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ARTICLE INFO ABSTRACT
Keywords: In direct steam generation (DSG) concentrated solar power (CSP) plants, a common thermal energy storage (TES)
Concentrated solar power option relies on steam accumulation. This conventional option is constrained by temperature and pressure limits,

Power generation
Renewable energy
Solar energy

and delivers saturated or slightly superheated steam at reduced pressure during discharge, which is undesirable for
part-load turbine operation. However, steam accumulation can be integrated with sensible-heat storage in concrete
St lati to provide higher-temperature superheated steam at higher pressure. In this paper, this conventional steam
eam accumulation

Steam turbines accumulation option (existing) and an integrated concrete-steam TES option (extended) are described and ana-
Thermal energy storage lysed, and their thermo-economic performance are compared taking the 50-MW Khi Solar One DSG CSP plant in
South Africa as a case study. The results show that the extended option with five 10-m long, square
cross-section concrete blocks, each with 3600 equally spaced tubes, provides an additional TES capacity of
177 MWh compared to the existing configuration as a result of utilising most of the available thermal power in the
solar receivers. Moreover, the extended option delivers 58 % more electricity with a 13 % enhancement in thermal
efficiency during TES discharging mode. With an estimated additional investment of $4.2M, the levelised costs of
storage and electricity for Khi Solar One with the extended TES option are, respectively, 29 % and 6 % lower than
those obtained with the existing TES option. With the extended TES option, the projected net present value of Khi
Solar One increases by 73 %, from $41M to $71M, at an average electricity price of 280 $/MWh.

thermodynamic power generation cycle [8]. The use of a single fluid

1. Introduction offers a number of benefits such as: (i) no need of heat exchangers for
transferring heat between the HTF and the working fluid, which is the
The decarbonisation of the energy sector is a pivotal element of the case in most conventional CSP plants [9-11]; (ii) enhanced cycle ther-
transition to a low-carbon and sustainable future and solar energy is mal efficiency by achieving higher steam temperatures [9-111; (iii)
already playing a leading role in this ongoing transition process. Solar removal of the environmental risk of fire and leakage [11]; and (iv)
power generation can be distributed [1], typically in smaller plants lower investment and operation & maintenance costs due to the elimi-
without or with simple optical complexity (i.e., concentration) and that nation of heat exchangers [11].
are either intended primarily for electricity generation [2,3] or for heat Most solar power plants, irrespective of their scale (i.e., from smaller
and power cogeneration [4,5], or in larger, centralised plants. The latter [12] to larger [13,14] plants), are coupled with thermal energy storage
solar power technologies are referred to as concentrated solar power (TES) systems that store excess solar heat during daytime and discharge
(CSP) as they employ mirrors or lenses to concentrate a large area of the during night or during cloudy periods [15]. In DSG CSP plants, the
sunlight onto a receiver that transfers the concentrated power to a heat typical TES options include: (i) direct steam accumulation; (ii) indirect
transfer fluid (HTF). The HTF is then directly or indirectly used to drive sensible TES; and (iii) indirect latent TES [9]. Option (i) is considered as
turbines for power generation as in most conventional power plants a direct method because the thermal energy is stored directly in the HTF.
[6,7]. Direct steam generation (DSG) CSP is an option that uses water as However, options (ii) and (iii) are indirect since thermal energy is stored
a HTF in the solar receivers as well as a working fluid in the in another storage medium such as solid-state storage medium, liquid-
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Nomenclature x quality (-)
4 axial length (m)
Acronyms z Shah’s correlation parameter (-)
CSP concentrated solar power
DNI direct normal irradiance Greek symbols - ,
DSG direct steam generation a heat transfer coefficient (W/m* K)
HP high pressure p boundary constant (-)
HTF heat transfer fluid Y boundary constant (-)
IRR internal rate of return A change between two values ()
LCOE  levelised cost of electricity € error (%)
LCOS levelised cost of storage n efﬁc1er{cy F—) )
LP low pressure U dynamic viscosity (kg/m s)
NPV net present value v specific volumg, (m3/kg)
PCM phase change material P denmty (kg/m”)
PPA power purchase agreement T total time (s)
R[I\\/ISE root mean squlare error Subscripts/superscripts
> steam accumu’ator 1 to 28 number of flow stream
TES thermal energy storage , saturated liquid
WEFR water filling ratio ” saturated vapour
Symbols a ambient
A area (m?) A analysis/present year
Bi Biot number (-) ava availability
Cc cost ($) avg average
c specific heat (J/kg K) B base year
d thickness (m) BM bare module
D diameter (m) C concrete mixture
DE discharged electricity (J, Wh) CB concrete block
DNI direct normal irradiance (W/m?) Ch charging
e absolute tube roughness (m) CI? co.n.densate pump
f friction factor (-) crit critical
F cost factor (-) Cyc power generation cycle
g acceleration of gravity (m/s) DE d.eaerato.r
G mass flux (kg/m? s) Dch discharging
h specific enthalpy (J/kg) e effeCt{Ve
H enthalpy (J) or height (m) E electrical
I cost index (-) or revenues ($) evp evapqrator
j spatial node (-) exp experimental
J dimensionless velocity (-) f fluid .
k thermal conductivity (W/m K) F foundation
L length (m) FP feedwater pump
LCOE levelised cost of electricity ($/Wh) gen generat(?r
LCOS levelised cost of storage ($/Wh) h hy(%rauhc
m mass (kg) hel heliostat
m mass flowrate (kg/s) HFWH  high-pressure feedwater heater
n time step (-) or lifetime (years) HX ¥1eat exchanger
N number of units (-) i inner
NPV net present value ($) 1&C instruments and control
o&M operation and maintenance costs ($) in %nlet .
P pressure (Pa) Ins insulation
Pr Prandtl number (-) %rr %rradian?e
q heat flux (W/m?) is isentropic
) L liquid
Q heat power (W)
- discount rate (%) LFWH  low-pressure feedwater heater
R radius (m) LM logarithmic mean
Re Reynolds number (-) i;)ss ;’élsshquld
ific ent K
i iﬁizl (SC) entropy (J/ig 10 M material
T temperature (°C) net net
e s nom nominal
u specific internal energy (J/kg)
it bri Nu Nusselt
U unit price ($) )
M volume (m’) 0OB 22 Ie;f)ard
w idth ight (k B
i width (m) or weight (i) out outlet
v power (W) . P purchase or pressure
WEFR water filling ratio (-)
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P&S platform and steel
P&V piping and valves
P1 Part 1

P2 Part 2

P3 Part 3

P4 Part 4

PL platform and ladders
PP pinch point

R reduced

s solid or surface

SA steam accumulator
sat saturation
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Sh Shah

SP single phase

spr superheater

ST solar tower

T turbine

TES thermal energy storage
TP two-phase or turbo-pump
tubes tubes

total total

\Y% vapour

vap vaporisation

w wall

state storage medium, or phase-change materials (PCMs) [9].

Steam accumulation is the simplest TES technology for DSG as steam
is directly stored in a storage pressure vessel, i.e., steam accumulator
(SA), in form of pressurised saturated water [16]. Discharging from SAs
usually takes place from the top part of the vessel as it is filled with
saturated steam at the saturation pressure. Steam accumulation is
commercially available and was implemented in several operating DSG
power plants, such as the PS10 plant in Spain, and the Khi Solar One
plant in South Africa [17]. A major disadvantage of steam accumulation
is the relatively low temperature of the outlet saturated steam (i.e., a
maximum temperature of 374 °C) when compared to the operating
temperatures of DSG plants, which could reach up to 550 °C [18].
Reaching the maximum temperature of 374 °C is not a cost-effective
option as reaching this temperature in saturated conditions also means
reaching the water critical pressure (22.1 MPa), and designing a pres-
sure vessel that could withstand this high pressure requires expensive
materials and/or a relatively larger and thicker, in terms of wall size,
pressure vessels [18]. The low steam temperature decreases the cycle
thermal efficiency and increases the risk of damaging steam turbines at
part-load operating conditions [19]. Therefore, steam-accumulation TES
systems are usually coupled with a superheater to increase the tem-
perature of the discharged saturated steam (i.e., above the saturation
temperature) before entering the steam turbine. The superheating pro-
cess can be performed using: (i) another group of higher temperature
and pressure SAs and a superheating heat exchanger; or (ii) higher
temperature sensible or latent TES [16].

Prieto et al. [20] compared the thermodynamic and economic per-
formances of the two aforementioned superheating options, in which two
tanks of molten salt are employed for the superheating process in the
extended configuration. It was concluded that the conventional option is
more feasible and more cost-effective than using the combination of SAs
and molten-salt tanks for energy storage, especially for storage durations
of less than 6 h. It is mainly due to the added complexity, high melting
point and high costs of molten-salt storage systems. Furthermore, Bai
et al. [21] analysed the thermal characteristics of combining SAs with
concrete as superheating storage media, proving the feasibility of this
combination. However, the performance of this arrangement was not
evaluated in a whole power plant level, and the thermodynamic and
economic potential of this combination is not clear yet.

Moreover, several studies proposed and tested different sensible heat
and latent TES options for DSG [10,17,22-26], but SAs were not an
option in those TES configurations. For example, the use of PCM-based
TES systems is suggested by Birnbaum et al. [10] as well as by Guédez
et al. [26]. Both studies showed a potential increase of profitability and
capacity factors of the studied DSG plants. Furthermore, a study per-
formed by Li et al. [27] suggested the implementation of secondary
organic and steam Rankine bottoming cycles to maximise the overall

power output from heat stored in SAs. The study also suggested the use
of extra low-pressure SA, in addition to the existing high-pressure SA.
This extra SA increases the total storage capacity by 360 % comparted to
having a high-pressure SA only. It was concluded that adding a sec-
ondary power generation system and a low-pressure SA improves the
overall cost-effectiveness of the DSG plant.

There are many options for solid-state sensible TES to be considered
in the steam accumulator-sensible TES system. These include concrete,
cast iron, cast steel and silica fire bricks [28]. However, concrete has
proven through testing its capability of high-temperature heat storage
(up to 550 °C), its ability to withstand large number of charging/dis-
charging cycles, and its relatively low cost [29-32]. The use of concrete
for TES has been already commercially available as revealed by the
thermal battery technology developed by EnergyNest [33], approving
the validity and applicability to utilise concrete for TES applications.

Nevertheless, all the aforementioned previous research did not
compare the thermodynamic performance and the economic returns of
operating the two steam-accumulation options in a DSG CSP power
plant. Therefore, the present work goes beyond a previous analysis [34]
with the aim of performing a comprehensive thermo-economic analysis
and comparison of two steam-accumulation options (i.e., with and
without the concrete storage) for an existing DSG CSP plant (Khi Solar
One in South Africa) during charging and discharging. The main novel
contributions of this work include:

e modelling and validation of the power generation cycle of the
reference DSG CSP plant in baseload and part-load operating modes,
including the analysis of off-design turbine efficiencies;

modelling and validation of the charging/discharging modes of SAs,
including the performance of parametric thermo-economic analysis
for a range of initial water filling ratios;

transient modelling and validation of heat transfer between the
steam and the concrete, including the consideration of steam
condensation process during charging process;

parametric analysis of the thermo-economic performance for
different sizes of concrete blocks;

cost estimation of all TES system components using dedicated costing
methods; and,

profitability assessment of the two options for the reference DSG CSP
plant at different electricity prices.

The study firstly describes, in Section 2, the layout of the selected DSG
CSP plant and the compared TES systems. The modelling methods is
presented in Section 3. The thermodynamic and the economic evaluations
of the compared TES system configurations are presented in Section 4.
Finally, the key findings and conclusions are summarised in Section 5.
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Table 1

Khi Solar One solar tower and heliostat field parameters.
Parameter Symbol Value
Evaporator efficiency (%) Hewp 92
Evaporator outlet pressure (MPa) P 12.3
Evaporator outlet temperature (°C) Tie 330
Superheater efficiency (%) Npe 85
Superheater outlet pressure (MPa) P 12.0
Superheater outlet temperature (°C) T; 530
Total heliostat reflective area (km?) Aal 0.57
Heliostat efficiency (%) Thel 97

2. Khi Solar One plant and proposed extension

Khi Solar One, which is a 50-MW DSG solar tower CSP plant in South
Africa, is selected as the reference power plant. The main components of Khi
Solar One are: (i) a heliostat field; (ii) a solar tower; (iii) a power generation
block; and (iv) a TES system. The solar tower has two solar receivers, an
evaporator, and a superheater. The evaporator is designed to collect solar
heat and evaporate the feedwater coming from the power generation block
to a temperature of 327 °C at 12.3 MPa (i.e., saturated vapour). The evap-
orated steam is then superheated to 530 °C at 12 MPa in the solar super-
heater. The main parameters of the two solar receivers and the heliostat
field are summarised in Table 1. All Khi Solar One design and thermody-
namic parameters were provided by the operators of Khi Solar One.

The rate of absorbed heat in the evaporator and in the superheater
were calculated using direct normal irradiance (DNI) data:

chp = G Aevp MherTevp M
Qspr = Girr Aspr TThe Nipre ()]
Apra = Aevp +Aspr (3)
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where Q is the rate of absorbed heat, g;, the direct normal solar irra-
diance, A the reflective area, 7 the efficiency and subscripts ‘evp’, ‘spr’,
and ‘hel’ stand for the evaporator, superheater, and heliostat.

As indicated in Equations (1) and (2), the amount of heat depends on
the reflective area of the heliostat that is allocated for each receiver. The
total heliostat reflective area for both receivers, Ay, is assumed to be
fixed. However, the fraction of the total area allocated for each receiver
(i.e., Aevp and Agp,,) can be varied. This means that if more solar power is
required in the evaporator, more reflective area goes to the evaporator,
which in turn reduces the reflective area allocated for the superheater as
the total reflective area is constant.

The evaporator and the superheater are designed to absorb extra
solar thermal power, when available, beside the required amount to
generate the 50 MW of electrical power. The excess heat, which can be
absorbed during high solar rays (mid-days), is to be stored in the TES
system. The stored heat is then utilised for electricity generation during
low or no sun times (i.e., night-time). In this study, two TES system
configurations are compared. The two configurations are described in
detail in Sections 2.1 and 2.2.

2.1. Existing TES configuration with steam accumulators

The schematic diagram of Khi Solar One power plant with its existing
TES system is shown in Fig. 1. The existing TES system configuration
consists of two groups of SAs, base SAs and superheating SAs, as well as a
storage superheater. During normal operation of the power plant with no
TES system operations, feedwater flows into the evaporator (Stream 15)
and absorbs solar heat until becoming saturated steam at 12.3 MPa. The
saturated steam (Stream 16) is then superheated in the solar superheater
to 530 °C at 12 MPa and then flows (Stream 1) to the power generation
block for electricity generation.

The charging mode takes place when there is excess solar thermal
power in the evaporator. In this case, extra feedwater is fed from the
condensate storage tank (Stream 21) to the solar evaporator and then

[Solar tower

[ Basic TES (two groups of steam accumulators) ] [ Power generation block I [ Key

1
Superheater
k—J 23 Superheating steam| _2_6_ Storage
H accumulators .

16 v superheater HX

-~ - -

K 24

17 18 -----

4
e 125 MWWA -
Evaporator Base steam :
y — accumulators 27|

= Main discharging

Charging
Feedwater heating
disharging

. Main superheater outlet
. Steam to turbo-pump
. Main ST inlet flow

Generator

. Steam extraction point to deaerator
. Steam extraction point to LP heater

1
2
3.
4. Steam extraction point to HP heater
S
6.

7. Main steam tirbine exhaust

Condensate
storage tank
15 s

é
21

—

feedwater 4,
heater 4

17"

8. Condenser inlet

9. Condenser outlet

10. Condensate pump outlet

11. LP feedwater heater inlet

7 12. LP feedwater heater outlet
13. Deareator inlet

LP 14. HP feedwater heater inlet

feedwater 15. Solar evaporator inlet

16. Solar superheater inlet

17. BSA to HP feedwater heater

heater

N L N N

. < 18. BSA to LP feedwater heater
1 8:: . 19. Turbo-pump exhaust
. 0 20. Extra condensate to tank
8 T 21. Extra condensate to cycle

Condensate pump

10

Condenser 9 r—1

[m— >
(]
> Feedwater W
> gog 22 Y L T/‘“I"’ -

7'y 22. Condensate pump outlet

23. Saturated steam to TES (SSAs)
24. Saturated steam to TES (BSAs)
25. Discharging main steam from BSAs to
TESHX
26. Saturated steam from SSAs to TES HX
27. Secondry stream from TES to
deareator

| 19 1

o)

Condensate pump

28. Superheated steam from TES
HX to steam turbine

Fig. 1. Schematic diagram of Khi Solar One with the existing TES system configuration (two groups of steam accumulators).
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[Solar Tower] [Extended TES (concrete and steam accumulators)] [ Power generation block ] [ Key ]
: 1 > = =m==- >
Superheater e e R . Main discharging
—J i AN Ne - 26,
A : Concrete heat Concrete heat - ; [ETTPITITIIRRN, S
16 storage blocks __|™"" storage blocks : 1 Charging
]
; H 3
L H _ 1 R S
27 v Vv v YV ‘ .
|Evaporator St . STeam = ol . Feed‘.vatel ]'Jeatmg
—— accumulators : accumulators : disharging
A RREEE L VY 1 Main sperieater oue

3. Main ST inlet flow
4. ST extraction to HP heater
5. ST extraction to deareator

6. ST extraction to LP heater

Condensate
storage tank
15 s

A

7. Main ST exhaust

8. Condenser inlet

9. Condenser outlet

10. Condensate pump outlet
11. LP feedwater heater inlet
7 12. LP feedwater heater outlet
13. Deareator inlet

14. HP feedwater heater inlet
15. Solar evaporator inlet

16. Solar superheater inlet

17. SA to HP feedwater heater
18. SA to LP feedwater heater

LP
feedwater

13

19. Turbo-pump exhaust
20. Extra condensate to tank
21. Extra condensate to cycle

W

Condensate pump

—{}

10

Condenser 9

8 ! (S Z
22 Feedwater v
pump

22. Condensate pump outlet to deareator

(during charge mode)

23. Superheated steam to TES (CB)

24. Saturated steam from CB to SAs

25. Discharging steam from SAs to CB
26. Superheated steam from TES

1 1 (CB) to steam turbine

Turbo

~ | 19

Condensate pump

27. Saturated steam directly from
evaporator to SAs, bypassing CB

Fig. 2. Schematic diagram of Khi Solar One with the (proposed) extended TES system configuration (concrete blocks and steam accumulators).

directed to the SAs (Streams 23 and 24). The charging process starts first
with filling the parallelly connected superheating SAs until reaching the
maximum allowable pressure and volume levels and then filling the par-
allelly connected base SAs, which also stops when reaching the maximum
pressure and volume levels set for the base SAs. The size and the thermo-
dynamic limits and constraints for all SAs are discussed in Section 3.2.

There is the option of charging the superheating SAs with super-
heated steam from the solar superheater at 530 °C and 12 MPa. How-
ever, the temperature of the stored water/steam in the SAs can only
reach 324 °C (i.e., saturation temperature at 12 MPa). Reaching this
temperature and pressure is expected to have a minor enhancement,
relative to the concrete blocks option, on the turbine inlet temperature
and the cycle efficiency during discharging mode. Additionally, the
intention of this study is to use the same SA limits provided by Khi Solar
One operators. Thus, the option of increasing the maximum pressure of
the superheating SAs to 12 MPa is not considered in this study.

During main discharging process, the base SAs release saturated steam
at the storing pressure. The discharged steam flows into the storage su-
perheater (Stream 25), gets superheated by the higher temperature satu-
rated steam (i.e., higher pressure) from the superheating SAs (Stream 26),
and then flows into the steam turbine for electricity generation (Stream
28). The superheating process of the saturated steam is essential to avoid
creation of water droplets in the steam turbine and to increase the cycle
thermal efficiency as well. Discharging mode of the base SAs can also be
performed for feedwater heating purposes (Streams 17 and 18) during
normal operations of the power plant. The direction of the SA feedwater
heating stream is indicated by the green dotted lines in Fig. 1.

2.2. Extended TES configuration with solid storage

A schematic diagram of the extended TES system configuration is
shown in Fig. 2. The extended TES system consists of concrete blocks and
only one group of SAs. All the other power plant components are the
same as in the existing TES system configuration descried in Section 2.1.

The operation of the power plant with the extended TES system during
normal mode is similar to that with the existing TES system. However, the
charging process of the extended configuration is different. Excess solar
heat in the solar tower is not only utilised to evaporate extra amount of
water for storage, but also to superheat the steam to 530 °C, the same
temperature of the main steam flowing into the steam turbine. The su-
perheated steam (i.e., allocated for storage) flows into the concrete blocks
(Stream 23), connected in series, first to deposit its high-temperature heat
and then fills the parallelly connected SAs (Stream 24). There is also a
direct link between the solar evaporator and the SAs (Stream 27), allowing
a direct charging of SAs from the evaporator (i.e., as in the existing
configuration) in situations when the temperature of steam exiting the last
concrete block is higher than the design temperature of the SAs.

The main discharging mode in the extended TES system is performed
by releasing the stored saturated steam in the SAs (Stream 25) to the
concrete blocks. The saturated steam gets superheated in the higher-
temperature concrete blocks and then flows into the steam turbine
(Stream 26) for electricity generation. Unlike the existing configuration,
there is no need for two groups of SAs and for a storage superheater as
steam is superheated while flowing inside the concrete blocks. Similar to
the existing TES system, steam can also be released from the SAs for
feedwater heating purposes (Streams 17 and 18).

3. Methods

The power cycle model and key assumptions are described in
Section 3.1, and the modelling of the SAs in both TES configurations is
presented and discussed in Section 3.2. The formulated model of the
concrete TES is described in detail in Section 3.3. The cost assessment
and key economic performance indicators are discussed in Section 3.4,
and in Section 3.5 the approach taken for the analysis of the DNI data
used in this study are stated along with Khi Solar One’s
operational modes.
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Table 2
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Main energy and mass balance equations used in the power generation cycle model.

Component Part

Energy balance equations

Mass balance equations

Solar evaporator

Quvp = 15 (h1s — his)

Mys = Mg + Mz + Mg

Solar superheater Qsp‘_ =16 (1 — hie) e =y
Steam turbine Part 1 . . hs —h. m =mg = m —m:
Wrp1 =mrp1(hs —ha), pp; = St o N ! 2
hs — hisa
Part 2 . . hy — h; m = Mrp1 —M.
Wrpz = mirps (hg — hs), ppy = S r e
hs —hiss
Part 3 . . hs —h Mrps = Mrpy —Ms
Wrps =mirps (hs — he), rps = ﬁ T B
5 — hise
P: . . hg — h: m = Mitps —Mg = M
art 4 Wips = tirps (s —hy). firpy =7 e e e ¢
he — his7
whole Wr = Wrpr + Wipa + Wips + Wrps
Condenser X9 =0 mg = mg + my + Mg, My = Mg
Turbo-pum; . . hy —h my =m
pump Wrp =my (hy — hio), fppjs = 1 2 1
ha — his19
LP feedwater heater cold side Qurwn = M11 (h12 — h11) My = mn
hot side Quewn = M6 (hs — ') or Quewn = g (lus — hyg) Mg = Mg OF Myg = nitig
HP feedwater heater cold side Qurwn = Mg (h1s —h14) mys = Mg
hot side Qurwn = My (hy — hy ) or Quewn = M7 (hay — hy;) My =My orny, =ny

Condensate pum . . his10 — ho my = mig
pump Wep = titg (1o — ho), Nep = ————
th - h9

Feedwat . . his14 — h My =m

eedwater pump WFP = s (h14 _ h13), Nep = is,14 13 14 13

his —his
Deaerator fiyshiz = myhy + mshs + mighia + Mazhsy nuz =My +Ms + Mz + My
Table 3

Main cycle parameters and assumptions used in the power generation cycle model at the full rated electrical power of 50 MW. The data were provided by the operators

of Khi Solar One.

Parameter Symbol Stream Value
Turbine inlet temperature (°C) T; 1 520
Turbine inlet pressure (MPa) P 1 11.5
Turbine first side extraction pressure (MPa) Py 4 2.86
Turbine second side extraction pressure (MPa) Ps 5 1.27
Turbine third side extraction pressure (MPa) Pg 6 0.27
Condensing pressure (MPa) P; 7 0.018
Condensate pump outlet pressure (MPa) Piom 10,11 1.34
Feedwater pump outlet pressure (MPa) Py 14 15.4
LP and HP feedwater heaters pressure loss (MPa) AP AP - 0.70
Deaerator pressure loss (MPa) APy - 0.57
Solar evaporator pressure loss (MPa) AP‘;’V‘; - 3.1
Solar superheater pressure loss (MPa) APL‘I’;“ - 0.3
Turbo-pump isentropic efficiency (%) Npis - 75
Turbo-pump mechanical efficiency (%) Tp - 85
Feedwater pump isentropic efficiency (%) Nep - 81
Condensate pump isentropic efficiency (%) Nep - 78
Generator mechanical efficiency (%) Ngen - 94
LP and HP feedwater heaters heat-to-heat efficiency (%) NLpwis THEWH - 95
Ambient pressure (MPa) p, - 0.1
Ambient temperature (°C) T, - 28

3.1. Power cycle model and assumptions

The power generation block of Khi Solar One, illustrated in Figs. 1
and 2, consists of the following:

e a 50-MW steam turbine driving an electric generator, fitted with
three side steam extractions for feedwater heating;

o low-pressure (LP) and high-pressure (HP) closed feedwater heaters,
which are supplied by steam from the turbine side extraction points
or from the SAs;

e adeaerator that works as an open feedwater heater and maintains the
oxygen and other dissolved gases levels below the maximum limits;

a feedwater pump that is operated by a separate turbo-pump and two
condensate pumps;
e a condensate storage tank that stores water at ambient temperature
and pressure; and,
a natural draft condenser to maintain the vacuum at the steam tur-
bine outlet and to condensate the exhaust steam leaving the turbine.

The energy and mass balance equations written for each component,
and which were solved to predict the performance of the power gener-
ation block (i.e., steam Rankine cycle), are summarised in Table 2. All
steam cycle modelling tasks and simulations were performed using
MATLAB [35] and all steam thermodynamic properties were obtained
from REFPROP interface [36].
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Table 4
Isentropic efficiencies of turbine parts at design and off-design operating
conditions.

Turbine part Design-point Off-design

number efficiency (%) efficiency (%)
1 84 82
2 86 85
3 90 87
4 78 76
Table 5
Main SA parameters and constraints in the analysed TES system configurations.
Parameter Existing Extended
Superheating SAs Base SAs All SAs
Number of SAs (units) 3 16 19
Useful volume/unit (m?) 197 197 197
Maximum pressure (MPa) 8.2 4.2 8.2
Minimum pressure (MPa) 3.9 1.4 1.9
Maximum WFR (-) 0.99 0.99 0.99

The net generated power and net thermal efficiency during nominal
operation mode (7¢yc nom)> charging mode (¢, ¢) and discharging mode
(1cye pen) Of the plant were calculated from:

Wnet = rlgen Z WT - Z WP (4)

QSTﬂCyc = ticye (I — hus) %)
QST—{TES = nirEs (h23 - h]s) (6)
Ost = OQua + Qspr ()
Osy = Q‘ST%Cyc + Osr_1es ®
AQTES = Q’TES—>Cyc - Q.Cyc—»TEs ©
Wncl
Heyepom = 27— (10)
cyeno QST—»Cyc
Wne
Neyecn = ‘ an

Q’STaCyc + AQrgs

Wne(
Ncyepeh = (12)
veb QTES»Cyc

where Wr is the turbine power output, W, the power needed by each
pump, Q'Spcyc the rate of heat from the solar tower to the cycle, Qsr_ s
the rate of heat from the solar tower to the TES system, QTES_,CYC the rate
of heat from the TES system to the cycle, QCyc—>TES therate of heat from the
cycle to the TES system, Qsy the rate of absorbed heat in the solar tower,
AQqgs the net rate of heat added to or extracted from the TES system, 5 the
efficiency and subscripts ‘nom’, ‘gen’, ‘Cyc’, ‘Ch’, and ‘Dch’ stand for
nominal, generator, cycle, charging and discharging, respectively.

The main assumptions used in the quasi-steady power generation
cycle model include:

e 10 °C < ATyy in both the LP and HP feedwater heaters;

e 10 °C < AT, of the inlet and the outlet of both HP and LP feedwater
heaters [37];

e all pump suction pressures are adjusted and controlled to avoid
pump cavitation [38,39];

e no mass loss across all power cycle components; and,
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o all feedwater heaters are equipped with steam traps so that saturated
liquid is collected through throttling and flows into the deaerator/
condenser units [40,41].

All other parameters including component efficiencies, pressure
losses, etc., are listed in Table 3.

The assumed turbine isentropic efficiency for each turbine part
during nominal (design) and part-load (off-design) operation conditions
are listed in Table 4. The turbine is divided into 4 parts. Each part is
defined as a group of turbine stages and each stage consists of a stator
and a rotor. Turbine Part 1 includes the stages between the turbine inlet
and first side extraction, Part 2 represents the stages between the first
and second side extractions, Part 3 includes the stages between the
second and third side extractions, and Part 4 represents the stages be-
tween the third side extraction and main outlet. The efficiencies were
assumed after comparing off-design efficiency data (provided by Khi
Solar One operators) with correlations for the estimation of off-design
turbine efficiencies from Refs. [42,43]. This analysis demonstrates that
using the average value of the provided off-design efficiencies for each
turbine part is a reasonable choice, as it is associated with the lowest
discrepancy (root mean square error, RMSE < 0.1) between the provided
and correlation-based data for all examined off-design conditions.

3.2. Steam accumulator model

All SAs in both TES systems (i.e., existing and extended) were ther-
modynamically modelled using the mass and the energy balance equa-
tions of the thermal equilibrium model developed by Stevanovic et al.
[44], which are explained in detail in Appendix A. The two main
equations (i.e., derivation can be found in Appendix A) for predicting the
mass of water/steam and the pressure of the steam in the SAs are:

dm

S _ vy + A 13
dr nmy my 13)
v
4P Arih)y+A k), + (57228 — ) (&g + M) .

ar ") dAhey Al / [T
(4 5 G e At ) -V

where P is the SA pressure, m the mass of steam/water in the SA, V the
SA volume, Ah,,, the latent heat of vaporisation, v the specific volume,
and superscripts ‘V’, ‘L’, ” and "’ stand for liquid, vapour, saturated
liquid, and saturated vapour conditions, respectively.

Equations (13) and (14) were solved numerically using the explicit
fourth- and fifth-order Runge-Kutta method, known as Dormand-Prince
pair, (i.e., solver ode45 in MATLAB [45]) for specified initial values of SA
water/steam mass and pressure. Moreover, the steam thermodynamic
properties presented in Equation (14) are only a function of pressure.
Therefore, their rates of change were calculated using the slope of the
property between slightly higher and lower pressure points.

3.2.1. Validation of the steam accumulator model

The validation of the formulated SA model was conducted using a set
of data for three different SA charging and discharging tests reported in
Ref. [44]. The details of the tests and the validation results are sum-
marised in Appendix A. Overall, the formulated model can be considered
as sufficiently accurate because the maximum RMSE and the maximum
average relative error (€,,,) between the simulation results and the re-
ported data of the validation tests are 0.05 and 1.4 %, respectively.

3.2.2. Initial conditions and constraints

The main parameters of the SAs in the compared TES system configu-
rations are summarised in Table 5. For the existing TES system, the
maximum and the minimum pressures were selected based on operational
data provided by the plant operators. The superheating SAs are charged to a
higher pressure due to the need of having a higher temperature discharging
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w —l
Fig. 3. Simplified schematic diagram of a concrete storage block with in-line

tube bundle arrangement. The right sketch shows the radial cross section of
one HTF-solid (steam-concrete) element.

steam (i.e., higher saturation pressure) for the superheating process during
the discharging mode. The minimum pressure of the base SAs was selected
based on the lowest pressure the steam turbine can accept. In the extended
TES system, the minimum was set by considering a 0.5 MPa pressure loss
through the concrete blocks before entering the turbine. The maximum
pressure for all SAs is the same since the superheating process undergoes in
the concrete blocks. All SAs are also constrained with water filling ratios
(WFR) of 0.99. The WER is defined as:

VL VL

WFR = =
W+VL  Vsa

(15)

where V|, is the liquid volume, Vy the vapour volume and Vs, the vol-
ume of the SA.

The maximum inlet (i.e., charging) steam temperature and pressure
of all SAs in both TES systems are 327 °C and 12 MPa, respectively,
which is set by materials limits. The SA external surfaces are assumed to
be perfectly insulated, hence, there is no heat loss to the environment.

3.3. Concrete thermal energy storage model

In this work, concrete is selected as the storage material because it
has proven its compatibility of storing heat at high temperatures (up to
550 °C) and its comparatively cheaper price [29]. The schematic dia-
gram of the proposed concrete blocks and the tube bundling is illustrated
in Fig. 3. Each concrete block is assumed to be 10-m long and to have a
square cross-section for easier installation and operation near the SAs,
and each is assumed to comprise a number of tubes that are surrounded
by concrete. The inner and outer diameters of each tube-solid element,
D; and D, as shown in Fig. 3, are equal to 2 cm and 8 cm [46,47]. The
total size of the concrete blocks (i.e., width, height, length) is deter-
mined after performing a thermo-economic parametric study for
different concrete block sizes (i.e., in terms of number of tubes and
number of concrete blocks) in Section 4.3.1.

In this study, a transient energy and mass balance model was
formulated based on the following assumptions:

e Conductive axial heat transfer within the fluid and between each

solid element is very small compared to the radial heat transfer (i.e.,

Quxial <Quagiar)- The ratio of the maximum axial to the minimum radial

heat transfer rates (('23“.(,1‘,,1.‘]X / Qradial_min) is less than 0.5 %. Thus,

conductive axial heat transfer is neglected.

The external surface of the concrete block is perfectly insulated (i.e.,

no heat loss to the environment).

e The transient radial heat conduction in the solid element is treated
using a modified lumped capacitance method with an effective heat
transfer coefficient (i.e., valid for large Biot numbers, up to 100) that
accounts for the internal thermal gradient in the solid material [48,49].
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e The tube between the solid and the fluid is very thin and made of a
material that has arelatively high thermal conductivity(34-54 W/mK
for carbon steel [50,51]), which is at least 15 times greater than the
thermal conductivity of concrete (2.2 W/m Kat 200 °C [52]). Based on
the dimensions of the solid element and the tubes (thickness of
1 mm [49]), the calculated thermal resistance of the tube was
observed to be less than 1 % of that of the solid element. Therefore, the
thermal resistance of the tube is neglected.

e Steam condensation is expected to occur during charging mode.
Therefore, the two phases (vapour and liquid) are assumed to be in
thermal, mechanical, and chemical equilibrium.

o Fluid flow is one dimensional (z-axis) and the velocity vector of each
phase of the fluid (liquid and vapour) has one component only.

e Pressure drop of fluid in the tube is neglected when calculating fluid
properties. However, a total pressure loss of 0.5 MPa throughout the
concrete blocks is assumed.

e Temperature distribution in the solid is symmetrical about the axis.

Applying the listed assumptions and using the general energy and
mass balance equations for unsteady-flow processes in Ref. [41], the
final energy and mass balance equations for the fluid element can be
written as:

d(mfuf)

TR g inin — 1t ouht out + QeAw (Ts — T) (16)
dme . .
d_tf = My in — My out 17)
Ay, =1D; Az (18)

where my and u; are the mass and the specific internal energy of the
fluid, respectively, m; the fluid mass flowrate, h; the fluid specific
enthalpy, a. the effective heat transfer coefficient, A,, the tube surface
area, T; the solid temperature and T the fluid temperature.

It should be noted that the fluid mass in each cell is not constant
(dmy/dt # 0) as the fluid density in each cell varies, especially during
condensation. The temporal change of fluid mass contained within the
tube array of the concrete blocks is driven by steam condensation. The
density difference between vapour steam and condensed liquid dictates
that the mass must increase as liquid is accumulating in a fixed volume,
which is captured by the mass balance in Equation (17).

The energy balance equation for the solid in each cell is:
mscs% = Ay (Tt — Ty) 19)
where my is the solid mass and c, the solid specific heat capacity. The
solid mass in each cell is assumed to be constant as the solid density is
almost constant for the considered temperature range.

The effective heat transfer coefficient in Equations (16) and (19) was
calculated using Equation (20) that was proposed by Xu et al. [48]
and Jian et al. [49]. This coefficient was derived by applying the
lumped capacitance method and is valid for large (up to 100) Biot
numbers, Bi = (aV;)/(kA), and for transient models. Based on a brief
numerical analysis, the Biot number in the model is expected to fall
between 0.80 and 88 depending on the HTF mass flowrate and the inner
and outer diameters of the HTF-solid element.

4RR'In(%) —3RR* +4R’R: — RS

1 1 1 ) R; o 1770 i

4 < (20)
aa 4 (R~ R2)

In Equation (20), a; is the convective heat transfer coefficient of the fluid
and calculated using Gnielinski’s correlation for single-phase flows [53]:
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Fig. 4. Schematic diagram of the cell energy and mass balance analysis as well as the heat flow directions during charging and discharging modes.
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Fig. 5. Flow diagram of the calculation steps of solving the energy and mass balance resolution algorithm for the concrete model. The steps are repeated for each

spatial node (j = 2 to N) and for each time step, At.

Table 6
Thermophysical properties of the selected concrete material (HEATCRETE vp1).
The unit of temperature in the correlations is °C [52].

Thermophysical property Value/correlation

Density (kg/m>)
Thermal conductivity (W/m K)
Specific heat capacity (J/kg K)

2260
k, = -0.0027T + 2.754
¢ = 1.3192T + 775

k(5 (Re —1000)Pr
Dy 14127 ()" (Pros7 — 1)

(21

Qasp

where k; is the fluid thermal conductivity, Re the Reynolds number, Pr
the Prandtl number and f the friction factor that was calculated using
Colebrook-White correlation with an absolute tube roughness, e, equal
to 0.04 mm for new carbon-steel tubes [54]:

dNog (4 231
8\37D, "RevF

For steam condensation, the fluid heat transfer coefficient was ob-
tained using Shah’s correlation for two-phase flows [55,56]:

vF

(22)

asy Jy > 0.98(Z + 0.263) %
artp =

asn + ane 0.95(1.254 4 2.277') 7" < Jy < 0.98(Z +0.263)
ane Jy < 0.95(1.254 4 2.277'2) "

(23)
ke osnoaf M (0.0058-+0.557Pg) 38
Qs = D—h 0.023 ReLO P}“L m 1+ ﬁ (24)
I3 A
g, = 2 1.32Reg”3 (/)L(pL 2/’v)g L) (25)
Dy HL
G
N 26)
(8Dnpy(pL = pv))
1 038
Z= (; - 1) Pyt 27)
Psa
Pr = P : (28)
crit

The transient energy and mass balance equations of the fluid and the
solid elements were solved numerically using the finite difference
method by discretising the total tube length, L, into small spatial seg-
ments, Az, and the total time, 7, into small time steps, At. The spatial
discretisation and the location of the nodes are illustrated in Fig. 4. This
set of equations were solved using the backward Euler:
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Table 7
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Main correlations and constants used in capital cost estimation of the existing TES system.

Method Steam accumulator

Heat exchanger (superheater)

General equations
Seider et al. [57] method

CBM.SA = FBM.SA CP.SA
Cpsa = Fv Csa + Cpr

Csa = exp (563 + 0.46(InW) + 0.006(InW)? )

Crr = 2275 (Dsp)*2%
Fy =17
Fgmsa = 3.05

Turton et al. [59] method

Fpmsa = B1 + BaFwFpsa

logCpsa = 3.56 + 0.38(logVsa) + 04091(10ngA)2

Fosa = 1 ( (Psa 4 1)Dsa
’ 0.0063 \2(850 — 0.6 (Psa +1))
B; =1.49
By =1.52
Fy =175

Couper et al. [60] method Cpsa = Fyv Csa + Cp

Csa = 1.67exp (8.57 +0.23 (InW) + 0.043 (InW)? )

Cor, = 2291 (D) 2%
Fy=17
Fpmsa =1.7

Ulrich et al. [61] method Cpsa = 75000

Fy =25

Fp=6

Fgmsa = 1.47FyFp +1.55

CBM.”X = FBM.”X CP.]IX
Cpux = FpuxFuFL Cop

P Pux\ >
Fopx = 0.98 + 0.018 (%) +0.0017 (ﬂ)

100
o Agnx\

Fy =27+ ( 100)

FL=10

Con = exp(11.55 — 0.92 (InA,ux) + 0.098 (In, xx)” )

Fomux = 317

logCpux = 4.19 —0.25 (logAS_Hx) +0.197 (logA\HX)2
Fpmux = B1 + B2FwFp ux

B; =1.63
By =1.66
+ 0.0032) Fy — 275

logFpx = 0.039 — 0.113 (logPyx ) +0.082 (logPyx )2

Cpux = 1.218 FpFuFp Cos

Fp=1.14 4 0121 (InA, )

Fy = 0.86 + 0.23(InA, )

Fp = exp( — 0.92 4 0.083 (InA, x) )

Con = exp(8.82 ~ 0.31 (InA,nx) + 0.068 (InAnx)* )
Fpmax = 1.9

Crax = 9000

Fy =30

Fp=12

Fomrx = L5FyFp + 1.5

n+1 n n+l n+1
G il G (m|> ()} - (rm) ()™ + (@) A (1)
At -1 j
(m‘)"“ _ (mf)" S\ S\
e o))
T> 7.l+l - Ts ! n n n
mscg% — (ae)j+1Aw((Tf)j+l - (Ts)jH ) (31)

where n is the time step index and j the spatial node.

In addition to the energy and mass balance equations, fluid proper-
ties were obtained from the National Institute of Standards and
Technology (NIST) database using the REFPROP interface (more infor-
mation in Ref. [36]). The equations were solved using an iterative
method and following the illustrated algorithm in Fig. 5, with At =1s
and Az = 0.1 m. The time step size was selected after comparing the
RMSE:s for a range of time step sizes and At = 1 s gives an acceptable

Table 8
Physical properties and dimensions of a single unit of steam accumulator and of
the shell and tube (U-shaped) heat exchanger (superheater).

Parameter Symbol Steam Heat exchanger
accumulator (superheater)

Unit weight (tons) w 248 -
Internal diameter (m) Dsa 3.74 -
Volume (m®) Vsa 247 -

Length (m) Lsa 22.2 -

Design pressure (MPa) Psp, Pux 13.1 8.2

Tube length (m) Liube. HX - >15

Total surface area (m?) Aq nx - 60.4

Design material - Stainless steel 304 Stainless steel 316

n+1

J

10

(29)

_ (7})7“)

amount of uncertainty (0.2 %) and reasonable computational time.
Moreover, the model assumed a homogenous starting point where the
temperature of fluid in each spatial node was the same as the temper-
ature of the solid and the initial conditions of each calculation step were
determined based on previous time step [29]. The cut-off charging and
discharging HTF temperatures (Streams 24 and 25 on Fig. 2) were set,
respectively, at 327 °C and 212 °C. The first is the design temperature of
the SAs and the second is the steam saturation temperature at the
minimum SAs pressure (1.9 MPa).

3.3.1. Concrete thermophysical properties

The selected concrete material is HEATCRETE vpl that was
developed by EnergyNest and HeidelbergCement. HEATCRETE vpl is
specially made for TES purposes and could withstand heat of up to
550 °C [33,52]. The thermophysical properties of this material are
summarised in Table 6. The properties are temperature dependent,
hence, correlations based on temperature were extracted from data in
Ref. [52]. The density is also temperature dependent but the change in
density is less than 1 % between 200 °C and 550 °C. Thus, an average
density of 2260 kg/m® was assumed in the whole temperature range.

3.3.2. Validation of the concrete thermal energy storage model

The formulated concrete storage computational model was validated
using experimental data from Ref. [49]. The details of the experimental
data and the model validation results are summarised and discussed in
Appendix B. Overall, the RMSEs of all compared data are 1 or less, and
the behaviour of the numerically calculated HTF and solid temperatures
are almost the same as the experimental temperatures. Therefore, the
formulated model is sufficiently accurate in predicting the performance
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Table 9

Costing parameters for concrete blocks.
Components Symbol Cost Reference
Direct costs ($) CpCB total -
Concrete mixture ($/m>) Uc 230 [62]
Tube material — carbon steel ($k/m>) Ubes 17 [47]
Insulation ($/m?) Utns 290 [63-65]
Foundation ($/m?) Ur 2200 [63-65]
Platform and steel ($/m?) Upss 490 [63,65]
Interconnecting piping and valves (-) Fpgy 0.1 Assumed
Electrical (-) Fg 0.1 Assumed
Instrumentation and control (-) Figc 0.1 Assumed
Indirect costs (-) FamcB 1.5 [58]

Table 10

Economic analysis assumptions [68].
Parameter Symbol Value
Operation & maintenance costs ($/MWh) O&M 12
Availability factor (%) Fy. 98
Lifetime of the system (years) n 25
Discount rate (%) r 10
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Fig. 6. Mean and standard deviation of the hourly averaged DNI data for a
whole year in Upington, South Africa.

of the concrete TES during charging and discharging in this study.
3.4. Cost assessments

The costing of both TES systems is challenging and can involve un-
certainties making it difficult to obtain accurate costs. However, in this
study, all cost estimation methods are slightly conservative to account
for any associated uncertainties related to currency exchange rate,
inflation, industry type, and other economic conditions. This is achieved
by adjusting the obtained costs using cost indexes from data collection
time (i.e., base time) to the time of the analysis as in the following
expression, proposed by Seider et al. [57]:

Iy
a3

where Cy is the costs at data collection time, C, the cost at analysis time,
Iy the cost index at base time and I, the index in the present year.

The cost indexes are based on the chemical engineering plant cost
index (CEPCI). The index in 2021, I, is 708 [58] and the values of Iy are
given in Sections 3.4.1 and 3.4.2. All costs were calculated in USD ($).

(32)
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3.4.1. Costing of steam accumulators and storage superheater

The capital cost estimation of SAs and storage superheater was per-
formed using four different costing methods, following: Seider et al.
[57], Turton et al. [59], Couper et al. [60] and Ulrich et al. [61]. The
final cost was determined by computing the average cost of the four
methods. These methods take comprehensive consideration of costing
characteristics such as manufacturing material, operating pressure,
direct and indirect costs, etc. The main correlations and constants used
in these methods are listed in Table 7. Moreover, Table 8 summarises the
main SA and superheater design parameters and dimensions (i.e., pro-
vided by the plant operators) that were used for cost estimations. The
base time cost indexes (Iz) were: 567 (year of 2013) for Seider et al.
[57], 394 (year of 2001) for Turton et al. [59], 575 (year of 2008)
Couper et al. [60] and 400 (year of 2004) for Ulrich et al. [61] methods.

3.4.2. Costing of concrete storage blocks

There are no costing methods for concrete blocks proposed in the
literature. Hence, the capital cost of the concrete blocks was estimated
using the costs of its constituent materials (concrete mixture, steel,
insulation, foundation, etc.). The purchase cost of all concrete blocks
was calculated based on the following expressions:

CrcB ot = New(Cepi + Cena) (33)
Ces1 = VeUc + Viuves Unbes +As.c8 (Uns + Upas) + A cs Ur (€D)]
Ascp = 2LcgWep + 2LcgHep + 2Heg Wep (35)
Avcs = 2LcgWes (36)
Ve = NuvesDyLes 37
Vates = NusesLeny (D1 + dunes)” = D?) (38)
Ces2 = Cepi (Feav + Fe + Figce) 39

where Ncg is the number of blocks, V¢ the concrete volume, Vi, the
tube material volume, A, cg the concrete block surface area, A, cg the
concrete block base area and other symbols are defined in Table 9.
Table 9 lists the costs of the main components of the concrete blocks
and the assumed percentages accounting for indirect costs. The concrete
mixture price available in the literature ranges from 124 $/m> to
510 $/m> depending on the mixture and additives [62]. Thus, the
average value of the concrete prices was assumed here. The costs of
other materials (i.e., insulation, foundation, platform and steel, etc.)
were also taken as the average value from the referenced studies.
Similarly, to account for all indirect capital costs of concrete blocks
(i.e., labour, engineering, and contingency), the purchase costs was
multiplied by a bare module factor, Fgy cp, of 1.5 as indicated in Table 9.
Hence, the total capital cost of the concrete blocks was calculated by:

(40)

Cemcs = Femcs Cp e oul

The total capital cost of concrete blocks was also corrected for the
year of 2021 using Equation (32) since most unit costs listed in Table 9
were reported in 2010. The I for the year of 2010 was 551 [58].

3.4.3. Costs of other components

The costing method explained in previous sections exclude the capital
cost of the solar tower and the power generation block. The cost of these
main components can be obtained by finding the total capital cost of Khi
Solar One. Based on information available on the International Finance
Corporation and the European Investment Bank websites, the total capital
cost of Khi Solar One was estimated between $400M and $450M [66,67].
Both costs were reported in 2012 and before the completion of the project.
Therefore, the higher cost was applied here as it covers the contingency
costs that was associated with the project. Moreover, this cost includes the



A.A. Al Kindi et al.

Energy Conversion and Management 274 (2022) 116222

Table 11

List of main results obtained from the formulated Khi Solar One power generation cycle model at full rated power (i.e., no TES system charging/discharging).
Parameter Symbol Value
Rate of heat addition in the solar evaporator (MW) Q'e\,p 103
Rate of heat addition in the solar superheater (MW) Q, or 47
Inlet LP feedwater heater pinch-point temperature difference (°C) AT | i 13
Outlet LP feedwater heater pinch-point temperature difference (°C) AT pwn 62
Inlet HP feedwater heater pinch-point temperature difference (°C) AT v 99
Outlet HP feedwater heater pinch-point temperature difference (°C) AT rwn 66
LP feedwater heater logarithmic mean temperature difference (°C) ATimLFwH 31
HP feedwater heater logarithmic mean temperature difference (°C) AT v HFWH 81
Net electrical power (MW) Whet 50
Cycle thermal efficiency (%) Ncyenom 33

600 F T T T T T T T T —

wn

(=3

(=]
T

9)
<400 [ —
© Solar evaporator
5 4
s 300 Turbine 1
g Pumpsand 5 HP feedwater heater 5
g 200 feedwater S Deaerator _ _ _ _\ i
= heaters 1 31
12 LP feedwater heater 6
L ) 1
100 gl_l/l, Condenser \
0 1 2 3 4 5 6 7 8 9

Specific entropy (kJ/kg-K)

Fig. 7. Temperature-specific entropy (T-s) diagram showing the thermody-
namic processes of Khi Solar One steam Rankine cycle at full rated power. Each
numbered dot represents the thermodynamic state of the numbered flow
streams in Figs. 1 and 2.

cost of the existing TES system. Hence, the total capital cost of the power
plant without the current TES system was obtained by subtracting the
calculated capital costs of the TES system.

3.4.4. Key economic performance indicators

The two TES system configurations are compared using a number of
economic performance indicators such as the levelised cost of storage
(LCOS) (i.e., cost per kWh of electricity generated utilising stored heat),
the levelised cost of electricity (LCOE) and the net present value (NPV),
which were calculated using:

Z" Cres,1 +O&Mres o
=1 (1+n)"

LCOS == (41)
Zr:l?ﬂﬁ
n Cl+0&M,
LCOE = - (42)
Zf:] (1+r)
365
DE, = Fy,y , DEgy (43)
n 1, n C1 + O&Mt
NPY = Z/:l(l T Zz:l (1+r) (44

where C; is the capital cost of the power plant components at the first
year, O&M; the operation and maintenance cost per year, I; the total
revenue per year, DE, the total amount of discharged electricity per year,
subscript ‘TES’ refers to TES system components only and other symbols
are defined in Table 10.

The assumptions listed in Table 10 and the daily mean 24-h DNI
profile in Fig. 6 were taken for the calculation of the key economic
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performance indicators.

Moreover, the internal rate of return (IRR) was also calculated to assess
the economic feasibility of investing in the proposed TES configuration.
The economic analysis excludes the land, taxation, and financing costs.
The electricity generated from Khi Solar One is being sold to the South
African Electricity Public Utility (Eskom) under a long-term power pur-
chase agreement (PPA) at a fixed electricity price. However, the price was
not declared, perhaps for confidentiality reasons, but it could be around
200 $/MWh as estimated by the South African Energy Department for CSP
plants [69]. As the actual price was not provided, the calculations of the
NPVs and the IRRs were performed using a range of historical electricity
prices, from 100 $/MWh to 340 $/MWh.

3.5. Analysis of DNI data and modes of operation

In order to assess the hourly performance of Khi Solar One with both
TES systems, it is essential to have representative hourly averaged DNI
data. Therefore, hourly averaged DNI data for a whole year were
generated using Meteonorm in TRNSYS [70], taking Upington in South
Africa as the location. Running the power plant simulation model for the
whole year (i.e., 8760 h) is time consuming. Thus, the DNI data were
analysed to create a valid 24-h DNI profile that captures, to some extent,
the anticipated behaviour of a year-long DNI in Upington. The analysis
included calculating the mean and the standard deviation of the hourly
DNI data for a whole year as shown in Fig. 6.

Yet, adapting the mean 24-h DNI profile for the comparative study
might not capture the performance of the TES systems during a highly
fluctuating DNI profile, a lower DNI profile, or a higher DNI profile.
Therefore, the simulation model was also examined for two different 24-
h DNI profiles, which are:

e Profile 1: mean plus one standard deviation of the DNI data of the
whole year; and,

e Profile 2: mean minus one standard deviation of the DNI data of the
whole year.

The power generation cycle system is assumed to operate with a
maximum and a minimum electricity generation of 50 MW and 10 MW,
respectively. In this study, it is assumed that Khi Solar One is operated
under the following modes:

e Mode 1: Electricity is generated at 50 MW or less by utilising thermal
power in the solar tower receivers only and no TES charging/dis-
charging is taking place.

e Mode 2: Electricity is generated at 50 MW and charging of TES system
is performed when excess solar heat is available for storage.

e Mode 3: Main thermal power provided by the solar tower receivers
and feedwater heating is provided by the SAs in the TES system.
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e Mode 4: Thermal power is discharged from the TES system to generate
50 MW of electrical power. The TES discharging mode is assumed to
start immediately if no thermal power is available in the solar tower.
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4. Results and discussion

The obtained results and main findings are presented and discussed in
this section. The analysis starts by investigating the operation of Khi Solar
One at full rated power without TES. Then, operation of the plant with the
existing TES system is investigated in Section 4.2. In Section 4.3, the
sizing of concrete blocks and operation One with the extended
TES configuration are discussed. Finally, a detailed thermo-economic
comparison between the two TES systems is performed in Section 4.4.

4.1. Khi Solar One at full rated power

The key results obtained from the formulated Khi Solar One power
generation cycle model at full rated (i.e., nominal) power without the
operation of the TES system are summarised in Table 11. During this
mode, the solar-tower receivers supply 150 MW of thermal power to
evaporate and then superheat the subcooled water from 232 °C to 530 °C.
About 69 % of this thermal power is provided by the solar evaporator
while the remaining, 31 %, is supplied by the solar superheater.

The temperature-specific entropy (T-s) diagram showing the main
thermodynamic processes of the steam Rankine cycle at nominal load is
shown in Fig. 7. The numbered dots in Fig. 7 corresponds to the
numbered flow streams indicated in Figs. 1 and 2. The heat addition
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process taking place in the evaporator (i.e., States 15 to 16) and the
superheater (i.e., States 16 to 3) are indicated by the blue and the red
lines, respectively. Once the superheated steam reaches the turbine, it
expands to a condensing pressure of 0.018 MPa. Some amount of steam
is extracted from the three turbine side extraction points (States 4, 5 and
6) for feedwater heating. The slope of lines representing the expansion
processes varies as each line is for different turbine part with different
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isentropic efficiency as listed in Table 4. The slope of the last expansion
process line (i.e., States 6 to 7) is relatively less steep as the last turbine
part (i.e., Part 4) has the lowest isentropic efficiency (i.e., 78 %) among
other turbine parts. The steam quality at the main turbine outlet is 0.88,
still above the minimum boundary for avoiding erosion and corrosion of
the steam turbine blades [71].

The dashed lines in Fig. 7 represent the feedwater heating processes in
the HP feedwater heater (yellow), in the deaerator (purple), and in the LP
feedwater heater (orange). The steam conditions at the hot-side outlet of
the HP and the LP feedwater heaters are assumed to be fully saturated
liquid. For the HP feedwater heater, the saturated liquid then flows
through a steam trap (i.e., throttle) to reduce its pressure in an isenthalpic
process from 2.8 MPa to 1.3 MPa (i.e., pressure of the main flow stream
flowing into the deaerator) as steam pressure of all deaerator inlets should
be the same [72]. Similarly, the pressure of steam flowing from the LP
feedwater heater is also reduced by a steam trap from 0.2 MPa to
0.018 MPa (i.e., pressure of the main flow stream flowing into the
condenser). The steam is fully condensed in the condenser at 0.018 MPa
and then pumped by the condensate pump to 1.34 MPa (i.e., States 9 to 11).
After that, the subcooled water is preheated from 58 °C to 117 °C in the LP
feedwater heater and then to160 °C in the deaerator. Next, the feedwater is
pumped in the feedwater pump to 15.5 MPa before entering the HP feed-
water heater. The subcooled water is then heated from 163 °C to 232 °C in
the HP feedwater heater with pinch-point temperature differences of 99 °C
at the inlet and of 62 °C at the outlet. Finally, the feedwater flows back to
the solar tower completing a full cycle. The steam thermodynamic prop-
erties for each numbered flow stream are listed in Table C1 of Appendix C.
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4.2. Performance of Khi Solar One with the existing TES system

4.2.1. Initial base steam accumulators water filling ratio

The analysis of Khi Solar One with the existing TES system starts with
determining the initial WFR, defined in Equation (15), of the base SAs.
The effect of various base SAs initial WFRs on the final pressure and WFR
of the base SAs as well as on the amount of stored heat and discharged
electricity from the TES system are shown in Fig. 8. All results were
obtained by charging both groups of SAs with saturated steam at 327 °C

Energy Conversion and Management 274 (2022) 116222

and 12 MPa. The initial WFR of the superheating SAs for all examined
cases is 0.5 as it does not have a significant impact on the overall
performance of the TES system. The charging of all SAs stops when
either the maximum allowable pressure or the maximum WEFR is
reached.

In Fig. 8(a), the base SA final pressure reaches the maximum allowable
pressure of 4.2 MPa for initial WFRs ranging from 0.3 to 0.75. However,
the final WFRs, shown in Fig. 8(b), for the same initial WFR range have not
reached the maximum WEFR of 0.99. Moreover, the amount of stored heat
in the base SA increases from 440 MWh for a WFR of 0.3 to about 860 MWh
for a WFR of 0.75. This increase, shown in Fig. 8(c), is due to having more
liquid that absorbs the heat from the charging saturated steam. For initial
WPEFRs greater than 0.75, the final pressure of the base SAs is lower than the
maximum pressure since the base SAs are already fully filled with steam to
their maximum capacity. This can be clearly seen in Fig. 8(b) where the
final WFRs have reached to 0.99. Although the base SAs are fully charged
with steam, the amount of stored heat decreases when the WFR is higher
than 0.75 as the final pressure and temperature of the stored steam is lower
for these initial WFRs.

The total discharged electricity from the TES system, presented in
Fig. 8(d), has the same behaviour as the amount of the stored heat since
more stored heat means higher amount of discharged electricity from
the TES system. However, for initial WFRs higher than 0.75, the slope of
discharged electricity is much steeper than the slope of the stored heat as
not all stored steam is discharged from the same initial pressure
(i.e., final pressure after a full charge).

The calculated LCOE and the LCOS of Khi Solar One for the examined
range of the base SAs initial WFRs are presented in Fig. 9. The lowest
LCOE and LCOS are 256 $/MWh and 225 $/MWh, respectively. Both
values are observed when the initial WFR is 0.75. It is expected as the
behaviour of the LCOE and the LCOS is inversely related to the total
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amount of discharged electricity, see Fig. 8(d). Therefore, a WFR of 0.75
for the base SAs is assumed for evaluating the existing TES system as it
gives the lowest LCOE and LCOS.

4.2.2. Performance under the mean 24-h DNI profile

The performance of Khi Solar One with the existing TES system
under the mean 24-h DNI profile is shown in Fig. 10. The operation of
the power plant starts after Hour 7 since the amount of solar irradiance is
sufficient to provide heat and to operate the plant at 10 MW of electrical
power as shown in Fig. 10(b). The electrical power output increases to
41 MW at Hour 9. During the 2 h period from Hour 8 to Hour 9
(inclusive), the plant is assumed to operate exclusively based on the
available solar thermal power in the solar tower (i.e., Mode 1 as dis-
cussed in Section 3.5), which is shown in Fig. 10(c) by the darkest
shaded area. At Hour 10, the thermal power in the solar tower reaches
214 MW, which is higher than the required amount (150 MW) to
generate the 50 MW of electrical power. Therefore, Khi Solar One
operates on Mode 2, and the excess thermal power (64 MW) is utilised to
evaporate extra steam for storage, i.e., charging phase. The charging
phase continues with the increase of the solar power until all SAs are
fully charged. The charging phase ends somewhere between Hour 11
and Hour 12 with a total charging time of 152 min. After that, the power
plant operates at full rated power until the end of Hour 16.

At Hour 17, though the DNI is only 300 W/m?, the plant still generates
the 50 MW of electrical power. In this case, it extracts some steam from
the base SAs for feedwater heating (i.e., Mode 3). The amount of thermal
power provided by the TES system for feedwater heating is illustrated by
the light blue shaded area in Fig. 10(c). The power plant continues
operating on Mode 3 at Hour 18 but at a lower electrical power output of
16.3 MW as there is not enough solar rays at the end of the day. The
turbine inlet temperature is constant at 520 °C between Hour 8 and Hour
18 as steam is directly provided by the solar superheater, and the calcu-
lated cycle efficiency is 33 %. When the sun is down at the end of Hour 18,
the main TES system discharging mode starts (i.e., Mode 4). The stored
steam is discharged to operate the power plant at an electrical power of
50 MW for 1 h until the minimum pressure of the base SA is reached. The
gradual increase of the TES thermal power during the discharging phase
isdue to the decrease of pressure and temperature of the discharged steam
entering the turbine, which negatively affects the thermal efficiency of
the power cycle. Therefore, more heat from the TES system is required to
maintain the electrical power level at 50 MW.

The behaviour of the pressure and the amount of stored heat in both
groups of SAs are shown in Fig. 11(a) and (b), respectively. The initial
amount of stored heat is calculated using ambient temperature and
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pressure as a reference point. The pressure and the amount of stored heat
is constant for both groups of SAs until charging phase is started at the
beginning of Hour 10. The superheating SAs are initially charged with
saturated steam at a mass flowrate of 50 kg/s until reaching the
maximum pressure of 8.2 MPa, taking about 16 min. Simultaneously,
some steam is extracted from the base SAs to preheat the extra
condensate for storage before entering the solar evaporator. This ex-
plains the decrease of pressure and stored heat in the base SAs. After
filling the superheating SAs, the charging process of the base SAs starts
with a net mass flowrate of 20 kg/s as steam is also extracted from the
base SAs for feedwater hating. The pressure of the base group continues
increasing at a higher slope (i.e., higher mass flowrate of charging
steam) in Hour 11 until the middle of Hour 12 when the charging phase
is terminated as the maximum pressure is reached.

The discharging phase precisely starts at the beginning of Hour 17,
which can be observed by the decrease of pressure and thermal energy
stored in the base SAs as indicated in Fig. 11. However, the discharged
steam is only to provide feedwater heating. The main discharging phase
(Mode 4) starts at the beginning of Hour 19 and continues for 1 h until
terminated when the turbine inlet pressure reached the minimum
allowable pressure of 1.4 MPa. The total discharged heat from the TES
system is 245 MWHh, that is 89 % from the base SAs and 11 % from the
superheating SAs. The pressure level of the base group goes back to
its initial state. However, the pressure and the stored heat in the
superheating group is higher than the initial levels. The remaining extra
heat can be discharged the following day. If not, the SAs can be calibrated
to its initial state by releasing steam and/or injecting condensate.

The mass flowrate of the steam exiting the base SAs and the super-
heating SAs during the main discharging phase is shown in Fig. 12(a). At
the beginning of the discharge, the steam is released at 71 kg/s. How-
ever, the mass flowrate gradually increases to 86 kg/s at the end of the
discharge. The increase is to maintain the electrical power level at
50 MW as steam temperature and pressure is decreasing, see Fig. 12(b).
Moreover, the mass flowrate of the superheated steam decreases from
10 kg/s at the beginning of the discharge, to 9 kg/s at the end. The
decrease is a result of controlling the amount of steam needed to
superheat the main flow stream entering the turbine by a maximum of
40 °C. The turbine inlet temperature, i.e., noted as superheater outlet
temperature in Fig. 12(b), is 286 °C at the start of the discharge and a
calculated cycle efficiency of 25 %. The turbine inlet temperature
gradually decreases until it reaches 236 °C (i.e., cycle efficiency is 21 %)
due to the reduction of steam pressure and temperature during the
discharging phase, which negatively affects the cycle efficiency as well.
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Fig. 16. (a) Pressure, and (b) stored heat in the SAs and in the concrete blocks
of the extended TES system. The data presented here corresponds to the same
24-h DNI input profile as of Fig. 15.

4.3. Performance of Khi Solar One with extended TES system configuration

4.3.1. Concrete sizing and thermo-economic parametric study

The analysis of the extended TES system starts by assessing the effect
of different concrete sizes on the overall performance of Khi Solar One.
The total concrete TES size is determined by the number of tubes
distributed inside each block and by the number of concrete blocks with
a length (Lcp) of 10 m. The tubes are assumed to be equally spaced,
horizontally and vertically, in each squared concrete block. The key
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thermodynamic parameters for a range of concrete TES sizes that have
different number of blocks (Ncg = 2, 3, 4, 5, 6, and 7), connected in
series, and different number of tubes (Nyypes = 2025, 2500, 3025, 3600,
4225 and 4900) are compared in Fig. 13. The parametric study was
performed using the same SA initial conditions (i.e., initial pressure is
1.9 MPa and initial WFR is 0.5) and the same 24-h DNI profile.
Furthermore, the initial temperature profile of the concrete blocks was
determined after running the Khi Solar One with the extended TES
system model for two charging/discharging cycles (i.e., two days). The
charging of concrete blocks is terminated when steam temperature at the
last concrete block outlet is higher than 327 °C (i.e., design temperature
of SAs). If this temperature is reached and the SAs are not fully charged
yet, the charging of SAs is performed directly from the solar evaporator,
see Stream 27 in Fig. 2.

Fig. 13(a) shows the relative stored heat in the extended TES system
(both SAs and concrete blocks) for the examined range of concrete block
sizes. The amount of stored heat in the blocks increases from 427 MWh
for the smallest size (Niyypes = 2025 and N¢g = 2) to 512 MWh for the
largest size (Nyypes = 4900 and N¢g = 7), due to the availability of extra
TES media (concrete) in the larger sizes.

The amount of discharged electricity from the TES system for the
compared sizes is displayed in Fig. 13(b). The same trend is observed as
the amount of discharged electricity depends on the amount of stored
heat. Moreover, it can be seen in Fig. 13(c) that the average steam
temperature at the turbine inlet increases by 61 %, from 286 °C for the
smallest size to 455 °C for the largest size. The increase of temperature is
because the larger the concrete blocks size is, the longer the charging
time it takes until charging is terminated as more amount of concrete is
available. Longer charging time means that concrete reaches higher
temperature at the inlet of the first concrete block (i.e., outlet of the last
block during discharging mode). Thus, it results in higher steam
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temperature at the concrete block outlet (i.e., turbine inlet) during the
discharging phase. Furthermore, the average cycle efficiency during the
discharging mode, shown in Fig. 13(d), also increases with larger sizes of
concrete blocks. The increase is about 7 %, from 23.6 % for the smallest
size to 25 % for the largest sizes and it is a result of the increasing steam
temperature at the turbine inlet, which agrees with the definition of
Carnot thermal efficiency.

Although the largest concrete TES size provides the highest amount of
discharged electricity from the TES system, it might not be the most cost-
effective option. Therefore, a comparison of the projected LCOE and LCOS
for all examined concrete block sizes are shown in Fig. 14(a) and (b),
respectively. The LCOE ranges between 241 $/MWh and 243 $/MWh,
with the lowest achieved with 5 concrete blocks, each containing 3600
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tubes. The difference of the LCOE between all compared sizes is relatively
small as the additional cost of the concrete blocks is insignificant
(i.e., $1.2M for the smallest size and $6.9M for the largest size) compared
to the total estimated costs of Khi Solar One ($450M). The LCOS ranges
from 157 $/MWh to 168 $/MWh. The investment costs of concrete blocks
have a greater impact on the LCOS as it can account between 2 % and 12 %
of the total capital costs of the extended TES system (i.e., estimated capital
costs of SAs is $51.3M).

Itis shown in Fig. 14 that the optimal size based on the minimum LCOS
is different from the optimal size based on the minimum LCOE. This is
because in the LCOE, a major percentage of electricity, above 80 % yearly,
is generated without the need of the TES system (i.e., the calculated LCOE
without TES system is 268 $/MWh), which results in different behaviour of
the LCOE of the power plant. As this study focuses on the performance of
Khi Solar One as whole power plant, the concrete TES size with the lowest
LCOE (Nyypes = 3600, Ncg = 5) is selected for further analyses and for the
final thermo-economic comparison with the existing TES system. The
dimensions of each selected concrete block are Lcg = 10 m, Weg = 4.8 m,
and Hcg = 4.8 m.

4.3.2. Performance under the mean 24-h DNI profile

The performance of the Khi Solar One with the extended TES
configuration under the mean 24-h DNI profile is shown in Fig. 15. For the
first hours, i.e., from Hour 1 to Hour 9, the operation behaviour of the Khi
Solar One with the extended TES system is the same as in the existing
configuration as no heat is stored in the TES system. At the beginning of
Hour 10, the available thermal power in the solar tower is 212 MW. About
71 % of this power is utilised to generate the 50 MW of electrical power
while the remaining 29 % is directed to the TES system. The TES charging
process can be split into two modes, and each one takes certain amount of
time. The first mode is charging the concrete blocks and the SAs using the
superheated steam exiting the solar superheater at 520 °C and 11.5 MPa.
The superheated steam deposits some of its heat into the concrete blocks
before being accumulated in the SAs. However, this charging mode is only
valid when the steam outlet temperature from the last concrete block is
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Fig. 18. Progression of concrete and steam temperature profiles during charging mode at different time instants. The total charging time, zcy, is 70 min and the steam
flow direction is from the left side (from the solar superheater) to the right side (to the SAs).
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Fig. 19. Concrete and steam temperature profiles during discharging mode at different time instants. The total discharging time, pc, is 106 min and the steam flow
direction is from the right side (from the SAs) to the left side (to the steam turbine).

327 °Cor less. When the steam temperature is above this point, the second
charging mode starts, which is charging the SAs directly from the solar
evaporator and bypassing the concrete blocks. The charging of SAs con-
tinues until reaching a maximum pressure of 8.2 MPa. The calculated
total charging time is 227 min, that is 70 min for the first mode and
157 min for the second mode. It is about 45 % longer than the total
charging time in the existing TES system due to the additional storage
capacity provided by concrete and also to the ability to charge the SAsto a
higher pressure compared to the base SAs in the existing TES system.
There is a slight step increase in the total thermal power after Hour 10, see
Fig. 15(c), which occurs after changing from the first to the second
charging mode. This increase is because the solar evaporator has a higher
efficiency than the superheater, thus, higher amount of thermal power is
available in the evaporators for the same amount of CSP.

After the full charge of the TES system that occurs before the end of
Hour 13, Khi Solar One continues operating at 50 MW of electrical
power until the end of Hour 17. During Hour 17, the plant operates on
Mode 3 (i.e., defined in Section 3.5) where feedwater heating is supplied
by the SAs as indicated in the lightest blue shaded area in Fig. 15(c). At
Hour 18, Khi Solar One continues operating on Mode 3 but at 16.3 MW
of electrical power as the available thermal power in the solar tower is
not sufficient for maximum power output. Like in the existing configu-
ration, the turbine inlet temperature is 520 °C and the cycle efficiency is
33 % between Hour 8 and Hour 18 as steam is directly provided by the
solar superheater. The main discharging phase (Mode 4) starts at the
beginning of Hour 19 and continues until the turbine inlet pressure
reaches the lowest allowable pressure of 1.4 MPa (i.e., SAs pressure is
1.9 MPa considering a 0.5 MPa pressure drop in the concrete blocks).
The total discharging time is 106 min and the total generated electricity
utilising the stored heat is 88 MWh. The non-linear increase of TES
system thermal power during the discharging phase, shown in Fig. 15(c),
is needed to maintain the electrical power output at 50 MW. The need of
extra power is due to continuous decrease of the discharging cycle ef-
ficiency caused by the reduction of steam temperature and pressure at
the turbine inlet while steam is discharged from the SAs.
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The behaviours of the SAs pressure and the amount of stored heat in TES
system for the same 24-h DNI profile are shown in Fig. 16(a) and (b),
respectively. The amount of stored heat was calculated by taking ambient
condition as a reference point. The SA pressure is constant at 1.9 MPa until
the beginning of Hour 10. During this hour, although SAs are charged with
steam, the pressure is slightly decreasing. This is because some amount of
steam is simultaneously discharged from the SAs to preheat the condensate
that is allocated for storage in the HP feedwater heater, i.e., flow stream
number 17 in Fig. 2. However, the total amount of thermal energy stored in
the SAs during the same hour is still increasing because of two main reasons:
(i) the SAs are charged with steam at a higher mass flowrate (35 kg/s) than
the mass flowrate of discharged steam (26 kg/s) for condensate preheating;
and (ii) the temperature of the charging steam increases from 262 °C at the
beginning of the charge to 321 °C at the end as a result of the decreasing heat
transfer rate between the steam and the concrete. This can be seen by the
gradually decreasing slope of the amount of stored heat in the concrete. The
reduction of the heat transfer rate is mainly due to the increasing temper-
ature of the concrete while charging, which decreases the temperature
difference between the two media, thus, reducing the heat transfer rate.

Asthe available thermal power for storage increases at the beginning of
Hour 11, the steam mass flowrate existing the superheater increases from
35 kg/s to 66 kg/s. The charging continues in the concrete for the first
10 min in Hour 11 but then stops as the steam temperature reaches 327 °C
at the last concrete block outlet. It can be seen in Fig. 16(b) that the rate of
heat transfer (i.e., the slope of stored heat) during thesel0 min is higher
than the heat transfer rate at the end of Hour 10. This is due to the increase
of the steam mass flowrate, which increase the effective heat transfer
coefficient and thus the rate of heat transfer from steam to concrete. The
SAs are not fully charged at this point, therefore, the charging of SAs
continues by diverting steam directly from the solar evaporator until
reaching the maximum pressure of 8.2 MPa. At the end of the charging
phase, the total stored heat in the extended TES system is 1040 MWh, that
is 850 MWh in the SAs and 190 MWh in the concrete blocks.

The discharging phase technically starts at Hour 17 when steam is
discharged for feedwater heating as in the existing TES system.
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Fig. 20. Comparison of the thermodynamic performance of the existing and the extended TES systems for DNI Profile 1 as defined in Section 3.5, for: (b-1, c-1, d-1)

existing TES system, and (b-2, c-2, d-2) extended TES system.
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Fig. 21. Comparison of the thermodynamic performance of the existing and the extended TES systems for DNI Profile 2 as defined in Section 3.5, for: (b-1, c-1, d-1)

existing TES system, and (b-2, c-2, d-2) extended TES system.

Table 12 Table 13
Estimated capital costs of SAs and storage heat exchanger. Estimated capital costs of the 5 concrete blocks with Nypes = 3600 and
Method SAs ($M) Heat exchanger ($k) Lep =10 m.
Seider et al. [57] 416 360 Components Cost (819
Turton et al. [59] - 320 Concrete mixture 340
Couper et al. [60] 53.0 130 Tubes 130
Ulrich et al. [61] 59.3 110 Insulation 370
Average capital costs 51.3 230 Foundation 680
Platform and steel 630
Interconnecting piping and valves 210
However, the main discharging phase (Mode 4) starts at Hour 19 and Electrical 210
continues for 107 min until the SA pressure is 1.9 MPa. The total dis- Instrumentation and control 210
charged heat is 460 MWh, that is 410 MWh from the SAs and 50 MWh Contingency 420
L. . . . Engineering 420
from the concrete blocks. The heat addition in the concrete is entirely Construction 560
utilised to superheat the saturated steam released from the SAs before Total costs 4180

entering the steam turbine. Although the SAs pressure at the end of the
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O 2
o I NPV (Existing) —e—IRR (Existing) .
% I NPV (Extended) ---#--IRR (Extended) o 5 |5 S
< 200 o <
E 10 g
Z 100 =
= vl |I Il | .
o

g ° [ °© 5
g 15 &
E-100f o
z 10
2200 LCOE =256 $MWh (Existing) s %
& LCOE =241 $/MWh (Extended) &~

B00E o 40

100 120 140 160 180 200 220 240 260 280 300 320 340
Electricity price ($/MWh)

Fig. 23. Comparison of the projected NPV and the projected IRR of Khi Solar
One with the two TES system configurations (existing and extended) for elec-
tricity prices from 100 $/MWh to 340 $/MWh.

discharge is the same as at the beginning of the day, the amount of the
heat is still higher as the post discharge WFR of the SAs is 0.53, which is
higher than the initial WFR (0.5). Such difference is a result of the time
varying charging temperatures and discharging rates. However, the final
WEFR can be calibrated to its initial state by releasing steam and/or
injecting condensate.

Fig. 17 shows the main steam parameters during the discharging
phase of the extended TES system. The steam temperature at the SAs
outlet is gradually decreasing from 289 °C (i.e., the saturation

Table 14
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temperature of steam at 7.4 MPa) at the start of the main discharging
phase to 210 °C (i.e., the saturation temperature of steam at 1.9 MPa) at
the end. However, the discharged steam temperature is increased by an
average of 154 °C due to heat by the concrete blocks. The turbine inlet
temperature at the start of the main discharging phase is 452 °C, which is
58 % higher than the maximum inlet temperature (268 °C) in the existing
TES system configuration. The calculated cycle efficiency at this point is
29 %, that is 16 % improvement of the highest discharging cycle effi-
ciency (25 %) calculated in the existing TES system. The turbine inlet
temperature gradually decreases as the pressure and the temperature of
steam exiting the SAs and then the concrete blocks decrease during the
discharge, which negatively affects the cycle efficiency. The lowest tur-
bine inlet temperature that occurs at the end of the discharging phase is
352 °C with a cycle efficiency of 22 %. These two values are still
respectively 50 % and 5 % higher than those calculated in the existing TES
system. The pressure shown on the left y-axis of Fig. 17(b) is the turbine
inlet pressure, which is 0.5 MPa lower than the pressure of discharged
steam from the SAs to account for the assumed pressure drop. To maintain
the electrical power output at 50 MW with the decreasing steam pressure
and temperature, the steam mass flowrate is gradually increased as
shown on the right y-axis of Fig. 17(b).

4.3.3. Temperature profiles of concrete during charging/discharging
processes

The temperature progression of the concrete and the steam (in all 5
concrete blocks with a total length L¢ota) = 50 m) during the charging phase
is shown in Fig. 18. The steam flow direction is from the left (i.e., from the
solar superheater) to the right (i.e., to the SAs). Fig. 18(a) shows the
temperature profile at time zero, just before the start of the charging mode.
The initial concrete temperature profile was obtained after running the
formulated TES system model for two charging/discharging cycles using
the mean 24-h DNI profile. The steam temperature inside the tubes is
initially assumed to be the same temperature as of the concrete, and the
inlet steam temperature (i.e., boundary condition) is 520 °C.

After a time of 0.2 7¢y, (14 min), the concrete temperature at the inlet
has already increased to 412 °C as shown in Fig. 18(b). At the same time
instant, the temperature of steam decreases along the axial length of the
concrete blocks until reaching the saturation temperature of 321 °C at
11.5 MPa. At this point, the latent heat of steam is being transferred to
the concrete elements. The boundary of the single-phase and the
two-phase regions shifts from the left to the right, shown in Fig. 18(c),
(d) and (e) as charging continues and the concrete temperature is
increasing. The temperature difference between the steam in the
two-phase region and the concrete decreases as more heat is transferred
from the steam to the concrete. The charging phase stops at z¢, when the
steam temperature is 327 °C at the outlet. At this time, the highest
concrete temperature is 489 °C (at the inlet of the first concrete block)
and the lowest is 322 °C (at the outlet of the last concrete block) as

Main thermodynamic and economic results of Khi Solar One with the existing and the extended TES system configurations. The results were obtained using the mean 24-h
DNI profile for the entire year, an electricity price of 280 $/MWh, and the extended TES system has five concrete blocks with Nipes = 3600, Lcg = 10 m, Wep = 4.8 m, and

Hcg =4.8m.

Parameter Existing Extended Difference (%)
Generated electricity from Khi Solar One (MWh/day) 517 556 7.5
Generated electricity from the TES system (MWh/day) 67 106 58
Full TES discharge duration (min) 60 107 78
Maximum cycle thermal efficiency at discharging phase (%) 25 29 16
Average cycle thermal efficiency at discharging phase (%) 23 26 13
Maximum turbine inlet temperature at discharge (°C) 286 453 58
Average turbine inlet temperature at discharge (°C) 263 400 52
Total power plant capital cost ($M) 450 454 0.9
LCOE ($/MWh) 256 241 -5.9
LCOS ($/MWh) 225 159 -29
Payback time (years) 18.3 15.6 -15
NPV ($M) 41 71 73
IRR (%) 11.5 12.5 8.7
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shown in Fig. 18(f).

The steam and the concrete temperature profiles during the dis-
charging phase are shown in Fig. 19. The total discharging time (zp.y,) is
106 min and the steam flow direction is from the left (from the SA) to the
right (to the turbine). At time zero and before the discharging phase, the
steam temperature is assumed to be the same as the concrete temperature,
see Fig. 19(a), since steam has been held inside the tubes for hours after
the charging phase. The steam temperature at the first concrete block
entrance from the SAs side (i.e., left boundary condition) is 289 °C, which
is the temperature of the steam exiting the SAs. During the discharging
phase, the concrete and the steam temperature profiles decreases as
shown in Fig. 19(b) to (f). Moreover, the inlet steam temperature (i.e., on
the left side) is also decreasing with time as the pressure and the tem-
perature of all SAs are decreasing during the discharging phase.

4.4. Thermo-economic comparison of existingvs. extended TES configurations

4.4.1. Evaluation at different 24-h DNI profiles

The performance of Khi Solar One with the existing and the extended
TES for the proposed DNI profiles (i.e., defined in Section 3.5) are shown
in Figs. 20 and 21. In both figures, (a) shows the DNI input profile, (b)
shows the output power, (c) shows the available thermal power, and (d)
shows the amount of stored heat in the TES system. For example, Fig. 20
shows the performance of Khi Solar One using DNI Profile 1, which is the
mean plus one standard deviation of the collected DNI data. During the
main TES discharging mode that starts at Hour 18, the amount of
electricity generated utilising the stored heat in the extended TES system
is 97 MWh while it is only 57 MWh for the existing TES system, a relative
increase of 70 %. It is also shown in Fig. 20(c) that the extended TES
configuration is able to utilise about 60 %, that is 2 GWh, of the available
heat in the solar receivers (3.36 GWh), whereas only about
46 % (1.54 GWh) is employed in the existing TES system. This is mainly
due to the ability of the extended TES system configuration to utilise the
maximum storage capacity of the existing SAs at maximum pressure, as
well as to the addition of the concrete blocks.

Fig. 21 compares the performance of Khi Solar One with the two TES
system configurations at DNI Profile 2, which is the mean minus one
standard deviation of the DNI data. In this DNI profile, the availability of
sufficient sunlight is only for 9 h (from Hour 9 to Hour 17), whereas in
the mean DNI is 11 h (from Hour 8 to Hour 18). The estimated total heat
in the solar receivers is 1.9 MWh. As shown in Fig. 21(c), all this heat is
utilised for electricity generation in the extended TES system while only
85 % of heat is utilised in the existing TES system.

4.4.2. Cost and economic performance of both configurations

The estimated capital costs of the SAs and of the storage heat
exchanger in the existing TES system are listed in Table 12. The
considered costs in this paper are the average value of the obtained costs
from the four different methods, which are discussed in Section 3.4.1.
The total capital cost of the existing TES system is about $51.5M, that is
$51.3M for the SAs, and $230k for the storage heat exchanger. The
Turton et al. [59] method predicts SA costs at least eight times higher
than other methods (i.e., $445M). Thus, it is excluded from this study.
The maximum and the minimum SA costs are within + 20 % of the
average cost, which is acceptable when it comes to cost estimation un-
certainties. For the heat exchanger costs, the effect of cost variations is
minor as it only accounts for 0.2-0.7 % of the total capital costs of the
exiting TES system. Therefore, taking the maximum, the minimum, or
the average estimated cost for heat exchanger units does not have a
significant effect on the thermo-economic study.

The estimated costs of the materials and the construction of the 5
concrete blocks (Niypes = 3600, Lcg = 10 m, and W¢g = Hcg = 4.8 m) in the
extended TES system are summarised in Table 13. The total cost is $4.2M,
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that is $2.8M for the materials (i.e., direct) and $1.4M for indirect costs.

The estimated capital costs of Khi Solar One with the two TES system
configurations are compared in Fig. 22. The total costs of Khi Solar One
with the existing TES system is $450M (11 % of this is for the TES system),
while is about $454M with the extended TES system (12 % of this is for the
TES system). The cost difference between the two TES configurations is
$4M, less that the total estimated cost of concrete ($4.2M), since the $230k
storage superheater is no longer needed in the extended configuration.

The economic performance of Khi Solar One with the existing and the
extended TES configurations are presented in Fig. 23. The left y-axis of
Fig. 23 compares the projected NPV of Khi Solar One for a range electricity
prices, from 100 $/MWh to 340 $/MWh, and the right y-axis compares the
projected IRR for the same price range. Installation of 5 concrete blocks,
connected in series, with Nipes = 3600 and Lcg = 10 m is assumed in the
extended configuration as they offer the lowest LCOE among the examined
size range. The projected NPV of both TES system configurations are
negative for electricity prices ranging from 100 $/MWh to 240 $/MWh. In
particular, the NPV for the extended case is almost zero at an electricity
price of 240 $/MWh. Khi Solar One could generate positive returns if it
operates in electricity markets with prices higher than 260 $/MWHh. In the
examined range of electricity prices, the projected NPV of the extended
TES system configuration is always higher than the existing TES system
configuration. This is due to the ability of storing greater amount of heat,
about 177 MWh of extra heat, with an additional investment of $4.2M. The
addition of concrete blocks allows for extra TES capacity and for storing
steam at higher pressure limits in the SAs. The difference between the two
NPVs increases with the increasing electricity prices as more income could
be generated from selling the extra electricity produced in the extended
TES system (i.e., 39 MWh/day). Since the discount rate is 10 %, the NPVs
are negative for electricity prices that have IRRs lower than 10 % and are
positive for IRRs higher than 10 %.

The breakeven point where the NPV is zero and the IRR is 10 %
is at an electricity price of 256 $/MWHh for the existing TES system and of
241 $/MWh for the extended TES system. Thus, based on the analyses
and assumptions made in this study, the existing TES configuration
could provide positive returns if the generated electricity is sold at a
price higher than 256 $/MWh and the extended TES configuration could
be economically positive if the generated electricity is sold at a price
higher than 241 $/MWh. The breakeven prices are equal to the calcu-
lated LCOE of both TES systems, reported in Fig. 23.

The key thermodynamic and economic results of Khi Solar One with
the existing and the extended TES system configurations are compared
in Table 14. The results were obtained using the mean 24-h DNI profile
for the whole year and an electricity price of 280 $/MWh. Taking the
existing configuration as a reference, the extended TES system config-
uration is able to deliver 58 % more electricity than the existing TES
system, that is 7.5 % extra if considering the power output of Khi Solar
One. Moreover, the extended configuration can store heat at a higher
temperature than the existing configuration, which increases the
average turbine inlet temperature by 52 % (i.e., 263 °C for existing and
400 °C for extended) during the TES discharging mode. The temperature
increase enhances the maximum and the average cycle thermal effi-
ciency during the discharging mode by 16 % and 13 %, respectively.

The improved thermodynamic performance of the extended TES
configuration could be achieved with an estimated additional capital
cost of $4.2M, i.e., the cost of the concrete blocks. With this additional
cost, the calculated LCOS and the LCOE are respectively 29 % and 6 %
lower than those with the existing configuration. At an electricity price
of 280 $/MWh, Khi Solar One with the extended configuration could
achieve a NPV of $71M whereas it is only $41M for the existing
configuration, which is about $30M extra in total revenues for the
25 years (i.e., lifetime of the power plant). The payback time, which is
defined as the number of years required until achieving a zero NPV, of
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Khi Solar One with the extended TES system is 2.7 years shorter than blocks with SAs as TES option have greater economic potential than
with the existing TES system. using SAs only. However, the study was limited to considering ther-
modynamic and economic sensitivity analysis of semi-defined concrete
5. Conclusions block and tube dimensions with no size optimisation and with a
reduced-order concrete TES model. Therefore, future work related to
Two steam accumulating thermal energy storage (TES) options for this study will include: (i) concrete block size optimisation in terms of
direct steam generation (DSG) concentrated solar power (CSP) plants concrete block dimensions, tube diameter and thickness, and diameter
were compared taking the Khi Solar One power plant in South Africa as a of the surrounded concrete mixture; (ii) thermodynamic performance
case study. The compared TES options were: (i) the existing TES system evaluation of the transient operation of the DSG CSP plant with the two
in Khi Solar One, which consists of two groups of steam accumulators TES options for the entire year instead of selected days only; (iii)
(SAs) and a superheater; and (ii) an extended TES system that contains formulation and analysis of a transient 3-D computational model for the
one group of SAs and concrete blocks for higher-temperature storage. concrete blocks for more accurate results; and (iv) economic evaluation
The two configurations were thermodynamically and economically of constructing similar size DSG CSP plants in other geographical loca-
analysed using the same existing solar tower and the same power gen- tions or countries that have different electricity market structures.
eration cycle components in Khi Solar One.
The thermodynamic analysis of the existing TES system started by CRediT authorship contribution statement
determining the initial water filling ratio (WFR) of the base SAs that
maximises profitability. It was found that base SAs with initial WFRs of Abdullah A. Al Kindi: Conceptualization, Data curation, Formal
0.75 gives the lowest levelised cost of electricity (LCOE) of 256 $/MWh. analysis, Methodology, Software, Validation, Visualization, Writing —
Moreover, different number of concrete blocks with various sizes, in original draft, Writing — review & editing. Paul Sapin: Formal analysis,
terms of number of tubes, were thermodynamically investigated using a Methodology, Software, Writing — review & editing. Antonio M. Pan-
transient heat and mass energy balance computational model, and also taleo: Conceptualization, Formal analysis, Writing — review & editing.
economically compared applying the same economic assumptions. It was Kai Wang: Formal analysis, Methodology, Software, Writing — review &
found that installing five 10-m long concrete blocks, connected in series, editing. Christos N. Markides: Conceptualization, Formal analysis,
with 3600 equally-spaced tubes offers the lowest LCOE of 241 $/MWh. Funding acquisition, Methodology, Project administration, Resources,
The performance of Khi Solar One with the existing and with the Supervision, Writing — review & editing.
extended TES systems were compared for the same 24-h hourly direct
normal irradiance input, and the following remarks can be given: Declaration of Competing Interest
e The extended configuration can store an extra 177 MWh of heat The authors declare that they have no known competing financial
using the same number of SAs as in the existing configuration and the interests or personal relationships that could have appeared to influence
additional concrete blocks. The TES capacity increase is mainly due the work reported in this paper.
to the ability of the extended configuration to utilise the current SAs
to store steam at a higher temperature and pressure, as superheating Data availability
is achieved by the higher-temperature concrete TES unit.
e Maximising the use of the current SAs and the addition of concrete Data will be made available on request.
blocks result in an averaged additional electricity of 39 MWh per day.
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The key results of the present work show that combining concrete

Appendix A. - Details and validation of steam accumulator model

Predictions of the mass, pressure and energy of the steam/water in the SA were performed using mass conservation and the energy balance
equations of the thermal equilibrium model developed by Stevanovic et al. [44]. The rates of change of the water (liquid) and steam (vapour) mass in
the SA were calculated using:

d

M Ariy + A, (A1)
dt

Arity = 11y jn — My ou (A.2)
Any, = My — ML ou (A.3)

The SA enthalpy variations were predicted using:
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dH dpP

o = A(mh)y + A(mh), + VE (A.4)
A(mh)y = (mh)y;, — (mh)y, o (A.5)
A(mh)L = (Mh)L.in - (mh)L.oul (A.6)

To calculate the transient pressure and mass of steam in the SAs during charging and discharging, the following steps and equations were used:

1 The total enthalpy of the SA is:
H = mh (A7)

2 Differentiating with respect of time:

dH dm dh
i haera (A.8)

3 The specific enthalpy can be calculated by:

h=H +xAhy (A.9)

where superscript ¢’ stands for saturated liquid conditions.

4 Taking the derivative of the specific enthalpy:

dh  di dx  dah

— = 4 Ahyy— +x——® A.10

a " a e T Ty (4.10)
5 Rearranging and introducing rate of change of pressure dP/dt:

dh  (dh  dAhy, dP dx

—= |- — vap—— A1l

dr (dP+x P >dt+ "y (A.11)
6 The steam quality, x, can be predicted by:

x:%whereu:K (A.12)

V- m

7 Taking the derivative of steam quality, x, and specific volume, v, with respect of time or pressure, and knowing that SA volume, V, is constant:

dx 1 v dm 1 &/ v—v A -V)\dP
e e+ U R i (A13)
dr mv —v dt V=1V dP (V' -V) dpP dr

8 Finally, the rate of change of SA pressure can be calculated by substituting Equations (A.7)-(A.13) into Equation (A.4) and rearranging:

v . .
ap Aiih)y+A(oih), + (57225 — ) (Aivy + M) o
- A.14
dr af | -V dBhvy  Ahey g/ L) aw )
m(+ sy e — o U A ) - v

Table Al
Initial conditions and main SA parameters for SA model validation.

Parameter Test A Test B Test C

SA volume (m?) 64 64 64

SA initial pressure (MPa) 3.4 2.5 5.0

SA initial WFR (-) 0.5 0.5 0.5

Charging/discharging mode charging charging discharging
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Fig. A1. Comparison of the behaviour of the SA pressure between the model and Ref. [44] results for all tests. Tests A and B indicate the increase of SA pressure
during steam charging while Test C shows the decrease of SA pressure during the discharge.

Validation of the formulated SA model was conducted using the set of data for three different SA charging and discharging tests (i.e., Tests A, B and
C) reported in Ref. [44]. The same initial conditions and charging/discharging steam parameters, as listed in Table A1 and reported in detail in Refs.
[44,73], were used to validate the formulated model.

The calculated/predicted and reference SA pressures for all tests are compared in Fig. A1. The comparison shows that the formulated model is
sufficiently accurate as the maximum RMSE is 0.05 and the maximum average relative error (€&,,,) is 1.4 %. The small source of error could be a result
of adopting a different way of calculating the rate of change of steam properties at different pressure points. Stevanovic et al. [44] state that their
equilibrium model can have a 6 % estimation error when compared to a non-equilibrium model also proposed in Ref. [44], but both have the same
initial and final pressure points. However, the non-equilibrium model requires inner physical parameters and dimensions of the SA which is not
available in the present study. Therefore, the equilibrium model has been used here.

Appendix B. - Validation of concrete thermal energy storage model

The formulated concrete storage model was validated using experimental data from Ref. [49]. Two experimental data sets that differ in terms of the
HTF volumetric flowrate and initial temperature profile in the concrete were examined. Fig. B1 compares the model predictions with the experimental
data reported in Ref. [49]. The HTF and solid temperatures for a HTF volumetric flowrate of 3 m>/h are shown in Fig. Bl(a) and (b), while for a HTF
volumetric flowrate of 4.5 m3/h the same quantities are shown in Fig. B1(c) and (d), respectively. All experimental data are plotted using dots, while the

07 (@) Numerical inlet === Numerical outlet N by — = - = Numerical
— ® Experimental inlet ® Experimental outlet —~ o = v Experimental
& 80 ] ¥ 80 ; 3w’
1 o Volumetric flowrate =3 m~/h
o L RMSE=1.0
E707 270} i=5h
5 5 _RMSE=0.9
=" =) Al S
g 604 260+ ~=--%___t=3h
! 2 v--
P e RMSE =0.8
= 50 =50 F - T S B
= : (2 - ....._.......;..........

40 Volumetric flowrate = 3 m*/h 40 m

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 8
Time (h) Axial position (m)

%0 (©) Numerical inlet === Numerical outlet % @ — = -- Numerical
) ® Expermintal inlet ® Experimental outlet G [ = v Experimental
< 80 80 Volumetric flowrate = 4.5 m*/h

© o RMSE =0.7 a

B | =5h
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0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
Time (h) Axial position (m)

Fig. B1. Comparison of results obtained from the formulated concrete model and the experimental data published in Ref. [49]. Showing HTF and solid temperatures,
respectively, for: (a, b), a HTF volumetric rate of 3 m®/h, and (c, d) a HTF volumetric rate of 4.5 m®/h. The HTF temperatures are measured at the inlet and the outlet
of the storage unit and the solid temperatures are measured at different axial positions and different charging times.
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model predictions are plotted using lines. The differences between the two sets of results are compared using the RMSE. The RMSEs of all compared data
are 1 or less and the behaviour of the model predicted HTF and solid temperatures are almost the same as the experimental temperatures. The small
difference is acceptable and could be a result of using slightly different thermophysical properties as well as the accuracy of the heat transfer coefficients.

Table C1
Calculated steam thermodynamic properties and other conditions at full rated electrical power of 50 MW and without TES charging/discharging. The stream numbers

are the same as indicated in Figs. 1 and 2.

Stream number Mass flowrate (kg/s) Pressure (MPa) Temperature (°C) Quality (-)
1 61.2 12.0 530 superheated
2 1.8 11.5 520 superheated
3 59.5 11.5 520 superheated
4 9.6 2.86 331 superheated
4 9.6 2.79 229 0

5 2.7 1.27 238 superheated
6 6.0 0.27 130 0.96

6 6.0 0.20 120 0

7 41.2 0.18 58 0.88

8 48.9 0.18 58 0.79

9 48.9 0.18 58 0

10 48.9 1.34 58 subcooled
11 48.9 1.34 58 subcooled
12 48.9 1.27 117 subcooled
13 61.2 0.70 160 subcooled
14 61.2 15.5 163 subcooled
15 61.2 15.4 232 subcooled
16 61.2 12.3 327 1

19 1.8 0.18 58 0.97

Appendix C. - Khi Solar One at nominal power output

All steam properties and conditions obtained from the Khi Solar One power cycle model at full rated power output are listed in Table C1.
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