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a b s t r a c t

This paper introduces a novel concept of a PV enhanced central receiver concentrating solar power (CSP)
plant for South Africa that can dispatch solar energy from daytime to the night in order to provide solar
base load capacity to the grid. Various simulations of standalone PV and CSP plants were carried out and
compared to simulation results of the new CSP/PV hybrid concept. A higher annual energy yield and
capacity factors of up to 90% can be expected while, at the same time, system size, thus, costs can be
reduced. The levelised costs of electricity (LCOE) vary in the range of 0.133–0.157 $/kW h for base
load-capable configurations which can substitute generation capacity from old coal-fired power plants.
This replacement approach is backed by the high solar irradiation levels found in South Africa, making
CSP/PV power plants a sustainable solution to reduce emissions and increase the share of renewables
in South Africa.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

South Africa’s electricity generation is heavily dependent on old
coal-fired power plants with a total share of 92%, followed by 5%
nuclear power, 1.6% hydro and the residual 1.4% being supplied
by gas, oil and renewables & waste (IEA, 2015). The state-owned
power utility, Eskom, owns and manages 92.1% (42,090 MW) of
the installed power plant capacity in South Africa as of 2015
(45,699 MW), whereas the residual 3609 MW are operated by
independent power producers (IPPs) which sell their electricity
to Eskom (2015). Only approximately 50% of the IPP’s installed
capacity (1795 MW) (Eskom, 2015) are from renewable generation
including mainly wind, PV and concentrating solar power (CSP) but
further generation capacity has been procured through the South
African Department of Energy’s (DoE) Renewable Energy Indepen-
dent Power Producer Procurement Programme (REIPPPP) and is
currently under planning or construction. The total allocation
amounts to 2660 MW of wind, followed by 1898.5 MW of PV and
600 MW of CSP (DoE, 2015; WWF, 2014).

In order to further increase the national generation capacity,
South Africa has to increasingly make use of the world’s largest
energy source, the sun. With a GHI of up to 2300 kW h/m2 a and
DNI of up to 3200 kW h/m2 a (Solargis, 2014a, 2014b), South Africa
is one of the best sunspots on Earth and is therefore well-suited for
PV and CSP systems. According to Fluri (2009), the total potential
for CSP generation capacity in South Africa is 547.6 GW with a
net electricity generation of 1861.4 TW h/a considering an average
capacity factor of 38.8%. Another study on CSP potential in SA
depicts a short-term scenario (2011–2017) with a potential of
262 GW based on parabolic trough plants with seven hours of ther-
mal storage (Meyer and van Niekerk, 2011). This significantly
lower potential can be explained by the not fully developed trans-
mission grid in the Northern Cape, whereby suitable locations are
out of proximity of viable substations. A medium-term scenario
(2018–2025) takes Eskom’s grid expansion plans into account,
enabling an additional 49 GW of potential in the Northern Cape.
Additional potential can be unlocked by waterless next generation
CSP plants where the proximity to suitable water sources is no
longer necessary. Compared to the currently total installed gener-
ation capacity of 45.7 GW, there is a vast potential for CSP in South
Africa.

In order to decarbonize South Africa’s electricity generation, a
substitute for coal-fired power plants is needed which can provide
base load capacity to the national grid. Although large-scale com-
mercial PV power plants are not yet financially viable to provide
base load capacity in combination with storage systems, CSP has
been found to be a ‘‘baseload-capable technology” (Pfenninger
and Gauché, 2014). The researchers showed that 100 CSP power
plants at ten geographically dispersed sites in South Africa could
provide base load power generation by taking advantage of the
spatial concurrence of cloud covers. However, this study takes a
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Nomenclature

AC alternating current
CPV concentrating photovoltaic
CSP concentrating solar-thermal power
DC direct current
DNI direct normal irradiance in W/m2

LCOE levelised costs of electricity

O&M operation and maintenance
PV photovoltaic
SM solar multiple
TES thermal energy storage
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different approach by introducing a novel concept of a combination
of PV and CSP power plants (CSP/PV) in order to supply a constant
base load capacity.

A similar concept of enhancing CSP generation with PV has
already been introduced by Platzer (2014) by combining a
50 MW CSP plant (parabolic trough) with 12 h storage with a
75 MW concentrating PV (CPV) power plant to increase the opera-
tion time of the combined power plant. In another study, Platzer
(2016) combined a flat-plate PV as well as a CPV power plant with
a linear Fresnel collector plant using molten salt as heat transfer
fluid. This resulted in higher capacity factors and lower LCOEs.
Similar concepts are already in development for commercial use
by SolarReserve, Abengoa and ACWA Power (Castillo, 2015). The
focus of this study, however, is on demonstrating the capability
of a 100 MW CSP central receiver plant combined with a
100 MW PV power plant to supply 100 MW base load capacity to
the grid. This concept is presented in detail in Section 3.3.

2. Methodology

In order to demonstrate the base load-capability of a combined
CSP/PV power plant and its advantages over a conventional CSP
plant, a comparison with a standalone PV and CSP plant was made
by simulating different power plant configurations with the Sys-
tem Advisor Model (SAM) from the National Renewable Energy
Laboratory (NREL, 2017). The simulation approach was to first sim-
ulate a PV power plant with 100 MW nameplate capacity, followed
by a CSP molten salt central receiver (100 MW) with various con-
figurations, where the effect of different storage sizes and solar
multiples (SM) on the annual energy yield and capacity factor
was analysed. For the CSP/PV simulation, the PV plant from the
first simulation was combined with a second 100 MW CSP plant
in SAM and its power generation pattern was then adapted to
the load profile supplied by the PV power plant in order to fill up
the gap between the PV plant output and the desired 100 MW. This
can be achieved by operating the steam turbine in part load. Fig. 1
illustrates the simulation concept. It can be seen that the CSP/PV
option is a combination of two 100 MW power plants resulting
in 200 MW installed capacity. However, the goal of this study
was to only supply a total base load capacity of 100 MW and to
not take advantage of the additional installed capacity when the
PV
100 MW

CSP
100 MW

CSP/PV
200 MW

PV
100 MW

CSP 
(modified)

100 MW

base load capacity 100 MW

Fig. 1. Power plant simulation concept.
solar resource is high. It should be noted that any other capacity
configuration of CSP and PV would be possible. The PV plant could
for example be oversized to provide a 100 MW output during most
of its operation time. However, because a 100 MW PV plant per-
forms below its nominal capacity most of the time, there will most
likely always be a need for the CSP plant to cover the additional
capacity requirement. This is in favour of the CSP turbine, which
can therefore be operated at part load, hence avoiding unwanted
turbine stops.

Weather data from Upington, Northern Cape was used for the
simulations due to its high solar radiation values and proximity
to current CSP plants in operation and construction as well as the
possibility of access to the Eskom grid. The results of the simula-
tions were used to demonstrate the advantages of a combined
CSP/PV power plant in terms of annual energy yield, capacity factor
and 24/7 solar base load-capability.

Lastly, a parametric study on the effect of solar field size and
storage size on the LCOE has been carried out.
3. PV, CSP and CSP/PV design and simulation assumptions

The first step was to simulate a PV power plant and a CSP plant
with various configurations in order to be able to compare the
results with those from the novel power plant concept in Sec-
tion 3.3. The following sections describe the design parameters of
the power plants and main assumptions.
3.1. PV power plant

The PV power plant was modeled with 110 MWp multi-
crystalline silicon modules and a total inverter capacity of
100.3 MWAC. The modules were assumed to face direction north
(azimuth 0�) with a tilt angle of 28.4�. The resulting module area
was 727,699 m2. The simulation results (Table 1) predict an annual
electricity production of 223.6 GW h (without degradation) and a
capacity factor of 23.2%. This PV plant model is later used to match
the CSP generation to the PV output in the CSP/PV hybrid case.

The hourly electricity generation curve in Fig. 2 shows that
there is no significant seasonality in the hourly supply from the
PV power plant but the peaks are concentrated between 75 and
95 MW and never reach the desired capacity of 100 MW. Since
the PV plant can only operate during sunshine hours, it is not pos-
sible to continuously generate electricity over the whole day.
Table 1
PV power plant performance.

Item Unit Value

Annual energy generation GW h 223.6
Capacity factor % 23.2
Specific yield kW hAC/kWDC 2033
Performance ratio % 84.0
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Fig. 2. Hourly PV power plant supply curve over a year.
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3.2. CSP molten salt central receiver

The simulation of the CSP plant followed a much more complex
approach than of the PV system due to its numerous input vari-
ables and the analysis of the effect of different solar multiples
and thermal energy storage (TES) full load hours on the electricity
yield. Table 2 shows the simulated configurations with solar mul-
tiples varying from 1.5 to 4 and TES hours from 14 to 20 h. All con-
figurations were assumed to have 115 MWe gross turbine capacity
and 100 MWe of net capacity.

Table 3 provides the design parameters of the tower and recei-
ver. Molten salt (60% NaNO3, 40% KNO3) was used as heat transfer
fluid (HTF) and the receiver inlet temperature was set to 290 �C
whereas the outlet temperature was assumed to be 565 �C. These
temperatures were also used for the steam generator (inlet:
565 �C, outlet: 290 �C). The power cycle features a Rankine-cycle
steam turbine (150 bar live steam pressure) with a gross cycle effi-
ciency of 42% and an air-cooled condenser. In order to simulate
system downtimes for outages or scheduled maintenance, a plant
availability of 96% was assumed. To complete the modelled system,
a two-tank molten salt storage with a bypass valve is used to either
pump the HTF from the receiver directly to the power cycle or to
the storage. The built-in optimisation algorithm in SAM was used
for sizing the solar field and tower.

3.3. PV enhanced CSP

Considering the study’s goal to demonstrate a base load-capable
solar technology able to replace coal-fired power plants, the above
Table 2
Simulated CSP configurations.

Item Unit Value

Turbine capacity, gross MWe 115
Turbine capacity, net MWe 100

TES full load hours h 14
Solar multiple – 1.5 2 2.5 3

TES full load hours h 18
Solar multiple – 1.5 2 2.5 3
CSP plant configurations are large systems resulting in high costs.
In order to reduce these costs (and hence, the system size) and
improve the power plant performance and its ability to supply base
load, a combination of a PV and CSP plant is introduced. This con-
cept uses the PV power plant from Section 3.1 to enhance the
power generation from a smaller CSP plant of which the operating
strategy is adapted to the hourly power output of the PV plant in
order to always fill up the gap between the PV output and the
set capacity of 100 MW. Hence, if there is no electricity supplied
by the PV plant, the CSP plant covers the missing 100 MW of capac-
ity. When the PV plant starts to produce electricity in the morning,
on the other hand, the CSP plant reduces its power generation
accordingly. During PV peak hours, the CSP plant reduces the
power output to a minimum in order to just use as much solar
energy as needed to keep the turbine running and residual heat
from the receiver is stored in the thermal energy storage. When
the sun starts to set in the afternoon and the PV power supply sub-
sequently decreases, the CSP plant increases its power generation
again to fill up the missing gap to the desired 100 MW. As soon
as the PV plant does not deliver any electricity to the grid anymore,
the CSP plant is running at full capacity throughout the night until
the sun rises again by using the stored heat in the storage tank. By
doing so, the two power plants virtually act together in order to
supply 100 MW base load capacity.

The key of this concept is the TES from the CSP plant, allowing
dispatching electricity generation from day to night time, hence,
making it suitable for a combination with a PV power plant which
can only generate electricity during day time. The principle of a
combined CSP/PV power plant is outlined in Fig. 3. While an
16
3.5 4 1.5 2 2.5 3 3.5 4

20
3.5 4 1.5 2 2.5 3 3.5 4



Table 3
Tower and receiver design parameters for SM 1.5–4.

Item Unit Value

Heat transfer fluid – Salt (60% NaNO3, 40% KNO3)
Inlet temperature �C 290
Outlet temperature �C 565

Solar multiple – 1.5 2 2.5 3 3.5 4
Tower height m 170.7 200.6 207.7 227.8 250.4 275.0
Receiver height m 20.54 23.04 23.87 25.46 24.32 28.64
Receiver diameter m 14.03 16.55 17.44 19.84 27.13 28.86
Receiver aperture area m2 905 1198 1307 1587 2073 2596
Receiver thermal power MWth 410.7 547.6 684.5 821.4 958.3 1095.2
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Fig. 3. Effect of PV with dispatchable CSP.
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uncoordinated power production of both power plants would
cause high peaks at noon and no generation capacity in the early
morning hours, dispatching the thermal energy from hours where
PV generation is available for later use at night, enables a
continuous power generation at a set capacity. This also reduces
the CSP system size (mainly the heliostat field size) because only
a smaller solar multiple is needed to fill the TES due to its priority
loading and only marginal turbine operation during sunshine
hours. This decrease in heliostat field size results in drastic cost
reduction potentials. Due to the expected reduction in system size,
the CSP/PV hybrid plant is only simulated with solar multiples
from 1.5 to 3.

The operating strategy of the CSP/PV hybrid plants is imple-
mented in SAM by adapting the TES dispatch control. This allows
the CSP plant to adapt its power generation to the PV system out-
put. Since it is not possible to provide an hourly load profile in
SAM this was done by manipulating the TES dispatch control on
a monthly basis with 24 h representing an average day of the
respective month. First, the average PV generation profiles for
each month were generated and then subtracted from the desired
100 MW power, resulting in a residual load that must be covered
by the CSP plant. This load demand was then converted into a
percentage of the turbine output fraction and applies to the
design turbine thermal input. Fig. 4 shows the resulting monthly
TES dispatch control matrix with eight different periods and their
corresponding turbine output fraction percentage in Table 4. It
can be seen that during night time the turbine thermal input is
only 95% from its design point due to the average parasitic con-
sumption of approx. 8 MW at night and results in a net output
of 101.25 MW, which is close to the desired 100 MW. This mea-
sure also assures that the TES is not discharged as quickly as if
the turbine would run at 100% and thus, there is still thermal
energy available in the early morning. It should be noted that this
is a very simplified integration of the operating strategy and a
more sophisticated and dynamic control logic is recommended.
However, this workaround allows an initial analysis of a hybrid
system with SAM.
4. Economic analysis

The LCOE is a financial indicator calculated over a whole eco-
nomic lifetime of a power plant in order to make it possible to
compare different technologies with different financial parameters
and generation structures. It is calculated by dividing a power
plant’s accumulated costs for construction and operation by the
sum of the annual energy generated during the power plant’s oper-
ational lifetime. This approach follows the method of the net pre-
sent value where the amount of money invested today is
compared to the present value of the future cash amounts after
they are discounted by a set rate of return. The LCOE for all consid-
ered options in this paper are calculated following the simplified
approach from Fraunhofer ISE (2013):

LCOE ¼
Cinvest þ

Pn
i¼t

CO&M;t

ð1þiÞt
Pn

i¼t
Eel;net;t
ð1þiÞt

ð1Þ

where n is the operational lifetime of the power plant and t the year
of the lifetime (1, 2, . . . ,n). Eel;net;t is the annual electricity generation
in year t. For the PV plant Cinvest;PV are the total investment costs
with

Cinvest;PV ¼ Ppeak � ðcsm þ cst þ cep þ cinv þ celc þ csi þ ctl þ cssÞ ð2Þ
where Ppeak is the total DC peak power and cx are the specific plant
costs in $/Wp. The total investment costs of the CSP plant Cinvest;CSP

are

Cinvest;CSP ¼ ðCHF þ CTþR þ CTES þ CPB þ CSGÞ � ð1þ f EPCÞ ð3Þ
where Cx are the investment costs of the CSP plant components
given as the specific investment costs per unit times their unit
and f EPC is a factor for the surcharge for EPC, project management
and contingencies. The operation and maintenance (O&M) costs of
the PV plant are calculated as

CO&M;PV ¼ Cinvest;PV � ðf O&M;PV þ f ins;PV Þ ð4Þ
where f O&M;PV and f ins;PV are the annual O&M and insurance costs,
respectively. The O&M costs of the CSP plant are

CO&M;CSP ¼ cO&M � Pgross þ ðCinvest;CSP � f ins;CSPÞ ð5Þ
with cO&M being the specific O&M costs and Pgross the turbine gross
capacity. f ins;CSP is a factor accounting for the annual insurance costs
for the CSP plant. The annual net electricity generation Eel;net;PV ;t of
the PV plant is reduced by the factor f degrad which takes an annual
degradation of the modules into account.

Eel;net;PV ;t ¼ Eel;net;PV ;t�1 � ð1� f degradÞ ð6Þ
In order to combine the LCOEs from the CSP and PV system for

the CSP/PV option, the following formula was used:

LCOECSP=PV ¼
Pn

i¼tEel;net;PV ;t � LCOEPV þPn
i¼tEel;net;CSP;t � LCOECSP

Pn
i¼tEel;net;PV ;t þ

Pn
i¼tEel;net;CSP;t

ð7Þ



Fig. 4. TES dispatch control matrix in SAM.

Table 4
Turbine output fractions per period.

Period Turbine output fraction [%]

2 20
3 30
4 40
5 50
6 60
7 70
8 80
9 95

Table 6
Cost assumptions for the CSP plants.

Item Symbol Value Unit

Turbine capacity, gross Pgross 115 MWe

Heliostat field cHF 200a $/m2

Tower and receiver cT+R 200a $/kWth

Thermal storage cTES 30a $/kW hth

Power block cPB 1000a $/kWe

Steam generator cSG 250a $/kWe

Annual O&M cO&M 65a $/kWa

Lifetime n 25 Years
Real interest rate i 7.5 %
Annual insurance costs fins,CSP 1 %/a
Surcharge for EPC, project management and

risk
fEPC 15 %

a Kolb et al. (2011).
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The cost assumptions and financial parameters are listed in
Table 5 for the PV plant and Table 6 for the CSP plant.

5. Results

The results obtained from the simulations are presented in the
following sections. First, the power plant performances in terms of
capacity factor and base load-capability are discussed and lastly
the LCOEs for the various configurations are presented.

5.1. Power plant performance

The annual net electricity generation from all simulated config-
urations (Fig. 6) shows large differences in the annual output.
Table 5
Cost assumptions for the PV plant.

Item Symbol Value Unit

Modules peak power DC Ppeak 110 MWp

Solar modules csm 0.44a $/Wp

Structural cst 0.13a $/Wp

Electrical parts cep 0.11a $/Wp

Inverters cinv 0.11a $/Wp

Engineering and labour costs celc 0.22a $/Wp

Security and infrastructure csi 0.08a $/Wp

Transport and logistics ctl 0.03a $/Wp

Substation css 0.06a $/Wp

Lifetime n 25 years
Real interest rate i 2.8 %
Annual O&M costs factor fO&M,PV 1 %/a
Annual insurance costs fins,PV 0.5 %/a
Degradation fdegrad 1.0 %/a

a Terblanche (2015).
Generally, the net output of the CSP/PV hybrid option is always
higher than from the standalone CSP plants with the same config-
urations (due to the additional 223.6 GW h from the PV plant). The
two CSP/PV systems with a SM of 2.5 and 3 even generates more
electricity than the largest CSP-only options with SM 4 for the var-
ious storage sizes. Increasing the solar multiple results in a sub-
stantially higher annual electricity yield, whereas increasing the
TES size has only a marginal effect.

Although the simulated power plants have large TES sizes, most
of these configurations are not capable to provide a 24/7 solar
capacity supply. In the case of standalone CSP, only the options
with a SM above 3.5 and more than 18 h of TES full load hours were
found to be base load-capable. This can be seen in Fig. 5 where the
annual average load profiles of the configurations with a SM of 3.5
and 4 are depicted. Configurations with 14 or 16 h of TES can gen-
erate electricity throughout the night on some days but they are
too small to do that constantly on average. The same applies to
the CSP/PV hybrid plants where only the larger configurations with
a SM above 2.5 are capable of providing base load capacity on an
annual average. However, a TES size of 14 h is too small to main-
tain a high level of base load capacity especially in the early morn-
ing hours.

The capacity factors of the individual configurations are plotted
in Fig. 7. The CSP/PV hybrid power plants offer a substantially
higher capacity factor with all configurations. The maximum value
of 92.1% is achieved with the largest CSP/PV option with SM 3 and
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20 h TES. Slightly smaller configurations in terms of solar multiple
and TES still offer capacity factors in the 90% range. It should be
noted that the capacity factor of the CSP/PV power plants is calcu-
lated based on the assumption that the CSP/PV power plant has
100 MW installed capacity although technically there are
200.3 MW installed (CSP plus PV capacity). However, because of
the scope of this study to have a ‘‘virtual” power plant that has
100 MW as actual capacity it is assumed that the combined capac-
ity is also 100 MW instead of 200.3 MW.

Fig. 8 shows the hourly load profile of the CSP/PV plant with SM
3 and 20 h TES during a typical winter. In the upper graph, the PV
supply is depicted in blue and complemented by the CSP capacity
in orange. The combined net output is fluctuating around 100 MW
over several days, but with some generation drops of up to 15 MW
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Fig. 8. Hourly combined CSP/PV load profile (SM 3, 20 h TES) over a year and close-up of individual PV and CSP generation capacity during a typical winter period (23rd June–
11th July).
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during daytime. This is due to the simplified and static CSP control
strategy implemented in the simulations which controls the tur-
bine output fraction based on a monthly average PV load profile.
This results in deviations on days with higher or lower PV genera-
tion than the average of the respective month. However, the load
curve could be smoothened to a more constant power supply with
a more advanced and dynamic control strategy which reacts
directly to the power output supplied by the PV plant. The graph
also shows when times of no power generation occur. This can also
be seen in Fig. 9 where the probability distribution of the power
output of the largest configurations of both the CSP (SM 4 and
20 h TES) and CSP/PV (SM 3 and 20 h TES) option are depicted.
The desired base load of 100 MW is only supplied during 2% of
the time with the CSP option, whereas the CSP/PV option supplies
a base load of 100 MW at 24% of the time. During the residual
times, the capacity ranges between 90 and 110 MW for the CSP/
PV option. Alternatively, the standalone CSP option has a more
uneven distribution and more times of an oversupply of 105 MW.
Furthermore, the CSP option has a system down time of 6%,
whereas the CSP/PV option is not generating any electricity during
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only 3% of the year (11 days). Such a small fraction of system
downtime makes the concept of a CSP/PV power plant suitable as
a base load power plant for 24/7 solar electricity generation.
5.2. LCOE analysis

The LCOEs of the various power plant configurations are
depicted in Fig. 10 and tabulated in Table 7. It can be seen that
the optimal solar multiple for a standalone CSP plant is between
2.5 and 3 with only small differences caused by the TES size. In
the case of the CSP/PV hybrid plant, however, the storage size
has a more significant impact on the LCOE due to its reliance on
the availability for night time operation. The optimal solar multiple
in this case is 2 for all storage sizes but the smaller storage sizes
offer lower LCOE values because of the high investment costs of
the larger systems. In comparison, the LOCE of the 100 MW PV
plant is 0.046 $/kW h.

Fig. 11 displays the LCOE values of the power plant configura-
tions that were found to be base load-capable in Section 5.1 and
highlighted in bold in Table 7. Although the standalone CSP
options have lower LCOEs than some of the CSP/PV configura-
tions, the overall benefit of the latter is the reduced system size
and more uniform power output. The lowest LCOE is 0.133 $/
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6. Discussion

Although the supply cannot be guaranteed for 365 days a year,
it was shown that a continuous power supply over several weeks
and even months is possible and that system downtimes are rare.
This makes the CSP/PV plant a suitable base load generation plant
that can supplement coal or nuclear power plants and at the same
time increase supply security due to the independence from fossil
or nuclear fuel supply shortages. Furthermore, the CSP plant for the
largest CSP/PV option has far less hours where the turbine is shut
down (393 h) than the same sized standalone CSP option with
1674 h. This extends the lifetime of the turbine and reduces main-
tenance costs.

When looking at the typical system load of South Africa’s grid in
summer and winter in Fig. 12, it can be seen that the base load is
roughly constant between 24 and 25 GW during the night. How-
ever, a typical PV power plant is not suitable as a base load power
plant due to the high peak time during noon and no supply capac-
ity at night. The high peak at noon can help reducing capacity
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Table 7
LCOE of CSP and CSP/PV power plants with varying SM and TES size (with base load-capable configurations in bold).

CSP CSP/PV

TES 14 h 16 h 18 h 20 h 14 h 16 h 18 h 20 h

SM LCOE ($/kW h)
1.5 0.173 0.178 0.183 0.188 0.128 0.137 0.147 0.158
2 0.146 0.149 0.153 0.157 0.121 0.127 0.133 0.140
2.5 0.133 0.134 0.136 0.138 0.130 0.133 0.138 0.144
3 0.135 0.134 0.135 0.137 0.143 0.144 0.150 0.157
3.5 0.144 0.140 0.138 0.140 – – – –
4 0.156 0.150 0.148 0.149 – – – –
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Fig. 11. LCOE of base load-capable power plant configurations.
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shortfalls in the grid at peak demand hours but the low generation
capacity in the early morning and late afternoon hours does not
contribute significantly to the system supply. Furthermore, there
is no electricity generation at night, especially during the peak sys-
tem load at 7 pm.

A CSP plant, however, ramps up electricity generation in the
morning as soon as the solar irradiation is strong enough to gener-
ate steam and can run at a constant power output throughout the
day due to its thermal energy storage (TES). A large storage allows
continuous power generation even after sunset. This is illustrated
by the simulated CSP plant with a solar multiple of 2.5 and 14 full
load hours of TES where electricity generation is constant until
1 am or 2 am on a typical winter day by using energy from the
TES after sunset. A higher solar multiple of 3 and a larger TES of
16 h is able to provide continuous power generation until 6 am.
A CSP/PV power plant with the same sized CSP system (SM 3 and
16 h TES) can generate electricity continuously throughout the
night due to the additional PV system which allows to dispatch
the energy to the night time. CSP/PV plants can therefore gradually
substitute base load coal or nuclear electricity generation with
24/7 solar energy. However, potential locations for the power
plants are restricted to certain areas due to water availability and
vicinity to transmission lines.

An additional advantage of the CSP/PV option is that technically
there are 200.3 MW installed, but only 100 MW are needed to pro-
vide the defined base load capacity. This means that in special
cases with high electricity demand from the demand side the
power plant could provide additional capacity to the grid giving
it an additional ability to provide balancing energy rather than just
acting as a base load power plant.

Although this study used weather data for a South African loca-
tion, it can be expected that this concept is also able to provides
solar base load capacity in other regions in the world with a similar
or higher solar resource. However, a more advanced control logic
should be implemented in order to smoothen the electricity
generation.
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7. Conclusions

This study introduced a novel concept of a PV enhanced CSP
power plant to supply solar base load capacity to the South African
grid. It was shown that a combination of a PV and a central receiver
CSP power plant allows dispatching energy from daytime to the
night in order to supply a constant capacity. However, this is highly
dependent on the CSP plant size in terms of solar multiple and TES.

It has been shown that a smaller CSP system is needed if com-
bined with PV to supply a constant power generation and obtain a
similar or even higher energy yield than with a conventional CSP
plant. This results in cost reductions for the heliostat field and
TES, leading to lower LCOE values in the range of 0.133–0.157 $/
kW h than a same-sized conventional CSP plant. Furthermore, a
CSP/PV power plant generates more electricity per year and has
higher capacity factors of up to 90% compared to a standalone
CSP plant of the same size or larger.

In addition to those advantages, a CSP/PV power plant is base
load-capable, making it a good option for replacing South Africa’s
aging coal-fired power plants which have to be substituted with
a clean energy source in the future. South Africa has an excellent
solar resource, thus making solar technologies like combined
CSP/PV power plants a viable solution for a replacement
programme.
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