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Abstract: Most existing coal-fired power plants were designed for sustained operation at full load
to maximize efficiency, reliability, and revenue, as well as to operate air pollution control devices at
design conditions. Depending on plant type and design, these plants can adjust output within a
fixed range in response to the plant operating or market conditions. The need for flexibility driven
by increased penetration of variable and non-dispatchable power generation such as wind and solar
is shifting the traditional mission profile of thermoelectric power plants in three ways: more
frequent shutdowns when market or grid conditions warrant, more aggressive load ramp rates (rate
of output change), and lower minimum sustainable load, which provides a wider operating range
and helps avoid costly plant shutdowns. Recent studies have shown that flexibility of a coal-fired
power plant can be improved by energy storage. The objective of this work was to analyze a set of
energy storage options and determine their impact on flexibility and economics of a representative
coal-fired power plant. The effect of three energy storage systems integrated with a coal power plant
on plant flexibility and economics was investigated. The results obtained in this project show that
Energy Storage Systems integrated with a thermal power plant improves plant flexibility and
participation in the Energy and Ancillary Services markets which improves plant financial
performance. The study was funded by the U.S. Department Office of Fossil Energy FE-1 under
Award Number DE-FE0031903.

Keywords: power plant flexibility; energy storage; charging; discharging

1. Introduction

Improving the flexibility of thermoelectric and nuclear power plants is one key challenge for the
transformation of an energy system towards a high share of renewable energies in electricity
generation. Flexible and dispatchable power plants contribute to this ongoing transformation process
as they compensate for the variable electricity generation from renewable energy sources such as
wind and solar [1-36].

Power system flexibility describes the degree to which a power system can adjust the electricity
generation in response to both anticipated and unanticipated variability. Flexibility indicates the
capacity of a power system network to reliably sustain supply during transient and large demand-
supply imbalances. A techno-economic definition by the International Energy Association (IEA)
states that, “Power system flexibility is the ability of a power system to reliably and cost-effectively
manage the variability and uncertainty of demand and supply across all relevant timescales” [37].
Improving flexibility of a coal-fired power plant through integration of Energy Storage Systems
(ESSs) and determination of the ESS impact on flexibility and economics of a representative coal-fired
power plant were the main objectives of this study.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Considering the expected capacity growth of variable renewable energies while simultaneously
reducing the capacity of conventional power plants, the remaining dispatchable power plant fleet has
to meet ever higher flexibility requirements. The flexibility of a power plant comprises mainly the
following three dimensions (parameters) [14,35,38,43]: low stable minimum load, fast load changes
(high load ramps), short start-up or avoidance of plant shut-down.

The effect of five ESSs integrated with a coal power plant on plant flexibility and economics was
investigated in this study for the following operating scenarios: full load operation, minimum load
operation, and load shift. Load shift, or time shifting of load, is accomplished by charging the ESS at
the minimum load and discharging it at the full power plant load. The ESS options selected for the
analysis in this study included: (a) thermal energy storage (TES), (b) liquid air (cryogenic) energy
storage (LAES or CES), (c) battery energy storage (BESS), and (d) hydrogen energy storage (H:ES).
The TES options include Ruths steam accumulator (RSA), sensible heat storage using low-pressure
(LP) condensate, molten solar salt (eutectic mixture of Sodium and Potassium), and solid media
(crushed rocks). The RSA option offers fast dynamic response over a relatively short time (about one
hour or less, depending on the storage capacity of the accumulator), while the battery energy storage
system (BESS) offers fast response and moderate capacity. A detailed description of the analyzed
ESSs, including operation (charging and discharging), modeling, and the results are provided in the
final technical report to the DOE “Techno-Economic and Deployment Analysis of Fossil Fuel-Based
Power Generation with Integrated Energy Storage”, [39] while references [4,6,40-42,44,45] present
effects of various energy storage technology on power plant performance and flexibility. The ESSs
described in this paper and their technical and economic performance include the following TES
systems: low-pressure (LP) condensate storage, molten solar salt storge, and solid media (crushed
rocks) energy storage.

1.1. Effect of Integrated ES on Plant Flexibility

The effect of an ESS integrated with a power plant on plant flexibility and performance depends
on the ESS design, integration with the power plant, storage capacity, and operation. For example,
an ESS integrated with a power plant may be used to lower the minimum operating load to avoid
plant shut-down and improve performance at the minimum load, extend the operating load range
by shifting load between the minimum and full (peak) loads, increase the load ramp rate (load change
rate), improve plant cycling performance (load following or frequency regulation) and reduce cycling
damage to the plant, and improve plant dynamic performance to enable and improve plant
participation in the ancillary service market. A schematic representation of some of these operating
scenarios is presented in Figures 1 and 2.1t has to be noted that the ESS charging and discharging are
transient processes, as shown in Figure 1.

During ESS charging, the plant power output P decreases by APg, since the steam or condensate
(thermal energy, heat) are diverted to the ESS, resulting in a decrease in the steam turbine power
output. The gradual linear change in the plant output is presented in Figure 1. To simplify the
analysis and interpretation of results, the heat input (HI) to the steam generator was assumed to be
constant. When the ESS charging is completed, the plant power output increases to its previous value
because the steam or condensate (heat) are no longer diverted to the storage.
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Figure 1. Transient nature of the ESS charging and discharging processes.
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Figure 2. ESS charging and discharging processes during load shift.

During the ESS discharging, the plant power output P increases by APachg since the heat stored
in the ESS is returned to the steam cycle, resulting in an increase in the steam turbine power output.
Similar to the ESS charging, the HI to the steam generator was assumed constant. When the ESS
discharging is completed, the plant power output decreases to its previous value because heat is no
longer discharged from the ESS. The ESS integrated with a power plant also effects plant efficiency
which decreases during the ESS charging and increases during the discharging.

ESS charging and discharging can also be used to reduce the minimum stable operating load
and increase the peak power output and enable time shifting of load, as presented conceptually in
Figure 2, where the ESS charging and discharging processes are shown as function of time.

The minimum stable operating load can be reduced by charging the integrated ESS at the
minimum unit load. The maximum (peak) load can be increased by discharging the integrated ESS
at the full unit load, resulting in a load shift. The charging and discharging of the integrated ESS can

also be used to smooth out or eliminate changes in steam generator firing rate (HI) during the load
following (frequency regulation).

d0i:10.20944/preprints202404.1666.v1
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Due to exergetic losses, the power increase APaxng during discharging is lower compared to the
power decrease APag during charging. This difference increases as the difference between the
conditions (temperature, pressure, enthalpy, and flow rate) of the charging and discharging steams
increases.

Thus, the roundtrip power-to-power efficiency nre is defined as:

_ OT“"’g APdchg (T)

T )
0 AB'hg (T)
where npr is less than one. As the difference between the charging and discharging conditions
(exergy) increases, the value of nre decreases and vice-versa.

The discharging time tacg at the full load is typically shorter, compared to the charging time ocg
at the minimum load where the steam and condensate flows, and associated temperatures, pressures,
and enthalpies are lower compared to the full load case. The discharging time also depends on the
discharging power—the higher the discharging power, the shorter the discharging time. Roundtrip
power-to-power efficiency was used as one of the parameters for evaluation of economic
performance and ranking of the ESSs analyzed in this study. It has to be emphasized that the
roundtrip power-to-power efficiency nper is different from the roundtrip energy-to-energy efficiency
nrre which is defined as:
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where quantities APag and APachg are the power decrease and increase during charging and
discharging, respectively. Quantities owg and odang are the charging and discharging times,
respectively, which, as mentioned earlier, may not be the same. For a steady power increase and
decrease, where values APag and APaschg are constant during the ESS charging and discharging, the
energy-to-energy roundtrip efficiency nrre can be calculated from the power-to-power efficiency, ne,
using the following expression:

Mep
Nrre = 3)
I
where f. is the charging to discharging time ratio, which for a constant volume/mass storage system
can be expressed as a ratio of the charging and discharging times or discharging and charging flows.
Per:

T i
chg dchg
f; )

Tdchg mchg

It has to be noted that, despite its name, nrre is a measure of the exergetic losses and not energy
losses. The thermal energy losses for a well isolated thermal energy storage system are very low, 1 to
2% of the stored heat. The increase in plant power output during the ESS discharging is lower
compared to the power increase during the ESS charging (APachg < APchg) because exergy of the
discharging stream is lower compared to the exergy of the charging stream, resulting in a roundtrip
efficiency of less than one.

An increase in the load ramp rate is one of the applications of ESS integrated with a power plant
to improve its flexibility. The increase in load ramp (LR) rate is achieved by shortening the time
required to achieve a desired change in plant power output. Shorter time increases the slope of the
load ramp, i.e., increases LR rate. In a regular operation, a power plant may go through a positive LR
to increase power output or a negative LR to decrease the power output in response to the dispatch
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signal from the Independent System Operator (ISO). As presented in Figure 3, the load ramp, LR is
defined as

AP
AT
where load change AP is a positive value for the positive load ramp, while for the negative LR, AP is
negative. At is the time required for a power plant to change power output by AP.

LR = (5)
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Figure 3. Increase in positive load ramp slope by discharging ESS at the beginning of the load ramp.

For a given AP, the slope of the load ramp can be increased by shortening the time At. An ESS
integrated with the power plant can increase the LR slope by decreasing the load change the plant
has to execute and, thus shortening the time required for the load change without affecting the rate
of HI to the steam generator, AHI/At. As presented in Figure 3, discharging the integrated ESS, at the
beginning of the LR increases the LR slope by shortening the time required for the load change.
Alternatively, the LR slope can be increased by discharging integrated ESS at the end of the load
ramp.

A negative load ramp is initiated when a reduction of the plant power output is needed. Similar
to the positive LR, the slope of the negative LR can be increased by using integrated ESS. Charging
the integrated ESS at the beginning or end of the LR shortens the time required for load decrease and
increases the LR slope.

The relationship between LR, desired load change of the plant AP, and load change due to the
ESS charging APy or discharging APdchg, denoted at APes, can be written as:

LR
AP, 6)

1_ ES

AP

LR, =

According to Equation 6, the load ramp of the plant with the integrated ESS (LRes) can be
increased by the ESS charging or discharging, where the plant power output is increased/decreased
by APes. The magnitude of the LR improvement depends on the APes/AP ratio, where for a large AP,
the use of ESS has a small effect on LR and vice versa. Also, as presented in Figure 4, an ESS having
a larger effect on the plant power output APes during charging or discharging has a larger effect on
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the load ramp rate. As presented in Figure 4 for APes in the 20 to 40 MW range, and large changes in
power plant output (AP = 300 MW), the integrated ESS improves plant load ramp rate by 7 to 15%.
For small changes in plant power output, i.e., for AP in the 100 MW range, the integrated ESS has a
much larger effect on the load ramp and improves it by 25 to 65% depending on the magnitude of
APes.

Effect of Energy Storage (ES) on Load Ramp

—DP =50 MW
5+ —DP = 100 MW

—DP = 200 MW
4l —DP = 300 MW

Load Ramp, LR ILR

0 5 10 15 20 25 30 35 40 45
APgs [MW]

Figure 4. Effect of energy storage charging / discharging on plant load ramp rate.

2. Technical Approach

The technical analysis included building a high-fidelity first principles model of a Reference
power plant to determine baseline performance (plant performance without an integrated ESS) over
the operating load range of the plant. The model results were used to develop baseline performance
curves: Input-Output (I-O), Heat Rate (HR), Incremental heat rate (IHR) and Incremental Cost (IC)
curves. The model of the Reference plant was then modified by adding/integrating the ESSs selected
for the analysis.

A detailed first-principles model of the Reference steam Rankine cycle coal power plant was
developed using EBSILON® Professional (EP) modeling tool, Version 14.00 [46]. The selected
Reference plant is representative of the subcritical 645 MW class coal-fired power plants operating at
steam conditions of 538°C/538°C/165bar (main steam temperature/hot reheat steam
temperature/main steam pressure) and condenser pressure of 2.5 Hg Abs, using low sulfur
bituminous coal (HHV = 13,176 Btu/Ib). Heat rejection is accomplished by a closed cooling system
consisting of a water-cooled condenser (WCC) and a wet cooling tower (WCT).

The EP model of the Reference plant is shown in Figure 5 where the yellow-colored symbols
represent the plant components and sub-components. The WCC and WCT are located near the right
edge of Figure 5. The predictions obtained for unit loads lower than design condition are based on
the full load (Design) performance by running the EP model in the off-design (OD) mode which
makes use of the models of unit components, such as steam turbine, condenser, feed water heaters
(FWHs) and other heat exchangers, boiler, pumps, fans, etc. The most complex of these models is the
steam turbine model which uses Stodola’s ellipse, [47-49], to relate steam flow and pressure at the
off-design conditions, and Spencer, Cotton, and Cannon (SCC) model for the turbine stage efficiency
[48].
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Figure 5. EBSILON Professional model of the Reference plant with WCC+WCT.

As stated earlier, the TES systems described in this paper include the low-pressure (LP)
condensate storage, two-tank molten solar salt storge, and fixed bed energy storage where heat is
stored in a solid medium (crushed rocks). The selected models and their performance are described
in the sections below.

2.1. Low-Pressure (LP) Condensate Thermal Energy Storage

The charging of the LP condensate storage system integrated with the Reference power plant is
presented schematically in Figure 6. To decrease the plant power output, the storage tanks are filled
with hot condensate taken from the outlet stream of the feedwater storage tank (FWT). To accomplish
this, the steam extraction for the deaerator (D) has to be increased. The charging hot condensate
displaces cold condensate from the storage tanks forcing it to merge with the main condensate flow
downstream of the condensate pump. As a result, the LP condensate flow through the LP FWHs and
steam extractions for the LP FWHs and deaerator increases. The increase in steam extractions
decreases steam flow through the LP steam turbine and its corresponding power output.
Consequently, the overall plant power output decreases. Similar system configurations involving
storage of LP condensate were proposed in [50,51]. The red arrows in Figure 6 indicate the hot
condensate flow, while the blue arrows denote the cold and main condensate flows. During system
discharge, the LP hot condensate stored in the condensate tanks is discharged into the main
condensate line upstream of the deaerator (D). The discharged hot condensate is replaced by the cold
condensate, reducing the main condensate flow through the LP FWHs and D, i.e., the direction of the
red and blue arrows in Figure 6 is reversed. This decrease in the condensate flow results in a decrease
in steam extractions. As a result, the steam flow through the LP steam turbine increases, increasing
power output of the LP turbine and the power plant.
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Figure 6. LP condensate storage system integrated with Reference power plant- system charging.

The storage tanks were modeled as stratified storage, where a thermocline is established
between the hot condensate occupying the upper portion of the tank and the cold condensate at the
bottom of the tank. To reduce heat conduction between the hot and cold condensate, floating baffles
were used to separate the two zones.

The effect of the condensate tank charging on the plant power output is presented in Figure 7
where the plant power output is plotted as a function of the charging time over a range of condensate
extraction flows. The results show that the power output decreases almost instantaneously when a
portion of the hot condensate flow leaving the feedwater storage tank is diverted to the LP tanks and
stays constant during the charging process. During discharging, the plant power output increases
almost instantaneously. These results show that the LP condensate storage system provides fast

response.
640
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Figure 7. Plant power output as a function of time during charging of the condensate storage tanks.
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The effect of the LP condensate charging and discharging flows on the plant power output,
presented in Figure 8 for the minimum and full load operation, shows that the effect of the
charging/discharging flow on plant power output is linear and increases with the condensate flow.
The full load charging/discharging flows presented in Figure 8 correspond to 25 to 40% of the Boiler
Feed Pump (BFP) flow, and for the analyzed Reference plant result in a power output change in the
+ 10 MW (= 1.5% of full load) to + 15 MW (+ 2.3%) range. In other words, integration of the LP
condensate storage system would, at full load and condensate flow corresponding to 40% of BFP flow
allow the Reference plant to follow load in the + 15 MW range (2.3%) and improve its participation
in frequency regulation or increase the maximum power output by 15 MW when power prices are
favorable. Charging the LP condensate storage system at the minimum load would reduce plant
power output by 6.2 MW (1.8%).

20
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Figure 8. Absolute change in the power plant output during LP condensate storage system charging
and discharging at minimum and full load.

Since the locations where the condensate is taken from and returned to the steam turbine cycle
are very close to each other, the exergy of the condensate flows at these locations is also similar,
resulting in a high power-to-power and energy-to-energy RTE, as presented in Figure 9. Also, since
changes in the power output APag and APawg during the charging and discharging of the storage
tanks remain constant, for the same charging and discharging times, according to Eqn. 3, the
roundtrip energy-to-energy efficiency nrre is the same as the power-to-power efficiency nee.

For the highest analyzed charging flow rate of 40 kg/s and full power plant output, 318 MWhu
of heat can be stored in three hours. The amount of stored heat at lower load is lower due to the lower
flow and enthalpy of the condensate. At the minimum analyzed load of 332 MW and 40 kg/s, 144
MWhi can be stored.
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Simulations were also performed for the scenario where the condensate storage tanks are
charged at the minimum load and discharged at the full load to simulate the load shift described in
Figure 2. For the analyzed example, the maximum power increase at full load during the load shift
is 10 MW, i.e., lower compared to the case where storage tanks are charged and discharged at full
load. The change in net unit efficiency during the LP condensate tank charging / discharging at full
load is approximately equal to 1%-point.

In summary, the main advantages of the LP condensate storage system include low cost (storage
tanks operate at low pressure, less than 10 bar) and fast response. The change in the plant power
output is proportional to the flow rate of the charging/discharging condensate flow, while the heat
storage capacity is proportional to the tank volume. The maximum charging and discharging times
are proportional to the tank storage volume and condensate charging / discharging flow rates.

2.2. Two-Tank Molten Solar Salt Thermal Energy Storage

The next ESS analyzed consists of two storage tanks for the cold and hot solar molten solar salt
(eutectic mixture of the sodium and potassium nitrate, NaNOs and KNOs) and two heat exchangers
(HEX: and HEXz). Charging of a two-tank molten solar salt thermal energy storage system (2-tank
MSS) integrated with the Reference power plant is shown schematically in Figure 10, where the red
and blue arrows denote the flows of the cold reheat (CRHT) steam used for system charging, while
the yellow lines show flows of the molten solar salt. To charge the 2-tank MSS system and decrease
the plant power output, a portion of the CRHT steam exhausted from the high-pressure (HP) steam
turbine, instead of expanding in the intermediate-pressure (IP) turbine, is diverted to the heat
exchanger HXE: and used to increase the temperature of the cold molten salt flowing from the Cold
Tank. The hot molten solar salt is then stored in the Hot Tank. The tanks operate at a low, near-
ambient pressure due to the low vapor pressure of the molten solar salt. Application and integration
of the molten salt thermal energy storage with fossil power plants is also described in [39,40,52-54].


https://doi.org/10.20944/preprints202404.1666.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2024 d0i:10.20944/preprints202404.1666.v1

11

Hot Reheat Steam

€ .
3 Cold Reheat .
] Steam 4 Condenser
i =
©
=
Coal
| SCR
APH | | FWH, = Stack
: Flue Gas
S— ESP @ >
| FD Fan ID Fan
Combustion FGD
Air

Figure 10. 2-tank MSS storage system integrated with the Reference power plant-System Charging.

The steam leaving HXE: is split into two streams: one merging with the steam extraction line for
the first high-pressure feedwater heater (HP FWH1), the other one merging with the steam extraction
line for the deaerator (DEA). For the system configuration shown in Figure 10, the maximum flow
rate of charging steam is limited by the sum of these two steam extractions, 40 kg/s for the analyzed
system. Thus, tank storage capacity is determined by the charging time. For a charging time of 3 hrs,,
1,080 tons of molten solar salt at 350°C can be stored in the Hot Tank, corresponding to a heat storage
capacity of 157 MWhu. This small storage volume results in a compact system. Heat tracing of piping
and thermal insulation of the tanks is needed to maintain the minimum salt temperature above the
freezing temperature of 248°C and reduce thermal losses. Due to lower flows and enthalpies of the
CRHT steam and feedwater at the minimum power plant load (336 MW), 123 MW of heat can be
stored in three hours.

During system discharging, the hot molten salt discharged from the Hot Tank is used in HEX:
to increase the temperature of the feedwater (FW) bypass flow. The plant power output increases due
to the reduced steam extractions for the HP FWHI1 and/or HP FWH-. The heated FW bypass flow
merges with the main FW flow between the HP FWHSs 1 and 2, while the cold molten salt leaving the
HXE-: is pumped back to the Cold Tank.

The effect of the 2-tank MSS system charging and discharging on the plant power output at full
load is presented in Figure 11 where the plant power output is plotted as a function of time. As shown
in Figure 11, the system is charged for 3 hours using the CRHT steam at a flow rate of 40 kg/s, placed
on hold for 30 minutes, and then discharged using a range of the FW bypass flows. The results
presented in Figure 11 show that the plant power output decreases almost instantaneously when the
charging steam is diverted from the HP turbine discharge and stays constant during the charging
process. The power output increases almost instantaneously to the baseline level when charging
stops.
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Figure 11. Change in power plant output as a function of time during 2-tank MSS storage system
charging and discharging at full load.

When the stored heat is returned to the cycle during system discharging, the plant power output
increases instantaneously. A shown in Figure 12, the Reference plant power output decreases by 23.2
MW (3.6% of full load) during the system charging. For the range of the FW bypass flows analyzed
(30 to 90 kg/s or 5.5 to 16.5% of the BFP discharge flow), the plant power output increases from 5 to
20 MW (0.8 to 3.3%). The plant power increase during discharging is a linear function of the FW
bypass flow. Regarding plant flexibility, integration of a 2-tank MSS storage system with the
Reference power plant, would at full load, allow the plant to follow load in the approximately + 20
MW range and increase its participation in the frequency regulation, or to increase the maximum
power output by 20 MW when power prices are favorable.
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Figure 12. Change in plant power output during 2-tank MSS TES system charging and discharging at
full load.
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The roundtrip power-to-power and energy-to-energy efficiencies for the full load and maximum
charging CRHT steam flow of 40 kg/s are shown in Figure 13 as function of a dimensionless FW
bypass flow. As the results show, the power-to-power roundtrip efficiency err increases linearly with
the FW bypass flow since the increase in the plant power output with the FW bypass flow during
discharging is linear. For the highest bypass flow of 90 kg/s analyzed in this work, ner is high,
approximately 90%. For low FW bypass flows, nre is much lower since, as presented in Figure 12, the
power output increase, APachg, during discharge is much lower compared to the power output
decrease, AP, during charging. This is due to a much higher exergy of the CRHT steam extraction
flow used for charging as compared to the exergy of the FW bypass flow and steam extraction flows
affected by discharging.

Full Load
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Figure 13. Roundtrip power-to-power and energy-to-energy efficiency vs. feedwater bypass flow.

In contrast to ner, the roundtrip energy-to-energy efficiency, nrre, is relatively low and virtually
constant. For the analyzed range of FW bypass flows and selected tank size, the value of nrre is in the
25 to 28% range. The roundtrip energy-to-energy efficiency is low due to the significantly shorter
tank discharging time compared to the charging time. For example, as shown in Figure 14, for the
low FW bypass flow of 7% of the BFP flow, the Hot Tank is fully discharged in 135 minutes, while
for the highest analyzed dimensionless FW bypass flow of 16.5%, the Hot Tank discharging time is
52 minutes, more than three times shorter compared to the charging time of 180 minutes. To satisfy
the energy balance for HXEz, a higher flow of the hot molten salt is needed for the higher FW bypass
flow, which results in a shorter discharge time of the Hot Tank, larger value of parameter f. (Eqn. 5)
and a lower value of nrre (Eqn. 3). For the constant tank volume, the discharging time is inversely
related to the hot molten salt flow from the Hot Tank and thus to the FW bypass flow. Therefore, the
energy efficiency should be constant and independent of the FW bypass flow (Eqns. 3 and 4).
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Figure 14. Charging and discharging time and flow rate of molten salt vs. feedwater bypass flow.

The results shown in Figures 12, 13 and 14 are typical of a constant volume storage tank system
where the discharging flow of the hot molten solar salt and discharging time are inversely related
resulting in a linear variation of ©Puchg and err with the discharging flow, and a constant value of erte.
The orte value could be increased by increasing the volume of the storage tanks.

The charging and discharging of a 2-tank MSS system also affects cycle efficiency, which for the
Reference plant decreases by 1.3%-points during charging and increases from 0.5 to 1.5%-points
during discharging. Similar to the LP condensate tank storage system, the change in plant power
output for the 2-tank MSS system is instantaneous during system charging and discharging.

The analysis was also performed for the scenario where a 2-tank MSS system was charged at the
minimum load and discharged at the full load to simulate the load shift. For the analyzed operating
conditions, the power increase of the Reference plant at the maximum load achievable by the load
shift (Figure 2) is 11.3 MW (1.8%) for a FW bypass flow of 90 kg/s, i.e., lower compared to the power
increase achieved when charging and discharging is performed at full load. The err in this case is
96.7%. However, since the discharging flow is high compared to the charging flow, the discharging
time is shorter compared to the charging time, which increases the value of f: and reduces the value
of nrre. The results obtained for the 2-tank MSS storage systems are similar to the results reported by
Kruger et al. [40].

2.3. Fixed Bed Thermal Energy Storage

The cost of a TES system is significantly affected by the choice of heat storage medium. A fixed
bed (FB) TES system is an attractive option because of the low cost of the heat storage medium, simple
operation, and easy scaleup. In the FB TES system, heat is stored in solid media, such as sand, rocks,
ceramics, and other solid materials. Air, flue gas (in gas turbine cycle applications), and molten solar
salt may be used as the heat transfer fluids (HTFs). As the HTF flows through the fixed bed of the
heat storage medium, heat is exchanged between the solid and the HTF. During the charging phase,
the hot HTF enters from the top of the bed, flows through the stationary bed of solids, transfers heat
to the heat storage medium, and exits at the bottom of the bed at a lower temperature. During the
discharging phase, the process is reversed; the cold HTF enters FB from the bottom and flows upward
through the stationary bed. The heat stored in the heat storage medium is transferred to the HTF,
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increasing its temperature. The hot HTF exits FB at the top. The fixed bed energy storage system in
stand-alone and integrated configuration is described in [40,55-57].

This mode of operation creates a hot temperature zone in the upper part of the FB and a low
temperature zone at the bottom part, thus establishing a thermocline, i.e., temperature difference
between the top and bottom FB sections, allowing one storage tank to operate as two storage tanks,
one at a high temperature, the other one at a low temperature. According to the results published in
the literature, Pacheo, [11], a single tank system employing thermocline offers cost savings of the
order of 30 to 40% compared to the two-tank system.

The integration of a FB TES system with the Reference plant analyzed in this work is presented
in Figure 15 where the FB TES system is charged by using the hot reheat (HRHT) steam extracted
from the steam turbine cycle at 538°C. Since using the HRHT steam does not affect operation of the
steam reheater, boiler and HP turbine, such integration arrangement allows for high HRHT steam
extraction flows and high storage capacity of a FB TES system. However, operation and power output
of the intermediate-pressure (IP) and low-pressure (LP) turbines is affected due to the reduced steam
flow rate. Since the heat storage medium (crushed rock, ceramics, etc. [58]) can operate at high
temperature, using high temperature charging steam results in a smaller TES system because heat is
stored at a higher enthalpy.
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Figure 15. Schematic of a FB TES system integrated with the Reference plant—System charging.

The FB TES system may also be charged by using the main (live) steam (MST) or cold reheat
(CRHT) steam. Based on the results published by Krueger et al. [40], using the HRHT steam gives
higher overall efficiency compared to the other two options. The main steam has higher exergy
compared to the CRHT steam since it did not do produce work in the HP steam turbine. Using the
MST as a source of heat for the FB TES charging and throttling it to a lower pressure to reduce the
capital cost of the top heat exchanger (HEX1) would result in the exergy loss and lower overall
efficiency. The use of CRHT steam would, on the other hand, increase the size of the FB TES system
due to the lower temperature of the charging steam.

As shown in Figure 15, during system charging, the charging HTRH steam transfers heat to the
HTF in the top heat exchanger HEXi. The cold charging steam leaving HEXi is returned to the LP
turbine. To reduce the capital and operating cost of HEX1 and match the cold steam pressure to the
LP turbine inlet pressure, throttling is used. The hot HTF leaving the HEXi enters the FB TES and
exchanges heat with the heat storage medium. The cold HTF leaving FB TES is returned to HEX: inlet
for reheating. The HTF flow loop for the charging cycle is presented in red in Figure 15. During
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discharging, the HTF flow through the FB TES is reversed. The cold HTF exiting the bottom heat
exchanger HEX: passes through the FB TES and is heated by the heat stored in the heat storage
medium. The hot HTF exiting the FB TES flows through the HEX:, exchanges heat with the FW bypass
flow stream, increasing its temperature, and is returned to the FB TES for reheat. The HTF flow loop
for the discharging cycle is presented in light blue in Figure 15.

A FW bypass configuration was selected since it offers several advantages compared to heating
the full feedwater flow, such as: (1) smaller heat exchanger, (2) increased operational flexibility, i.e.,
the FW bypass flow can be varied to match the desired power output increase during discharging,
(3) the HEX: can be installed and maintained while the power plant is in operation (the same applies
to the HEX4).

To model the dynamic performance of the FB TES charging and discharging, a two equation
non-equilibrium transient model of the flow and heat transfer in a fixed bed published in [59] was
used. The heat transfer between the solid and HTF was modeled using experimental correlations for
the heat transfer coefficient from the literature [60]. The model was verified against experimental data
published by Hanchen at al [61]. To reduce the individual tank storage volume to a manageable size
and improve operating flexibility of the system, a modular approach was selected where six identical
beds in a parallel flow arrangement, containing a total of 2,000 metric tons of quartz rock with a total
thermal capacity of 175 MWhu, was used for integration with the Reference power plant. Quartz was
selected as the heat storage medium based on the results published in [61]. This modular approach
also allows thermal storage capacity of the FB system to be increased as conditions in the energy
market change in the future. In this study, air was selected as the HFT since it greatly simplifies
system design and operation.

The modeling results show that the HTF flow rate has a significant effect on the FB TES system
performance, both during the charging and discharging. The variation of the HTF temperature at the
bed exit with the charging time and HTF flow rate is presented in Figure 16. As the results show, the
charging time and the HTF flow rate have a significant effect on the HTF temperature leaving the
bed. For the selected FB size and a reference HTF flow rate of 28 kg/s, the HTF temperature at the bed
outlet remains constant for approximately 2.5 hours. For a longer charging time, the HTF bed outlet
temperature sharply increases and reaches a maximum value in approximately 4.5 hours when the
bed is fully charged. During bed discharging, the HTF temperature is initially constant but sharply
decreases for longer discharging times approaching the minimum temperature when the bed is fully
discharged. A lower HTF flow increases duration of the constant temperature plateau and bed
charging/discharging time, while higher HTF flow has the opposite effect.
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Figure 16. HTF temperature at bed exit as a function of the charging time and HTF flow rate.
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As a result of the transient performance of the FB TES, the flow rates of the charging steam and
FW bypass flow are not constant during bed charging / discharging but vary with time, as presented
in Figure 17. These results were obtained by integrating the FB TES model with the Reference power
plant model. As presented earlier, during the bed charging with a constant HFT flow, the HTF outlet
temperature is initially constant but increases sharply as the thermocline effect propagates to the bed
top. This increase in the HTF bed outlet temperature (HEX: inlet temperature) results in a decrease
in the charging HRHT steam flow needed to maintain constant HFT temperature at the HEXi outlet,
as shown in Figure 17.
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100

Charging Discharging

80 |

70 |

Mass flowrate [kg/s]
3

10 L —HTF flow=28kgis j 46hrs

o

Time [hr]

Figure 17. Steam extraction and FW bypass flows during FB TES charging and discharging for
reference HTF flow of 28 kg/s.

During the bed discharging with a constant HFT flow, the HTF bed outlet temperature is initially
constant but decreases sharply as the thermocline propagates to the bed bottom resulting in less heat
being available in HEX: for the FW bypass heating. Thus, to maintain a constant temperature of the
FB bypass, the FB bypass flow decreases. The charging steam and FB bypass flow reach their
minimum values for the fully charged and discharged bed, respectively. For six fixed beds in service,
the maximum total hot reheat steam extraction flow is 92.64 kg/s (6 x 15.44 kg/s).

The variation of the charging HRHT steam flow during bed charging and FW bypass flow
during bed discharge affects the operation of the steam turbine cycle and the power plant power
output, which is thus not constant as it was the case with the two previously described ESS systems
but varies with the charging/discharging time. The impact of the FB TES system charging and
discharging on power plant net power output is presented in Figure 18.
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Figure 18. Change in net power output during the FB TES system charging and discharging for
reference HTF flow of 28 kg/s.

As the results show, changes in plant net power output mirror changes in the charging steam
and FB bypass flow. During bed charging, the plant net power output is 43 MW (6.8%) lower
compared to the baseline value and remains constant for as long as the charging steam flow is
constant. As the charging steam flow decreases, the net power output increases reaching the baseline
value when the bed is fully charged in approximately 4.5 hours. During bed discharging, the net
power output is approximately 17 MW (2.7%) higher compared to the baseline value as heat is
returned to the cycle and remains constant for as long the FW bypass flow is constant. As the FW
bypass flow decreases, the net power plant output decreases and returns to the baseline value when
the bed is fully discharged.

Variations in plant power output during bed charging and discharging result in variations in
net unit efficiency which decreases by 3-% points during charging and increases by 1.2%-points
during discharging. It is worth noting that a 1%-point change in net unit efficiency is significant.

Variations in plant power output during charging and discharging also affect the roundtrip
power-to-power efficiency. The value of ner remains close to the maximum value for as long as the
APag and APaag values corresponding to the FB TES system charging and discharging are
approximately constant. As shown in Figure 19, as the bed is getting closer to the fully charged or
fully discharged condition, and flow rates of the charging steam and FW begin to decrease, the value
of err rapidly decreases approaching zero for the fully charged/discharged bed.

d0i:10.20944/preprints202404.1666.v1
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Figure 19. Roundtrip power-to-power efficiency for the design HTF flow of 28 kg/s.

The roundtrip efficiency for the FB TES system charged with the HRHT steam is lower compared
to the other energy storage systems analyzed in this work. One of the reasons for this difference is
the choice of the charging and discharging sources/locations, i.e., HRHT steam and feedwater flow,
with exergy of the charging steam being significantly higher compared to the exergy of the FW bypass
flow. However, storing heat at high temperature reduces the size of the heat storage system and
capital investment. The value of ner is close to the maximum value of 36.4% for as long as APeg and
APachg values, corresponding to charging and discharging, are approximately constant. The average
nee value is 34.12%. As the bed is getting closer to the fully discharged state and flow rates of the
charging steam and FW condensate bypass begin to decrease, the value of nrr rapidly decreases
approaching zero for the fully charged/discharged bed. The average value of the energy-to-energy
roundtrip efficiency nrre is 31.45% at the full load operating conditions.

This analysis was also performed for the minimum plant power output and for the load shift
(Figure 2). Since the changes in the plant power output during the FB TES charging and discharging
are approximately the same for the full and minimum load, the roundtrip efficiencies for these
operating conditions are also approximately the same. Therefore, for the load shift, the power
increase at the minimum load is approximately the same as for the full load. Also, the reduction in
the power output during charging at the minimum load is the same as for the full load operation.

As reported in [62] and from the results of this analysis, low cost of the heat storage medium
and simple operation are main advantages of the FB TES. The power output of a FB TES (charge /
discharge rate) can be controlled by the HTF flow. However, since the FB TES is a constant volume
device, the HTF flow and charging/discharging times are inversely related. Except for the initial
period, power output of the FB TES varies during charging/discharging.

3. Performance of the Analyzed TES Systems

For a constant HI to the power plant, the plant power output and performance decrease during
the ESS charging since heat/energy is taken away from the turbine cycle, while during the ESS
discharging, the plant power output increases and performance improves as stored heat/energy is
returned to the cycle. An ESS integrated with a coal-fired power plant improves plant flexibility by
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(a) lowering the minimum stable operating load helping to avoid costly plant shut-down and
improve plant performance at minimum load, (b) extending the operating load range by shifting load
between the minimum and full loads, (c) increasing the load ramp rate, (d) improving plant cycling
performance (load following), resulting in reduced plant cycling and cycling damage to the plant, (e)
improving plant dynamic performance by enabling/improving plant participation in the Energy and
Ancillary Service markets. The results for all ESSs analyzed in this DOE study are summarized in
Table 1 for full load operation.

As the results presented in Table 1 show, the improvement in the plant flexibility primarily
depends on the ESS integration with the power plant, but also on the ESS type and mode of operation.
The same parameters also affect the roundtrip efficiency of the ESS. The effect of the investigated
ESSs on plant performance is relatively similar (+ 5 to 25 MW, i.e., + 2 to 4% of full power output)
except for the LAES and H2ES FC systems, described in [38], which have larger effect + 35 to 85 MW,
or + 6.5 to 14.6% of full load). Due to exergetic losses, the increase in plant power output and
performance during discharging is lower compared to the power output decrease during charging,
resulting in the value of roundtrip efficiency to be lower than 100%. The effect of an integrated ESS
on the plant load ramp rate depends on the desired change in plant power output (AP) and the effect
of ESS charging and discharging on the plant power output (APes), i.e., on the (APes/AP) ratio.

Table 1. Performance of the Reference power plant with integrated ESSs analyzed in DOE study at
full load conditions.

Operation at Full Load
Charging Discharging Roundtrip Efficiency
TES System APchg  APchgave APchg APchgavg| APachg APdchgave APdchg APachgave |Nrrep-pmax Mrtep-p  NRTEEE
MW MW % % MW MW % % % %
1 |LP Condensate Storage 1 -15.7 -2.5 14.6 2:3 93.1 93.1
2 |LP Condensate Storage 2 -9.8 -1.5 9.3 1.5 95:5 95.5
3 |Molten Solar Salt Storage 1 -23.2 -3.6 20.9 3.3 90.1 26.1
4 |Molten Solar Salt Storage 2 -23.2 -3.6 15.8 2.5 68.1 26.5
5 |LAES 1 -21.2 -3.9 13.8 25 65.1 65.3
6 |LAES 2 -21.2 -6.8 19.9 3.6 93.9 45:1
7 |FBTES1 -45.5 -40.1  -7.2 -5.70 16.6 13.7 2.6 2.2 36.5 34.2 315
8 |FBTES 2 -66.3 -48.4 -10.4 -7.62 23.4 19.0 3.7 3.0 353 39.2 30.4
9 |RSA -27.2 -10.4 -4.9 -1.89 14.6 6.3 2.7 1.1 53.7 60.4 51.5
10 [H, Storage (Co-firing) -80.3 -14.6 219 4.0 27.3 49.8
11 |H, Storage (Fuel Cell) -80.3 -14.6 54.2 9.9 67.5 69.73

4. Economic Performance

The economics of energy storage and valuation of flexibility options was studied in [64-68],
while the economics of BESS was presented in [70]. Optimal dispatch of a coal-fired power plant was
investigated in [69]. The analysis of the economic performance of the ESS systems analyzed in this
study was performed by Customized Energy Solutions (CES) Ltd. for the PJM and MISO energy
markets using real market prices and trading rules to determine plant economic performance under
realistic market conditions. The analysis was performed by using the economic dispatch model
developed by CES for the Reference plant. The dispatch model was used to determine capacity factor
CF of the Reference plant operating in the MISO and PJM markets in winter, summer, and spring/fall.
The day ahead hourly Locational Marginal Price (LMP) and Incremental Cost (IC) curve of the
Reference plant were used to determine plant dispatch and operation in these markets. As described
in section Technical Approach, the IC curves for different seasons of the year were determined using
EBSILON Professional model of the Reference plant, ambient data, fuel cost, and environmental
adders (cost of emissions control). Due to variation in ambient conditions (primarily temperature),
the incremental cost is the lowest in the winter and highest in summer. Therefore, the plant CF is the
highest in the winter months and lowest in the summer months. Also, due to the difference in market
prices, plant CF in the MISO market is approximately 50% higher compared to PJM.
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The evaluation also assumed that the Reference Coal Plant operates as a peaking unit (Peaker).
This assumption is based on the relatively small slope of the IC curve (not presented here), which is
limiting the dispatch over the operating range, as well as the higher overall IC of the Reference unit
in comparison to other supply resources in the market. This assumption is supported by the national
trend of the retirement of coal units based on environmental pressure to eliminate fossil fuels from
the energy mix.

Levelized revenues by the value stream and other economic parameters were determined by the
Competitive Markets Evaluation Tool for Storage (CoMETS), a proprietary software suite developed
by CES. CoMETS utilizes a mixed integer linear modeling (MILP) optimization engine to determine
optimal hourly dispatch of an ESS to maximize potential market revenues subject to participation
rules in various market segments under relevant operating constraints. Since the economic
performance of the analyzed ESSs operating in different energy markets depends on the market rules,
plant capacity factor (CF), and roundtrip efficiency of the ESS integrated with the plant, the COMETs
model is unique to each ISO system.

The objective function for COMETS is the maximization of net revenues based on clearing prices
for available services (energy, capacity, and ancillary services). When optimizing the multiple
revenue potential of an energy storage device, COMETS optimization model uses multiple
parameters that define the characteristics of the storage system. It considers ESS’s ability to hold
charge, discharge, round-trip efficiency, number of charge/discharge cycles before the storage system
may need replacement, the minimum charge it must hold, if any, etc. Details are provided in [39].

The results for all ESSs analyzed in this study, expressed as Levelized Earnings for the 2020 to
2039 time period, for the full load operation in the PJM and MISO energy markets are summarized
in Figure 20 for the plant CF of 50% and range from 60 to 320 $/kWh-yr. For the ESSs described in
this paper (shown in light and dark blue), levelized earnings are in the 60 to 140 $/kWh-yr range. The
earnings in the MISO market are approximately 40% lower due to the differences in market prices
and trading rules. For example, for most of the ESSs analyzed there is no revenue from frequency
regulation in the MISO market. The breakdown of annual levelized revenues by category (capacity,
energy arbitrage, frequency regulation, and spin reserve) was also determined. The results for the
three ESSs presented in this paper and the MISO market are presented in Figure 21.
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Figure 20. Levelized earnings for PJM and MISO energy markets for plant capacity factor CF of 50%.
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(b) Two-tank molten solar salt system
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(c) FB TES system

Figure 21. Annual levelized revenues by category three ESSs described in this paper for the MISO
market.

As the results show, the breakdown of revenue streams by category varies considerably amongst
the analyzed ESSs, depending on their round trip efficiency and effect on plant performance.

5. Conclusions

Five ESSs and their integrations with a Reference coal-fired power plant were investigated in the
DOE study to determine their impact on plant operation, flexibility, performance, and economics.
The integration strategy was selected based on the practicality of integration. The maximum flow
rates of the ESS charging and discharging streams were determined based on physical limitations
associated with the existing power plant. Detailed models of the Reference plant and ESSs were
developed and used to simulate performance of the integrated systems.

The three ESSs described in this paper, their technical and economic performance, and effect on
power plant flexibility include Low-Pressure (LP) Condensate Thermal Energy Storage, Two-Tank
Molten Solar Salt Thermal Energy Storage, and Fixed Bed Thermal Energy Storage.

For a constant heat input condition for the plant, the plant power output and performance
decrease during the ESS charging and increase during the ESS discharging, where, due to exergetic
losses, the increase during ESS discharging is lower compared to the decrease during charging
resulting in roundtrip efficiencies lower than 100%. An ESS integrated with the power plant improves
all the contributions to plant flexibility, lowers the minimum plant load, extends operating range,
and increases plant dynamic performance (load following and load ramp rate).

Based on the results obtained for the coal-fired power plant, it is recommended the analysis be
extended to include physical modifications to the power plant hardware and thus remove physical
constraints, and also to a simple Brayton and combined cycles, as well to nuclear and thermal solar
(CSP) applications to improve their flexibility.
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