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Abstract: Many power utilities in sub-Saharan Africa (SSA) have inadequate generation capacity,
unreliable services, and high costs. They also face capital constraints that restrict them from making
the investments necessary for capacity expansion. Capacity shortages have compelled power utilities
to use leased emergency power-generating units, mainly oil-fired diesel generators, as a short-term
solution. An economic analysis is carried out to compare the economic net present value (ENPV)
of fuel savings, as well as the greenhouse gas (GHG) savings, from investing capital in a solar PV
power-generation plant with those from investing the same amount of funds into a diesel power
plant. The results show that ENPV is negative for the solar PV plant, whereas it has a large positive
value for the diesel plant. In addition, the diesel plant would be almost three times as effective in
reducing GHG emissions as the same value of investment in the solar PV plant. Even with solar
investment costs falling, it will take 12 to 24 years of continuous decline before solar PV becomes
cost-effective for SSA. The capital cost of solar PV would need to drop to US$1058.4 per kW to yield
the same level of ENPV as the diesel plant.

Keywords: solar PV; diesel electricity generation; greenhouse gas mitigation; cost–benefit analysis;
sub-Saharan Africa

1. Introduction

It is well known that the power supply in sub-Saharan Africa (SSA) is unreliable. Electrical power
outages in SSA countries are woefully high; 13.9 outages per month in Benin, 7.2 in Gabon, and 32.7
in Central African Republic [1]. The levels of system loss vary in SSA from 14.5% in Angola to 68%
in Swaziland, with the average values ranging between 30% and 50%, in contrast to the accepted
averages of 7%–10% in the developed world [2]. Inadequate power supplies impose heavy losses
on the private sector. Recurrent power outages mean serious losses in forgone sales and damaged
equipment [3]. Unreliable supplies of electricity by national electric power utilities have forced many
users, from households to large enterprises, to invest in backup generators and generate their own
electricity [3–6]. Private power-generation units make up to 6% of total installed capacity in SSA, with
the costs of generation varying between US$0.3 and 0.7 per kWh, which is often three times higher
than buying the electricity from the public grid [5,7].

Capacity shortages have compelled power utilities to use leased emergency power-generating
units, mainly oil-fired diesel generators, to meet the suppressed demand for electricity. Countries enter
into short-term leasing contracts, which are expensive [3,8]. The costs of these contracts may approach
3%–4% of the GDP in some countries [9]. An estimated 750 MW of emergency generation is currently
operating in SSA. In some countries the emergency generation capacity represents a considerable part
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of the national installed capacity. For example, in Angola it has accounted for 18.1% of the total installed
capacity in the country, in Ghana 5.4%, in Rwanda 48.4%, and in Uganda 41.7% [3]. Undoubtedly,
the economic costs of inadequate power supplies in the short term are the cost of running backup
generators, forgone production due to power outages, payments to leased emergency generation units,
and, in the long-run, a lower rate of economic growth [3,10]. For those countries that are facing a
power crisis, leasing emergency power-generation units may seem like a rapid and effective solution,
yet it would divert scarce budgetary resources from long-term power sector investments, reducing the
ability of utilities to finance future investments [3]. The deficient power sector infrastructure is one of
the major constraints on the economic development of the region [11].

These emergency power-generating units can be installed in a few weeks and then returned
back to the private provider after being leased for up to five years or sometimes longer. This is not
the only reason for the increased use of diesel power plants. Contemporary diesel power plants are
characterized by high fuel efficiency (even at low-capacity utilization), with wide fuel and operational
flexibility, high reliability and security, rapid start-up and black-start capabilities, and the modular
concept for flexible capacity expansion [12,13]. Since 1897, when the first diesel engine that was used
to generate electricity passed the engine test successfully and demonstrated an efficiency of 26.2%, the
efficiency of diesel engines has been improved significantly, and presently it ranges between 42% and
52%, depending on the engine type [14].

However, some SSA countries have ambitious goals for increasing the share of renewable energy
generation, especially of grid-connected solar photovoltaic (PV) technology. Electricity-generation
technologies that are renewable in nature are appealing to many developing countries, including
some SSA countries. For example, Cape Verde is planning to increase the share of renewable
energy generation to 50% by 2020, Mauritius to 65% by 2028, and Madagascar to 75% by 2020 [15].
The National Energy Plan for Kenya outlines the expectation for installed PV capacity to increase to
100 MWp in 2016, to 200 MWp in 2022, and to 500 MWp in 2030 [8]. Solar PV plants can be installed
quickly and have the potential to attract subsidized financing from donors. Some utility-scale solar PV
projects have already been developed, and others are under way. For instance, Masdar built a 15 MW
solar PV power plant in the Islamic Republic of Mauritania in 2013. This is the first utility-scale solar
power installation in Mauritania. In 2014, Solar Reserve announced the completion of South Africa’s
96 MW Jasper solar PV power plant, and this is now fully operational. Scatec Solar has won a contract
from the Ghanaian government to build a 50 MW solar PV power plant in the country. The project was
scheduled to become operational by 2015. Recently solar PV system costs have been decreasing rapidly
worldwide. This decrease in solar PV system costs is expected to continue in the future, although at a
slower rate.

The aim of this paper is to investigate the feasibility of solar PV technology in SSA countries, where
the majority of power utilities lack generation capacity. Furthermore, because of a capital constraint
over an extended period of time, much of the installed thermal generation capacity has become
depreciated and very fuel inefficient. An economic analysis is carried out to compare the savings in
fuel and greenhouse gas (GHG) emissions from investing capital in solar PV power-generation plants
with those from investing the same amount of funds into modern fuel-efficient diesel power plants.
A comparison is made of the economic net present value (ENPV) of the fuel savings versus the capital
cost of the solar plant. A similar analysis is carried out for the same investments made in the diesel
power plant using heavy fuel oil (HFO) as fuel. To the best of the authors’ knowledge, this is the first
economic analysis that examines the feasibility of investing in on-grid solar PV electricity generation
as compared to diesel electricity generation in the context of SSA.

Due to the intermittency of the energy source, solar PV plants without storage cannot be
dispatched by the system operator, and, hence, additional investments in capacity are required
to maintain the system reliability. Thus, a solar PV plant with a 20% capacity factor can actually replace
much less generation capacity per MW than a third of a diesel plant with the same MW size but with a
60% capacity factor, if system reliability is to be maintained [16]. Moreover, currently the electricity



Sustainability 2017, 9, 372 3 of 15

storage costs are not yet economically viable. Therefore, it is not advisable to introduce a solar PV
facility into a power system that is already facing problems of inadequate power supply. A solar plant
is not going to add significantly to the capacity of a power system that lacks capacity; neither is it
going to improve the reliability of the power system. This is the most important difference between
investing in solar PV plants and investing in diesel power plants. Energy analysts in SSA need to pay
close attention to this issue when the systems already lack sufficient generation capacity and need to
run emergency power-generating units.

A sensitivity analysis is carried out for alternative future world crude oil prices to see how these
affect the returns on investment for both plant types. In addition, a sensitivity analysis is carried out
for different levels of capital costs of solar PV to find the level at which solar PV would become the
preferred option. A calculation is made for how long it would take for solar PV plants to become as
competitive as diesel plants and at what level the social cost of carbon needs to be priced for the solar
PV project to become attractive.

2. Methodology

This study examines a small power system in SSA with a total nominal generation capacity
of about 1000 MW, consisting of open-cycle gas turbine (OCGT) power plants for base load and
diesel power plants for peak load, each fueled by HFO. Of the 48 countries of SSA, 26 have installed
a generation capacity of less than 500 MW. A total of seven countries have installed a capacity of
500 to 1000 MW, while 13 countries have a generation capacity of between 1000 and 5000 MW.
Two countries, Nigeria and South Africa, have installed a capacity of 9951 and 44,283 MW, respectively.
In terms of electricity consumed, 24 of the countries in SSA consume less than 1 TWh of electricity,
seven countries consume between 1 and 2 TWh, and 13 countries consume between 2 and 10 TWh and
there are four countries, Mozambique, Nigeria, South Africa, and Zambia, with consumptions of 12,
24, 212, and 11 TWh, respectively [17]. The generation capacity of the grid-based system is taken as
1000 MW in order to be descriptive of situations where utility-scale solar PV projects are actually being
proposed and implemented. HFO was chosen as a fuel for these power plants due to its ease in terms
of transportation, and the fact that the vast majority of power plants (both gas turbine and diesel) in
Africa are using HFO or diesel rather than cheaper, but not available, natural gas [18].

2.1. Data Specifications of the Solar PV Plant

The grid-connected solar PV plant envisioned in this study has a generation capacity of
30 MW, with an estimated cost of US$2.8 million per MW, making a total investment cost of US$84
million. The capital cost per MW for installed solar PV generation for this typical SSA country is
estimated as the average cost for such plants being built and/or proposed by independent power
producers (IPPs) in 2013–2015. The projects are in Burkina Faso (Zagtouli, 30 MW; Windiga, 22 MW),
Egypt (Terra Sola, 2 GW), Ghana (Scatec, 50 MW; Blue Energy, 155 MW), Kenya (Canadian Solar,
50 MW), Mauritania (Masdar, 15 MW), Rwanda (Goldsol II, 10 MW; Scatec, 8.5 MW), and South Africa
(Jasper Solar, 96 MW; SunEdison, 60 MW; Scatec, 75 MW, 40 MW) [8,19–31]. For operating and
maintenance (O&M) costs, the world average estimate of 1.5% of the total initial investment cost of the
PV system is employed [32].

The extra total grid-level system cost necessitated by the introduction of solar PV generation is
missing. In the absence of such studies for Africa, the estimate made for EU countries of US$11.91
(EUR 8.97) per MWh is taken as an approximate estimate of the total grid-level system cost of
solar PV [33]. The grid integration cost per MWh of solar generation is for the lowest level (2%)
of PV penetration.

The size of this solar plant is typical of many projects that are being proposed for countries in
SSA today. This proposed plant will be connected to the electricity grid of the country. It is assumed
that the construction period will be one year for a solar PV plant and that it will have an operating
life of 25 years. Annual degradation is assumed to be 0.6%. The annual solar radiation on angled
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panels is taken as 2023 kWh/m2 per year. This value is calculated by the authors as a yearly average
irradiation on optimally inclined modules for SSA countries. The average radiation values for the
period 1985–2004 are taken from the PVGIS-Helioclim database provided by the European Commission,
Joint Research Centre, Institute for Energy and Transportation, Renewable Energies Unit. The power
plant performance ratio is 75%.

The capacity factor is the ratio of the actual annual MW hours of electrical energy production
per MW of capacity of a power plant divided by 8760 MWh. The higher the capacity factor of a new
plant, the greater the amount of emissions reduced per MW of new capacity, ceteris paribus. Solar PV
plants can only reduce GHG emissions of the overall generation system when they are producing
electricity, i.e. when the sun is shining, which is only a proportion of the time [16]. Solar PV facilities
have a capacity factor of 17.3% in SSA. Although this is a very high value compared to those found
anywhere in Europe or in some other parts of the world, it is much lower than the capacity factors of
diesel power plants. The capacity factor of a diesel power plant was assumed to be 66% in this analysis.
The new diesel plants will reduce fuel use and emissions per MW of new capacity because they are
more efficient than the existing plants that they are replacing on a one for one kWh basis. There is a
marginal saving of fuel for each kWh produced by the new plants. The higher capacity factor of the
diesel plants as compared to solar PV results in greater overall fuel savings by the new diesel plants
than the alternative equivalent cost solar PV plant.

The carbon dioxide equivalent is a measure used to compare the emissions from various GHGs
based on their global warming potential [34] per kWh (CO2E/kWh) of electricity generation. For
solar PV technology it is 32 grams [35], assuming an insolation of 1700 kWh/m2/year, a performance
ratio of 0.8, and a lifetime of 30 years. This value is a lifecycle estimate of GHG per kWh of electricity
generation for solar PV systems.

2.2. Diesel Power Plant Data Specifications

A calculation is made for the MW of capacity of an HFO-fuelled diesel plant that can be financed
for an amount equivalent to that of a 30 MW solar plant costing US$84 million. The installed capacity
(rated plant capacity) of a diesel plant that can be purchased for US$84 million at an estimated capacity
cost of US$0.65 million per MW is 130 MW. The capital cost per MW for installed diesel generation for
this typical African country is taken as an average of the costs given for different countries in studies
by Deichmann et al. (2010) [36], Lazard (2015) [37], and Pauschert (2009) [38]. The operating life of the
diesel plant is assumed to be 25 years, the same as for the solar PV plant. The construction period for
the diesel plant will be also one year, although a shorter installation period is possible [13].

The energy transformation efficiency of the diesel plant is assumed to be 42% [14]. The operating
efficiency parameters used for the diesel plants are all conservative values and benchmarked on values
used in professional feasibility studies where significant grid connected diesel generation investments
are being planned. For example, see the FICHNER report on Power Systems Interconnection between
the Cyprus Turkish Electricity Authority (KIB-TEK) and the Turkish Electricity Transmission Company
(TEIAS) [39]. The other main parameter values are as follows:

• The maximum plant availability will be 91% of the installed capacity.
• The average availability of the plant will be 89% of the available capacity after degradation.
• The fuel requirement is 0.21 L per kWh.
• The annual increase in fuel requirement is 1%.
• The capacity degradation factor (annual deterioration) will be 1% of the maximum

available capacity.

The fixed O&M cost is high. It is estimated at US$15 per kW-year [37]. The variable (non-fuel)
O&M cost of the diesel plant is assumed to be equal to that of existing OCGT plants, and it is estimated
at US$4 per MWh [40]. The total grid-level system cost of the diesel plant is taken as US$0.56 per MWh.
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2.3. Other Technical Specifications

Given the non-dispatchable nature of the solar plant, its operation will result in a reduction in
generation by the open-cycle and diesel power plants. Hence, in this analysis the amount and the
value of the fuel savings are computed on the fuel efficiency of the open-cycle and diesel power plants
of approximately 0.246 L of HFO per kWh. For the purposes of this analysis, the assumption made
here is that fuel efficiency in terms of HFO use by the highest running cost diesel and OCGT plants are
the same per kWh. In most of the smaller utilities in SSA, it will be largely the most inefficient diesel
plants that will be cut back in operating time when a more efficient diesel plant or a solar PV plant is
introduced. Owing to the degradation of the existing plants, the annual fuel consumption per kWh
will increase by 1% per year.

Oil price projections are based on US$454 per tonne (US$71.11 per barrel), which corresponds
to the average price for HFO over the past 10 years. The current HFO price is US$ 171 per tonne
(US$ 26.79 per barrel) [41]. Since the projected benefits and costs of the power plants will be spread
over a 20-year period, the average oil price for the last 10 years is taken as an estimate of oil price. For
this analysis, the real price of crude oil is held constant at this level over the life of the plants. Hence,
the delivered cost of HFO will average US$0.78 per L, expressed in 2016 prices.

The carbon dioxide equivalent per kWh of electricity generation using HFO is 778 grams. This
value is a lifecycle estimate of GHG per kWh of electricity generation using HFO for various types
of generators and turbines [42]. The lifecycle estimate of GHG per litre of burning HFO to generate
electricity is 3.126 kg. This value is obtained by using CO2 emission factors based on fuel mass or
volume, CH4 and N2O emission factors by fuel type and sector [43], and Global Warming Potential
(GWP) factors [44]. Only CO2, CH4, and N2O gases are used in calculating CO2E because over 99% of
the total CO2E is due to CO2 emissions [43], and other GHGs, such as HFCs, are used as refrigerants,
while PFCs and SF6 are used as manufacturing aids in the metal and semi-conductor industry [44].
The assumption made here is that the lifecycle estimate of GHG per litre of burning HFO to generate
electricity will be the same for various types of generators and turbines except for the difference in the
energy transformation efficiency.

The gross calorific value of HFO is 41.73 MJ/L [45]. The social cost of carbon emissions (SCC)
is taken to be US$39 per tonne for 2015. There is also an upward trend in the SCC of 1.92% a year,
as proposed by [46].

2.4. Economic Benefit Calculation

Solar generation does not eliminate chronic blackouts and brownouts in a system that already
has a reserve deficit, as it does not permanently increase the capacity of the system at peak hours.
For some daytime hours during the year there will be no sunshine and, hence, no electricity generated.
Solar generation replaces the electricity generated by the thermal plants, hence saving fuel. The main
benefits of the solar PV plant are the savings on the amount of fuel and the O&M costs of the thermal
plant, whose electricity generation it replaces. In this case, the solar PV plant is replacing generation
by the OCGT and diesel plants.

A comparison is made in terms of ENPV as well as GHG savings if the same amount of scarce
capital were invested in a solar PV facility as in diesel power generation. To make this analysis possible,
the expected energy output for each type of power plant is calculated using the parameter values
given in Sections 2.1–2.3. The amount of electricity generated annually by the solar PV system, ES
(kWh), is calculated using the following equation:

Es = Pk × PR × G (1)

where Pk is the installed peak power, measured in watt-peak (Wp), PR is the system performance ratio,
and G is the yearly sum of global irradiation on a tilted plane of the PV module (kWh/m2/year) [47].
The performance ratio (PR) is the ratio between the actual and theoretical energy outputs of a solar
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PV plant. The closer the PR value is to 100%, the more efficiently the respective PV plant is operating.
The amount of electricity generated annually by a diesel plant, Ed (kWh), is calculated using the
following equation:

Ed = NAC × PLF × h (2)

where NAC is the net available capacity for sale in watts (gross available capacity minus auxiliary
usage). The gross available capacity is the available capacity after degradation multiplied by the
availability factor. PLF is the plant load factor, and h is the number of hours in a year.

The amount of fuel saved and GHG emissions avoided are calculated on the basis of the energy
output estimated previously. The amount of fuel saved by the solar PV plant, FSs (L), is measured by
the equation:

FSs = Es × fex (3)

where fex is the fuel requirement needed to generate 1 kWh of energy by existing diesel and thermal
plants (L/kWh). The amount of fuel saved by a diesel plant, FSd (L), is measured by the equation:

FSd = Ed × ( fex − fd) (4)

where fd is the fuel requirement needed to generate 1 kWh of energy by a diesel plant (L/kWh)
( fd = 3.6MJ

Energy trans f ormation efficiency (%) × Fuel heat content( MJ
litre )

, because 1 kWh = 3.6 MJ).

The amount of GHG emissions avoided by a solar PV plant is measured in kilograms and
calculated using the following formula:

GHGe = Es × (m f ossil f uel
kWh − msolar

kWh ) (5)

where m f ossil f uel
kWh is the carbon dioxide equivalent per kWh of electricity generation using HFO

(kg CO2E/kWh) for various types of generator and turbine, and msolar
kWh is the carbon dioxide equivalent

per kWh of electricity generation for solar PV technology (kg CO2E/kWh). The amount of GHG
emissions avoided by a diesel plant is measured in kilograms and calculated thus:

GHGe = FSd × mlitre (6)

where mlitre is the carbon dioxide equivalent per litre of fossil fuel burned (kg CO2E/L).
When there are significant power outages, more electricity will be supplied to meet the suppressed

demand during these peak periods. These increased sales will not be saving petroleum and GHG
emissions but will be providing additional electricity to be consumed. If both technologies are
supplying electricity during these peak periods, then the estimates of fuel savings would be somewhat
overstated. While on a per kWh basis, the overstatement of fuel savings would be greater for the
additional consumption being supplied by the solar PV plant; it is, however, more likely that a larger
quantity of the suppressed consumption will be supplied by the new diesel generators as they do not
have the reliability problems associated with the solar PV plant.

The expected economic benefit of solar PV and diesel plants is calculated using a cost–benefit
analysis approach, making comparisons between the scenarios with and without the projects.
Economic benefits, costs, and net present value (NPV) for each plant type can be expressed by the
following equations:

NPV =
26

∑
t=0

(1 + EOCK)−t × (EBt − ECt) (7)

EBt = FSt × Pf t + SOMt + a × GHGet × SCCt (8)

ECt = It + FOMt + VOMt (9)
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where EBt and ECt are the economic benefits and costs of the plant, Pft is the economic cost of fuel
per litre, SOMt is the savings on the variable (non-fuel) O&M cost of the plant it replaces, SCCt is the
social cost of carbon per tonne, It is the investment cost of the plant, FOMt is the fixed O&M cost of the
plant, and VOMt is the variable O&M cost of the plant, all at time t and in US dollars. EOCK is the
economic opportunity cost of capital (%). A 12% economic discount rate is used in this study. This is
the discount rate used by international institutions such as USAID and the African Development Bank
in the economic analysis of their investment operations in Africa. In addition studies have been carried
out to estimate the economic opportunity cost of capital (economic discount rate for countries in Africa)
that generally support the use of a 12% discount rate. The results are 11% for South Africa [48], 12% for
Kenya [49], and 13% for Rwanda [50]. The countries that are more critically short of capital resources
are likely to be facing an even higher economic opportunity cost of funds. FSt is the amount of fuel
saved by the plant in litres at time t. GHGet is the amount of GHG emissions avoided by the plant
in tonnes at time t, and a is a coefficient equal to 0 in analysis from the country’s point of view and
to 1 from the global point of view. Finally, a comparison is made between these two power plants
(solar and diesel).

The levelized cost of energy (LCOE) per kWh is estimated for both solar PV and diesel plants
using the formula:

LCOE =
∑n

t=1
ECt

(1+r)t

∑n
t=1

Et
(1+r)t

(10)

where 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.

3. Results

The following analysis first considers the option of investing in a solar PV plant, which will
reduce the level of electricity currently generated by existing diesel and thermal power plants. This is
followed by a similar analysis of the investment of the same amount of capital to finance a diesel plant.

3.1. Economic Evaluation of Solar PV Technology

Solar generation does not eliminate the chronic blackouts and brownouts in a system that already
has a reserve deficit, as it does not permanently increase the capacity of the system at the peak hours.
The biggest benefits of the solar PV plant are the savings on the amount of fuel and on the O&M costs
of the old diesel and thermal plants, whose electricity generation it replaces. Table 1 shows the amount
of fuel savings, the financial value of the fuel savings, and the amount of GHG emissions avoided.

The timing of the generation could have an impact on the value of the additional capacity. It
would occur particularly if the system peak load coincided with the maximum generation hours of
the solar PV generation. Average daily load and annual load duration curves were constructed to see
the pattern of demand for electricity in SSA by analyzing electricity loads in 15 different countries for
which data were available. The residual load duration curve was also examined to see how solar PV
fits the system by collecting the data from European Commission, Joint Research Centre (Photovoltaic
Geographical Information System) on solar irradiation for SSA countries. Based on the analysis, the
daily peak occurs during the evening hours in SSA countries, whereas the major share of the solar PV
electricity is generated during the daytime period when the radiation is the highest. In no country
did the solar PV electricity generation coincide with the system peak. Solar PV basically services the
intermediate load periods that occur during the daytime. It is likely that the variable costs of these
intermediate loads might be somewhat higher than some of the off-peak generation being replaced
by the diesel; however, the diesel generation will cover the peak periods as well as the intermediate
and off-peak periods. Therefore in the case of these fairly homogeneous thermal generation systems,
it would appear safe to conclude that the timing of solar PV generation as compared to the diesel
generation will not appreciably affect the overall impact on the conclusions drawn from this analysis.
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Table 1. Fuel savings and revenue from solar photovoltaic (PV) power generation.

Year 0 1 2 3 . . . 25

Total electricity production (MWh) 0 45,518 45,244 44,973 . . . 39,396
Total fuel savings in (litres 000) 0 11,197 11,241 11,286 . . . 12,306

Financial value of total fuel savings (US$000) 0 8713 8747 8781 . . . 9575
GHG emissions avoided (tonnes) 0 33,956 33,752 33,550 . . . 29,389

The economic resource flow for the solar PV plant is evaluated in Table 2 from the country’s point
of view. The ENPV at a real discount rate of 12% has a negative value of −US$28.191 million and an
economic internal rate of return (IRR) of 7.01%.

Table 2. Economic resource flow statement for solar PV power generation from the country’s point of
view (US$000).

Year 0 1 2 3 . . . 25

Economic value of fuel savings 0 8598 8632 8666 . . . 9449
Savings on O&M costs of old diesel and

thermal plants 0 182 181 180 . . . 158

Total inflows 0 8780 8813 8846 . . . 9607
O&M cost 0 1272 1272 1272 . . . 1272

Capital cost 84,780 0 0 0 . . . 0
Grid-level system cost 0 542 539 536 . . . 469

Total outflows 84,780 1814 1811 1807 . . . 1741
Net resource flow −84,780 6966 7002 7039 . . . 7866

ENPV (country, US$000) @ 12% = −28,191

The economic resource flow for the solar PV plant from a global point of view is estimated
in Table 3 by adding in the benefit of reduced GHG emissions. The value of the ENPV improves
from −US$28.191 million to −US$16.372 million, yet it is still negative. The economic IRR has increased
to 9.21%.

Table 3. Economic resource flow statement for solar PV power generation from a global point of view
(US$000).

Year 0 1 2 3 . . . 25

Economic value of fuel savings 0 8598 8632 8666 . . . 9449
Savings on O&M costs of old diesel and

thermal plants 0 182 181 180 . . . 158

Economic value of GHG emission reductions 0 1376 1394 1412 . . . 1879
Total inflow 0 10,156 10,207 10,258 . . . 11,486
O&M cost 0 1272 1272 1272 . . . 1272

Capital cost 84,780 0 0 0 . . . 0
Grid-level system cost 0 542 539 536 . . . 469

Total outflows 84,780 1814 1811 1807 . . . 1741
Net resource flow −84,780 8342 8396 8450 . . . 9745

ENPV (global, US$000) @ 12% = −16,372

It is hard to justify the introduction of solar PV plants into the electricity-generation system in
terms of saving fuel oil by substituting for thermal generation. Even assuming a real price of HFO
equal to the average of the past 10 years, the value of the fuel oil saved is much lower than the capital
costs of the solar PV systems.

3.2. Economic Evaluation of Diesel Technology

A new diesel plant is likely to be the most fuel-efficient plant in the system, generating electricity
for the base load. Because the diesel plant is more efficient than the existing diesel and thermal
plants, it will save fuel, and, as a consequence, less GHG will be released into the atmosphere. Table 4
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shows the amount of fuel savings, the financial value of the fuel savings, and the amount of GHG
emissions avoided.

Table 4. Fuel savings and revenue from diesel power generation.

Year 0 1 2 3 . . . 25

Total electricity production (MWh) 0 749,550 742,054 734,634 . . . 588,905
Total fuel savings (litres 000) 0 30,430 30,427 30,424 . . . 30,357

Financial value of fuel savings (US$000) 0 23,677 23,675 23,673 . . . 23,621
GHG emissions avoided (tonnes) 0 95,117 95,108 95,098 . . . 94,889

The main benefits of the diesel plant are the fuel savings that are the result of its energy
transformation efficiency. Table 5 reports on the economic resource flow for the diesel plant from the
country’s point of view.

Table 5. Economic resource flow statement for diesel power generation from the country’s point of
view (US$000).

Year 0 1 2 3 . . . 25

Economic value of fuel savings 0 23,367 23,365 23,362 . . . 23,311
Total inflow 0 23,367 23,365 23,362 . . . 23,311

Operating cost 0 1956 1956 1956 . . . 1956
Capital cost 84,780 0 0 0 0

Grid-level system cost 0 420 416 411 . . . 330
Total outflow 84,780 2376 2372 2368 . . . 2286

Net resource flow −84,780 20,991 20,993 20,994 . . . 21,025

ENPV (country, US$000) @ 12% = 79,940

The ENPV of the diesel investment (using a discount rate of 12%) is US$79.940 million. This is
US$108.131 million more than for the solar PV plant. The economic internal rate of return (EIRR) is
24.67%. This is the type of efficient electricity-generation technology that the electric utilities of SSA
countries now need to have more of in order to reduce their overall generation costs.

The economic resource flow for the diesel plant from a global point of view is also estimated,
including the GHG damage saved, and the results are shown in Table 6. The ENPV increases further
to US$114.525 million and the EIRR to 29.57%.

Table 6. Economic resource flow statement for diesel generation from a global point of view including
GHG damage mitigation (US$000).

Year 0 1 2 3 . . . 25

Economic value of fuel savings 0 23,367 23,365 23,362 . . . 23,311
Economic value of GHG emission reductions 0 3853 3927 4002 . . . 6068

Total inflow 0 27,220 27,292 27,364 . . . 29,379
Operating cost 0 1956 1956 1956 . . . 1956

Capital cost 84,780 0 0 0 . . . 0
Grid- level system cost 0 420 416 411 . . . 330

Total outflows 84,780 2376 2372 2368 . . . 2286
Net resource flow −84,780 24,844 24,920 24,996 . . . 27,092

ENPV (global, US$000) @ 12% = 114,525

These results show that adding a modern diesel plant to a fuel-inefficient thermal generation
system is a good investment decision. The amount of electricity generated by a diesel plant with the
same capital cost as a solar PV plant is 16 times greater. This has a dramatic positive impact from both
the country’s and the global point of view. The fuel savings from the diesel plant are 2.6 times greater
than those from the solar PV plant. As a consequence, the GHG emissions avoided by the diesel plant
are 2.9 times more than those from the solar PV plant. The diesel plant will also improve the reliability
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of the overall system supply because the old diesel and thermal plants that have been displaced can
now be used to meet the peak load demands.

The benefits induced by the reliability increase would be realized somewhat by the utility via
efficiency gains or factors which lower overall production costs but also by the consumers in the
form of reduced frequencies and durations of outages. The methods of economic valuation of these
benefits are based on the consumer surveys measuring the revealed preference or stated preferences for
enhanced electricity reliability. The benefits are measured by the value consumers place on avoiding
outages. The current study does not provide the valuation of the economic benefits associated with
reliability due to the difficulties associated with conducting such surveys, especially when one thinks
of all the SSA countries. If these benefits were valued and included in this study, they would increase
the ENPV of the diesel investment further, making the argument even stronger. This is an important
difference between these two investment options to which the electricity policy makers in SSA need to
pay close attention.

3.3. Sensitivity Analysis

A sensitivity analysis is carried out for a range of HFO prices, ceteris paribus. The results, which are
shown in Figure 1, show that the ENPV for the solar PV plant becomes positive only if the inefficient
plants it is replacing are using fuel that costs US$88 per barrel (US$562 per tonne) or more, whereas
the ENPV for the diesel plant is positive at any price above US$26.8 per barrel (US$171 per tonne).
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Figure 1. Sensitivity analysis of the economic net present value (ENPV) at 12% for solar PV and diesel
technologies to heavy fuel oil (HFO) prices.

It was shown in Section 3.1 that the solar PV power generation is not competitive if the economic
analysis is considered from the country’s and the global point of view. What, then, is the level of SCC
that would make solar PV power generation break even economically? As can be seen in Figure 2, the
ENPV of the solar PV plant becomes positive (as compared to continuing to generate with existing
inefficient plants) only at a value of US$94 per ton for the social cost of carbon. This value is much
higher than the estimates of US$12, 39, and 61 that have been proposed for 2015 by the United States
Environmental Protection Agency (EPA) [46] for use in such appraisals.
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Figure 2. Sensitivity analysis of ENPV at 12% of solar PV technology to the social cost of carbon
emissions (SCC).

The next task is to find the level of capital cost of solar PV that would make the ENPV of the solar
PV plant equal to that of the diesel plant, ceteris paribus. When the capital cost of solar PV drops to
US$1058.4 per MW, the total cost of a 30 MW solar PV plant costs US$31 million, and it yields the same
level of ENPV (US$42.893 million) as if this same amount were invested in the diesel generation plant,
ceteris paribus.

3.4. Scenario Analysis: Reductions in the Cost of Solar PV Technology over Time

A scenario analysis is undertaken to find out how long it will take for the solar PV plant to become
competitive with the diesel plants for electricity generation. Using benchmark utility-scale solar PV
system price projections from the National Renewable Energy Laboratory [51] for the period 2010–2020,
the average annual expected percentage decrease in overall real system costs is estimated to be 7.67%.
Naam (2011) has projected a 7% decrease in the cost of solar technologies [52]. However, based on solar
PV project cost projections from Chase (2013) [53] of Bloomberg New Energy Finance for 2010–2020,
the average annual expected percentage decrease in overall real system costs is estimated to be 4%.
Therefore, both values are used in the analysis. It is assumed that there will be no change in the real
diesel plant’s capital costs per MW over time.

The number of years (n) needed for a solar PV plant to have the same ENPV as a diesel power plant
when the capital cost of a solar PV plant is now decreasing by i percentage per year is calculated by:

n = log(1−i)
CCr

CCc
(11)

where CCr is the capital cost (reduced) of a solar PV plant per MWp that would make the ENPV of the
solar PV plant equal to that of the diesel plant, and CCc is the current level of capital cost of solar PV
plant per MWp.

Given that the projected percentage decreases in solar PV system costs are 7.67% and 4% a year, it
is estimated that it will take from 12.3 to 24 years for the solar PV plant to become competitive with
the diesel plant, ceteris paribus. As in the analysis reported in Section 3.3, the MW of a diesel plant that
would have an equivalent cost to this 30 MW solar plant is also decreased to 48.85 MW to match the
drop in the cost of the solar PV plant.
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With falling solar PV system prices, it is not advisable for electric utilities with the characteristics
of the one described here to invest in this technology until at least 2030.

4. Conclusions and Discussion

This analysis suggests that it is only advisable for SSA countries to invest in such capital-intensive
solar PV technologies for on-grid electricity generation if their purchase is being subsidized by
multilateral or bilateral donors and if these aid flows are completely tied to this type of technology.

The net fuel savings by the overall electricity-generation system with a new efficient diesel plant
are nearly three times greater than those obtained with a solar PV plant. As a result, the amount of
GHG emissions avoided by using a diesel plant is almost three times greater than that of a solar PV
plant with the same capital cost. It is clear that efficient diesel plants make a much greater contribution
to environmental sustainability than does the same investment in solar PV generation. This occurs
when both are installed into an overall fuel-inefficient electricity-generation system.

These results show that adding a diesel plant to a fuel-inefficient thermal generation system is a
good investment decision. The amount of electricity generated by diesel plants with the same capital
cost as a solar PV plant is 16 times greater. Moreover, for the power utilities of SSA with capacity
shortages, it is better to invest in diesel power plants rather than to invest in high-capital-cost solar PV
power plants or continue leasing emergency power-generating units. These results should be taken
into consideration by policymakers when selecting different technology alternatives for electricity
generation in SSA.

The modern fuel-efficient diesel plants have a number of advantages that are important in
reducing some of the most critical constraints facing the electricity systems of SSA. First, they can
be installed quickly and are modular. Second, they are relatively inexpensive, so the financially
constrained utilities can increase their generation capacity more rapidly, given their available financing.
Third, they are ideally suited to addressing the problems of system stability as the demands for
electricity change throughout the day. Fourth, they can utilize a number of types of fuel, in particular
both HFO and natural gas, if the latter becomes available in the future. In contrast, solar PV generally
causes the overall generation system to become less reliable and represents a costly up-front investment.

It is not advisable in SSA countries, where resources are already scarce, for electric utilities to
invest in solar PV systems (unless subsidized from abroad) until solar PV plants become competitive
with diesel plants. If unsubsidized, it is the relatively poor consumers of SSA who will pay for these
inefficient technological choices, which will also constrain the ability of utilities to expand in the future.
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