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Abstract. The supercritical carbon dioxide (S-CO3) cycle is regarded as a potential option for the next
generation power conversion system. Concentrated solar power (CSP) plant is one of the promising
scenarios to adopt the S-CO2 cycle due to the appealing thermal efficiency and the ability to integrate
thermal storage and dry cooling. Among various cycle configurations of S-COz2 cycle, the recompression S-
CO2 cycle with intercooled main compressor is one of the optimal choices that can provide superior
efficiency and a large enough temperature differential for thermal input, which together contribute to the
minimization of the overall levelized cost of electricity (LCOE) of the whole CSP plant. The off-design
performance and the associated control scheme have important effects on the CSP plant. This paper
develops an off-design model for the recompression S-COz2 cycle with intercooled main compressor for the
commercialized hundred-megawatt CSP plant. The effects of different off-design conditions on cycle
performance are first evaluated. Different operating strategies regarding the control of cycle maximal
pressure and preventing abnormal compressor conditions during off-design operation are then presented and
compared. This work is expected to provide knowledge for the optimal control of recompression S-CO2

cycle with intercooled main compressor during the real operation of the CSP plant.

1. Introduction

Concentrated solar power (CSP) is deemed as a
promising renewable energy technology that is likely to
play the role of middle-load or even base-load power
source in the future energy mix [1]. The CSP plant
utilizes heating media such as molten salts to transfer
solar energy to the power block. Depending on the
upper-temperature limits of the adopted heating media,
the power block could be operated at various maximal
temperature levels ranging from 350 to over 700 °C [2].
In this temperature range, the S-CO; cycle has been
regarded as a superior option for the power block in the
CSP plant due to its better efficiency and simpler
configuration among various choices [3,4].

While many published works focusing on the
parametric analyses and optimization of the S-CO, cycle,
further studies on the off-design characteristics and
developments of cycle control strategies were not gained
enough attention. The S-CO- cycle in the CSP plant is
usually operated under off-design conditions due to the
changes of ambient conditions in the cold end of the
cycle and the inlet temperature and mass flowrate of
heating media in the cycle hot end. Therefore, the
investigation of the off-design performance and
development of the associated control strategies are
expected to contribute to the improvement of the actual
performance during operation. According to the authors’
knowledge, the previous off-design performance studies
were only done for the recompression S-CO; cycle and

simple-recuperated cycle with limited consideration on
the effects of various control strategies on the cycle
performance [5-7]. Many previous studies suggested
that the recompression with intercooled main compressor
(ICMC) was the most promising cycle configuration due
to the superior performance and large temperature
differential for the integration of the thermal storage
system [8,9].

In this work, an off-design model is proposed for
the recompression cycle with ICMC. The operational
issues of the main compressor (MC) are highlighted in
the off-design model. four control strategies and the
associated configurations are proposed and compared to
determine the optimal off-design operating solution with
superior efficiency and no risks of damaging MC.

2. System description

The schematic of the S-CO» recompression cycle
with ICMC and its corresponding T-S diagram are
presented in Fig.1. The design parameters of the S-CO>
recompression cycle with ICMC are listed in Table 1.
The elaborative introduction of the thermodynamic
characteristics of this cycle is presented in our previous
work [9]. Compared to the classic recompression cycle,
the introduction of ICMC lead to both higher energetic
efficiency and larger temperature differential across the
primary heat exchanger (PHX), which contributes to
lower LCOE of the whole CSP plant [9]. Split shaft
configuration is used for the cycle system due to the
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benefits in terms of efficiency and control perspectives
for such large-scale plants [10]. A synchronous generator
is configured for this turbine and variable-speed drive
motors are used for the recompressor and main

compressor. A buffer tank is configured upstream of the
MC to stabilize the compressor inlet pressure at the
specified value by inventory control [11].
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Fig. 1 Configuration of recompression cycle with ICMC

Table 1 Input parameters for the design parameters of the S-
CO2 recompression cycle with ICMC [9]

Input Parameter\ Symbol Unit Value
Net output power MW 100
Temperature of hot storage tank °C 565
Turbine inlet temperature °C 550
Main Compressor outlet pressure MPa 25
Cooler cold-end temperature approach °C 15
Turbine isentropic efficiency % 93
Compressor isentropic efficiency % 89
Pressure drop in PHX kPa 50
Hot-side Pressure drop of HTR kPa 60
Cold-side Pressure drop of HTR kPa 30
Hot-side pressure drop of LTR kPa 20
Cold-side pressure drop of LTR kPa 40
Pressure drop in the cooler kPa 20
Pinch-point temperature approach °C 5

3. Model implementation

The model of each component and the
implementation of cycle simulation under design
condition has been detailed in the previous work [9].
This section presented the off-design model of each
crucial components in the cycle and the implementation
of cycle off-design simulation. These off-design models
for components are established in MATLAB 2018a
using an objected-oriented approach. REFPROP is used
to obtain the necessary thermal properties of CO [12].

3.1 Component model
= Turbine

Due to the hundred-megawatt level output power, the
multi-axial flow turbine is chosen for the cycle in views
of higher efficiency and relatively steady flow [13].
Stodola’s ellipse method is applied to obtain the turbine
inlet pressure under off-design conditions [14,15]. The
turbine is assumed to work under the sliding mode with a

fixed nozzle area [14]. According to Stodola’s ellipse
method, the relationship between the mass flow
coefficient under design (@q) and off-design (@od)
conditions can be described as follow.

Poa _ 1)
%y
where ¢ is defined as
¢= i, - E 2)

Pin

Substituting the above two equations, pinoa can be
obtained as

2 2
. Pind ~ Poutd 3
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Ping -
The turbine isentropic efficiency under off-design
conditions (#t,04) can be obtained as follows.
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where pinod and ping are the density of CO» under design
and off-design conditions.

= Compressor

The off-design model of compressor adopted here is
based on the nondimensionalized empirical equation
regressed out of the experimental data from SNL
compressor developed by Dyreby [5]. The flow
coefficient of the compressor is defined as

m
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where Uy, is the inlet velocity and D the inlet diameter of
the compressor.

Up=20N (6)
2
The ideal head coefficient (yc) is defined as
(hou - hin )
Ve = T ™

where hi, and Aoy are the enthalpies of CO, at the inlet
and outlet of the compressor.

To consider the effect of shaft speed (V) on the oft-
design performance, ¢c, wc and the compressor
isentropic efficiency (7c) are modified as Eqgs. (8)
through (10), and the performance of compressor can be
mapped with polynomial regression as Eqs. (11) and

(12)
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* Heat Exchanger

The model of heat exchanger here is applied to the high-
temperature  recuperator (HTR), low-temperature
recuperator (LTR) and the primary heat exchanger
(PHX). The heat sink is assumed to keep constant cold-
end temperature difference through the adjustment of the
mass flow rate of cooling air through the cooler. The off-
design model of heat exchanger consists of two parts,
i.e., the pressure sub-model for the pressure loss (Ap)
and heat transfer sub-model for the conductance of heat
transfer (UA). Depending on the thermodynamic states
of CO; through the heat exchanger, the model considers
the effects of thermal property variation on the Ap and
UA differently. The CO, thermal properties through the
HTR and PHX change uneventfully because the
operating condition is far away from the critical region.
The conductance of heat transfer (UA.q) and pressure
loss (4poa) under off-design conditions is therefore
calculated without considering the effects of thermal
properties variation as follows.
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Unlike the cases for the HTR and PHX, the CO; through
the LTR is close to its critical point. The thermal
properties relating to heat transfer and hydraulic
characteristic undergo drastic changes with temperature
and pressure should be considered in the UA calculation
under off-design conditions. Therefore, the UAdoq and
Apoqare calculated as follows [7].

-1 -1
Udy  Cog 0y

] -1
UAd ac,od + ah,od

N 1/4 -1
%:[{"_dJ (ﬂj [&] 6
Apy My Hog Pod

where ¢, is the specific heat capacity, k is the coefficient

of heat conductivity. u is the dynamic coefficient of

viscosity. #=0.4 for heating fluid and n=0.3 for cooling
fluid.

with @ = m®8 k™" 109 (15

4. Results and discussion

The cycle performance under various off-design
conditions is investigated in this section. Parametric
optimizations are first implemented for three cases with
different MC inlet temperature (Twmc,ng) to obtain
optimal design points. The effects of Tsain, Msar and
Twc,in On the off-design performance are then studied
with sensitivity analysis in their respective ranges as
presented in Table. 2. In the following off-design
calculation under different conditions, only the results
without abnormal conditions of the MC are presented in
the figures.

Table 2 Variation ranges of parameters for off-design study

Parameter Unit Design point Off-design range
Tsalt,in °C 565 535-595
Relative msait \ 1 0.6-1.2
Tmc,in °C 32,41,50 32-50

4.1 Off-design performance under varying heat
source conditions

Fig. 2-3 presents the off-design performance with
the change of Tsaitin under the three conditions of Twc,in.
It is found that the cycle can be operated normally in the
whole range of Tin With these four control schemes
under three conditions of Twcing. The #eye and Wit
increase linearly with the rise of Tsarin for all the cases.
The variation of the studied variables show similar
variation tendencies with Tsar,in for the three Twc,inag Cases
with slight differences observed among different control
schemes. As illustrated in Fig. 2, the variation of pmax in
the range of Tsarin= 535 °C-595 °C is less than 0.3MPa
for the cases of the FP control scheme and the change of
relative shaft speed (RN) is less than 0.3%. The
comparisons between B_FP and M_FP and between
B_SP and M_SP show that the configuration of MC, i.e.,
basic configuration or modified configuration have no
effects in control strategy and hence no effects on the
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cycle performance because only the control of N is
implemented for both basic and modified configurations
during off-design condition of Tsin. The comparisons
between B_FP and B_SP and between M_FP and M_SP
indicate that the W with different pressure control
schemes have slight difference in the rate of change with
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Teain. As shown in Fig.3, the Wqe increases at higher
rate under SP control than under FP control. This can be
attributed to the higher decreasing rate of rco, with FP
control which partially counteracts the effects of #¢yc on
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Fig. 3 The variations of Wiet and ey with Tsargin

Fig. 4-5 presents the effect of s on the off-
design performance of cycle. The cycle can be operated
in the whole range of Tsin With these four control
schemes and three Twmc,ing conditions. As shown in Fig.
4, The #eyc and Woe increase monotonously with risy at
a decreasing rate. The comparisons between B_FP and
M_FP and between B_SP and M_FP indicate that the
configurations have no effect on the off-design
performance as only the N is used as control variable
during off-design operation. The comparisons between

B_FP and B_SP and between M_FP and M_FP indicate
that the FP control leads to lower #cyc yet higher 1icoz
than SP control when e decreases, and these
differences are more significant as msar reduces. As the
decreased 7y Offsets the effect of increased msar, the
W et OF FP control is only slightly higher than that of SP
control when s, is lower than the design value and the
difference in W become less significant as s rise.
(see Fig. 5)
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4.2 Off-design performance under varying ambient
conditions

Fig. 6-7 presents the cycle off-design performance
under different MC inlet temperature conditions. Unlike
the relative uneventful effects of g and Tsarin, the
impact of Twcin Vvariations on cycle performance is
significant. The change of Twmc,in results in variations of
cycle performance with different fashions from one
another for these cases with different control schemes
and Twc,ing. The comparisons between B_FP and M_FP
and between B_SP and M_SP show that the basic
configurations cannot be applied under low Twc,in off-
design conditions for the cases of Tmc,ing=41 °C and 50
°C, with a larger applicable range for B_FP than B_SP;
on the contrary, the modified configurations can cover
all the studied range in three cases with recirculation
system of MC being activated to prevent surge for low
Twc,in Off-design conditions when Twmc,ing=41 and 50 °C.

3 2000 18,

According to the comparisons of B_FP versus B_SP and
M_FP versus M_SP, it is found that the pressure control
strategy has a significant effect under the off-design
conditions of Twmc,in. The FP control generally results in
better 7y than that of FP control especially when the
Twc,in is significantly deviated from the Twmcing. Under
off-design conditions of Tc,in, the Wret under SP control
deviates apparently from the design point value whereas
the Wne under FP control undergoes relatively mild
change. This is partially due to the different trends of
mcoz Variation during off-design operation besides the
effect of #cyc. The mcoz is controlled at almost constant
value under FP control. By comparison, the mcq, under
SP control varies significantly as Twmc,in changes under
off-design conditions due to the varying pr,in under off-
design conditions. The use of SP control also lead to
more significant variations in T7nand Tsartout, Which may
cause adverse effects on the performance of solar
components.
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5. Conclusion

This study establishes an off-design model for the S-CO;
cycle with ICMC. The potential issues of the MC
abnormal operation were highlighted, four control
schemes and the associated configurations for MC are
developed and compared. The off-design performance
under conditions of varying Tsaiin, Msait and Twc,in are
investigated for three cases with different Twc,ing. The
following conclusions are drawn after this study:

e The changes of Tsain and msar under off-design

conditions in the cycle hot end lead to
uneventful effects in terms of the MC control.
No abnormal operation conditions are observed
for MC. The MC configuration cycle
performance has no effect on cycle
performance, while the pressure control strategy
has very slight effects.

e The change of Twmcin under off-design
conditions significantly affects the MC control.
The S-CO; cycle with a high Twmc,ing Will run
into the abnormal condition of MC surge under
low Twmcin conditions when integrated with
basic configuration of MC. In contrast, the
cycle with modified MC configuration can
prevent the surge risk by recirculating partial
working fluids.

e During all these off-design analyses on Tsa,in,
Msai and Twc,in, ONly single mode is required for
MC. The parallel compressor is not activated
for either S1 or S2 of the modified
configuration. The risk of zero pressure head
under the conditions of Twmc,in > Twmc,ing Can be
prevented by N control without the use of
parallel compressor, and the N can be over 1.5
times of the N.

e The off-design analyses show that the M_FP as
the control scheme can results in superior
efficiency, steady W et and no risk of abnormal
MC condition under off-design conditions than
the other three schemes. However, the cycle
performance may be further improved when the
real-time parametric optimization is applied for
the cycle during off-design conditions.
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