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a b s t r a c t

The solar power tower (SPT) has the potential to achieve high efficiency and large-scale power pro-
duction due to its high achievable temperatures. However, thermal energy storage (TES) is required to
solve the intermittency problem of the solar energy and to provide a dispatchable power production
according to the power demand profile. Critical technical problems still exist in the TES systems
including the high-temperature corrosion, expensive materials, temperature swing, and large size.
Therefore, newly improvement approach is proposed by integrating the SPT system with direct oxy-
combusted (DOC) sCO2 power cycle to enhance the overall efficiency and eliminate the need for the
TES. In this paper, the off-design performance of two novel power cycle configurations that integrate SPT
and DOC systems is investigated. The SPT system works as a preheater for the DOC system in the first
configuration (S3) while works as a reheater in the second one (S4). The off-design analysis approach
first verified and validated against published results and the results shows good agreement with error
less than 1%. Also, the off-design analysis of these cycles is performed based on real ambient conditions
and power demand profiles for two typical days in Qatar. The results show that the efficiency of S4 is
considerably higher than S3, but S3 show better flexibility with the variation of the power demand
profile. At 76% of the full load, the cycle efficiency is reduced by 5.64% in S4 and by 4.35% in S3. Moreover,
at the design point conditions, the increase of the CIT reduces the cycle efficiency (by 8%) but also reduces
the amount of the consumed fuel (by 15.8%). On the other hand, the increase of the TIT improves the
cycle efficiency (by 8.6%) but also increases the consumed fuel by (57%).
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Among of the concentrated solar power (CSP) technologies
(including parabolic trough collector, linear Fresnel reflector,
parabolic dish system, and power tower), the solar power tower
(SPT) has the potential to achieve high efficiency and large-scale
power production due to its high achievable temperatures [1].
But, like the other CSP systems, the SPT systems require thermal
energy storage (TES) to guarantee continuous operation and to
provide a dispatchable power production according to the power
demand. However, critical challenges still exist in the TES systems
such as the high-temperature corrosion, expensive materials of TES
components, requirement of auxiliary resources, temperature
swing, and large size [2e6]. In addition, the TES forms an about 10%
of the total cost of the CSP systemwhich need significant reduction
to be competitive with the fossil-fuel power technologies [7]. The
Al-Ammari).
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ideal solution for these issues can be presented in three approaches
(as shown in Fig. 1): (1) enhancing the overall efficiency of the
power block, (2) enhancing the capacity of the TES with minimized
capital and operational costs, and/or (3) eliminating the need for
the TES system. The first approach is implemented by integrating
the supercritical carbon dioxide (sCO2) power cycle with the SPT (as
discussed in section 1.1) [8]. The second approach is obtainable by
developing alternative inexpensive materials with higher thermal
capacity and stability (as discussed in section 1.2) [9,10]. The newly
third approach is performed by integrating the SPT system with
direct oxy-combusted (DOC) sCO2 power cycle as proposed by Son
et al. [7] and Xu et al. [11] (as discussed in section 1.3). More
importantly, the last approach suffers from the lack for investiga-
tion at off-design conditions which is fundamental step to design
efficient, reliable, flexible, and economic SPT-DOC system. Thus,
this study concentrates on the off-design analysis of the third
approach and compare it with conventional SPT-sCO2 systems.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Symbols
A heat transfer area, (m2)
h specific enthalpy, (kJ/kg)
_m mass flow rate, (kg/s)
P pressure, (MPa) (also Power (MW))
_Q heat transfer rate, (kW)
T temperature, (oC & K)
U overall heat transfer coefficient, (kW/m2-oC)
_W power produced or consumed by a layout

component, (kW)
h energy, mechanical, or isentropic efficiency, (%)
ε Emissivity of a surface, (Also effectiveness of HTR and

LTR)

Subscripts
1, 2, 3 state points as shown in Fig. 2, and Fig. 3
CO2 produced carbon dioxide at the outlet of the

combustor
g generator
hel for the heliostat field
i Inlet

max maximum
min minimum
net net output
o outlet
rCO2 recycled carbon dioxide to the combustor
rec for the solar receiver

Acronyms
ASU air separation unit
CSP concentrated solar power
DNI direct normal irradiance
FC fuel compressor
GC gas compressor
GT gas turbine
HPT high pressure turbine
HTR high temperature recuperator
LHV lower heating value
LPT low pressure turbine
LTR low temperature recuperator
MC main compressor
OC oxygen compressor
PC precooler
WS water separator
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1.1. Improving the overall efficiency of the SPT system

Despite the advantages of the SPT over the other CSP technol-
ogies, it is not economically competitive comparing to the fossil-
fueled power plants [12e14]. One of the promised approaches to
increase the efficiency and reduce the cost of the SPT system is to
applymore efficient and compact power block [15,16]. Recently, the
sCO2 Brayton cycle is recommended as a substitute for the con-
ventional steam Rankine cycle or the ideal gas Brayton cycle used in
the SPT systemdue to the following features: the CO2 is compressed
near the critical point (7.38 MPa, 31 �C) which is considered as
incompressible region thus less compression work is consumed;
the high density of the sCO2 in the entire power system leading to
compact size for the cycle components; and the ability to works
under dry cooling conditions which makes it easier to be applied in
the SPT system located in droughty areas [17e20].

Different sCO2 power cycle layouts have been proposed
including the simple recuperated cycle, the dual recuperated cycle,
the intercooling cycle, the partial cooling cycle, the precompression
cycle and the recompression cycle [21e23]. The recompression
Fig. 1. Improvements approa
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cycle shows superior performance followed by the intercooled
cycle [24]. However, the recompression cycle is not applicable if the
sCO2 cycle driven by an oxy combustion [25]. In this case, the
intercooled layout is recommended. Several studies have been
conducted to investigate the performance of the SPT system with
these sCO2 Brayton cycle in terms of energy, exergy, exer-
goeconomic, thermoeconomic, and optimization analyses
[17,26e31]. Based on the results of the economic studies, the lev-
elized cost of electricity (LCOE) of the SPT-sCO2 power cycles
equipped with TES (ranges between 14 and 26¢/kWh) still higher
than that of the fossil-fueled power cycles [32e34]. Moreover, the
initial capital investment of sCO2 power cycles is higher than of
stream Rankine cycles (by about 38%) [1]. Therefore, further im-
provements should be devoted to further reduce the capital in-
vestment of the SPT system.
1.2. Improving the performance of the TES system

The intermittency nature of solar energy, due to the weather as
well as the seasonal variations, forms a major challenge in
ches of the SPT system.
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harvesting it for electricity generation. Also, the mismatch between
solar energy availability and energy demand has negative effects on
the overall efficiency of the system. To solve these issues, storing
excess energy during peak sun hours to be used during nighttime
for continuous electricity production in CSP plants. Therefore, a
thermal energy storage (TES) system is added between the solar
receiver and the primary heater of the power block. The TES system
is capable of mitigating transient variations in the solar energy
supply and shift the power production from peak solar irradiance
hours to peak electricity consumption hours [35,36]. Achkari and
Fadar [2] comprehensively reviewed the latest advances in the TES
and CSP technologies. The have concluded that the latent heat and
thermo-chemical heat storage systems still at a laboratory level and
their development is still far from any proven design and material
to be transferred to a commercial scale, especially for high tem-
perature applications. In contrast, the liquid sensible heat storage
(which mostly use molten salts) systems are the most widely used
in CSP plants. However, most of the molten salts used in TES are
highly corrosive which requires expensive corrosion-resistance
containers [3]. At the same time, the cost of the CSP systems
must be reduced to achieve competitive price of electricity
compared to conventional power plants. Therefore, improving the
optimal and thermal efficiencies of the CSP components, and
developing alternative inexpensive materials for the TES are major
factors to achieve comparable electricity price with other fossil-
fueled plants.

1.3. Eliminating the need for TES in the SPT system

As mentioned before, Son et al. [7] have proposed a new
approach to improve the performance of the SPT system and reduce
the cost by integrating the SPT and the DOC, which in turns elim-
inates the need for a separated TES. In the integrated system, the
SPT systemworks as a preheater to increase the temperature at the
inlet of the oxy-combustor which further increases the tempera-
ture of the working fluid (sCO2) to the desired temperature at the
inlet of the turbine. In this way, the solar intermittency issue is
solved without using TES. On the other hand, The DOC system uses
the oxygen (which is generated by air separation unit (ASU))
instead of air to facilitate the separation of CO2 from the flue gas
and to avoid the production of thermal NOx during the combustion
which increase the concentration of CO2 and makes it ready for
storage. However, the stand-alone DOC system consumes a large
amount of oxygen which brings substantial energy consumption
(over 7% of the net output power of the cycle is consumed by the
ASU) and high cost of operation. Therefore, the integrated SPT-DOC
system also solves this issue by obtaining higher turbine inlet
temperature but with significantly reduced fuel consumption (by
17e38% compared to the conventionally separated systems).
However, Son et al. only performed preliminary calculation to es-
timate how much fuel consumption can be reduced due to the
integration between the SPT and the DOC systems. Thus, a rigorous
investigation for the integrated system at design and off-design
condition still needed.

1.4. Off-design analysis of the sCO2 power cycle integrated with SPT
system

Many publications have been conducted within the aforemen-
tioned approaches. Although the design point performance of the
SPT-sCO2 system extensively studied, only few studies that inves-
tigate the off-design performance. In 2013, Dyreby et al. [37,38]
have presented a flexible modeling methodology to estimate the
performance of the sCO2 power cycles under design and off-design
ambient conditions (including the part-load operation). They have
16
used semi-empirical models for the major cycle components
including the compressor, turbine, and heat recuperators. They
have concluded that high thermal efficiency can be obtained by the
sCO2 cycle over a range of off-design and part-load conditions. In
2018, Wright et al. [39] have presented the results of off-design
performance modeling of sCO2 power cycle driven by the waste
heat of Titan 130 Gas Turbine. They have used the off-design
simplified models described by Dyreby et al. [37,38] to complete
the off-design modeling system. Furthermore, the have used four
primary control mechanisms (to mitigate the effects of increases in
ambient heat rejection temperature) including: varying the air-
cooling fan speed, varying the boost compressor speed, varying
the split-flow fraction, and controlling the compressor inlet pres-
sure by using inventory control tanks or by using the filling tank
reservoir. In 2019, Duniam and Veeraragavan [40] have investigated
the off-design performance of 25MWe sCO2 recompression power
cycle with natural draft dry cooling tower for CSP generation. They
reported that the system can maintain the design output power up
to ambient temperature of 50 �C with 20% increase in the cycle
mass flow rate and increasing turbine inlet temperature from 600
to 650 �C with 3.8% reduction in the efficiency. In 2020, Ty Neises
[41] has presented a steady-state off-designmodeling of a SPT-sCO2
recompression power system with two-tank sensible-heat storage.
He mentioned that optimizing the compressor shaft-speed im-
proves the performance at cold ambient temperatures and part-
load conditions. Also, in 2020, Yang et al. [42] have studied the
off-deign performance of 50MWe simple sCO2 power cycle inte-
grated with SPT with molten-salt based TES system. They have
applied the sliding pressure operation control strategy for the po-
wer cycle during the off-design operation. Recently, in 2021, Chen
et al. [43] compares the design and off-design performances of six
sCO2 power layouts integrated with particle-based SPT system.
Other off-design performance analyses have been applied on the
sCO2 power cycle integrated with other technologies including the
parabolic trough collector [44], lead-cooled fast reactor [45,46], gas
turbine [47], coal-fired boiler [48], solid oxide fuel cell, and molten
carbonate fuel cell [49].

There are no available studies in open literature that investigate
off-design performance of the integrated SPT and DOC systems
which is the main objective of this work. It is important to visualize
and compare the decrease of the system efficiency under off-design
conditions with the standard SPT system. This is a major step before
testing and applying control strategies that mitigate the efficiency
decrease with the variation of the ambient conditions and power
demand profiles. Also, the results of such analysis provide a guid-
ance for the optimal design and operation of the power system. This
paper investigates the off-design performance of a 50 MWe dry
precooler-intercooled sCO2 power cycle driven by integrated SPT
and DOC systems in two different configurations. In the first
configuration, the SPT works as a preheater to increase the tem-
perature at the inlet of the combustor. In the second configuration,
the SPT systemworks as a reheater to drive additional low-pressure
turbine. The main aims and contributions of the present study
include:

� Applying the off-design analysis of the proposed configurations
and comparing it with similar analysis for a simple recuperative
sCO2 power cycle driven by SPT equipped with molten-salt-
based TES.

� Simulating the off-design performance of the proposed config-
urations under harshly climate conditions and power demand
variations in Qatar (by using scaled data for the maximum po-
wer demand day (7 Sept.) and minimum power demand day (1
Feb.) in 2016).
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� Investigating the feasibility of reducing the solar field size to
make it useful around the year with DOC forms the backbone of
the energy source.

� Investigating the performance of the cycle configurations under
different compressor and turbine inlet temperatures.

� Investigating the effect of the ambient temperature change on
the performance of both SPT system and power block of these
configurations.

The rest of the manuscript is organized in 4 more sections.
Section 2 describes the proposed configurations detailing their
technical characteristics and advantages. Section 3 presents the
design and off-design mathematical models of the proposed con-
figurations. Also, verification and validation of the developed
models are presented in section 3. In section 4, the off-design an-
alyses are carried out and compared with similar SPT system. The
main findings and conclusions are summarized in section 5.
2. Description of the integrated SPT e DOC sCO2 power cycle
configurations

The authors of the present study have investigated the design
performance of five configurations (S1 to S5) (See Fig. A1 in the
Appendix). The power block of these cycles is mainly composed of
an intercooled dual recuperative sCO2 power cycle. The major
Fig. 2. Hybrid SPT and DOC sCO2 power system configuration and
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difference between these cycles is in the energy source that drives
each of them. S1 is driven by stand-alone DOC, S2 is driven by
stand-alone SPT system, while the new proposed configurations
(S3, S4, and S5) are driven by an integrated SPT-DOC system.
Therefore, the first two configurations (S1 and S2) are considered as
basic systems for comparison and validation purposes. In S3
(shown in Fig. 2), the SPT system works as a preheater to raise the
temperature of the recycled sCO2 from the temperature at state 11
to higher temperature at state 11'. In this way, less amount of fuel
and oxygenwill be needed to obtain the desired temperature at the
inlet of the turbine (state 1). While in configuration S4 (shown in
Fig. 3), the SPT system works as a reheater (process 2-10) to drive a
low-pressure turbine (LPT) (1’ -2’), while the DOC system drives the
HPT (1e2). In S4, it should be noted that the solar receiver works at
an intermediate pressure, and the CO2 stream flow through it in-
volves water vapor. In S5, the recycled sCO2 flow is split at state 11
into two streams, one of them is heated by the DOC and the other
stream is heated by the SPT system. Thorough energetic, exergetic,
exergoeconomic, thermoeconomic and optimization analyses was
conducted for these configurations (S1 to S5) at design conditions.
The optimization process was performed by single- and multi-
optimization analyses to identify the best operating conditions
for these configurations. The optimization methodology is pre-
sented in the Appendix (Fig. A2). The multi-objective optimization
results revealed that S4 has thermal efficiency of 55.29% at LCOE of
T-S diagram where the SPT system works as a preheater (S3).



Fig. 3. Hybrid SPT and DOC sCO2 power system configuration and T-S diagram where the SPT system works as a reheater (S4).
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7.705¢/kWh compared to 40.54% at 6.351¢/kWh for S1; 45.56% at
7.864¢/kWh for S2, 52.90% at 7.970¢/kWh for S3, and 48.72% at
8.138¢/kWh for S5. As S3 (Fig. 2) and S4 (Fig. 3) show superior
performance over the other configurations (S1, S2 and S5), they are
selected for further analysis at off-design and part-load operation
conditions in this study.

Both of S3 and S4 are able to solve the intermittency issue of the
SPT by controlling the flow rate of the natural gas at the full-load or
part-load operation even with the variation of the ambient condi-
tions. Therefore, with the presence of the DOC system, the SPT
system no longer needs thermal storage system for backup power.
Also, at part-load operation, the sliding pressure operation control
strategy (which is common and mature strategy for modern power
plants) is applied to meet the varying power demand. Moreover,
the integrated systems (S3 and S4) have met the emission re-
quirements (zero CO2 emissions) under improved cycle
performance.

In both configurations (S3 and S4), the turbine outlet flow
passes through the high temperature recuperator (HTR) (process
2e3) and the low temperature recuperator (LTR) (3e4) to heat the
recycled sCO2 (processes 9e10, and 10e11) before entering the DOC
(state 11). At state 4, the low-pressure flow passes through the
precooler (PC) (4e5) and the water separator (5e6) to remove the
water content from the sCO2 stream. Then, the sCO2 is compressed
by the main compressor (MC) to an intermediate pressure (higher
18
than 75 bar) which is suitable for exporting the excess CO2 resulted
from the combustion process at state 7. Then, the CO2 flow is cooled
by an intercooler (IC) (7e8) and recompressed by a recompressor
(RC) to a maximum cycle pressure (200 bare300 bar) (process
8e9). The high-pressure sCO2 flow is then directed to the recu-
perators (9e11) and enters the DOC to control the temperature of
the oxy-combustion products at state 1. With the presence of the
recycled sCO2, a pressurized fuel (16) is mixed with compressed
oxygen (17), which is generated by an air separation unit (ASU)
(process 12e13) and combusted in the oxy-combustor. The exhaust
flow is directed to the inlet of the turbine (1) to expand to the lower
cycle pressure in the HPT of S3 or to an intermediate pressure in S4
then directed to the SPT to reheat the exhaust flow and expand it to
the low cycle pressure through the LPT.

3. Mathematical model

To investigate the performance of S3 and S4 under off-design
conditions, the design models of both configurations are adapted
here from the previous work. Then the off-design models of the
turbomachinery and heat exchanger components are integrated
with these models and validated against available data in the
literature with real measured climate conditions and power de-
mand variation. The developed models are based on the following
assumptions.
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� Pure methane and oxygen were assumed for the oxy-
combustion process.

� Variations of the kinetic and potential energies are negligible.
� Heat losses from the cycle components (except the solar field
components) to ambient air are negligible.

� To gather more reflected light from the edge of the solar field, a
360� external cylinder receiver is applied.
3.1. Heliostat field and receiver

Referring to Figs. 2 and 3, the total incident solar heat on the
heliostats field (Qin;sol) is given as [42]:

Qin;sol ¼DNI,Ahel (1)

where DNI and Ahel are the direct normal irradiance and the total
area of the heliostat field, respectively. The heat delivered from the
heliostats and absorbed by the receiver (Qin;rec) is calculated as [42]:

Qin;rec ¼Qin;sol,hhel,arec (2)

where hhel, and ,arec are the energetic efficiency of the heliostat
field and the absorptivity of the receiver. Part of the heat absorbed
by the receiver is delivered to the working fluid of the cycle
(Qrec;sCO2

) and the other part is lost to the ambient by convection
(Qconv;rec) and radiation (Qrad;rec). The overall energy balance of the
receiver is expressed as follows [42]:

Qin;rec ¼ Qrad;rec þ Qconv;rec þ Qrec;sCO2
(3)

The heat loss due to radiation (Qrad;rec) is calculated as [42]:

Qrad;rec ¼ s , εrec ,Arec

�
ðTrec þ 273Þ4 �

�
Tsky þ 273

�4�
(4)

where s is the Stefan-Boltzmann constant (5.67#10�8 W/m2-K4),
εrec is the receiver emissivity, Arec is the surface area of the receiver,
Trec is the temperature of the external surface of the receiver, and
Tsky is the effective temperature of the sky. Tsky can be expressed in
terms of the ambient air temperature (Tam) as follows [50]:

Tsky ¼0:0552� ðTamÞ1:5 (5)

The heat loss due to natural and forced convection (Qconv;rec)
with the ambient air is calculated as [42]:

Qconv;rec ¼ hconv;rec,ArecðTrec � TamÞ (6)

where hconv;rec is the convection heat transfer coefficient, which can
be expressed in terms of the wind speed (Vwind) as [51]:

hconv;rec ¼2:8þ 3,Vwind (7)

Considering the thermal resistances between the outer surface
of the receiver and the sCO2 passing across the receiver, the heat
transmitted to the sCO2 from the receiver surface (Qrec;sCO2

) is
calculated as:

Qrec;sCO2
¼ Trec � Trec;sCO2

Rcond;rec þ Rconv;sCO2

(8)

where Trec;sCO2
is the average temperature of the sCO2 across the

receiver which is expressed as Trec;sCO2
¼ Taþ Tb

2 ; Rcond;rec, and
Rconv;sCO2

are the conductive resistance of the receiver tubes and the
convective resistance of the sCO2, respectively. Also, Qrec;sCO2

can be
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expressed in terms of the mass flow rate and the specific heat of the
sCO2 (to keep the model in terms of terminal temperatures which
facilitate the iterative solution process) as:

Qrec;sCO2
¼ _ma,cp;abðTb � TaÞ (9)
3.2. Design model of the sCO2 power cycle

The energy models of the sCO2 power cycle components were
developed by applying themass and energy conservation principles
on the control volume of each component such that [52]:X

_mi ¼
X

_mo (10)

X
_Q þ

X
_mihi ¼

X
_W þ

X
_moho (11)

Table 1 summarizes the mass and energy balance equations of
each component of the studied sCO2 power cycle configurations. It
should bementioned that themass flow rate of the oxygen required
for the oxy-combustion process and themass flow rate of the CO2 at
the exit of the combustor were calculated based on the real com-
bustion reaction as explained by Sleiti et al. in Refs. [24,25]. To take
into account the dramatic change of the specific heat of the CO2
with temperature variation, the calculations of the HTR and LTR
were obtained based on discretized effectiveness-based model as
explained in detail by Sleiti et al. in Refs. [24,25].

The thermal efficiency of each configuration is given in terms of
the net output power ( _Wnet) and the total input power ( _Qin) for
each configuration as:

hs�CO2
¼Pnet

_Qin
(14)

where the equations of _Wnet , and _Qin are given in Table 1.
3.3. Off-design model of the sCO2 power cycle

The off-design models developed by Dyreby et al. [37] for the
turbomachinery and recuperator components of sCO2 power cycle
were adapted here for the off-design analyses of the proposed cy-
cles. This off-design model was developed based on experimental
data being developed for use in a sCO2 power cycle at the Sandia
National Laboratory [37]. In this model, the modified flow coeffi-

cient (4*), ideal head coefficient (j*), and efficiency (h*) are given as
shown in equations (15)e(17), respectively.

4* ¼ _mCO2

rUcD2
c

 
N

Ndesign

!1=5

(15)

j*¼Dhi
U2
c

�
Ndesign

N

�ð204*Þ3
(16)

h*¼ h

�
Ndesign

N

�ð204*Þ5
(17)

where _m, and r are themass flow rate and density of the fluid at the
inlet of the compressor, respectively.Uc,Dc,N, andNdesign are the tip
speed of the rotor, diameter of the rotor, shaft speed, and the design
shaft speed, respectively. Dhi is the ideal enthalpy rise across the
compressor. The mass flow rate across the turbine is given as:



Table 1
Energy balance equations of the main components of the proposed scenarios.

Component/process Mass and energy balance equation

Direct Oxy-Comb. _Qoc ¼ _m1h1 � _m11h11 � _m16h16 � _m14h14;
_m1 ¼ _m11 þ _m16 þ _m14
_m1 ¼ _mCO2

þ _mwv ; _m11 ¼ _mrCO2
; _m16 ¼ _mf ; _m14 ¼ _mO2

_mO2
¼ 4, _mf

_mCO2
¼ _mrCO2

þ 2:75, _mf

_Qoc ¼ _mf ,LHVf

HPT _WHPT ¼ ht;HPT � _m1ðh1 � h2sÞ, ht;HPT ¼ ðh1 � h2Þ
ðh1 � h2sÞ

LPT _WLPT ¼ ht;LPT � _m1ðh1ˊ � h2ˊsÞ; ht;LPT ¼ ðh10 � h2Þ
ðh10 � h2sÞ

MC _WMC ¼ _m6ðh7s � h6Þ=hMC ; _m6 ¼ _m1 � _mwv; hMC ¼ ðh7 � h6sÞ
ðh7 � h6Þ

RC _WRC ¼ _m8ðh9s �h8Þ=hc ; _m8 ¼ _m7 � _mexp;CO2
; hRC ¼ ðh9 � h8sÞ

ðh9 � h8sÞ
OC _WOC ¼ _m14ðh14s � h13Þ=hc
FC _WFC ¼ _m16ðh16s � h15Þ=hc
HTR _QHTR ¼ _m1ðh2 � h3Þ

_QHTR ¼ _m11ðh11 � h10Þ
LTR _QLTR ¼ _m8ðh10 � h9Þ

_QLTR ¼ _m3ðh3 � h4Þ
PC _QPC ¼ _m1ðh4 � h5Þ

_QPC ¼ _m01ðh02 � h01Þ
IC _QIC ¼ _m7ðh7 � h8Þ

_QIC ¼ _m03ðh04 � h03Þ
ASU _WASU ¼ _mO2

� SPCASU
Net output power For S3: Pnet ¼ _WHPT � _WMC � _WRC � _WOC � _WFC � _WASU ;

For S4: Pnet ¼ _WHPT þ _WLPT � _WMC � _WRC � _WOC � _WFC � _WASU;
Total input power _Qin ¼ _Qoc þ _Qin;rec
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_mCO2 ¼ CsAnozzlerout (18)

where Cs is the spouting velocity (the velocity that could be ach-
ieved if the fluid isentropically expanded to the lower pressure
through an ideal nozzle). Anozzle is the effective nozzle area, and rin
is the fluid density at the turbine outlet. To obtain the isentropic at
the off-design conditions (ht;off ), first, the ideal aerodynamic effi-
ciency is calculated by Eq. (19) as follows:

haero;ideal ¼2n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

p
(19)

where n is defined as the ratio of tip velocity to the spouting ve-
locity of the turbine as follows:

n¼Ut

Cs
(20)

Cs ¼
ffiffiffiffiffiffiffiffiffiffiffi
2Dhi

p
(21)

Then, haero;ideal is substituted into Eq. (20) to obtain ht;off as follows.

ht;off ¼hdesignhaero;ideal (22)

Given that the mass flow rate of sCO2 changes under the off-
design condition, the off-design performance can be hold by the
relationship between the off-designed (UA) and designed (UA) of
the recuperators which is given as:

UAoff

UAdesign
¼

0
B@ _mCO2;off

_mCO2;design

1
CA

0:8

(23)
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3.4. Solution procedures

When the model of the intercooled oxy-combusted sCO2 power
cycle is integrated with solar field model, three variables will be
interacted between the two models which are the mass flow rate of
the sCO2, the temperature of the fluid at the inlet (Ta) and outlet (Tb)
of the receiver. Therefore, after the input parameters are defined (as
presented in Table 2), the solution procedures shown in Fig. 4 are
performed simultaneously. The solution start by inserting all of the
input parameters for the solar field and the power block. Then, two
parameters logically assumed which are the temperature of the
receiver (outer surface) and themaximumpressure at the inlet of the
turbine. Then the calculations code is run (which is built by using
Engineering Equation Solver (EES) in this study) until the receiver
load calculated from Eq. (3) converge with that calculated by Eq. (3)
and the calculated output power converge with the input power
demandwith error less than 0.1%. Once the error brought below 0.1%,
the results saved and transferred to Excel for further analysis.
3.5. Verification and validation

To validate the procedures and results of the off-design analysis
of the present study, we have verified the off-design results of a
50MWe simple recuperated sCO2 power cycle (SRC) integratedwith
molten-salt based SPT system published by Yang et al. [42]. They
have reported the off-design ambient conditions (direct normal
irradiance (DNI) and ambient temperature (Tam)) for summer sol-
stice (SS) and winter solstice (WS) for a typical remote and drought
city in China (Delingha, 37.4� N, 97.4� E) as shown in Fig. 5 (a) and
the power demand data for these days as shown in Fig. 5 (c). The
results of the receiver efficiency and cycle efficiency for both SS and
WS obtained by our model are compared with those reported by
Yang et al. [42] as shown in Fig. 5 (b) and Fig. 5 (c), respectively. The



Table 2
Design point parameters.

Parameter Range/Design value

Solar field parameters Direct Normal Irradiance, DNI (W/m2) 550
Heliostat field efficiency, hhel (%) 62
Heliostat height, Hhel (m) 12
Receiver diameter, Drec (m) 15
Receiver height, Hrec (m) 19.5
Receiver absorptivity, arec 0.94
Receiver emissivity, εrec 0.85
Tower height, Htow (m) 220
Ambient air temperature, Ta (oC) 45

sCO2 power cycle parameters Net output power, _Wnet (MW) 50

Maximum cycle pressure, Pmax (MPa) 20-30/25
Minimum cycle pressure, Pmin (MPa) 7.5
Minimum cycle temperature, Tmin 40-65/45
Turbine isentropic efficiency, ht [53] 93
Compressor isentropic efficiency, hc (%) [53] 89
LHVf , (kJ/kg) 50500
Pressure drops across the DOC, (%) [54] 3
Pressure drops across the HTR and LTR (hot side), (%) [54] 3
Pressure drops across the HTR and LTR (cold side), (%) [55] 1
Pressure drops across the PC and IC, (%) [55] 2
Specific power consumption of the ASU, SPCASU , (kW/(kgO2/s)) [56] 900
Compressor diameter, Dc (m) 0.48
Compressor shaft speed, Nc,design, (rpm) 13000
Turbine diameter, Dt, (m) 0.60
Turbine shaft speed, Nt,design, (rpm) 13000
Design recuperator effectiveness, εr , (%) [57] 95

Fig. 4. Flow chart of off-design solution procedures.
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results of the present study show good agreement with the refer-
ence data with difference less than 1% which may be attributed to
the differences in the solar field model such as the equations used
21
to calculate the heat transfer coefficient with the ambient air (Eq.
(7)) which is considered more conservative than that used by Yang
et al. [42].



Fig. 5. (a) Off-design ambient conditions provided by Yang et al. [42], (b) verification of the receiver efficiency calculations in SS and WS, and (c) verification of the cycle efficiency
with the variation of the power demand in SS and WS.
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Furthermore, the model of the power block is modified tomatch
the configurations of a simple recuperative and recompression
sCO2 power cycles to analyze their off-design performance using
the same control strategy applied by Dyreby et al. [37] (by adjusting
the compressor inlet pressure, main shaft speed, and the recom-
pression fraction). The obtained results are compared with those
published by Dyreby et al. [37] and show good agreement as shown
in the Appendix (Fig. A3).
4. Results and discussion

In this section, the off-design performance of S3 and S4 are
compared to the performance of the SRC studied by Yang et al. [42]
under the same conditions of Delingha city (section 4.1). Then, the
off-design performance of the solar field in S3 and S4 is investigated
and compared to the performance of the SRC based on ambient
conditions and power demand variations for typical days in Qatar
(section 4.2). Also, the off-design performances of the power blocks
(S3 and S4) under different compressor inlet temperatures (CIT)
and turbine inlet temperatures (TIT) are presented in section 4.3.
Finally, the effect of the ambient temperature on the operating
parameters of the solar receiver is discussed in section 4.4.
4.1. Comparison

Fig. 6 compares the performance of S3 and S4 relative to the
performance of the SRC investigated by Yang et al. [42] (abbreviated
as Ref. in the legend of Figs. 4 and 5) with the variation of the net
output power (Pnet). Fig. 6 (a) shows that the cycle efficiency of S3
22
and S4 is higher than of the Ref. cycle by 7.63% and 14.91% (based on
average values), respectively. The superior performance of S3 and
S4 compared to Ref. cycle attributed to utilization of the inter-
cooling configuration which significantly reduces the compression
power and improves the cycle efficiency. Although the Ref. cycle is
simpler in terms of turbomachinery components, S3 and S4
simplify the integration with the SPT system using direct connec-
tion with the DOC system without TES. In this way, at full load
demand, the variation of the solar field can be manipulated by
controlling fuel flow rate of the combustor. If the cycle operates
under part-load conditions with excess solar energy, the flow rate
of the fuel turn off and the pressure sliding control strategy is
applied to match the demand power. If the cycle works under part-
load conditions with the absence of the solar energy, the recycled
sCO2 flow can be bypassed directly to the DOC system and the same
strategy is followed to match the demand power.

As the intercooling process minimizes the compression power
bymaintaining dense behavior of the sCO2 across the compressor, it
also reduces the required amount of the working fluid (sCO2)
compared to the conventional SPT-sCO2 power systems as shown in
Fig. 6 (b). Consequently, the temperatures of the recycled sCO2 at
the outlet of HTR in S3 and S4 are higher than in Ref. as shown in
Fig. 6 (c). This in turns has a negative effect on the performance of
the solar field in S3 and S4 by minimizing the useful energy
received from the receiver. However, the reduction of the
compression power has dominated the overall thermal efficiency of
S3 and S4 and enhanced it significantly compared to Ref. cycle.
Minimizing the mass flow rate of the sCO2 in S3 and S4 keeps the
temperatures across the cycle components at higher level than in



Fig. 6. The performance of S3 and S4 compared to the SRC investigated by Yang et al. [42] in terms of the (a) cycle efficiency, (b) fluid temperature at the inlet of the receiver, (c)
mass flow rate of sCO2, and (d) the off-design isentropic efficiencies of the turbomachinery components (turbines and compressors).
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Ref. cycle which has a slightly reduces the off-design isentropic
efficiency of the turbomachinery components as shown in Fig. 6 (d).
This conclusion is confirmed by that the isentropic efficiencies of S3
is higher than of S4 as the temperatures across S4 components are
higher than of S3 (see Fig. 6 (d) as example).
4.2. Off-design analysis of the solar field

To investigate the off-design performance, real ambient condi-
tions and variable power demand data are needed. Therefore,
available data for the ambient conditions and power demand
variation of two typical days in Qatar (namely, 7 Sept. and 1 Feb.)
were used for the analysis [58,59]. These days were selected since
the maximum power demand along the year (2016) is noted in (7
Sept.) and minimum power demand in (1 Feb.). Fig. 7 (a) shows the
daily variation of DNI and Tam in these two days. Also, the power
demand profiles of them were scaled from the original profiles to
be fit with a 50 MW power cycle and presented in Fig. 7 (c) (bar
columns). The legend code for the curves in Fig. 7 is as follows: solid
lines for 7 Sept. and dashed lines for 1 Feb.; red-square lines for S3
and black-rectangle lines for S4; green and blue lines for the solar
field input data. Based on these data, the off-design performance of
the solar field (in terms of the receiver efficiency) and the power
cycle (in terms of the overall cycle efficiency hs-CO2) are presented
in Fig. 7 (b) and Fig. 7 (c), respectively. As shown in Fig. 7 (b), the
receiver efficiency in S3 is higher than in S4 by about 10.23% at the
peak of the DNI. This is attributed to the higher temperature of the
recycled sCO2 at the inlet of the receiver (as shown in Fig. 6 (c))
which minimizes the received energy from the receiver and thus
reduces its thermal efficiency. Furthermore, it can be noted that the
receiver efficiency in both 7 Sept. and 1Feb. slightly different from
each other since the effect of the ambient temperature reduction in
1 Feb. is compensated by the increase of the DNI in the same day
which levelized the receiver efficiency at 78% in S3 and 67 in S4 for
8 h (from 8:00 to 16:00).
23
It is a straightforward that the power demand variation affects
the cycle efficiency with higher efficiency occurs at higher power
demand and the opposite is true (see Fig. 7 (c)). However, the
turbine inlet pressure can be controlled (following the sliding
control pressure strategy) such that the cycle efficiency maintained
at higher values than the conventional SPT-sCO2 power systems.
For instance, in S4- 7 Sept., the cycle efficiency is varying from a
maximum value (55.68% at 50 MW, 14:00) to a minimum value
(50.04% at 50 MW,14:00). This implies that as S4 operates at 76% of
the full load, its efficiency is reduced by 5.64% comparing to the full
load efficiency. This difference is reduced to 4.35% in S3-7 Sept.
which means that S3 is more flexible than S4 with the power de-
mand variation. Further reduction of the power demand to about
38.3%e50% of the full load (in 1 Feb.) reduced the cycle efficiency by
about 7.08% in S4 and 6.51% in S3 compared to the efficiencies at
higher power demand (7 Sept.). Although the cycle efficiency of the
proposed configurations with the power demand variation still
higher than of the conventional SPT systems, the control strategy
needs more improvements to mitigate the decrease of the cycle
efficiency as the demand moves far from the full-design capacity.
Therefore, further investigation for the proposed configurations
with different and advanced control strategy is recommended.

Fig. 8. (a) compares the power demand of Delingha city (China)
reported by Yang et al. [42] and Qatar in summer and winter sol-
stices. In summer solstice, the power demand of Delingha and
Qatar slightly differ from each other. In winter solstice, the power
demand of Qatar is 44.5% less than of Delingha city. Accordingly, the
cycle efficiency of the SRCwith TES inwinter solstice of Qatar is less
than in winter solstice of Delingha by about 1.54% as shown in
Fig. 8. (b). The large difference between the power demand in
winter and summer (in Qatar) significantly reduce the efficiency of
the cycle and add more complexity to the design of the TES and
cycle components. The large demand in summer dictate large solar
field and TES capacity which have no benefits in winter with sharp
low demand in winter. To overcome this challenge, the solar field



Fig. 7. (a) Ambient conditions, (b) solar field performance, and (c) cycle efficiency with the variation of the power demand for two typical days in Qatar: 7 Sept (maximum power
demand day) and 1 Feb (minimum power demand day) in 2016.

Fig. 8. Comparison between (a) power demand of Delingha city and Qatar and (b) corresponding efficiency of the SRC equipped with TES.
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can be designed based on the power demand of winter solstice and
the additional power required in summer solstice is provided by
the direct oxy-combustor DOC proposed in S3 and S4 as shown in
Fig. 9.

Fig. 9 ((a) and (b)) shows the performance of S3 and S4 in
summer and winter solstices of Qatar and compares it to the per-
formance of the SRCwith TES under the same conditions. It is found
that the thermal efficiency of S3 and S4 (with DOC) are higher than
of the SRC (with TES) by 8.81% as a minimum and 22.11% as
maximum. Although the thermal efficiency of S3 and S4 consider-
ably change with the variation of the power demand during the
day, both configurations still have more efficient performance than
the SRC in both summer and winter solstices.

In the SRC with TES, the solar field is designed based on the
24
maximum power demand (50 MW, summer) which dictate very
large size than required at the minimum power demand (25 MW,
winter). In contrast, incorporating the DOC with the SPT system
make it possible to design the solar field based on the minimum
power demand such that the solar field being useful all the year at
all conditions. Meanwhile, the extra power required at summer
conditions easily provided by the DOC which is more reliable than
the TES. Table 3 shows the performance of S3 and S4 at different
power demand and solar field sizes compared to the basic size of
the SRC with TES. From Table 3, it can be noted that S3 and S4 show
higher efficiency at Nhel of 2473 compared to Nhel of 4946 in both
power demand cases (50 MW and 25 MW). At the same time, the
fuel consumption is increased to about two times higher than at
Nhel of 4946. However, the cycle efficiency is more efficient at



Fig. 9. Cycle efficiency of the SRC with TES, S3, and S4 based on (a) summer solstice and (b) winter solstice of Qatar.

Table 3
Effect of the solar field size on the performance of S3 and S4 compared to the SRC
with TES.

System Nhel At 50 MW power
demand

25 MW power demand

hs�CO2
_mf _mCO2

hs�CO2
_mf _mCO2

% kg/s kg/s % kg/s kg/s

SRC with TES 4946 35.70 e 536 29.40 e 341
S3 4946 37.55 0.827 465 31.73 0.305 196

2473 51.35 1.352 436 40.72 0.680 222
S4 4946 45.05 0.805 136 37.62 0.403 68

2473 53.84 1.62 274 41.08 0.810 137
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smaller solar field size with DOC works as the backbone of the
energy source.
4.3. Off-design analysis of the power cycle blocks

Fig. 10 shows the effect of the compressor inlet temperature
(CIT) and turbine inlet temperature (TIT) on the cycle efficiency and
consumed fuel (natural gas) in S3 and S4 configurations. The in-
crease of the CIT is imposed by the increase of the ambient tem-
perature which is the sink of the dry cooling process. Therefore, as
the ambient temperature increase the inlet temperature at the
compressor inlet also increases which increases the compression
power and reduces the cycle efficiency (by 8% for configurations).
Also, the increase of the CIT also yields higher temperature at the
inlet of the combustor which reduces the amount of the consumed
fuel by 5.8% over the range of the CIT. But the increase of the
compression power is more dominant than the decrease of the
consumed fuel which eventually reduces the overall cycle
Fig. 10. Effect of (a) CIT, and (b) TIT on the cycle efficien
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efficiency. In contrasts, the increase of the TIT (which is achievable
with higher fuel consumption but with about 15.8% lower than the
stand-alone DOC sCO2 power cycle) improves the cycle efficiency
by 8.6% in S4 and 8.13% in S3. As the TIT increases from 550 �C to
750 �C, the fuel consumption is increased by about 57% in both
configurations. It should be emphasized that S3, and S4 are able to
capture the excess sCO2 to transport it in proper conditions for
commercial applications). Therefore, the efficiency improvement
achieved at TIT of 750 �C (8.6% increase) increases the potential of
integrating SPT and DOC system for the following reasons: (1)
higher turbine inlet temperatures are achieved with lower fuel
consumption than that in standard DOC system (by about 15.8%),
(2) the produced power can be controlled and adjusted for the
variation of the ambient conditions and power demand profiles
without TES, (3) the capacity of the system can be scaled up by
increasing the load of the combustor without any modification on
the solar field components.
4.4. Effect of ambient temperature

The performance of the proposed configurations strongly de-
pends on the ambient temperature that varies between day and
night time as well as seasonally. This effect is shown by Fig. 11 (a)-
(e) for S3 configuration (similar behavior is noted for S4). The
ambient temperatures were selected based on sever and average
summer and winter conditions in Qatar. Comparing Fig. 11 (a), (b),
(c), and (d), it shows that as Tam increases, the mass flow rate across
the receiver and the absorbed heat by the receiver are increased too
(for instance, at winter Tam ¼ 2 �C, (with Qrec,in ¼ 320 MW and
Trec,in ¼ 378 �C), the mrec ¼ 400 kg/s, while at summer Tam ¼ 45 �C,
the mrec increases to 749 kg/s) This implies that about 8.11 kg/s is
increase in mrec occurs for each degree increase in Tam which
cy and consumed fuel in S3 and S4 configurations.



Fig. 11. Effect of the ambient temperature on the performance of the solar receiver of S3.
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enhances the efficiency of the CSP system by the reduction of the
receiver heat losses via convection and radiation with the ambient.
However, this imposes more work on the compressor as the in-
crease of the ambient temperature raises the temperature at the
inlet of the compressor. Therefore, a slight decrease in the overall
efficiency of the cycle is occurs at extremely high ambient tem-
perature. On the other hand, extremely low ambient temperature
negatively affect the performance of the receiver by enhancing the
heat losses to the ambient.

5. Conclusions

This study investigates the off-design performance of two novel
power cycle configurations that integrates the solar power tower
(SPT) system with the direct oxy-combusted (DOC) intercooled
sCO2 power cycle. The analyzed configurations in this study were
selected among five configurations and referred to as S3 and S4. In
S3, the SPT systemworks as a preheater for the DOC systemwhile in
S4 the SPT systemworks as a reheater for the outlet flow of a high-
pressure turbine. The off-design analysis approach first verified and
validated against published results introduced by Yang. et al. [42]
and the results shows good agreement with error less than 1%.
Their cycle was a SPT with TES integrated with simple recuperated
sCO2 power cycle (Referred to as “Ref.” in this study). Then, the off-
design analysis of S3 and S3 is performed based on real ambient
conditions and power demand profiles for two typical days in Qatar.
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Then, off-design operating conditionswere applied by changing the
compressor inlet temperature (CIT) and the turbine inlet temper-
ature (TIT) to analyze their effects on the cycle efficiency and the
fuel consumption. The main conclusions of the present study are:

� The design and off-design overall cycle efficiencies of S3 and S4
are higher than the conventional SPT-sCO2 power systems.
Compared to the Ref. Cycle, the cycle efficiency of S4 and S3 are
higher by 15% and 7%, respectively, at the maximum power
demand profile (which are close to the data used for the
Ref. cycle).

� In S3 and S4, the solar field size can be reduced by 50% compared
to the conventional SPT-sCO2 systems with higher efficient
operation as the DOC forms the backbone of the energy source.

� Although the efficiency of S4 is considerably higher than S3, S3
show better flexibility with the variation of the power demand.
At 76% of the full load, the cycle efficiency is reduced by 5.64% in
S4 and by 4.35% in S3.

� At the design point conditions, the increase of the CIT reduces
the cycle efficiency (by 8%) but also reduces the amount of the
consumed fuel (by 15.8%). On the other hand, the increase of the
TIT improves the cycle efficiency (by 8.6%) but also increases the
consumed fuel by (57%).

� From the overall analyses, it is recommended to design a com-
bined SPT and DOC system with S4 configuration and the solar
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field size is selected to cover the minimum power demand to
achieve efficient and economic power block system.

� More control strategies need to be investigated and compares
with the applied strategy in this study to mitigate the decrease
of the cycle efficiency as the demand moves far from the full-
design capacity.
Fig. A2. The optimization methodology for the investigated SPT-DOC sCO2 power
cycles. Note: hs-CO2 ¼ overall cycle efficiency, εoverall ¼ overall exergy efficiency of the
system, cp,total ¼ total product unit cost, LCOE ¼ levelized cost of electricity,
MOF ¼ multi-objective function, Min. ¼ minimize, and Max. ¼ maximize.
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Appendix
Fig. A1. Investigated configurations for the integration between the SPT and intercooled DOC sCO2 power cycle.
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Fig. A3. Comparison between published results by Dyreby et al. [37] and those obtained by the model of the present study for the SRC and recompression sCO2 power cycles with
the off-design and optimal off-design of the CIT (a, b), TIT (c, d) and part-load operation (e). Note (1): Off-design ¼ without adjusting the control variables and the output power is
varied, Optimal off-design ¼ the control variables are adjusted such that the output power remains constant at 10 MW. The control variables include the compressor inlet pressure
and the main shaft speed (for both cycles) and the recompression fraction (for the recompression cycle only). Note (2): The results presented by Dyreby et al. [37] were based on
experimental-based model using data being developed for use in a sCO2 power cycle at the Sandia National Laboratory [37].
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