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ARTICLE INFO ABSTRACT
Keywords: Supercritical carbon dioxide (sCO2) cycles can achieve higher efficiencies than an equivalent steam Rankine
Supercritical CO; cycle cycle at higher turbine inlet temperatures (>550 °C) with a compact footprint (tenfold). sCO; cycles are low-

Fossil-fired
Techno-economic

Cost of electricity
Multi-variable optimisation

pressure ratio cycles (~4-7), therefore recuperation is necessary, which reduces the heat-addition tempera-
ture range. Integration of sCO, cycles with the boiler requires careful management of low-temperature heat to
achieve higher plant efficiency. This study analyses four novel sCO; cycle configurations which capture the low-
temperature heat in an efficient way and the performance is benchmarked against the state-of-the-art steam
Rankine cycle. The process parameters (13-16 variables) of all the cycle configurations are optimised using a
genetic algorithm for two different turbine inlet temperatures (620 °C and 760 °C) and their techno-economic
performance are compared against the advanced ultra-supercritical steam Rankine cycle. A sCO, power cycle
can achieve a higher efficiency than a steam Rankine cycle by about 3-4% points, which is correspond to a plant
level efficiency of 2-3% points, leading to cost of electricity (COE) reduction. Although the cycle efficiency has
increased when increasing turbine inlet temperature from 620 °C to 760 °C, the COE does not notably reduce
owing to the increased capital cost. A detailed sensitivity study is performed for variations in compressor and
turbine isentropic efficiency, pressure drop, recuperator approach temperature and capacity factor. The Monte-
Carlo analysis shows that the COE can be reduced up to 6-8% compared to steam Rankine cycle, however, the
uncertainty of the sCO; cycle cost functions can diminish this to 0-3% at 95% percentile cumulative probability.

been proposed for different applications and Crespi et al. [10] had
reviewed forty-two cycle configurations. Thanganadar et al. [6] has
integrated five cascade cycle configurations with the bottoming cycle,
and the study showed that the cascade cycles can be integrated with a
sensible heat source with a larger temperature difference across the
primary heat exchanger (AT). Conventionally, the Brayton cycles are
thermodynamically compared using efficiency vs specific power curves
with the objective of maximising both of them [11]. The typical cost
share of the boiler is about 30-50 % of the whole plant cost whilst the
other systems including turbine, feed water heater, steam piping, and
cooling system covers the remaining [12]. This indicates that increasing
the efficiency not only reduces the fuel cost but also reduces the size of
the boiler (reducing the boiler heat duty) for a given electrical power
output, thus strongly reducing the capital cost. In addition, turboma-
chinery are volumetric devices, therefore reducing the volumetric flow
can reduce their size and cost, increasing the specific power for a given
fluid. Therefore, maximising both of them is expected to minimise the
cost of electricity (COE).

1. Introduction

A flexible thermal power plant has a significant role in the future
energy view to maximise higher penetration of variable renewable en-
ergy generation into the grid. National Energy Technology Laboratory
(NETL), USA is funding researches to develop flexible fossil-fuel power
plants with the integration of thermal energy storage [1]. Supercritical
carbon dioxide (sCO2) cycles are investigated to enhance the plant
performance and flexibility owing to their compact footprint [2]. Indi-
rect sCO; cycles aren’t only investigated for coal-fired plant [3], but also
for CSP applications [4], nuclear [5], combined cycle power plant [6],
waste heat recovery [7], geothermal [8]. Semi-closed, direct-fired sCO2
cycles such as Allam cycles can be integrated with a coal-fired plant by
adapting a commercial gasification unit. Moreover, additional techno-
logical challenges need to be addressed such as high-pressure combustor
design and the corrosion and erosion issues caused by the impurities in
coal and particulates [9]. Various indirect cycle configurations have
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Nomenclature

CIT Compressor Inlet Temperature
HT High Temperature

HTR High Temperature Recuperator
IC Intercooler

COE Cost of Electricity

LT Low Temperature

LTR Low Temperature Recuperator
MC Main Compressor

MH Main Heater

GA Genetic Algorithm

PC Precooler

PCC Partial Cooling Cycle

PR Pressure ratio

PreC Pre-compressor

RC Recompressor

RCBC Recompression Brayton Cycle
RH Reheater

sCO, supercritical Carbon Dioxide
TASC Total as Spent Capital

TIT Turbine Inlet Temperature
TPC Total Plant Cost

sCO3 cycles are generally more efficient than an equivalent steam
Rankine cycle when the turbine inlet temperature (TIT) is > 550 °C [5].
The closed-loop sCO; cycle is inefficient without recuperation as the
cycle pressure ratio is small (around 4-7) owing to the higher critical
pressure of COy; 73.8 bar. The effectiveness of the recuperation circuit is
limited by the occurrence of a pinch point as the thermodynamic
properties of sCOy varies dramatically, limiting the maximum heat
transfer. A recompression cycle (RCBC) is highly efficient as it has two
recuperators and the cold stream capacitance of the low temperature
recuperator (LTR) is controlled by a parallel recompression loop, which
is analogous to direct mixing recuperation. However, the AT is lower
(220 °C) for this cycle due to the smaller pressure ratio, leading to lower
specific power. Therefore, integration of this cycle with a coal-fired
power plant might not be able to cool the flue gas close to the
required air preheater (APH) temperature, thereby penalising the boiler
efficiency. Alternatively the AT of a simple recuperative cycle and par-
tial cooling cycle is about 285 °C for a TIT of 750 °C at 300 bar [13]
which makes them attractive, though the efficiency of the former cycle is
lower. Miller et al. [14] suggested that the maximum temperature lim-
itation of APH is 371 °C based on vendor information, which is unlikely
to be achieved with the standard proposed cycles, therefore, alternative
cycle configurations are investigated. The partial cooling cycle has a
higher AT with a small penalty in efficiency, therefore this cycle could
offer a lower CAPEX configuration [15]. Cascade cycles can accept the
heat over a large temperature range; however, the efficiency of these
cycles is generally lower [16]. Therefore, these cycles are less attractive
for applications where internal recycling of the hot source is possible,
increasing the mean Carnot heat addition temperature, such as nuclear
and CSP [16]. Sun et al. [17] proposed to integrate a bottoming cycle in
the low-temperature flue gas path of a coal fired power plant and
investigated five sCO- cycles as a bottoming cycle solution, concluding
that recompression and partial cooling cycles better matches the tem-
perature profile. Low temperature thermal management is crucial for
sCO;, cycles particularly when integrated with sensible heat sources. For
instance, Mohammadi et al. [18] proposed a triple power cycle concept
for a combined cycle power plant to better utilise the low-temperature
heat from the flue gas. For a coal-fired plant, the flue gas has to be
cooled to the maximum APH temperature limit in order to maximise the
plant efficiency, therefore, the cascade cycles and their variants can be
attractive depending on the AT requirement. Miller at.al. [14] showed
that the theoretical maximum efficiency of cascade cycles is 27% and
32% whilst the maximum efficiency of RCBC is 34% and 34.5% when
the TIT is 593 °C and 730 °C respectively. Also, despite having three
primary heat exchangers as opposed to one in RCBC without low-grade
heat recovery, the cost of the cascade cycle was lower than the base cycle
whilst the cost of RCBC was roughly twice for a TIT of 593 °C [14]. On
the other hand, the cost index of the cascade cycle increases almost in a
similar manner for both cascade cycle and RCBC for a TIT of 730 °C,
which implies that the cycle selection can be primarily affected by the
TIT. Thanganadar et al. [19] showed that sCO2 recompression cycle off-

design efficiency and the heat input to the cycle reduces significantly for
a higher ambient temperature operation when maximising the effi-
ciency, which is critical for coal-fired power plants. Thanganadar et al.
[20] also showed that the off-design heat input reduction to the cycle for
the partial cooling cycle is lesser than recompression cycle when max-
imising the cycle efficiency at higher ambient temperature operations,
making partial cooling cycle attractive.

Qiao Zhao [21] performed a superstructure based optimisation to
explore the optimal cycle configuration and concluded that the selection
of compressor inlet temperature doesn’t influence the optimal layout
selection based on cycle efficiency whilst the TIT impacts the efficiency
without notable changes in component size, within the investigated
search space. The superstructure was formulated by combining the a few
sCO; cycles and the optimal configuration to maximise efficiency fa-
vours two-stage reheating, double recompression and a preheater tap-
ping from the main compressor outlet for low-grade heat recovery [22].
On the other hand, a lower Levelised Cost of Electricity (LCOE) solution
is achieved with an intercooled single-reheat simple recuperative cycle
with low-grade heat management, despite achieving lower efficiency.
Mercheri et al. [23] integrated RCBC and their variants with coal-fired
plant concluded that sCO; cycles can achieve an efficiency of about
47.8% (LHV) and single reheater offers 1.5% pts increase in efficiency
whilst double reheat and double recompression increases the efficiency
by 0.3 and 0.5%pts respectively. Yann Le Moullec [3] has integrated a
sCO cycle with and without post-combustion carbon capture (mono-
ethanolamine as solvent) and showed that a net efficiency of 41.3%
(LHV) is achievable when the CO; is compressed to 110 bar. Bai et al.
[24] has proposed to have three recuperators and a branching stream
from the cold outlet of the second stage recuperator is supplied for the
boiler low-grade thermal management, concluding that a net cycle ef-
ficiency of 49.5% LHV (assumed boiler efficiency of 97%) can be
achievable with 296 bar and 650 °C. Park et al. [25] analysed four sCO4
cycles for coal-fired power plant concluding that maximum efficiency of
43.9% HHV is achieved, which is increased to 45.4% HHV by the
addition of transcritical COy (tCO3) bottoming cycle. Michalski et al.
[26] integrated three advanced power cycles including sCO5 recom-
pression cycle with calcium looping coal-fired power plant, concluding
that sCO» cycle achieved 0.9% higher efficiency than equivalent steam
Rankine cycle. Wei et al. [27] performed a techno-economic analysis of
sCO2 cycle integrated coal/biomass fired power plant with oxy-
combustion, concluding that efficiency of 30.5% is achievable using
coal as a fuel at a cost of 84.2 €/MWh.

Huang and Sonwane [28] has modelled a double recuperation
recompression Brayton cycle and concluded that the TIT is the main
driver to increase the efficiency than the turbine inlet pressure. How-
ever, increasing the cycle pressure ratio also helps increase the cycle
specific power and thereby helps in reduction of CAPEX. Therefore, the
optimal pressure and temperature selection is a trade-off between
thermodynamic efficiency and economic cost factors. Alfani et al. [29]
performed a multi-objective optimisation of a 100 MWe recompression
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sCO;, cycle integrated with the coal-fired plant to investigate the trade-
off between system performance and plant flexibility concluding that
the sCO cycles half the response time with a 2%pts higher efficiency
than conventional steam cycles. White et al. [30] analysed the ther-
modynamic trend of sCO, integrated with the coal-fired power plant
that gives insight to the component size (volumetric flow rate for
turbomachinery and heat duty for heat exchangers) and efficiency as a
function of cycle pressure ratio. A NETL report by White et al. [31]
analysed the techno-economic performance of indirect sCO3 cycles using
an oxy-fired circulating fluidized bed, concluding that increasing TIT
from 620 °C to 760 °C increased the plant efficiency by 4.4-4.8% pts.
The efficiency boost due to the inclusion of intercooler and reheater is
more pronounced at 620 °C than at 760 °C. The COE reduces with the
addition of an intercooler for both 620 °C and 760 °C whilst the addition
of a reheater reduces the COE at 620 °C but slightly increases the COE at
760 °C mainly due to the increased high-temperature piping cost. White
et al. [32] integrated a sCO5, cycle with a NETL baseline commercial air-
fired pulverised boilers (B12A) and oxygen-fired circulating fluidized
bed for a TIT of 620 °C and 760 °C. This study concluded that the effi-
ciency increased by 5% pts compared to the NETL baseline pulverised
coal power plant with an advanced ultra-supercritical steam Rankine
cycle (AUSC), and reduced the water consumption by 22-33% owing to
the reduction in sink heat duty and the elimination of boiler blowdown.
A downdraft boiler is considered for AUSC to reduce the high energy
nickel steam piping length between boiler and turbine, consequently
reducing cost [33]. Nathan et al. [34] integrated a sCO; cycle with an
Oxy-CFB boiler and highlighted that the sCO; piping cost is higher than
an equivalent steam cycle as the mass flow rate is higher. Therefore,
increasing the cycle specific power is desired in order to reduce the
power cycle component cost by reducing the recuperator heat duty and
turbomachine volumetric flow rate. In most of the studies, boiler low-
grade heat is managed by a branching-off stream from the sCO; cycle
or by the integration of a bottoming cycle. However, other options such
as increasing the pressure ratio to increase the heat addition AT has
seldom been investigated, even though the cycle specific power is
increased [30]. In particular, partial cooling cycles are known to offer
better off-design performance than a recompression cycle for a higher
CIT mainly because the turbine exhaust pressure and main compressor
inlet pressures are disconnected by the partial compressor in the former
case, whilst they only differ by the pressure drop of the recuperators in
the latter case [15,35]. Since the pressure ratio of the partial cooling
cycle is higher than a recompression cycle for a given maximum pres-
sure, partial cooling cycle performance can be less sensitive to an ab-
solute boiler pressure drop than RCBC, which is critical for a coal-fired
boiler [15]. The partial cooling cycle variants are seldom investigated
for coal-fired applications although the heat addition AT and specific
power are higher compared to RCBC [13]. Secondly, in most of the
above studies the boiler isn’t modelled and a fixed boiler efficiency is
considered in the literature. Boiler efficiency is notably dependent on
the flue gas exit temperature. For example, every 22 °C increase in the
flue gas outlet temperature from the APH reduces the boiler efficiency
by 1% [14,36]. Therefore, a whole plant model, which integrates both
the boiler and sCO; power cycle, need to be modelled and optimised to
comprehend the realistic performance of sCO cycles.

This paper investigates four novel thermodynamic cycle configura-
tions, which are the variants of recompression, partial cooling cycle, and
cascade cycle for two different TITs (620 °C and 760 °C). The steam
condition of an ultra-supercritical steam Rankine (USC) cycle is about
620 °C [32] (above 620 °C high-strength nickel alloy tubes are desired
[37]) whilst AUSC operates around 760 °C [33,38], therefore these two
operating temperatures are considered for investigation. Both the boiler
and sCO; cycle are modelled to capture the thermodynamic interactions.
A detailed techno-economic analysis is performed for these cycles and
the process parameters are optimised using multivariable metaheuristic
procedure based on a genetic algorithm for both the TIT’s (2 x 4 cases).
The number of continuous process variables ranges from 13 to 16 which
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significantly complicates the optimisation. The cycle performances are
compared against the equivalent baseline NETL steam Rankine cases to
benchmark the performance improvements. In order to quantify the risk
of developing sCOz cycles, a Monte Carlo analysis is performed to assess
the cumulative probability distribution of COE due to the uncertainty
associated with the cost function of sCO; technology. Finally, a sensi-
tivity study is performed for changes in the turbomachinery efficiency,
LTR approach temperature, primary heat exchanger pressure drop, and
capacity factor.

2. sCO; cycle configurations

Four novel sCO5 cycle configurations were developed in this study by
combining the features of recompression (RCBC), partial cooling (PCC)
and cascade cycles. Casel and 2 were developed by integrating a partial
cooling cycle with a cascade cycle and the difference between them is
the number of recuperators and economiser, i.e. Case 1 has two recu-
perator/economiser whereas Case 2 contains three. Case 3 and Case 4
integrates a recompression cycle with a cascade cycle and the number of
recuperators/ economisers are two for the former case and three for the
latter case.

2.1. Cycles derived from PCC (Case 1 and 2)

Fig. 1 shows Case 1 configuration which combines a partial cooling
cycle with a cascade cycle (Cascade Cycle 3 [6]) with a two-stage
intercooler and a single-stage reheater. The selection of a single-stage
reheater and two-stage intercooler is according to White et al. [32].
The main heater (MH) and the reheater (RH) are located in parallel to
the flue gas stream so that the flow fraction can be optimised, thereby
enable the functionality of adding/removing the reheater into the pro-
cess. The turbine outlet of HT2 is in the supercritical vapour phase as
opposed to the supercritical state in Case 3 and Case 4.

The expanded sCO5 from the 2nd stage turbine (HT2) is passed
through two-stages of recuperation i.e. HTR and LTR respectively. The
hot stream outlet of the LTR is partially cooled in a precooler, then
compressed above the critical pressure using a precompressor (PreC). A
fraction of the outlet stream is compressed using a recompressor and
connects downstream of the LTR whereas the remaining flow is cooled at
the intercooler and compressed using two-stage intercooler main
COMpressors.

A fraction of the flow downstream of the main compressor is passed
through the LTR, whilst the remaining passes through the economiser#2
(Eco2). The LTR cold stream outlet is mixed with the recompressor
outlet, followed by mixing with the Eco2 outlet stream, and part of the
flow is split to the economiser #1 (Ecol), whilst the remaining flow goes
through the HTR. The outlet of the HTR and Ecol are mixed and a
fraction of the flow is passed through a low temperature (LT) turbine
while the remaining flow passes thought the main heater, then partially
expanded in the 1st HT turbine (HT1), followed by the RH and a 2nd
stage expansion in HT2. Fig. 2 shows the typical T-Q diagram of Case 1,
where the temperature matching between the cold and hot streams can
be compared, inferring the exergy destruction.

Fig. 3 shows the configuration of Case 2 that has three recuperators
and economisers as opposed to two in Case 1. This cycle is developed for
two reasons, 1) to provide an additional degree of freedom which fa-
cilitates the better matching of the T-Q profile (Fig. 4) in the recuperator
and primary heat exchanger, reducing the exergy destruction 2) to
reduce the heat load of the HTR, which uses an expensive material when
the maximum temperature goes over 550 °C, so that the cost of recu-
perators can be lowered. It should be noted that the former tends to
reduce the log-mean temperature driving force, resulting in an increase
of conductance, thus the surface area for a given heat duty, therefore a
trade-off is required. Fig. 4 shows the typical T-Q diagram of Case 2.
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Fig. 2. Temperature-Enthalpy (T-Q) diagram of Case 1, Top) primary heat exchanger train bottom) recuperator train.

2.2. Cycles derived from RCBC (Case 3 and 4) Case 1; the only difference is on the heat rejection and compression side
components. The cycle configuration 3 combines the features of RCBC
The recuperator and boiler side components of cycle 3 are similar to and cascade cycles with the two-stage intercooler compressor and
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single-stage reheater (Fig. 5). Removing the low temperature turbine turbine (HT?2) is passed through two-stages of recuperation i.e., HTR and

(LT) changes this configuration close to the alternative configuration LTR respectively, then part of the sCO4 flow is diverted through a
studied in White et al. [32]. The expanded sCO5 from the 2nd stage recompressor (RC) which connects to the LTR cold outlet, bypassing the
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and boiler heaters are shown in Fig. 6. Fig. 7 shows the cycle configu-
ration 4 (Case 4) is derived from cycle 3 by adding an additional medium
temperature recuperator (MTR) and economiser #3 (Eco3). For the sake
of completeness, the T-Q diagram of cycle 4 is shown in Fig. 8.

3. Thermodynamic modelling

An in-house code has been developed in MATLAB® for all the process
components such as compressor/ pump, turbine, heat exchanger (one-
dimensional), valve, splitter and mixer. The plant-level code sequen-
tially solves the component models in a flexible way, which allows
modelling any plant configuration in a robust manner. For a simulation
of the closed-loop cycles or recycle streams, the plant solver guesses the
tear stream values and converges the solution within the predefined
tolerance using a non-linear iterative solver, which is the Newton-
Raphson iterative method and Broyden algorithm for calculation of
the Jacobian matrix. The thermal physical properties of sCO, are
calculated using the REFPROP library [39], which uses an iterative
routine minimising Helmholtz free energy. The number and the location
of the tear streams changes depending on the process configurations.

Since this work adapts the NETL base case steam boiler (B12A) to a
sCO based cycle, the fuel input and the air mass flow are fixed as the
same as B12A. The ultimate analysis of the Illinois No.6 coal is shown in
Table 1. The coal flow is 49.8 kg/s and the primary airflow, secondary
airflow and the infiltration airflow are 121.7 kg/s, 396.1 kg/s and 8.7
kg/s respectively [40].

Steady-state mass and energy conservations are applied to all the
components to calculate their outlet state properties from the inlet
conditions. The recuperators are modelled based on effectiveness while
the cooler and the primary heater are modelled based on the outlet
temperature set points.

The sCO, turbomachinery is simulated as a zero-dimensional model
based on their isentropic efficiencies (1;,,,) The outlet enthalpy (hoy) of
the turbine is calculated using Eq. (1) and the compressor is calculated
using Eq. (2), where hy is a function of outlet pressure (P, )and inlet
entropy (Sin).

hour.mrb = hin.lurb - (hin‘turb - th.rurb) X ’Y,scn,mb (l)

hom,comp = hinmomp hZ.wamlJ — hm.mmﬁ (2)

r][sen,comp

The heat exchanger is a one-dimensional code in order to capture the
nonlinear property variation of sCO, along the length of the heat
exchanger (10 zones). The number of zones is selected based on an
initial set of simulations that captures the nonlinear property variation
across the length of the heat exchanger with the computational speed.
The heat exchanger function sizes the heat exchanger based on
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effectiveness (<) using Eq. (3) or specifying the outlet temperature of
either the hot or cold stream.
=2 3)
Ql?lﬂ.\'
The actual amount of heat transfer (Q) is calculated from the given

input of effectiveness and calculated Q. The Quq is calculated based
on Eq. (4).

Oax = Min(Ceotas Chor) X (Thjn — Tein) 4

The capacitance rate of the cold stream (Cwldin"?" ) is calculated based
on Eq. (5) and a similar equation can also be applied to calculate the hot
stream capacitance rate (Cpo)-

Cou = s X 2 = ®
where the h&out,ma.x :f(PC,oun Tc.out,ma.x) and Tc,out.max = Th,in

The conductance (UA) is calculated for all the heat exchanger zones
using the NTU method [41] and the total conductance is the sum of the
conductance of all the zones. The heat duty of the heat exchanger is
reduced if the minimum pinch temperature constraint is violated within
the heat exchanger or any temperature crossover is detected. The pri-
mary heat exchanger and the cooler are modelled based on the cold and
hot outlet temperatures respectively. For example, Tp;, in Eq. (4) is
replaced with the desired hot outlet setpoint for the cooler and the heat
duty is reduced if the minimum pinch requirement is violated. The
economiser outlet temperatures are optimised to maximise the plant
efficiency. For the primary heat exchanger, air and flue gas properties
are calculated using REFPROP.

3.1. Modelling assumptions

Thermodynamic modelling assumptions are listed in Table 2. All the
cycle configurations are simulated for two sets of turbine inlet temper-
atures (TITs), i.e., 620 and 760 °C.

Table 3 shows the auxiliary power breakdown considered and the
cooling water pump, cooling tower fan power is scaled as a function of
both precooler and intercoolers duty. Since the thermal input to the
boiler is maintained as the same as the B12A base case, the auxiliary
power related to fuel/ash handling and flue gas treatment systems is not
affected whereas the transformer losses are scaled as a function of the
generator gross power output.

3.2. Economic modelling

The COE is calculated by using Eqgs. (6) and (7), where CCF is the
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Table 1

Coal Specification (Illinois No.6 coal) [40].
Parameter Unit Value
High Heating Value (HHV) kJ/kg 27,113
Low Heating Value (LHV) kJ/kg 26,151
Ultimate Analysis
Moisture Weight% 11.12
Carbon Weight% 63.75
Hydrogen Weight% 4.5
Nitrogen Weight% 1.25
Chlorine Weight% 0.29
Sulfur Weight% 2.51
Ash Weight% 9.7
Oxygen Weight% 6.88

capital charge factor using a value of 0.102 [40], and a capacity factor

(CF) of 85%.

__ capitalcharge + fixedoperatingcost + variableoperatingcost

COE
annualnetenergygenerated

_ CCF*TASC + OCjiyea + CF X OCariapie

E
co CF x MWh

(6)

(7)

The total as spent capital (TASC) is calculated using Eq. (8), where

the TASC multiplier is taken as 1.134 [43].

TASC = TASCMultiplier x TOC 8

The total overnight cost (TOC) is calculated using Eq. (9). Since the
TOC is calculated at the base year, TASC expressed in mixed- year cur-
rent dollars, spread over the capital expenditure period.

TOC = OwnersCost +TPC (C)]

The owner’s cost is calculated using the same breakdown provided in
the NETL steam cycle baseline report [40] so that the cycles can be
compared.

The total plant cost (TPC) is calculated by using Eq. (10),

TPC = BEC + Contingencies + H.O.Fee (10)

The home office (H.O.) fee is assumed as 10% of the bare erected cost
(BEC) [40], and 15% of the BEC is considered as the project contingency
[40]. The process contingency is neglected to be in line with the cost
estimation of the NETL base case B12A.

The BEC includes the equipment, material and both the direct and
indirect labour costs. Since fuel supply to the boiler is fixed as same as
base case (B12A) value, the cost of fuel handling, ash handling and other
subsystem cost are constant. On the other hand, the size and the cost of
the cooling water system, boiler and the turbine building cost change for
different configurations. The scaling method is applied to the NETL base
cost structure to account the cost variation for the changes in the
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Table 2

Thermodynamic modelling assumptions.
Description Unit Value
Turbine isentropic efficiency [32] % 92.7
Main compressor isentropic efficiency [32] % 85
Recompressor isentropic efficiency [32] % 85
Pre-compressor isentropic efficiency [32] % 85
Recuperator Effectiveness [6] % 95
Recuperator minimum pinch [32] °C 5.6
High Pressure (Main Compressor Outlet) [32] bar 350
Precooler/intercooler outlet temperature °C 32
Turbine Inlet Temperature [33] °C 620,760 (Varied)
Boiler minimum pinch temperature °C 30
Economiser minimum pinch temperature °C 30
Ljungstrom APH minimum pinch temperature °C 30
Maximum flue gas temperature to APH [14] °C 371
Minimum flue gas outlet temperature from APH [40] °C 142.8
Pre-cooler approach temperature [42] °C 15
Intercooler approach temperature [42] °C 15
Cold side pressure drop of Precooler % 1
Hot side pressure drop of Precooler % 0.8
Cold side pressure drop of intercooler % 1
Hot side pressure drop of intercooler % 0.1
Cold side pressure drop of Primary Heat Exchanger % 1
Hot side pressure drop of Primary Heat Exchanger % 1
Cold side pressure drop of economiser % 0.3
Hot side pressure drop of economiser % 0.3
Cold side pressure drop of Recuperator % 0.3
Hot side pressure drop of Recuperator % 0.8
Generator efficiency [40] % 98.5

Table 3

Auxiliary Power Breakdown [40].
System Unit  Value  Scaling
Coal Handling and Conveying kWe 430 Thermal Input (B12A)
Pulverizers kW, 2690
Sorbent Handling & Reagent Preparation =~ kW, 850
Ash Handling kWe 620
Primary Air Fans kWe 1330
Forced Draft Fans kW, 1700
Induced Draft Fans kW, 6660
Selective Catalytic Reduction (SCR) kW, 40
Activated Carbon Injection kW, 22
Dry sorbent Injection kWe 86
Baghouse kWe 90
Wet Flue Gas Desulphurisation (FGD) kW, 2830
Miscellaneous Balance of Plant kWe 2000 Constant
Steam Turbine Auxiliaries kW, 400
Condensate Pumps kW, 800
Ground Water Pumps kW, 460
Circulating Water Pumps kW, 4520 Condenser Duty
Cooling Tower Fans kWe 2340
Transformer Losses kW, 1820 Gross Power

reference parameter as shown in Eq. (11). Table 4 shows the scaling
parameter, reference parameter, cost reference and the exponent used
[44,45].

SCdlingparame[er exponent
referenceparameter an

COStscated = COStreference <referenceparameter

The cost functions of the sCO, power block components are listed in
Table 5, where the temperature correction factor (f), material and la-
bour cost are also shown [46-48]. The estimation of the high-
temperature sCO, piping and foundation are scaled from the sCOy
cycle NETL report [31]. Since the piping material and turbine founda-
tion cost changes with temperature, the reference cost, reference
parameter values change for the two TITs considered. The fuel price of
2.94 $/MMBTU is considered [40] and the fixed and variable operation
and maintenance (O&M) costs breakdowns are estimated using the
procedure given in the NETL baseline report [40].
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4. Metaheuristic optimisation

A single-objective optimisation was performed to explore the
maximum thermal performance for changes in the boundary conditions.
Genetic algorithm (GA) is used which maximises the plant net efficiency
(lboiter X Meycte) Dy Optimising the power cycle process variables including
pressure(s), mass flow rate, economiser outlet temperatures, and split
fractions. Table 6 shows the optimisation parameters and their ranges
used for each of the four sCO; cycles, obtained from a set of initial runs.
The minimum/maximum bounds were adjusted if a variable reached
close to their bounds at the optimal solution. The process flow models
are integrated with GA in MATLAB® to perform the optimisation study
and the structure of the code is shown in Fig. 9. The number of popu-
lation and the number of generations are selected between 15 and 20
times the numbers of variables to ensure global convergence. Two
constraints are considered in the optimisation 1) the maximum flue gas
inlet temperature to APH is 371 °C (commercial availability [14]), 2) the
minimum flue gas outlet temperature of APH is 142.8 °C (same as B12A
base case [40]). The components are modelled in a flexible way to
handle a wide range of inputs. For instance, the optimisation algorithm
can set a compressor outlet pressure lower than its inlet pressure in
which case the compressor acts as a pressure reducing valve and the
outlet temperature is calculated using the isenthalpic process. Similarly,
if the cold outlet temperature of an economiser set by GA is lower than
its cold inlet temperature or the hot inlet temperature is lower than the
cold inlet temperature plus the minimum pinch, then the economiser
will be bypassed and the pressure drop is set to zero. In this way, the
thermodynamic process code is flexible to handle a wide range of search
space without it failing.

5. Model validation

The modular in-house code was validated against the literature in the
author’s previous works [19,20] and additional validation is shown in
this section. Moisseytsev and Sienicki [49] reference cycle condition is
used for validation which shows the design data of 96 MW, sodium-
cooled fast reactors. The sCO, cycle configuration is a recompression
cycle with a TIT of 471.8 °C is modelled in MATLAB. Although the
turbine and compressor isentropic efficiencies weren’t reported, they
have been back calculated from the outlet temperature values stated.
These resulted in efficiencies of 93.3%, 90.7% and 93.5% for the main
compressor, recompressor and turbine respectively. Generator effi-
ciency of 98.5% and a mechanical loss of 1% are considered for both the
turbine and compressors. The state temperature differences are match-
ing with the literature reported values with the maximum relative per-
centage error of 0.2% as shown in Table 7.

6. Results and discussion
6.1. Thermal performance comparison

All the four cases are optimised for two different turbine inlet tem-
peratures (TITs), i.e., 620 °C and 760 °C. In order to distinguish both the
simulation results, a suffix “a” is added for 620 °C results and “b” is
added for 760 °C results. For instance, Casela refers to the simulation
results of Casel for a TIT of 620 °C whereas Caselb refers a TIT of
760 °C.

The thermodynamic performance of all the four cases for a TIT of
620 °C and 760 °C is shown in Table 8. Since the amount of fuel supplied
is kept the same as the steam Rankine base case (B12A), maximising the
plant net efficiency also maximises the net power output. The maximum

sCO2 power cycle efficiency (7, = I%%) achieved for a TIT of

620 °C is 49.3% (Case 2a), which is increased to 53% (Case 1b) when the
TIT increased to 760 °C. The heat input to the cycle (Heatinput) is the
sum of the heat duty of the main heater, reheater and all the
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Table 4

Bare Erected Cost (BEC) functions and scaling method for sCO, cycle [40,44].
Item No. Description Reference Cost for 620 °C (k  Scaling Parameter Scaling exponent Reference Unit

$) [40] [44] [44] Value
1 Coal & Sorbent Handling 45,397 Fixed NA NA NA
2 Coal & Sorbent Prep & Feed 21,531 Fixed NA NA NA
3 Feedwater & Miscellaneous BOP Systems
3.1 Feedwater System 36,316 NA NA NA NA
3.2 Water Makeup & Pre-treating 9079 Fixed NA NA NA
3.3 Other Feedwater Subsystems 12,184 NA NA NA NA
3.4 Service Water Systems 2104 Fixed NA NA NA
3.5 Other Boiler Plant Systems 20,387 NA NA NA NA
3.6 FO Supply Sys & Nat Gas 897 Fixed NA NA NA
3.7 Waste Treatment Equipment 7145 Fixed NA NA NA
3.8 Misc. Equip. (Cranes, Air Comp., Comm 5532 Fixed NA NA NA
4 Boiler & Accessories Calculated from Power cycle Table 5
5A Gas Clean-up & Piping 167,272 Fixed NA NA NA
7 Duct work & Stack 45,629 Fixed NA NA NA
8 sCO, Power Cycle
8.1, 8.2, Power block components: compressors, recuperator, coolers, Calculated from power cycle Table 5
8.3 turbines, Auxiliaries
8.4 sCO,, Piping [31] 90,132 Mass flow rate 0.7 3674 kg/
s

8.5 TG Foundations [31] 6156 Gross power 0.71 685,265 kw
9 Cooling Water System
9.1 Cooling tower 16,814 Cooling duty 0.74 609,002 kw
9.2 Circulating water pump 2732 Cooling duty 0.73 609,002 kw
9.3 Circ. Water System Auxiliaries 803 Cooling duty 0.63 609,002 kW
9.4 Circ. Water Piping 11,906 Cooling duty 0.63 609,002 kw
9.5 Make-up Water System 1526 Fixed - - NA
9.6 Component Cooling Water Sys. 1068 Cooling duty 0.63 609,002 kW
9.7 Circ. Water Foundations & Structures 9187 Cooling duty 0.58 609,002 kw
10 Ash & Spent Sorbent Handling Systems 16,778 Fixed - NA
11 Accessory Electric Plant
11.1 Generator Equipment 2664 Gross power 0.57 685,265 kW
11.2 Station Service Equipment 5184 Auxiliary Power 0.43 29,688 kw
11.3 Switchgear & Motor 5352 Auxiliary Power 0.43 29,688 kw
11.4 Control Conduit & Cable Tray 13,831 Auxiliary Power 0.43 29,688 kW
11.5 Wire & Cable 17,352 Auxiliary Power 0.43 29,688 kw
11.6 Protective Equipment 1658 Fixed NA NA NA
11.7 Standby Equipment 1854 Gross power 0.46 685,265 kw
11.8 Main Power Transformers 12,163 Gross power 0.46 685,265 kw
119 Electrical Foundations 1678 Gross power 0.69 685,265 kw
12 Instrumentation & Control 26,316 Auxiliary Power 0.13 29,688 kw
13 Improvements to Site 16,394 Bare Erected Cost 0.2 1,030,996 k$
14 Buildings & Structures
14.1 Boiler Building 23,566 Bare Erected Cost 0.09 1,030,996 k$
14.2 Turbine Building 34,597 Bare Erected Cost 0.12 1,030,996 k$
14.3 Administration Building 1827 Bare Erected Cost 0.1 1,030,996 k$
14.4 Circulation Water Pump house 457 Gross power 0.6 609,002 kW
14.5 Water Treatment Buildings 1576 Fixed NA NA NA
14.6 ‘Warehouse 993 Bare Erected Cost 0.1 1,030,996
14.7 Machine Shop 806 Bare Erected Cost 0.1 1,030,996
14.8 Other Buildings & Structures 609 Bare Erected Cost 0.1 1,030,996
14.9 Waste Treating Building & Str. 2540 Fixed NA NA NA

Table 5

sCO, cycle cost functions [47,48].

Component Cost Function ($) Temperature Correction Factor (—) Installation Cost Percentage (%)
Material Labour
Compressor 1,230,000%*P0-3992 NA 8 12
Turbine 182,600 x PO5561 x f 1,T < 550 8 12
1+1.106e *(T — 550)%, T > 550
Recuperator 49.45 x UAY75% x f 1,T < 550 2 3
1+ 0.02141(T — 550), T > 550
Precooler 32.88 x UA%7® N, 8 12
Primary Heat Exchanger 820,800 x Q°73%7 x f fo 1,T < 550 50
~ \ 1+5.3¢%(T - 550)%, T > 550

economisers. This is equivalent to an increase of about 3.5-3.6%pts
higher than the equivalent steam Rankine cycle. The maximum plant net
efficiency on HHV basis (ygier X Teyete =

NetPower

3.4%pts over the steam Rankine cycle. This implies increasing the TIT
can aid in reducing the COE if the benefits due to the increased efficiency

Fuelmassflow x HighHeatingValue:
43.5% and 46.9% (Cases 1a and 1b), which corresponds to an increase of

are not compensated by the increased capital cost owing to the use of
high-temperature alloy materials. Inclusion of a third recuperator (Case

) is

10
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Table 6

Variable ranges of parameters considered in optimisation.
Parameter Unit PCC RCBC

Minimum bound Maximum bound Minimum bound Maximum bound

Pre-compressor Inlet Pressure bar 50 60 NA NA
1st stage maincompressor Inlet Pressure bar 75 100 75 90
2nd stage maincompressor Inlet Pressure bar 120 175 120 175
3rd stage maincompressor Inlet Pressure bar 175 250 175 250
HT turbine#1 outlet pressure bar 120 175 120 175
Economiser#1 cold outlet temperature °C 300 550 300 650
Economiser#2 cold outlet temperature °C 100 350 100 450
Economiser#3 cold outlet temperature °C 100 300 100 350
APH cold outlet temperature °C 25 370 25 370

Flow split to recompressor - 0 0.5 0 0.5
Flow split to economiser#1 - 0 0.4 0 0.4
Flow split to economiser#2 - 0 0.6 0 0.6
Flow split to economiser#3 - 0 0.2 0 0.2
Flow split to LT turbine - 0 0.3 0 0.3
Flue gas flow split to reheater - 0 0.5 0 0.5
sCO, mass flow rate at the inlet of main compressor kg/s 1600 3000 1600 3000

Start ( Stop ) Calculate the
T temperature error vector
A
Define Optimisation No

Variables and Bouds Solve the Energy Balance ¥

for all the components
= Calculate the Jacobian

;T—/ Matrix (Broyden)

v

Is err<tolerance

Return Optimal
Solution

A

Set Optimisation Parameters
No. Population (NP)

Maximum No. Generation (MNG) Guess the Temperature of No
:ro:a:.lll_ltv o: “Cnmts;n_ver f,P_C) Tear Streams Make new Guess Yes
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l i>MNG

Solve the pressure and

Define Problem
Objective Function
Variable Type (Real/Binary) A

Variable Range (min,max)
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mass balance

Is Iteration limit
Reached?
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Size NP Fixed Pressure, Temperature

f

Evaluate COE
(Cost Functions)
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Max. APH outlet
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Fig. 9. GA Algorithm flowchart used in this study.

Table 7
Benchmark of the supercritical recompression CO, (C3) cycle stream data with Moisseytsev and Sienicki [49].
State Temperature (°C) State Temperature (°C)
Literature [49] This Study Relative Error (%) Literature [49] This Study Relative Error (%)
1 32.79 32.79 -0.0 7 362.30 362.27 0.0
2 84.40 84.40 -0.0 8 190.70 190.88 -0.1
3 171.80 171.84 -0.0 9 90.20 90.41 —-0.2
4 175.20 175.33 —0.1 10 90.20 90.41 -0.2
5 323.30 323.30 0.0 11 90.20 90.41 -0.2
6 471.80 471.80 0.0 12 183.80 184.04 -0.1

11
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Table 8
Thermodynamic performance summary table.
Parameters Unit  Steam  Partial Cooling Recompression
Cycle (PCC) Cycle (RCBC)
B12A Case Case Case Case
la 2a 3a 4a
TIT = 620 °C
Net Power MW 550.0 586.9 587.3 586.6 587.5
Power cycle % 45.7 49.1 49.3 48.8 48.9
efficiency
Plant Efficiency % 40.7 43.5 43.5 43.4 43.5
TIT = 760 °C
AUSC Case Case Case Case
1b 2b 3b 4b
Net Power MW  550.3  633.0 629.8 627.8 632.2
Power cycle % 49.5 53.0 52.6 52.4 52.8
efficiency
Plant efficiency % 44.1 46.9 46.6 46.5 46.8

2 and Case 4) does not notably increase the efficiency, therefore this may
not be economically justified over Case 1 and Case 3 respectively.

Cycles derived from the partial cooling cycle (Case 1 and 2) offered a
similar level of efficiency as the cycles derived from a recompression
cycle for both the TITs studied. It should be noted that the maximum
plant efficiency reported by White et al. [43] is 49.5% HHV, which is
higher than value obtained in this study. The reason is that the flue gas
exit temperature is constrained to 142.8 °C in this work in order to be in
line with the steam base case (B12A). However, White et al. [43]
considered a minimum flue gas temperature of 50 °C by implementing
in-bed sulphur capture using circulating fluidised bed combustion,
which helped to increase the boiler efficiency from ~ 89% to 92.9%.
This clearly shows that changing the boiler from pulverised coal-fired
with flue gas desulphurisation unit to circulating fluidised bed in-bed
with sulphur capture aids in enhancing the plant efficiency by about
2.5% pts. Optimisation of the recompression cycle-based cases closed
the split fraction to the LT turbine when maximising the efficiency,
which reduces this cycle similar to the White et al. [43] proposed cycle.
This is also valid for the cycles derived from partial cooling cycles when
maximising the efficiency.

Fig. 10 shows the breakdown of the turbine shaft power of all the
four cases for a TIT of 620 °C and Fig. 11 shows the breakdown for a TIT
of 760 °C. The turbine shaft power generated for the partial cooling
based cycles are higher than recompression cycle as the pressure ratio is
higher. For the partial cooling based cycles at 620 °C, the compressive

12% 5%
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power is about ~ 27-28% of the total turbine shaft power whilst the
miscellaneous category accounts for the generator loss and plant auxil-
iary power (4%). The turbine shaft power for the recompression based
cycles are less as the compressive power accounts for about 24-25% for
a TIT of 620 °C. The compressive power share is reduced to about
23-24% for partial cooling based cycles when the TIT increased to
760 °C (Fig. 11), whilst it is about 22% for recompression based cycles.

The energy balance of all the eight cases are shown in Table 9 and the
Sankey diagram [50] of Case 1a and Case 1b are shown in Fig. 12. The
major low-grade heat rejection in the cycle is at the condenser
(42-42.6%), followed by the boiler sensible heat loss (about 11-11.7%).
The share of auxiliary power and generator loss from the thermal input
is 2.1% and 0.7% respectively. The boiler loss has increased by 0.7%
(Case 2a) from a minimum value of 11% (Case 3a), which is caused by
the higher flue gas exit temperature than the minimum flue gas outlet
temperature from APH (i.e., 142.8 °C). When increasing the TIT from
620 °C to 760 °C, the heat rejection at the cooler is reduced
(38.7-39.7%) owing to the increased Carnot efficiency at a higher TIT
(Table 9). Reducing the cooler heat duty also reduces the amount of
water/air required to cool the system; for instance, the mass flow rate of
the cooling medium for Case 1b is about 15% lower than B12A. In the
case of water-cooled plants, the elimination of boiler blowdown further
assists in reducing water consumption.

The recuperator conductance (UA) of all the cycle configurations
studied are shown in Fig. 13. Increasing the number of recuperators
from two to three (Case 2 and Case 4) also increased the conductance
due to the reduced temperature driving force. The conductance of the
cycles derived from partial cooling cycles (Case 1 and Case 2) is lower
than the recompression based cycles as the heat duty of the former cases
is lower than the latter cases by about 25%. This is because the turbine
exhaust temperature of partial cooling based cycles are lower than
recompression based cycles owing to a higher pressure ratio. Also, the
recompression cycle better matches the hot and cold stream temperature
profile than a partial cooling cycle, resulting in a reduced temperature
driving force. Increasing the TIT from 620 °C to 760 °C reduces the
recuperator conductance for partial cooling based cycles whereas they
increased for recompression based cycles. Although the plant efficiency
of all the four cycles are roughly similar for a TIT of 620 °C, partial
cooling cycle is preferred owing to its superior off-design performance
than recompression cycle at higher ambient temperatures [20].
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Fig. 10. Turbine power breakdown for a TIT of 620 °C, a) Case la, b) Case 2a, c) Case 3a, d) Case 4a.
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Fig. 11. Turbine power breakdown for a TIT of 760 °C, a) Case 1b, b) Case 2b, c) Case 3b, d) Case 4b.

Table 9
First-law energy balance for both TIT of 620 °C and TIT of 760 °C.
Parameters Unit  Partial Cooling Recompression
Cycle (PCC) Cycle (RCBC)
Case la Case 2a Case 3a Case 4a
Fuel input MW  1350.7 (100%)
Boiler Loss % 11.5 11.7 11.0 11.1
Condenser Loss % 42.2 42.0 42.7 42.6
Auxiliary Power % 2.1 2.1 2.1 2.1
Generator Loss % 0.7 0.7 0.7 0.7
Net Power (Net Efficiency) % 43.5 43.5 43.4 43.5
Case 1b  Case 2b Case 3b  Case 4b
Fuel input MW 1350.7 (100%)
Boiler Loss % 11.6 11.4 11.4 11.3
Condenser Loss % 38.7 39.2 39.4 39.1
Auxiliary Power % 2.1 21 21 2.1
Generator Loss % 0.7 0.7 0.7 0.7
Net Power (Net Efficiency) % 46.9 46.6 46.5 46.8

6.2. Economic performance

Figs. 14 and 15 shows the total plant cost (TPC) breakdown of the
boiler (Item 4 in Table 4) and turbine block (Item 8 in Table 4) for a TIT
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of 620 °C and 760 °C respectively. This will be referred as power cycle
equipment capital cost in this paper as it only includes the cost of boiler,
turbine, compressor, recuperator and coolers. Table 10 includes the
piping cost and foundation cost. It is worth highlighting that the boiler
and turbine shares about 52-60% of the power cycle equipment’s capital
cost, depending on the cycle configuration, whilst the remaining cost
associated with other sub-system are shown in Table 10. The cost share
of the boiler and economiser is significantly higher than all the other
power cycle equipment’s capital cost. For instance, the cost of the boiler
(main heater + reheater + economisers) is about 60-67% of the power
cycle equipment’s capital cost for both the TITs studied. Despite having
higher efficiency, the power cycle equipment capital cost is notably
increased by about 20% when increasing the TIT from 620 °C to 760 °C
for partial cooling based cycles whereas it increased by about 10-16%
for recompression based cycles. This clearly shows that the increased
efficiency isn’t enough to offset the increased power cycle equipment
capital cost. However, the capital cost of balance of the plant (BOP) and
fuel cost also reduces at higher efficiencies and that may contribute to
reducing the COE. The cost share of the compressor is higher than the
turbine when the TIT is 620 °C, but the turbine cost share is increased,
notably at TIT of 760 °C, owing to the temperature correction factor to
account for the change in the materials. The recuperator shares a sig-
nificant portion of the BEC (16-22%), therefore the selection of the

(b)

Boiler Loss
11.6 [%]

Condenser Loss
Generator Loss: 0.7 [%]

Aux. Power: 2.1 [%]

Fuel Input

Net Power
633 [MW] 46.9 [%]

Fig. 12. Energy balance Sankey diagram, a) Case 1a (TIT of 620 °C), b) Case 1b (TIT of 760 °C).
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Fig. 14. Capital cost breakdown of boiler and turbine block for a TIT of 620 °C, a) Case la, b) Case 2a, c) Case 3a, d) Case 4a.

appropriate approach temperature and pressure drop can significantly
influence the overall cost.

Table 10 shows the complete breakdown (similar item parameter as
the reference NETL report [40,44]) of the unit TPC for both the TIT (a)
and TIT (b) studied. The contribution of power block equipment cost and
boiler in the TPC is in the range of 52-60%. The TPC of sCO2 is higher
than equivalent steam Rankine cycle within a range of 1-7% for all the
cases for a TIT of 620 °C and 760 °C except for Case 3b where TPC is
same as the steam Rankine cycle. The increase capital cost of item 4 and
8 are mainly compensated by the reduced cost of item 3 i.e. feed water
and miscellaneous BOP for a TIT of 600 °C. The base case coal input to
the AUSC [43] is different from the B12A case as White et al. [43]
adjusted the fuel feed in the former case to match the net power output
to approximately 550 MW, whilst this study kept the fuel input constant.
Therefore, comparing the absolute TPC of AUSC with sCO; cycles are not
possible, but the normalised TPC with net power output can be
compared. The contribution of all the items, except power cycle
equipment cost of sCOy cycle cases, are lower than equivalent steam

14

Rankine cycle. For a TIT of 760 °C, the increased cost of power cycle
equipment is larger than the reduction in cost from other items, resulting
in a net increase of TPC. On the other hand, the TPC of Case 1a is lower
than B12A by 5.6%.

Fig. 16 shows the breakdown of COE for all the eight cases investi-
gated. It can be seen that a maximum cost reduction of 7.6% can be
achieved by using Case 2b compared to B12A, which corresponds to a
reduction of 3.4% compared to AUSC. Although the TASC of sCO cycles
is almost like steam Rankine cycles, the capital cost contribution on COE
is lower due to higher energy generation owing to its increased effi-
ciency. Likewise, the fixed O&M, variable O&M and fuel cost is less than
the equivalent steam Rankine cycle owing to the increased amount of
energy generation. It should be noted that despite achieving higher ef-
ficiency (Table 9), increasing the TIT from (a) to (b) does not noticeably
reduce the COE (Fig. 16). However, increasing the cycle efficiency also
offers other benefits such as reduction in the cooling water requirement
in the cooler and the carbon emission, which are outside the scope of this
study.
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Fig. 15. Capital cost breakdown of boiler and turbine block for a TIT of 760 °C, a) Case 1b, b) Case 2b, c¢) Case 3b, d) Case 4b.

Table 10

Unit total plant cost (TPC) Summary in $/kW.
Item No Parameter (TIT = 620 °C) Unit B12A [40] Case la Case 2a Case 3a Case 4a
1 Coal & Sorbent Handling $/kW 82.5 77.3 77.3 77.4 77.3
2 Coal & Sorbent Prep & Feed $/kW 39.1 36.7 36.7 36.7 36.7
3 Feedwater & Miscellaneous BOP Systems $/kW 170.3 42.2 42.2 42.2 42.1
4 Boiler & Accessories $/kW 621.3 628.9 648.5 638.0 688.0
5A Gas Cleanup & Piping $/kW 304.1 285.0 284.8 285.2 284.7
7 Duct work & Stack $/kW 83.0 77.7 77.7 77.8 77.7
8 Steam/sCO, Power Cycle $/kW 303.5 372.1 405.0 388.4 422.5
9 Cooling Water System $/kW 80.1 71.9 72.3 73.0 72.2
10 Ash & Spent Sorbent Handling Systems $/kW 30.5 28.6 28.6 28.6 28.6
11 Accessory Electric Plant $/kW 112.2 107.0 107.5 106.4 106.5
12 Instrumentation & Control $/kW 47.8 44.6 44.6 44.6 44.5
13 Improvements to Site $/kW 29.8 28.0 28.1 28.1 28.3
14 Buildings & Structures $/kW 121.8 113.6 113.8 113.8 114.1
Total Plant Cost (TPC) $/kW 2,026.1 1913.5 1967.0 1940.1 2023.2
Item No Parameter (TIT = 760 °C) Unit AUSC [43] Case 1b Case 2b Case 3b Case 4b
1 Coal & Sorbent Handling $/kW 78.5 71.7 72.1 72.3 71.8
2 Coal & Sorbent Prep & Feed $/kW 37.1 34.0 34.2 34.3 34.1
3 Feedwater & Miscellaneous BOP Systems $/kW 145.9 39.1 39.3 39.4 39.2
4 Boiler & Accessories $/kW 610.7 656.0 688.8 594.3 676.8
5A Gas Cleanup & Piping $/kW 286.6 264.2 265.6 266.5 264.6
7 Duct work & Stack $/kW 81.8 72.1 72.4 72.7 72.2
8 Steam/sCO, Power Cycle $/kW 326.2 506.8 537.1 525.5 582.6
9 Cooling Water System $/kW 72.3 63.0 63.9 64.6 63.5
10 Ash & Spent Sorbent Handling Systems $/kW 29.2 26.5 26.6 26.7 26.5
11 Accessory Electric Plant $/kW 109.3 99.2 99.6 99.6 99.0
12 Instrumentation & Control $/kW 47.3 41.2 41.4 41.6 41.3
13 Improvements to Site $/kW 28.4 26.6 26.9 26.7 26.9
14 Buildings & Structures $/kW 118.6 106.7 107.5 107.3 107.4
Total Plant Cost (TPC) $/kW 1,972.0 2,007.2 2,075.5 1,971.4 2,105.9

6.3. Monte-Carlo uncertainty analysis

Since the manufacturing experience of sCO2 power block compo-
nents is so limited, the uncertainty of them is larger. Therefore, an un-
certainty estimation is essential in order to foresee the range of COE with
the cumulative probability to reduce the financial risk. The cost func-
tions uncertainty is listed in Table 11, and Monte-Carlo uncertainty
analysis is performed for all the eight sCO5 cases. The total number of
samples considered in each cycle COE estimation is 10,000. The un-
certainty ranges of all the sCO5 power cycle cost functions reported by
Weiland et al. [47] are used in this study.

Fig. 17 shows the cumulative probability distribution of COE for all

eight cases. It clearly shows that the Case 3b and Case 1b are the lowest
COE alternatives and the lowest COE of 72 $/MWh is achievable whilst
it can be as high as 79.9 $/MWh for Case 3b. This implies that the COE
can be reduced by up to 12% at zero cumulative probability and the
reduction is only about 3% at the maximum cumulative probability
compared to B12A. On the other hand, when comparing against AUSC,
Case 3b COE reduces by up to 8% at the minimum cumulative proba-
bility while it increases by about 2% at the maximum cumulative
probability. This implies that the cost reduction potential of a sSCO5 cycle
compared with steam Rankine cycles are within the uncertainty range of
the cost functions. Therefore, sCO, cycles may reduce the COE of
equivalent steam Rankine cycles up to 0-8% depending on the
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Fig. 16. Cost of Electricity (COE) comparison with steam Rankine cycle (B12A).

Table 11

Component cost uncertainty ranges used in Monte-Carlo simulation.
Component Minimum Maximum
Compressor/Pump 0.6 1.48
Turbine 0.75 1.3
PHEX 0.75 1.25
Recuperator 0.69 1.38
Cooler 0.75 1.28

uncertainty of the cost functions. The configurations with three recu-
perators and economisers are not economical compared to two recu-
perator cycles. This study excluded the carbon taxing, in which case
sCO3 cycles can offer higher economic benefits as the efficiency of the
sCO;, cycle is higher than the equivalent steam Rankine cycle.

6.4. Sensitivity analysis

sCO; cycle performance is sensitive to the component design as-
sumptions including compressor isentropic efficiency, turbine isentropic

efficiency, pressure drop and recuperator approach temperature [15].
Therefore, a sensitivity study has been performed for the partial cooling
based cycle (Case 1b) and the results are plotted in Fig. 18. The cycle
efficiency drops by about 1%pts when increasing the low temperature
recuperator approach temperature from 3 to 20 °C. There is a clear cost
minimal solution existing below the conductance of the recuperator that
exponentially increases but the increase in efficiency cannot offset the
increased recuperator cost. The optimal LTR approach temperature is
around 10 °C. The change in efficiency for changes in LTR approach
temperature has two different slopes pivoting at the minimum cost
optimal point. It is well noted that the minimum pinch temperature and
effectiveness of the MTR and HTR were kept unchanged at 5.6 °C and
95% respectively.

Since the pressure ratio of sCOy cycles is small (~4-7), the cycle
performance is very sensitive to pressure drop. For instance, the effi-
ciency drops by about 0.5%pts when the boiler main heater cold side
pressure drop increased by 2% (equivalent to ~ 7 bar), which also
increased the COE by 0.9$/MWh. The boiler pressure drop of an sCO5
cycle has to be higher in order to ensure the cooling of the radiant zone
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Fig. 17. Cumulative probability distribution of COE from Monte-Carlo analysis.
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[15]. The efficiency reduction slope per percentage increase of main
heater cold stream pressure drop is 0.2%pts, which corresponds to a
reduction of COE by around 0.45 $/MWh. However, this absolute value
can change depending on the cycle pressure ratio and main heater inlet
pressure.

100 T T

For the 550 MW plant, the turbine has to be a multi-stage axial type
[51] whilst the main compressor can be axial or radial [52,53]. The
radial compressor can offer a higher operating range, which is essential
for sCO; cycles as the variation of the fluid density is significant close to
the critical point. Noall and Pasch [54] indicated that a compressor

COE ($/MWh)

65 70 75

T T
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Fig. 19. Effect of plant capacity factor on COE for Case 1b.
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efficiency of about 83-85% is realistically achievable for a 50 MW plant
using a radial compressor. Using mean line models, Yann Le Moullec [3]
indicated that using a multi-stage axial compressor can achieve 90%
isentropic efficiency. Bidkar et al. [55] estimated a multi-stage turbine
efficiency of about 90.6-91.6% for a 450 MW plant. A sensitivity study
covering this range, of 81-91% for compressor and 80-94% for the
turbine, has been evaluated. The results show that the sCO cycle effi-
ciency is more sensitive to turbine efficiency than compressor efficiency
changes, as shown in Fig. 18(c), (d): this also influences the COE. The
effect of compressor and turbine efficiency change on the plant effi-
ciency and COE may also be influenced by the compressor inlet pressure
and temperature, which are maintained at the same design value used in
the sensitivity study.

Increasing penetration of the high volatile variable renewable energy
generation units to the grid demands more flexible power generation
plants suitable for cyclic operation. This reduces the plant capacity
factor notably as the conventional power generation units are no longer
expected to be operated in baseload [56]. Therefore, a sensitivity study
is also performed for different capacity factors and the variation of COE
for Case 1b is shown in Fig. 19. It should be noted that the base case
B12A steam Rankine cycle assumes a capacity factor of 85%.

7. Conclusions

This work investigated the performance of four novel cycle config-
urations that combines the features of the partial cooling cycle, recom-
pression cycle and cascade cycle. The thermal-economic performance of
these four novel cycles is evaluated for two different turbine inlet tem-
peratures i.e. 620 °C and 760 °C and their performance are compared
with equivalent an steam Rankine cycle. The cycle configurations are
modelled using in-house developed code in MATLAB® and the cycle
process parameters (13-16 variables) are optimised using a genetic al-
gorithm. sCO5 cycles can achieve higher efficiency, in the range of 3-4%
pts, which leads to a reduction of about 4-6% in the cost of electricity
(COE) compared to a steam Rankine cycle (NETL base case- B12A).
Increasing the turbine inlet temperature from 620 °C to 760 °C increases
the efficiency further by 3-4%pts. Despite achieving higher efficiencies,
the reduction in COE is smaller (1-4%) when compared with advanced
ultra-supercritical steam Rankine cycle for a turbine inlet temperature of
760 °C owing to the increased capital cost from high-grade materials for
the cost functions considered, making them less attractive. Increasing
the number of recuperators and economisers from two to three in both
recompression and partial cooling based cycles doesn’t offset the COE,
therefore, a simple two recuperators and economiser based configura-
tions are recommended. Cycles derived from partial cooling cycles
achieved higher efficiency and reduction in COE similar to the cycles
derived from recompression cycle, therefore, partial cooling cycles can
be considered owing to their higher operational freedom due to the
ability in controlling the main compressor inlet pressure independent
from the turbine exhaust pressure.

Since the uncertainty of sCO cycle cost functions is higher owing to
the lower technology readiness level, a Monte-Carlo analysis is per-
formed to realise the associated financial risk. The Mote-Carlo analysis
shows that the COE reduction range compared to steam Rankine cycle
can be as high as 8%, however, this falls within the range of the cost
function uncertainty i.e., the COE reduction diminishes to 0-3% at a 95-
percentile cumulative probability. A sensitivity analysis shows that the
turbine efficiency influences the efficiency and COE more than a
compressor. For instance, the plant efficiency changes by 0.66% pts per
1% pts changes in turbine isentropic efficiency whilst it changes by
0.18% pts per 1% pts change in compressor efficiency. The boiler
pressure drop affects the efficiency by 0.2% pts for 1% pts change in
main heater pressure drop.
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