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Abstract
This chapter presents the recent research on various strategies for power plant flexible
operations to meet the requirements of load balance. The aim of this study is to investigate whether it is feasible to integrate the thermal energy storage (TES) with the thermal
power plant steam-water cycle. Optional thermal charge and discharge locations in the
cycle have been proposed and compared. Dynamic modeling and simulations have been
carried out to demonstrate the capability of TES integration in supporting the flexible
operation of the power plant. The simulation software named SimuEngine is adopted,
and a 600 MW supercritical coal-fired power plant model is implemented onto the software platform. Three TES charging strategies and two TES discharging strategies are
proposed and verified via the simulation platform. The simulation results show that it
is feasible to extract steam from steam turbines to charge the TES and to discharge the
stored thermal energy back to the power generation processes. The improved capability
of the plant flexible operation is further studied in supporting the responses to the grid
load demand changes. The results demonstrated that the TES integration has led to much
faster and more flexible responses to the load demand changes.
Keywords: supercritical coal-fired power plant, SimuEngine, thermal energy storage,
flexible operation, load shifting

1. Introduction
The current balance between power generation and load demand is mainly managed by regulating the output of fossil fuel power plants [1, 2]. With the rapid increase of power generation
from renewable energy, fossil fuel power plants are required to play a more important role
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in maintaining load balance and providing the grid frequency control service as they are
considered as dispatchable power generation units. Fossil fuel power plants are now required
to work more flexible and to respond faster with more frequent start-ups or shutdowns for
maintaining power network stability; this can cause two serious issues: low plant efficiency
and low load factors. To address these issues, it is essential to explore new technologies and
operation strategies.
Currently, approximately 39% of global electricity is generated from hard coal, which however produces a large amount of ash, nitrogen oxide, and carbon dioxide. The supercritical
boiler was first developed in the US in the 1950s [3], which was a type of technology with
improved efficiency and hence reduced carbon dioxide and toxic emissions per unit of electrical energy generation.
The flexible operation is needed for supercritical coal-fired power plants to stabilize the grid
frequency. The flexibility of a supercritical power plant can be achieved by a carbon capture
facility, which is used to control capture rates in response to variable load demand and carbon
prices [4–7]. A method called ‘condensate throttling’, proposed in [8], could rapidly increase
or decrease the power output of a plant. Additionally, the regulation of extracted steam for
high-pressure heater could be used to enhance the primary control reserves and to offer the
operational flexibility [9, 10].
The boiler turbine coordinated control is a popular control strategy to regulate power generation in thermal power plants. However, the plant response is slow due to the large delay of the
energy transfer from the fuel supply to the water-steam loop [10]. Furthermore, because the
thermal inertia of a once-through boiler is smaller than a natural circulation boiler, the capability of offering primary frequency reserve is decreased. This motivates the utilization of TES in
supercritical coal-fired power plants, as the TES could provide the additional thermal reserve.
Currently, the TES has been widely used in various thermal power plants for flexible plant
operation. Several studies [11, 12] were reported on the integration of TES into combined
heat and power (CHP) generations. Also, the study of a combined-cycle gas turbine (CCGT)
power plant combined with TES in order to improve the plant flexibility was presented in [13].
Besides, many studies have been reported in the area of solar thermal power plants integrated
with TES, in which TES is used for time shifting of energy delivery in an economic way [14, 15].
This chapter presents flexible operation of a supercritical coal-fired power plant via the TES
integration. Section 2 describes the structure and operation of a supercritical coal-fired power
plant and the simulation platform used for this study. Section 3 discusses the integration
strategies of TES with the supercritical power plant. Section 4 presents the improved operational flexibility of supercritical power plant when integrating with TES. Section 5 gives the
concluding remarks.

2. Description of a supercritical power plant and simulation
platform
A thermal steam power plant generates electricity by transforming various types of energy
fuel sources making use of an idealized thermodynamic cycle called the “Rankine cycle.” The
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Carnot efficiency dictates that the thermal efficiency of a power plant is mainly dominated
by the temperature and pressure of the steam entering the steam turbines. Above the critical
point for water at 374.15°C and 22.12 MPa, there is no phase transition from water to steam. A
sub-critical coal-fired power plant with water/steam working under the critical point typically
has an efficiency between 33 and 39%. In comparison, a supercritical or ultra-supercritical
power plant can achieve a much higher efficiency of up to 48% [1]. Therefore, supercritical
power plants have been extensively developed since the 1950s and constructed worldwide,
thanks to the simultaneous development of novel materials and components which can withstand high pressure/temperature and adverse working conditions.
A simplified schematic of a typical supercritical coal-fired power plant is illustrated in
Figure 1. The pulverized coal from the mill is burnt in the boiler furnace, releasing combustion heat to the feed water coming from the Economizer. During elevation of the water
inside the water wall and superheater exchanger tubes, the water is transferred directly to
the supercritical steam without evaporation. Unlike a subcritical power plant, a drum is not a
necessary component in the so-called once-through boiler and it can be replaced by a smaller
steam-water separator acting as the drum’s role in the consideration of low load working
conditions. A reheater is used to absorb the heat from downstream flue gas and reheat the
exhaust steam from the high pressure (HP) turbine before it enters the intermediate pressure
(IP) turbine. Several streams of steam are extracted from different locations of HP, IP, and
low-pressure (LP) turbines to preheat the feed water.
An industrial 600 MW supercritical coal-fired power plant has been used as a reference plant
in this study. The on-site measurement data including temperature, pressure, and mass flow
rates of the water/steam at different locations under the nominal power output of 600 MW
have been collected and summarized in Table 1.

Figure 1. Simplified schematic of a supercritical coal-fired power plant.
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Temperature (°C)

Pressure (MPa)

Flow rate (kg/s)

HP heater inlet

166.86

27.65

484

HP heater outlet

263.49

27.48

484

Economizer outlet

312.63

27.3

484

Super heater outlet/HPTB inlet

562.04

25.1

483.9

HPTB outlet

304.72

4.41

445.9

IPTB inlet

565.66

3.8

406.4

IPTB outlet

354.86

0.9

387.2

LPTB inlet

354.86

0.9

309.2

Table 1. Main water/steam parameters in a 600 MW supercritical coal-fired power plant.

In principle, a power plant model can be established based on the energy and mass conservation equations for different components in the power plant system [9, 16].
Mass balance:
∂ ρ _____
∂(𝜌v)
___
∂ t + dz = 0.

(1)
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(2)

Energy balance:

where, ρ, v, h, p are the density, velocity, enthalpy, and pressure of the working fluid in the
specific control volume respectively, and Q is the heat flow across the boundary of the control
volume.
To perform the off-line tests with the optional control mechanism and dynamic responses
for a practical power plant, a more detailed and visualized simulation platform called
SimuEngine was initially developed by Tsinghua University, China and then further exploited
in the University of Warwick, UK. The supercritical power plant model implemented on the
SimuEngine can deal with a complex flow net, which represents a typical power plant system
consisting of resistance component (such as valves), power components (such as fans), inertia
node and source-sink nodes. The joints in a flow net are defined as nodes, while the channels
connected with the nodes are defined as branches. Node pressure method is applied to solve
the nonlinear flow net equations in order to obtain the nodes’ pressure and flow rates of the
branches. The simulation results have been verified by the real operational plant data. More
detailed descriptions of the fluid network models can be found in previous publications by
the authors’ group [17, 18].
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3. TES integration strategies and results
This section presents the integration strategies and simulation results of a supercritical coal-fired
power plant with TES. There are three types of TES: sensible heat storage, latent heat storage,
and chemical heat storage. The latent heat storage is applied to the hybrid system, as its energy
density is higher than sensible heat storage and the cost is lower than chemical heat storage.
3.1. TES charging strategies
TES charging can be realized by extracting steam from different locations of the water-steam
loop of the power plant and flowing the extracted steam through heat exchangers to store thermal energy during the off-peak period. In this way, the electrical power output can be regulated
while maintaining the constant heat duty of the boiler. This study is conducted to find the
answers to the following challenging questions: where the TES can be integrated and how much
thermal energy can be extracted without degrading the plant thermal performance? Three heat
extraction (TES charging) strategies have been investigated with two optional thermal energy
extraction locations, which are Intermediate Pressure Turbine (IPTB) inlet and Low Pressure
Turbine (LPTB) inlet. As shown in Table 1, the steam temperature at IPTB inlet and LPTB inlet
are around 565 and 355°C, and the pressures at these two inlets are around 3.8 and 0.9 MPa,
respectively. The simulation results are presented and analyzed in the following subsections.
3.1.1. Extracting steam from IPTB and looping back to the condenser
While the steam extraction point is set at the inlet of the IPTB, the relatively high temperature
steam will pass a series of heat exchangers to store the thermal energy contained in the steam.
The exhaust steam at the outlet of the TES is mixed with the LPTB outlet steam and enters the
condenser. The schematic of this TES charging strategy is shown in Figure 2.
The amount of steam extraction is controlled by the valve openings. With different valve
openings, the mass flow rate of the steam entering the IPTB and LPTB is changed, as a result,
the power output is reduced. The simulation results of the mass flow rates in the TES and the
variations of the plant power output with different valve openings are shown in Figure 3.
From Figure 3, it is clear that the amount of the steam extraction needs to be restricted to a
feasible range in order to maintain a stable power output. The simulation study indicates that
the maximum flow rate of steam extraction from the IPTB inlet is 80 kg/s, and the relative
reduction of the output power is 13.3% in comparison with its rated power.
3.1.2. Extracting steam from LPTB and looping back to the condenser
Instead of the IPTB inlet, the steam extraction at the inlet of LPTB is studied in this section.
After the charging process, the steam will flow into the condenser mixing together with the
LPTB outlet steam. The schematic of this TES charging strategy is shown in Figure 4.
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Figure 2. Schematic of the first TES charging strategy.

Figure 3. Dynamic responses of mass flow rate in TES and output power: (a) mass flow rate and (b) output power.

The simulation results of the mass flow rates in the TES and plant power output changes with
different valve openings are shown in Figure 5. The simulation study indicates that in order
to maintain a reasonably stable power output, the maximum rate of steam extraction from the
LPTB inlet is 56 kg/s (corresponds to the valve opening of 60%), and the relative reduction of
the output power is 6.5% (561 MW).
3.1.3. Extracting steam from IPTB and feeding steam back at LPTB inlet
The study reported in this section is to investigate whether the thermal storage can be controlled in order to regulate the temperature and pressure of the exhaust steam at the outlet of
the TES. When the temperature of the steam is controlled to have the same value as required
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Figure 4. Schematic of the second TES charging strategy.

Figure 5. Dynamic responses of mass flow rate in TES and output power: (a) mass flow rate and (b) output power.

by the LPTB inlet, the steam can be fed back to the LPTB inlet directly to mix with the steam
coming from IPTB. The schematic of this TES charging strategy is shown in Figure 6.
The simulation results of the mass flow rates in the TES and the power output associated with
different valve openings are shown in Figure 7.
With various operating conditions and application of the above TES charging strategy, the
maximum flow rate of steam which can be extracted from the inlet of IPTB is 174 kg/s (corresponds to the valve opening of 60%), and the adjustment range of the output power is 3.9%
(576.5 MW). Excess extraction will lead to the steam pressure being lower than the operating
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Figure 6. Schematic of the third TES charging strategy.

Figure 7. Dynamic responses of mass flow rate in TES and output power: (a) mass flow rate; (b) output power.

pressure required by the IPTB. So this strategy only works with a small range of power regulation. The advantage of this strategy is that the steam can be recycled back to LPTB without
modifying the whole system cycle.
3.2. TES discharging strategies
During the electricity peak demand period, the stored thermal energy in the TES will be discharged back to the water steam loop to increase the total electricity generation. Two strategies
have been studied: the first one is to use TES to produce high temperature and high-pressure
steam, which is then fed into the LPTB inlet; another is to use TES to preheat the feed water
instead of using the original preheaters. The simulation study for these two strategies is presented and analyzed in the following subsections.
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3.2.1. Using TES to produce additional steam for LPTB
During the TES discharging process, part of the feed water flows into the bottom of the TES
section from the deaerator, evaporates into steam and is superheated while it rises along the
heat exchanger tubes in the TES, then it leaves the TES in the status of superheated steam.
Heat is transferred from the TES to increase the temperature of the water/steam passing
through the tubes. The steam is then fed to the LPTB inlet and produces an additional electric
power output. As part of the feed water is taken out of the deaerator, more water is needed to
be pumped into the deaerator in order to maintain the steam flow rates in the HPTB and IPTB.
Figure 8 shows the schematic diagram of the proposed TES discharging strategy.
Figure 9 shows the simulation results of power output with the heat discharge. With various valve openings, the increased steam flow rate and power output are observed. From the
simulation study, the maximum flow rate of the steam generated from the TES is 72.6 kg/s. As
a result, the corresponding overall output power is 644.4 MW, which nearly approaches the
design limit of the power plant.
3.2.2. Using TES to heat feed water instead of preheaters
In a coal-fired supercritical power plant, part of the steam is taken out from the steam turbines
to preheat the feed water, as shown in Figure 10. In this supercritical coal-fired power plant,
there are three HP heaters and a group of LP heater. The steam taken out from the HPTB
is used for No. 1 and No. 2 HP heaters, the extracted steam from the IPTB is used for No.
3 HP heater, and the steam taken from LPTB is used for LP heater as shown in Figure 10.

Figure 8. Schematic of the first TES discharging strategy.
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Figure 9. Dynamic responses of mass flow rate in TES and output power: (a) mass flow rate and (b) output power.

Figure 10. Schematic of the second TES discharging strategy.

The amount of the steam extraction is controlled by regulating valve openings. When these
valves are closed, more steam will pass through the downstream turbines and produce more
power. However, this operation leads to the decrease of the feed water temperature. With the
TES integration, in order to maintain the feed water temperature, the feed water will bypass
the preheaters and flow into TES to raise its temperature. Simulation results are shown in
Figure 11.
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Figure 11. Using TES to heat feed water instead of preheater: (a) mass flow rate and (b) output power.

When the valve used to extract steam for No.3 HP heater is closed, the feed water will
bypass the No.3 HP heater and it will be heated by the TES. Accordingly, the output power
is increased to nearly 615 MW from 600 MW. When those valves for extracting steam to feed
to the LP heater are closed, the feed water will bypass the LP heater and enter the TES for
heating. As a result, the output power is increased to around 616.5 MW from 600 MW. When
those valves for extracting steam to feed to the LP heater and No. 3 HP heater are closed, the
feed water will bypass the LP heater and No. 3 HP heater and be heated by TES. Then the
output power is increased to 634 MW from 600 MW. This method requires no plant structure
changes so it is more feasible and cost-effective although the power regulation capability is
limited to a small range.

4. Improvement in dynamic performance
The simulation results have shown that the power plant could be operated with increased
flexibility within a wider range of power output through TES integration. The TES could
accumulate or release thermal energy to regulate the plant power output, therefore it offers
the enhanced capability in providing the services to load shifting. The dynamic performance
of the supercritical power plant with or without TES integration is compared in this section.
The simulation results are shown in Figures 12 and 13. The solid line is the power output
dynamic responses with the TES integration in action, in which the output power is regulated with the support of TES charging and discharging processes while the amount of feed
coal (fuel input) remains the constant. The dashed line represents the power output without
TES integration where the power output is directly controlled by changing the flow rate of
coal feeding. It can be seen that the power plant integrated with TES shows faster dynamic
responses and smoother transitions compared with the power plant without TES.
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Figure 12. Off-peak period.

Figure 13. Peak period.

5. Conclusion
This chapter describes the simulation study of TES integration into a supercritical coal-fired
power plant for efficient and flexible plant operation. Three TES charging strategies, and two
TES discharging strategies were investigated. The simulation results show that it is feasible to
extract thermal energy from the water-steam cycle for TES charging during the off-peak time
period and to discharge the stored thermal energy back to the power generation process to
water steam loop during the peak demand period to boost the power generation. According
to the results, following conclusions can be drawn:
1. The flexibility of a supercritical coal-fired power plant can be improved with the TES
integration.
2. For the TES charging process, the amount of the steam extraction needs to be restricted to
a feasible range in order to maintain a stable power output.
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3. For the first TES discharging strategy, the maximum mass flow rate of generated steam is
72.6 kg/s, and the corresponding overall output power is 644.4 MW.
4. For the second TES discharging strategy, the maximum output power is 634 MW.
5. With the TES integration, the supercritical coal-fired power plant presents faster dynamic
responses to the load demand changes.

Acknowledgements
The authors gratefully acknowledge the grant support of the UK Engineering and Physical
Sciences Research Council (EPSRC, EP/K021095/1, EP/L019469/1 and EP/M01536X/1). The
authors wish to thank the China Scholarship Council (CSC) for the PhD scholarship. The
authors would like to give our thanks to Mr. Paul Lambart from R-MC Power Recovery
Ltd. and Mr. Stuart Simpson from UNIPER for their valuable technical advice. The authors
want to give their thanks to the support from China National Basic Research Program 973
(2015CB251301) to enable the collaboration between the UK and China researchers.

Author details
Decai Li, Wenbin Zhang and Jihong Wang*
*Address all correspondence to: jihong.wang@warwick.ac.uk
School of Engineering, University of Warwick, Coventry, UK

References
[1] Kotowicz J, Michalski S. Efficiency analysis of a hard-coal-fired supercritical power plant
with a four-end high-temperature membrane for air separation. Energy. 2014;64:109119. DOI: 10.1016/j.energy.2013.11.006
[2] Som S, Datta A. Thermodynamic irreversibilities and exergy balance in combustion
processes. Progress in Energy and Combustion Science. 2008;34:351-376. DOI: 10.1016/j.
pecs.2007.09.001
[3] Narula R, Koza D, Wen H. Impacts of steam conditions on plant materials and operation
in ultra-supercritical coal power plants. In: Zhang D, editor. Ultra-Supercritical Coal Power
Plants. 1st ed. Cambridge: Elsevier; 2013. pp. 23-56. DOI: 10.1533/9780857097514.1.23
[4] Chalmers H, Gibbins J. Initial evaluation of the impact of post-combustion capture of
carbon dioxide on supercritical pulverised coal power plant part load performance.
Fuel. 2007;86:2109-2123. DOI: 10.1016/j.fuel.2007.01.028

13

14

Power Plants in the Industry

[5] Lucquiaud M, Chalmers H, Gibbins J. Potential for flexible operation of pulverised coal power plants with CO2 capture. Energy Materials. 2007;2:175-180. DOI:
10.1179/174892408X373536
[6] Lucquiaud M, Chalmers H, Gibbins J. Capture-ready supercritical coal-fired power
plants and flexible post-combustion CO2 capture. Energy Procedia. 2009;1:1411-1418.
DOI: 10.1016/j.egypro.2009.01.185
[7] Lin YJ, Wong DSH, Jang SS, Ou JJ. Control strategies for flexible operation of power
plant with CO2 capture plant. AICHE Journal. 2012;58:2697-2704. DOI: 10.1002/aic.12789
[8] Lausterer GK. Improved maneuverability of power plants for better grid stability.
Control Engineering Practice. 1998;6:1549-1557. DOI: 10.1016/S0967-0661(98)00116-6
[9] Zhao Y, Wang C, Liu M, Chong D, Yan J. Improving operational flexibility by regulating
extraction steam of high-pressure heaters on a 660 MW supercritical coal-fired power
plant: A dynamic simulation. Applied Energy. 2018;212:1295-1309. DOI: 10.1016/j.
apenergy.2018.01.017
[10] Huebel M, Gierow C, Prause JH, Meinke S, Hassel E. Simulation of ancillary services
in thermal power plants in energy systems with high impact of renewable energy. In:
ASME 2017 Power Conference Joint with ICOPE-17 Collocated with the ASME 2017 11th
International Conference on Energy Sustainability, the ASME 2017 15th International
Conference on Fuel Cell Science, Engineering and Technology, and the ASME 2017
Nuclear Forum; 26-30 June 2017. Charlotte: American Society of Mechanical Engineers;
2017. pp. V002T08A008-V002T08A008
[11] Nuytten T, Claessens B, Paredis K, Van Bael J, Six D. Flexibility of a combined heat
and power system with thermal energy storage for district heating. Applied Energy.
2013;104:583-591. DOI: 10.1016/j.apenergy.2012.11.029
[12] Pagliarini G, Rainieri S. Modeling of a thermal energy storage system coupled
with combined heat and power generation for the heating requirements of a
University Campus. Applied Thermal Engineering. 2010;30:1255-1261. DOI: 10.1016/j.
applthermaleng.2010.02.008
[13] Li D, Hu Y, He W, Wang J. Dynamic modelling and simulation of a combined-cycle
power plant integration with thermal energy storage. In: Automation and Computing
(ICAC), 2017 23rd International Conference; Huddersfield. New York: IEEE; 2017. pp. 1-6
[14] Kuravi S, Trahan J, Goswami DY, Rahman MM, Stefanakos EK. Thermal energy storage
technologies and systems for concentrating solar power plants. Progress in Energy and
Combustion Science. 2013;39:285-319. DOI: 10.1016/j.pecs.2013.02.001
[15] Tian Y, Zhao C-Y. A review of solar collectors and thermal energy storage in solar thermal
applications. Applied Energy. 2013;104:538-553. DOI: 10.1016/j.apenergy.2012.11.051

Flexible Operation of Supercritical Power Plant via Integration of Thermal Energy Storage

[16] Quoilin S, Aumann R, Grill A, Schuster A, Lemort V, Spliethoff H. Dynamic modeling
and optimal control strategy of waste heat recovery organic Rankine cycles. Applied
Energy. 2011;88:2183-2190. DOI: 10.1016/j.apenergy.2011.01.015
[17] Mohamed O, Wang J, Al-Duri B. Study of a multivariable coordinate control for a
supercritical power plant process. In: Automation and Computing (ICAC), 2011 17th
International Conference; Huddersfield. New York: IEEE; 2011. pp. 69-74
[18] Draganescu M, Guo S, Wojcik J, Wang J, Liu X, Hou G, et al. Generalized predictive
control for superheated steam temperature regulation in a supercritical coal-fired
power plant. CSEE Journal of Power and Energy Systems. 2015;1:69-77. DOI: 10.17775/
CSEEJPES.2015.00009

15

