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Abstract

Concentrated solar power (CSP) plants can play a
major role in the future South African electricity
mix. Today the Independent Power Producer (IPP)
Procurement Programme aims to facilitate renew-
able energy projects to access the South African
energy market. In spite of this incentive programme,
the future role of CSP plants in South Africa has yet
to be defined. Using hourly irradiance data, we
present a new method to calculate the expected
vield of different parabolic trough plant configura-
tions at a site in each of Gauteng and the Northern
Cape, South Africa. We also provide cost estimates
of the main plant components and an economic
assessment that can be used to demonstrate the fea-
sibility of solar thermal power projects at different
sites. We show that the technical configurations, as
well as the resulting cost of electricity, are heavily
dependent on the location of the plant and how the
electricity so generated satisfies demand. Today, lev-
elised electricity costs for a CSP plant without stor-
age were found to be between 101 and
1.52 ZARyg;0/kWh,,, assuming a flexible electricity
demand structure. A CSP configuration with
Limited Storage produces electricity at costs
between 1.39 and 1.90 ZARsg;0/kWh,,, whereas
that with Extended Storage costs between 1.86 and
2.27 ZARZOlo/kWhe[. We found that until 2040 a
decrease in investment costs results in generating
costs between 0.73 ZAR5p10/kWh,; for a CSP plant
without storage in Upington and 1.16 ZARsg;0/

kWh,, for a configuration with Extended Storage in
Pretoria. These costs cannot compete, however,
with the actual costs of the traditional South African
electricity mix. Nevertheless, a more sustainable
energy system will require dispatchable power
which can be offered by CSP including storage. Our
results show that the choice of plant configuration
and the electricity demand structure have a signifi-
cant effect on costs. These results can help policy-
makers and utilities to benchmark plant perform-
ance as a basis for planning.

Keywords: solar thermal power plants, performance
model, cost analysis, location

1. Introduction

Technologies to generate electricity from the sun
can be broadly divided into photovoltaic systems
and concentrated solar thermal systems. Whereas,
photovoltaic systems are able to convert diffuse,
indirect sunlight into electricity, concentrated solar
thermal power (CSP) plants rely on the direct nor-
mal irradiance (DNI) of the sun to concentrate its
rays onto a receiver, heating up a thermal fluid. The
production of thermal energy can be seen as the
main advantage of CSP, allowing it either to gener-
ate electricity in a conventional power block direct-
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ly or to feed a thermal storage assembly, thereby
enlarging the availability of the power plant.

Owing to the high insolation in South Africa and
a growing demand for base-load power, concen-
trating solar thermal power plants can play a promi-
nent role in the country’s future energy mix.
Commercial-scale solar thermal power plants have
been built in other parts of the world, for example,
in Spain and the USA. Despite the excellent climate
conditions, the deployment of this technology is
lagging behind in South Africa. One of the reasons
is the low cost of electricity generated mainly from
coal.

Several schemes of Renewable Energy Feed-In
Tariffs (REFIT) have been implemented in South
Africa with the aim of supporting the deployment of
renewable energy projects. In 2009, the National
Energy Regulator of South Africa (NERSA) calcu-
lated REFIT on the basis of the levelised cost of
electricity to support renewable energy technologies
in the country. In March 2011, the tariff scheme was
reviewed, resulting in the following tariffs for CSP
plants: 1.836 ZARyy;1/kWh for a parabolic trough
with 6 hours storage, 1.938 ZARyq11/kWh for a par-
abolic trough without storage, and
1.399 ZARyy;1/kWh for a solar tower with 6 hours
storage (NERSA, 2011). Currently, Eskom (the
national energy utility) plans to build a 100 MW
solar tower near Upington in the Northern Cape
Province, which will be commissioned in 2016
(AFDB, 2012).

In June 2011, the Department of Energy (DoE)
initiated the Renewable Energy IPP Procurement
Programme to encourage independent power pro-
ducers to access the South African energy market.
In the first round, 28 preferred renewable energy
projects were selected in a bidding process, which
represent a capacity of 1416 MW (DoE, 2011a).
Moreover, the prices of the electricity generated
have been capped for each renewable energy-gen-
erating technology. In the case of CSP, a relatively
high value of 2.850 ZARgy1o/kWh was set
(Creamer, 2011). Two CSP projects were chosen to
be built, the Khi Solar One 50 MW solar tower with
storage at Upington, Northern Cape, and the KaXu
Solar One 100 MW parabolic trough plant at
Paulputs, also in the Northern Cape. Construction
of both systems, by Abener Energia, S.A., will start
in the second half of 2012 (ABENER, 2012).

The increased competition for the projected
power plant capacity forces the manufacturer to cal-
culate the project costs accurately. The installation
of a CSP plant therefore requires a detailed knowl-
edge on the direct normal irradiance at a proposed
site and an accurate estimation of the expected
vield. Moreover, the electricity generated is heavily
influenced by the configuration chosen for the CSP
plant. The application of thermal storage systems
offers, in particular, the possibility of delivering dis-

patchable power to the grid.

In this paper, we present a methodology to cal-
culate the electricity vield of different parabolic
trough plant configurations. Our findings indicate
that, today, all case studies investigated generate
electricity at costs below the defined price cap of the
IPP Procurement Programme. More importantly,
we analysed the costs of the different power plant
components and we conducted a cost optimisation
exercise for different power plant configurations.
This paper provides information on the optimal
storage capacity for different solar field sizes to sat-
isfy a flexible or a constant demand structure.
Moreover, variations in solar irradiation are taken
into account by calculating an upper and lower limit
of generating costs using data on the maximum and
minimum insolation at the two locations investigat-
ed.

All costs quoted in this work are given in South
African rands (1 ZAR corresponds to 9.70 [] in our
calculations) in real terms for a base year of 2010,
as ZAR2010.

2. Theoretical background
2.1 Capacity development
The principle of converting the direct normal irradi-
ance (DNI) of the sun into electricity on a commer-
cial power plant scale has been applied since the
1980s, when the first unit of the Solar Electric
Generating Station (SEGS) went into operation in
California (Duffie and Beckman, 2006). The SEGS
assembly uses parabolic trough technology with a
supplementary natural-gas-fired boiler, which oper-
ates during peak hours in summer and at times of
reduced insolation (NEXTera Energy, 2012).
Between 1991 and 2005, no additional CSP capac-
ity on a commercial scale was installed. In 2006,
however, with the construction of the Saguaro
power plant (1.16 MW) and Nevada Solar One
(75 MW) in the USA, and the completion of
Andasol 1 and Andasol 2 (each 50 MW) in 2008 in
Spain, the deployment of CSP plants took off again.
Figure 1 shows the growth in global capacity
since 1985. The two periods 2005-2010 and
2010-2012 saw a sharp increase in new plant
capacity. From 2005 to 2010, 470 MW was
deployed whereas in the last two years the capacity
increased by a further 726 MW. Today, approxi-
mately 95% of the collective worldwide CSP capac-
ity uses parabolic trough technology; 4% is based
on solar towers. The Linear Fresnel reflector is a rel-
atively new power plant technology concept on the
way to commercial availability, which has been
introduced in hybrid power plants in combination
with a conventional power plant. Dish Stirling sys-
tems have become of minor relevance; the
Maricopa Solar Project, with a capacity of 1.5 MW,
is the only large scale Dish Stirling power plant cur-
rently in operation (NREL, 2011).
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Figure 1: The growth in global CSP capacity between 1985 and 2012

2.2 The role of storage

Depending on the targeted supply duty of a CSP
plant, its configuration can vary markedly. Today,
CSP plants in the US generally supply the increased
peak demand during hot summer days and there-
fore storage options are not considered. Most power
plants built in Spain, by contrast, show high capac-
ity factors provided by sensible-heat, two-tank
molten salt storage systems. In that case, excess
energy from the collector is converted into thermal
storage during solar peak hours and discharged
afterwards during periods of reduced insolation and
at night. Beside this commercial-scale storage tech-
nology, different other storage systems are currently
under development to reduce investment costs.
These prototype storage systems include sensible-
heat storage in solid media (concrete storage),
latent heat storage using phase change materials
(PCM), and thermochemical storage systems (Laing
et al., 2012; Bayén et al., 2010; Felderhoff and
Bogdanovic, 2009).

In October 2011, the Gemasolar power plant in
Spain started operation, and was the first base-load
CSP plant capable of delivering 15 equivalent
hours per day of turbine capacity from thermal stor-
age (Torresol Energy, 2011). Although solar tower
projects are expected to play a prominent role in the
future South African CSP market, this paper focus-
es on the economic and technical assessment of a
parabolic trough power plant with and without stor-
age at the two locations considered in this study.

2.3 Cost of power plant components

The investment costs of a solar thermal power plant
are dependent on its configuration. A high capacity
factor, and thus a high availability, can be achieved
only by the use of an adequate storage system and
a collector field big enough to provide sufficient
thermal heat to feed the storage. To find the mini-
mal generation costs for a given collector field size
(see section 4), the first step is to determine the spe-
cific investment costs for each plant component and
the operating and maintenance costs. The study
reported here follows the approach of Trieb et al.

(2009) by separating the power plant into three
main components: the solar field, the storage sys-
tem and the power block (Trieb et al., 2009). The
following assessment is based on cost data from dif-
ferent case studies of actual power plants and pub-
lished projections of future cost data.

Sargent & Lundy (2003) (S&L) looked at the
different components of the solar field and used the
SEGS plants as a reference case. The cost projec-
tion includes improvements in the technology used
for the collector structure, heat collecting elements
and mirrors as well as up-scaling effects based on
an increased production volume by using a learning
curve approach. The storage costs projections have
been excluded for this investigation because at the
time of the S&L publication there were only proto-
type storage options available (Sargent & Lundy
LLC Consulting Group, 2003; Neij, 2008).

The cost projections of Trieb et al. (2009) are
based on a learning curve approach and assume a
progress ratio of 90% for the solar field, 92% for the
storage option and 98% for the power block with a
cumulative CSP capacity of 500 GW by 2050 (Trieb
et al., 2009). These assumptions have been updat-
ed in a cost projection of CSP plants for the MENA
(Middle East and North Africa) region, which inves-
tigated the costs of the import of solar thermal elec-
tricity to the European grid (BMU, 2010).

The projections of Turchi et al. (2010) are made
up of 5 different cases until 2020, including tech-
nology improvements and up-scaling in the average
capacity. For future solar field costs, Turchi et al.
(2010) identified a progressive cost reduction for
the structure itself and especially by changing the
heat transfer fluid from the current synthetic oil to a
molten salt heat transfer fluid. The storage option
develops from the current two-tank molten salt stor-
age to a thermocline direct storage. For the calcula-
tion of future costs for parabolic trough plants for
the US market the Solar Advisor Model (SAM) has
been applied (Turchi et al., 2010). By using this cost
performance model, Hinkley et al. (2011) give an
estimate of the different cost components for a par-
abolic trough plant in Queensland, Australia
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Figure 2: Cost development of the solar collector field until 2040

[ZAR2010/KW]
18000

16000 ©

14000

12000

m DLR2009

© BMWU Leitstudie 2010

10000

8000

© In Operation/Case Studies

6000

=+ -Power block max

4000

=== Power Block min

2000

0

2000 2010 2020 2030

2040

Figure 3: Cost development of the power block up to 2040
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Figure 4: Cost development of the storage option up to 2040

(Hinkley et al., 2011). Figures 24 show the projec-
tions for the three main cost components.

The costs of the first component (the solar field)
include collecting elements, mirrors, heat transfer
fluid, receiver tubes and field piping. Moreover, spe-
cific investment costs for the storage option covers
tanks, heat exchangers and pumps, whereas the
cost of the power block consists of the steam tur-
bine, steam generator and the balance of the plant.
It can be seen that specific solar field costs in 2010
were between 2000 ZARyg¢/m? and
2800 ZARyg;9/m?2. The specific investment costs for

the storage option is heavily dependent on the stor-
age technology. Considering current two-tank
molten salt storage costs of 500 ZARgq;0/kWhy, to
600 ZARgg;0/kWhy, can be found. In the case of
specific power block costs the cost data presented
differ significantly because of different power plant
concepts; such data were found to range between
7000 ZARy;0/kW and 12000 ZARyq;o/kW.

2.4 Cost development
A regression analysis of the different cost projections
was conducted to derive possible future trends of
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the specific investment costs of each component. In
a second step, actual cost data of current case stud-
ies and actual power plants (see Figure 2 — 4: dia-
monds) were added and compared with the cost
projections.

It can be seen that the projections of future in-
vestment costs decrease for all plant components,
most significantly for the solar field and the storage
system. Minor cost reductions are expected for the
power block system because conventional technol-
ogy is already in use in this regard. The varying
uncertainty in investment costs over time is indicat-
ed in terms of a band around the regression line
defining an upper and lower limit in investment
costs of the different cost projections. The assumed
uncertainty range in specific investment costs which
covers most of the collected data points is 20% for
the solar field, 30 % for the storage option and 10%
for the power block.

Figures 2-4 show all investment cost projec-
tions, cost data obtained from actual case studies
and operational power plants as well as the defined
band with upper and lower limits around the regres-
sion line. It can be seen that the investment cost of
the power block reported in the literature varies
widely, because different power plant concepts were
considered. Therefore, only the DLR study (Trieb et
al.,, 2009) and the Leitfaden study (BMU, 2010),
which investigated the costs of CSP plants including
storage devices, have been considered in our calcu-
lation of the cost trajectory of the power block. To
define an upper bound when calculating the lev-
elised electricity costs, the upper range of the spe-
cific investment costs of each component (dot-
dashed line in Figures 2-4) was taken.

Table 1 shows the specific costs for each power
plant component and its reference unit for the years
2010 and 2040.

The labour cost can be divided into two groups:
staff assigned to the maintenance of the solar field,
and personnel for maintenance, operation and
administration of the rest of the plant (Maier, 2009).
Without solar field maintenance, the power plant

requires manpower of 28 people. Labour costs vary
between 445,700 ZARyg o/a for the plant manager
and 124 300 ZARyg;¢/a for an unskilled employee
(OSEC, 2009). Maintenance of the solar field
requires 0.03 employees per 1000 m?2 of aperture
area.

Fossil fuel (diesel) is used in a supplementary
heater when the demand cannot be satisfied by the
collector or the storage option. For all configura-
tions, a diesel-fired heat transfer fluid (HTF) boiler
is considered with a diesel price of 1.75 ZARyg1o/
GJ in 2010 and 2.35 ZARyy;o/GJ in 2040
(Tomaschek et al., 2012). The daily co-firing ratio is
capped at 12% of solar electricity production, which
is equal to the co-firing ratio in the Spanish CSP
plants. Moreover, the connection to the grid is taken
into account by calculating the grid connection
costs at 17.3 MZARyg;o/km of transmission line
(Arlt et al., 2011; Eskom, 2010). The lifetime of the
CSP plant is assumed to be 20 years. To calculate
the levelised electricity costs, we assume an interest
rate of 8% and insurance costs of 0.5%/a of the
investment costs.

Based on this data, the later described perform-
ance model defines the optimal configuration for a
given collector field area.

3. Methodology

In this section, we introduce the basic assumptions
and the methodology to calculate the optimal con-
figuration of a parabolic trough power plant under
different demand conditions. To show the interac-
tions between solar irradiance, demand structure,
power plant components and resulting costs, we
investigated two different sites, namely, Pretoria
and Upington. Upington in the Northern Cape, can
experience the highest irradiance levels in the coun-
try and was chosen as a preferred destination for
CSP projects (AFDB, 2012; Torresol Energy, 2011).
Pretoria, as one of the main economic hubs of
South Africa, receives less irradiation but is close to
one of the main centres of electricity consumption;
to a dense transmission grid network; and demon-

Table 1: Specific investment costs (upper limit) of parabolic trough power plant components and
O&M costs for 2010 and 2040

Component Unit cost Reference unit 2010 2040
Investment costs

Solar field ZARyq19/m? aperture area (m?) 2785 1 560
Power block ZARg10/KW capacity (kW) 12 664 10 515
Storage ZAR541¢/kWhth storage capacity (kWhth) 552 335
O&M costs

Plant manager ZARgq10/a 445 700
Unskilled worker ZARg10/a 124 300

Solar field maintenance employees/1000m? aperture area (m?) 0.03
Co-firing costs (Diesel) ZAR9410/Gd 1.75 2.35
Insurance costs %/Inv.a annual investment (Inv.a) 0.5%
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strates increased demand for electricity during peak
hours in winter, which corresponds to high insola-
tion at that time of the year, all of which make CSP
an interesting option in this part of the country. To
factor in the connection to the existing transmission
grid, we assumed distances of 10 km from the
Pretoria plant site and 20 km from the correspon-
ding site in Upington to the grid substation.

3.1 Site-specific assumptions and solar
measurements

Only the direct component of the solar irradiance
can be used in CSP technologies. This component
can be calculated by measuring both the global and
diffuse radiation. Data sets of the two sites, Pretoria
and Upington, were used with measurements of
hourly global and diffuse radiation using thermopile
pyranometers. The evaluation of the solar irradia-
tion measurements is fully described in an accom-
panying paper (Winkler et al., in press).

The solar irradiance measurements were origi-
nally collected by the South African Weather
Bureau (now referred to as South African Weather
Service), and have been analysed and reported on
by Eberhard (1990), Power and Willmott (2001)
and Tsubo and Walker (2003). The data set for
Pretoria covers the years 1957 to 1997, and for
Upington the period from 1964 to 1992 (Eberhard,
1990; Tsubo and Walker, 2003; Power and
Willmott, 2001). An hourly time resolution of the
irradiation data is necessary when considering the
behaviour of the different power plant components.
Moreover, the latitude of the installation site influ-
ences the incident angle of radiation and thus
affects the geometric loss factors. The losses which
are caused before (geometric losses) and after (ther-
mal losses) the irradiance reaches the receiver, were
calculated using the method described in Trieb et al.
(2004) in order to obtain the resulting heat that can
be used at the power plant (Trieb et al., 2004).

3.2 Performance model parbolic trough

The electricity generated by a solar thermal power
plant is influenced by several factors. First, it has to
be specified what role in the electricity supply sys-
tem is envisaged for the power plant. This could be
the supply of peak demand during daytime or the
transfer of base-load power into the grid. The avail-
ability of different CSP configurations (with and
without storage) can be determined by several
methods using a differing depth of solar irradiation
data. Trieb et al. (2009) outlined an equation to cal-
culate the full load hours as a function of the aver-
age yearly irradiance and the Solar Multiple of the
plant, which was derived from hourly time series of
different power plants exposed to different irradi-
ance levels. The Solar Multiple is the ratio of heat
collected by the solar field and the nameplate ther-
mal power of the turbine (Trieb et al., 2009). The

use of energy storage, or co-firing, during periods of
reduced insolation requires a higher resolution of
irradiance data, otherwise an accurate prediction of
the energy generated would be impossible.
Moreover, the size of each plant component, such
as the storage capacity, can be obtained only by
using long time series of hourly data of the DNI at a
specific location.

Several system performance models have been
developed to calculate the expected energy vield
from hourly irradiance data. Generally, these per-
formance models can be divided into two groups:
first, system those based on existing empirical val-
ues and, second, performance models which use a
bottom-up approach by calculating the energy bal-
ances on the basis of the physical and geometric
properties of the system investigated (Wagner and
Gilman, 2011). The following performance models,
as well as the model presented in this study, do so
using the second approach.

Stine and Geyer (2001) describe a solar energy
system model (SIMPLESYS) with a control logic
that determines the appropriate mode of operation
for every time step. To satisfy the demand, the
model distinguishes between seven different modes
of operation and is composed of a collector field, a
thermal storage option and an auxiliary heater
(Stine and Geyer, 2001). Wagner and Gilman
(2011) developed the so-called Physical Trough
model, which is used in the NREL Solar Advisor
Model. They provide a more complex control logic,
which chooses between four operating modes.
These modes indicate if the operation of the turbine
can be ensured and determine the defocusing
parameter of the solar field. Moreover, the model
considers part load behaviour when energy is
below the design power point (Wagner and Gilman,
2011).

The control logic presented in this study is based
on Stine’s model and expands on his basic control
logic, with additional decision nodes that regulate
the contribution of co-firing for the plant. Other
additional features of the control logic presented are
given by the introduction termination conditions in
the case that a storage option is not available, and
in the consideration of additional transition modes.
The transition modes ensure that within a time step
more than one mode meets the demand required.
This can be the case at night, for instance, if the
storage unit runs out of thermal energy and addi-
tional energy is supplied by the heat transfer fluid
heater.

Figure 5 illustrates the control logic used in this
study and the main parameters that define the
appropriate mode of operation.

Heat flows can be expressed using the following
equation:

Qcorr + Qaux = Qroap + Qoumpep * gstor (1)
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Figure 5: Control logic of CSP performance model

where Qcg;; is the thermal energy of the collector
field, Qaux is the heat from the auxiliary boiler,
Qroap is the heat load at the steam generator that
should be satisfied by the system, Qpumpep is the
thermal energy that has to be dumped because it
exceeds the actual load, and the storage capacity
ostor is the heat which is fed into or from storage.
For the power plant system as a whole, the heat
flow equation (Equation 1) is solved every hour.
The main heat fluxes depend on diverse input
parameters that determine the capacity of the dif-
ferent components:
* Maximum storage size
* Actual thermal energy in storage
» Storage loss rate (per time step)
* Thermal energy to heat HTF to operational tem-

perature
* Cumulated daily co-firing (per time step)
* Maximum amount of co-firing per day

These input parameters limit the time of opera-
tion of the respective components each day. The
energy collected from the solar field Qcqy; is influ-
enced mainly by the size of the collector and by the
incident radiation at the collector field. To derive a
realistic band for the electricity generated by the
model power plants, the maximum and minimum
years of irradiance are taken from the two data sets.
The co-firing of the auxiliary boiler is ensured by
using diesel; the amount of co-firing is capped at

12% of the electricity generated daily.

Defining the demand is necessary to derive the
appropriate configuration of the power plant, and
therefore heat load Q;pap the system should fulfil.
In this investigation two different demand structures
are considered. First, it is assumed that all electrici-
ty generated can be fed into the grid even if it
exceeds or falls below the demand (flexible
demand); and second, it is assumed that the
demand to be satisfied is constant (constant
demand). Finally, three different types of power
plant configurations are defined: The first configu-
ration (Solar Only) has a collector field aperture
area of 600 000 m?2, which is comparable in size to
actual CSP projects and operates without a storage
option. In this case, it is assumed that the power
plant should satisfy the flexible demand structure.
For the Solar only option, a simplifying assumption
is made. It is assumed that the steam turbine is able
to follow the wide fluctuations in insolation during
the day. The second configuration (Limited
Storage) has the same collector field size but
includes a storage option, which enables the system
to generate electricity at times of low insolation and
at night. The third configuration (Extended Storage)
consists of an increased aperture area of 1
800,000 m? capable of feeding a large storage unit.
Both configurations including a storage option are
used to satisfy constant electricity demand. Table 2
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Table 2: The power plant configurations investigated

Configuration Aperture area  Storage Demand structure Location Irradiation data
(m?) (capacity) Best year Worst year
Solar only 600 000 No Flexible (50MW) Pretoria 1997 1990
Upington 1981 1974
Limited storage 600 000 Yes  Constant (50MW) Pretoria 1997 1990
Upington 1981 1974
Extended storage 1 800 000 Yes  Constant (50MW) Pretoria 1997 1990
Upington 1981 1974

summarizes the configurations investigated and the
corresponding assumptions.

To find the appropriate storage size for the last
two configurations, a cost optimisation was con-
ducted based on the cost data determined. This was
done by running the performance model for a given
collector field size and varying storage sizes. For
each model run the levelised electricity costs were
calculated so that the storage size corresponding to
minimum cost was derived.

4. Results: Generating costs and optimal
storage sizes of CSP

Figure 6 shows the costs of electricity for the differ-
ent plant configurations investigated for Upington,
calculated with low irradiation data. It can be seen
that by calculating the levelised electricity costs of
the two configurations which include a storage
option, a cost minimum was found. The dotted line
indicates the price cap of 2.85 ZARyy10/kWh,
which was set for CSP projects in the Renewable
Energy IPP Procurement Programme (DoE,
2011b). It is assumed that a periodic adjustment of
the actual tariff scheme to take account of inflation
will result in a constant compensation rate in real
terms during the lifetime of the model power plants
(Standard Bank, 2011).

The minimal costs were calculated for each of
the power plant configurations investigated at the
two locations. Moreover, the maximum and mini-
mum years of solar irradiation data at the site were
used. A range of storage sizes and plant levelised
electricity costs were thereby obtained.

Figure 7 shows the range of levelised electricity
costs for the different power plant configurations at
the two locations. It can be deduced that although
the site at Upington has generally lower costs of
electricity, the best and worst year of irradiance of
the data set influences the spread of costs drastical-
ly. Substantial differences were found in the avail-
ability of electricity generated by the power plants,
owing to their varying storage capacities. When
comparing these results, it has to be noted that the
different availability as well as the assumed demand
structure have a strong effect on energy system
security. Whereas, the Extended Storage configura-
tion has the ability to provide base-load power, the
fluctuating electricity generation of the Solar Only
option affects the energy system because it cannot
provide reliable capacity at night and at times of low
insolation.

The Solar Only option leads to the lowest lev-
elised electricity costs, corresponding to 1.24-1.52
ZAR5910/kWh,, at Pretoria and 1.01-1.35 ZARyq;¢/
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Figure 6: Levelised electricity costs and optimal storage size of different plant configurations at
Upington in a low-irradiation year
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Figure 7: Range of levelised electricity costs and the corresponding availability of power for the
different plant configurations in 2010

kWh,; at Upington. The Limited Storage configura-
tion shows increased costs of 1.59-1.90 ZARyg;¢/
kWh,, at Pretoria and 1.39-1.84 ZARy;¢/kWh,, at
Upington. The main reasons for these cost differ-
ences are the storage option implemented and the
respective demand structures to be satisfied. In the
case of the Extended Storage option, the highest
costs correspond to 1.93-2.19 ZARyy;¢/kWh, at
Pretoria and 1.86-2.27 ZARy310/kWh, at

Upington. The optimal storage capacities calculated
for the last two configurations are given in Table 3.
It can be seen that the storage capacity for the
Extended Storage configuration has the same mag-
nitude in both cases and that it declines at the high-

levelised costs of electricity.

The performance model presented here allows
us to analyse at what time the different components
are in operation. The system performance of the
cost-optimised configuration at a particular site can
be observed. The model gives information about
the system behaviour during different seasons and
the capacity factor can be calculated by summariz-
ing the different modes of operation occurring in
the course of a year.

The different operation modes for each configu-

Table 3: Storage capacity of different plant
configurations

er irradiance level. This decrease in storage capaci-  Site Irradiance Limited  Extended
ty occurs because of two factors. First, a relatively storage storage
high and more uniformly distributed insolation (MWhy,) (MWhy;)
regime reduces the need for storage operation.  Pretoria low 560 2 370
Second, in contrast to the Limited Storage option, high 780 2360
storage cfapacity cannot be enlarged any further Upington low 940 2380
because it already covers the nocturnal hours and -
an increase in storage capacity would increase the high 1250 2 360
Table 4: Duration of operational modes and capacity factors in 2010
Configurations Location Irradiance Operation modes (h/a) Capacity
actor
Collector ~ Storage  Auxiliary Off 4
Solar only Pretoria low 2422 0 427 50911 0.33
high 2 846 0 538 5376 0.39
Upington low 2480 0 508 5772 0.34
high 3325 0 730 4706 0.46
Limited storage Pretoria low 2455 687 321 5 297 0.40
high 2 886 1097 406 4 372 0.50
Upington low 2 500 1167 357 4736 0.46
high 3 356 1923 525 2 956 0.66
Extended storage Pretoria low 2 805 4114 218 1623 0.81
high 3 250 4 596 196 719 0.92
Upington low 2751 4 047 239 1722 0.80
high 3 602 4 754 89 315 0.96
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ration have been analysed on an hourly basis to
find the time each component is in operation. At
times when two or more modes are working simul-
taneously, the respective share is assigned to each
operational mode. The Extended Storage option is
characterised by a larger storage operation than the
Limited Storage alternative, which results in a
reduced demand for co-firing. Moreover, the co-fir-
ing periods for the Solar Only configuration are
greater owing to the flexible demand that was
assumed for this configuration. The capacity factor
of each configuration is calculated in a second step
(see Table 4).

When apportioning the levelised electricity costs
into major cost components, significant differences
between the configurations can be found. For
example, component costs of the Solar Only con-
figuration are generally relatively low, which can be
explained by the flexible demand structure initially
assumed. For this case, the solar field costs account
for 47-52% of the plant’s total generation costs
whereas the Limited Storage and Extended Storage
options account for 41-48% and 63-64% of these
costs, respectively. The share of power block costs
decreases from 18-20% for Solar Only and
16-18% for Limited Storage to 8% for the
Extended Storage option.

As previously shown storage capacity plays a
significant role in total generation costs. The
Limited Storage option accounts for 12-17%
whereas Extended Storage for both plant locations
corresponds to 17% of total electricity generation
costs. The fixed operation and maintenance costs
(FOM) remain constant for all configurations at 7%.
The costs for co-firing depend greatly on the storage
size of the plant. The cost share of the Solar Only
option ranges between 16-19% and 11-12% for
the Limited Storage configuration. The Extended
Storage option shows a low share of co-firing costs

* Solar Field Power Block

200

m Storage mFOM

with 1-2% of the generation costs as a conse-
quence of the high capacity factor of this configura-
tion. The different sites require connection to the
grid to be considered separately. For this reason the
calculation of grid connection costs was added to
the electricity generation costs of the power plant.
The proportion of grid connection costs decreases
from 5-10% for the Solar Only and 5-9% for the
Limited Storage configurations to 2-4% for the
Extended Storage alternative (see Figure 8).

5. Future costs of CSP at the two
investigated sites

We examined the future performance of CSP plants
by enlarging the collector field size of each configu-
ration, which led to an upscaling of the owverall
capacity of each plant (see Table 5). An average
plant capacity of 200 MW is assumed in 2040, in
view of optimistic projections of future CSP plant
concepts (Viebahn et al., 2008). For this purpose, a
fourfold increase in the collector field area was
assumed and again costs were optimised by run-
ning the performance model using cost data for the
year 2040 (see section 2.4).

The increased capacity of the power plants
modelled requires an adequate enlargement of the
storage facility. The calculated optimal storage
capacities are between 4000 MWhy, and
4790 MWhy, for the Limited Storage configuration
at Pretoria and Upington, respectively. The
Extended Storage configuration presents different
results. The additional collector field area, which
allows the power plant operation to be extended,
results in an optimal storage capacity of
9600 MWhy, at Pretoria, whereas the correspon-
ding capacity at Upington was calculated to be
9010 MWhy,. The reason for this difference in stor-
age capacity between the two configurations is the
amount of energy that has to be dumped at high
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Figure 8: Schematic representation of major cost components of different plant configurations
in 2010 (a high-irradiance year)
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Table 5: The power plant configurations corresponding to 2040

Configuration Aperture Storage  Demand struc- Location Irradiation data
area (m?) ture (capacity) Best year  Worst year
Solar only 2400 000 No  Flexible (200MW) Pretoria 1997 1990
Upington 1981 1974
Limited storage 2 400 000 Yes  Constant (200MW) Pretoria 1997 1990
Upington 1981 1974
Extended storage 7 200 000 Yes Constant (200MW) Pretoria 1997 1990
Upington 1981 1974

capacity factors. The Extended Storage configura-
tion at Upington has to dump the energy collected
more often during the year because of the more
constant irradiance. In contrast, the marked differ-
ences in insolation between summer and winter in
Pretoria require a much higher storage capacity to
deliver base-load power.

All investigated power plant configurations mod-
elled in this study demonstrate significant cost
reduction potential. The Solar Only option shows a
decrease in costs of 25% and 26% for Pretoria and
Upington, respectively, compared with levelised
electricity costs in 2010. Figures for both configura-
tions including a storage option indicate a further
cost reduction potential of 29%-31% and
40%-41% for the Limited Storage and the
Extended Storage options, respectively (see Figure
9).

6. Discussion and conclusion

Rising energy demand and mainly coal-based elec-
tricity generation make South Africa one of the
greatest emitters of greenhouse gases in the world.
With its agreement to adopt CO, mitigation policies
within the United Nations Framework Convention
on Climate Change (UNFCCC), the country has

LEC 2010 = Solar Field

200

i Power Block mStorage

taken an important step in combating climate
change (Winkler, 2007). In the electricity-generating
sector, renewable energy technologies are an alter-
native to the existing coal-fired power plants. One
of the main challenges that renewable technologies
have to cope with is that the electricity they gener-
ate fluctuates widely. The installation of CSP plants
with storage, which are able to provide a constant
supply of electricity, could overcome irregular sup-
ply.

Depending on the amount of renewable energy
in the South African grid, the future role of CSP will
either consist of supplying only additional electricity
during the day, or be used as base-load power
plants to compensate for the fluctuations in output
of other renewable energy technologies by using an
appropriate storage option. The location of the
installation and electricity demand structure affect
the capacity of the optimal storage required, which
is one of the main cost drivers of a plant. Moreover,
the Extended Storage configuration demonstrates a
reduced demand for fossil fuel co-firing because of
its high capacity factor. Our results are comparable
with the costs of existing installations and cost pro-
jections. Hinkley et al. (2011) calculated the costs of
a 100 MW CSP plant with 6 hours of storage

mFOM = Co-firing = Grid connection

-
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Figure 9: Levelised electricity costs in 2040 of the three case studies investigated, and cost
reduction potential compared with costs in 2010 (a high irradiance year)
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capacity to be 1.50 ZARyy;0/kWh, (Hinkley et al.,
2011). Turchi et al. (2010) investigated different
current and future power plant configurations for
cost reduction and derived levelised electricity costs
of between 0.72 and 1.31 ZARyy1¢/kWh,, (Turchi et
al., 2010).

Compared with other renewable electricity gen-
erating technologies for Gauteng and elsewhere in
southern Africa, CSP competes especially well with
photovoltaics and wind power. Telsnig et al. (2012)
investigated different renewable electricity-generat-
ing technologies at locations in Gauteng and the
Northern Cape and found costs for photovoltaics of
between 1.45 and 1.63 ZARyp1¢/kWh,, and for wind
power plants of between 0.49 and 1.09
ZARyq10/kWh,, (Telsnig et al., 2012). The costs of
photovoltaics are comparable with those for CSP,
whereas wind energy is considerably cheaper.
However, only concentrated solar power offers the
possibility of storing the electricity generated and to
deliver a constant electricity supply. The importance
of CSP base-load power will therefore increase, to
the benefit of a more uniform and stable national
electricity supply, if the electricity sector adopts a
more sustainable technology mix.
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