily induce households to stop purchasing traditional energy sources. There is anecdotal evidence supporting this. Some households who can afford it continue to use kerosene lamps in order that the electricity from the solar PV system can be conserved for TV viewing (Martinot et al. 2002). Finally, even for households with regular income, an evaluation of solar PV should be based on households’ income constraints, and not on hypothetical energy expenditure. The quantity in which PV electricity is consumed depends on the marginal utilities per unit of cost derived from both consumption goods. Only when marginal utility of the PV electricity is higher than that of traditional energy applications per unit of cost would consumers be willing to pay higher amounts for it (GTZ 1995).

Environmental issues Solar PV technology is often promoted in SSA for health and global environmental reasons. Burning kerosene indoors for lighting emits fine particles, carbon monoxide, nitric oxides, and sulphur dioxide, which increase the risk of respiratory illnesses and lung cancer (Apple et al. 2010; Lam et al. 2012b). The elimination of kerosene and candles for lighting could reduce GHG emissions, thus improving the health of the local people who are using them, and would also have a positive effect on the environment. However, the amount of GHG emissions caused by kerosene and candle burning for lighting by rural households remains relatively small, particularly when compared to the GHG emissions from household cooking. The cost of reducing CO2 emissions through solar PV rural electrification is in the range 150–626US$/tCO2, which is extremely high compared to the current price of CO2 emission permits being traded anywhere in the world today. It is also high as compared to current estimates of the marginal economic cost of CO2 emissions (Greenstone, Kopits, and Wolterton 2011).

There are many ways to reduce carbon emissions that have costs per tonne far lower than these values (Creyts et al. 2007). The UK Department for International Development made an initial evaluation of Clean Development Mechanism (CDM)-type projects in developing countries and found that improved cooking stoves (ICSs) had a much higher impact than solar PV in terms of reducing GHG emissions, because cooking makes up a greater proportion of household energy use. The cost of reducing GHG emissions through ICSs is between −190 and −40US$/tCO2. They also found that solar PV systems have no effect on the environment: they score 0 out of 100. Therefore, the introduction of ICSs has far better outcomes than solar PV lighting systems in terms of reducing GHG emissions; hence, solar lighting systems are the least preferred option on the basis of emissions reduction and cost (Begg et al. 2000). This should be noted by decision makers when considering solar PV projects in developing countries for carbon emission-reduction mechanisms such as CDM defined by the Kyoto Protocol.
The problem of priorities and poverty alleviation Households that can barely afford to buy a PV system might find themselves drawn into long-term debt through purchasing a solar PV system which would add little to their living standards. The problem here is the issue of priorities: the sum spent on a solar PV system could be spent on something else that would increase the economic well-being of households much more than lighting would. There are many other issues that are more fundamental in the lives of households in SSA, such as malnutrition, health, and the education of their children. Over 600 million people in SSA still rely on solid fuels – traditional biomass and charcoal – as their primary cooking fuel. There is strong evidence of a link between smoke from solid fuel use and three important diseases: childhood pneumonia, chronic obstructive pulmonary disease (COPD), and lung cancer. Large amounts of smoke are released from the incomplete combustion of solid fuels as a result of using indoor open fires and inefficient stoves in households. The biggest groups affected by these diseases are children and women, as they are more exposed to the smoke. Such exposure increases the risk of contracting pneumonia 2.3 times for children up to the age of 5, of developing COPD 3.2 times for women, and of contracting lung cancer 1.9 times for women. Almost 30 per cent of the deaths in SSA are attributable to solid fuel use (Legros et al. 2009).

These problems would not be solved, but would be relieved by the introduction and promotion of ICSs. According to the World Bank (1996), relatively simple and inexpensive ICSs can reduce the amount of fuel needed for cooking by 30%, reducing the amount of smoke and causing less damage to the domestic environment and householders’ health. Only 34 million out of 777 million people use ICSs in SSA (Legros et al. 2009). The amount spent on solar PV systems could be spent on these ICSs, which would improve the well-being of households much more than lighting provided at high cost.

One of the important drivers of attempts to disseminate solar PV in SSA has been the belief that solar PV technology will alleviate poverty (Wamukonya 2007). However, there is no strong evidence of rural development benefits occurring as a result of renewable energy. There are certainly social benefits from lighting, TV, radio, and the powering of telecommunication devices by solar PV systems, and even some economic benefits from reduced kerosene and candle use (Martinot et al. 2002). For instance, as previously mentioned, the ESCO project in Zambia has improved household welfare, but mainly as a result of electric light: an improvement in the quality of the light is the main benefit accrued, especially in terms of opportunities to study more at night (Gustavsson and Ellegard, 2004). However, productive economic development has not followed rural electrification projects if these were not supported by the necessary economic infrastructure and skills. Economic benefits from rural renewable energy are more likely to occur in areas where economic development is already taking place. Moreover, only those who can afford solar PV systems and the necessary infrastructure to convert energy into useful services and productive activities can derive the most benefit from the availability of the energy (GTZ 1995; Martinot et al. 2002; Weaving 1995; World Bank 1996).

GTZ, based on its experience with the dissemination of small-scale PV systems in developing countries, noted that there is little evidence that these systems have an impact on poverty alleviation. GTZ concluded that rural households buy SHSs for improved services such as longer TV viewing and better lighting quality, not because these SHSs actually reduce their energy costs (GTZ 2000). Begg et al. (2000) conducted a multi-attribute decision analysis of different CDM projects in developing countries. SHSs scored 0 out of 100 in poverty alleviation, whereas ICSs, for example, scored 90. This shows that the emphasis on high technology does not necessarily lead to direct poverty alleviation.
At a household level, the acquisition of a solar PV system is a lower priority for rural households than other basic needs and commodities. Solar PV systems become an option only after these other needs have been satisfied (GTZ 2000; Lighting Africa 2011). For the poorest of the rural population, lighting is not always a priority.
Scenario analysis Solar PV system costs have fallen and continue to decrease. Expectations of continuing cost reductions prevail. A scenario analysis was undertaken to find out how long it will take for solar PV systems to become competitive with the diesel generators for electricity generation. The expected average annual percentage decrease in system costs (i) is calculated as 4%. It is assumed that there will be no change in the capital costs of diesel generators over time.

Substituting this percentage change in system costs into Equation (2), it is calculated that it will take 16.8 years for solar PV systems to become competitive with diesel generators, ceteris paribus. As is well known from the theory of economic cost–benefit analysis, when the investment cost of a project decreases over calendar time, it is often better to postpone such an investment. With the current costs and falling prices of solar PV systems it is not advisable for rural communities in SSA to invest in this technology until about 2030.

Conclusions
In summary, despite the notable cost decreases in solar PV systems, this continues to be an expensive method of rural electrification. Therefore, encouraging rural households in SSA to purchase solar PV to supply household electricity is not a sound policy for the promotion of their economic development.
