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ARTICLE INFO ABSTRACT
Keywords: This work presents a novel steam accumulator and concrete-block storage system (SACSS) to recover part of the
Combined cycles energy lost through the steam cycle side during startups of combined cycle power plants (CCPPs). The steam

Thermal energy storage
Fast startup

Efficiency improvement
Dynamic simulation

accumulators are integrated with sensible-heat concrete storage to provide superheated steam resulting then to a
higher efficiency and safer steam turbine operation compared with systems based only on saturated steam. An
economic analysis is performed considering two different scenarios: i) a CCPP able to execute fast startups using a
Benson-type heat recovery steam generator (HRSG) and ii) a CCPP operated with conventional startups which
employs a typical drum-type HRSG. It is worth mentioning that the second scenario is based on measured data.
The economic optimization of the SACSS is carried out focusing in four design variables: number of steam
accumulator units, storage pressure, concrete-block length and outer concrete diameter. The optimum solution
presents a net present value of 4.45 M€ and a payback period of 3 years for the CCPP suitable for fast startups. For
the CCPP operated with conventional startups, a net present value of 2.53 M€ and a payback period of 3.4 years
are obtained. The net present value grows around 60 % in both cases if the benefits from carbon credits are
considered. In addition to the efficiency improvement, the SACSS could be used to preheat critical sections of the
heat recovery steam generators, reducing the thermal stress and the fatigue damage during fast startups. Finally,
the emissions avoided thanks to SACSS are estimated to be around 3 640 and 2 175 tons of CO; per year, for fast
and conventional startup cases, respectively.

generation cost. In the case of Spain (or UE), the penetration of VRES is

1. Introduction expect to achieve levels of 75 % by 2030 [3]. In addition, the politics to
achieve the decarbonization of the electric system by means of CO, taxes
Renewable energies have recently reached a high maturity level and will push coal-fired plants to shut down soon. Contrarily, this fact is
hence they constitute one of the main chances to face global warming by expected to increase the natural gas consumption in the following years
providing clean energy sources, which becomes critical due to the in- due to its critical role in providing grid stability [3]. Moreover, as it was
crease of electric energy consumption worldwide. However, its inte- claimed by Tapetado and Usaola [4], the role of conventional plants will
gration into the electric grid system brings a hard challenge since they be critical to provide suitable levels of reliability in the electric grid
undoubtedly provide instability issues to the system. In this context, system in the coming years.
fossil-fueled load-following plants like combined cycles or coal-fired In this context, the high penetration of VRES will result in an increase
power plants have a key role to meet users demand and to counterbal- in the number of startups and load changes per year of CCPPs.
ance grid instability issues related to variable renewable energy sources Furthermore, during the late afternoon periods, load-following plants
(VRES) like wind or photovoltaics (PV) [1]. This is somehow the way to are expected to provide pronounced ramp-up rates to counterbalance
compete with higher generation costs compared to VRES, where load- both the down-ramp rates in the PV system and the high demand at such
following plants benefit from additional revenues due to the electric hours. These ramps would be possible if the CCPPs are somehow ready
grid balance services as spinning reserves, power system stabilization, after preheating. In the end, the cycling operating conditions lead to two
frequency support, black-start services, etc [2]. main problems: i) the annual energy efficiency reduction as a result of
In the near future, the problem is likely to be aggravated since the both the release of useful energy to ambient due to steam turbine or heat
penetration of VRES is expected to grow due to its extremely low recovery steam generator (HRSG) constraints during startup operation
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Nomenclature

Abbreviations

ASME  American society of mechanical engineers
CAES Compressed air energy storage

CCPP Combined cycle power plant

ECO Economizer

EV Evaporator

HPT High-pressure turbine

HRSG Heat recovery steam generator
IPT Intermediate-pressure turbine
LAES Liquid air energy storage
Stodola coefficient (K35 m)
thermal conductivity (W/m K)
concrete-block length (m)
mass (kg)

mass flow rate (kg/s)

number of tubes

number of years (years)
carbon credits price (€/ton)
pressure (bar)

heat flux (W/m?)

radius (m)

maximum allowable stress (MPa)
temperature (°C)

time (s), thickness (m)

volume (m®)

velocity (m/s)

steam turbine power (MW)
cartesian axis direction (m)
inflation rate

density (kg/m>)

outer

steam

tube, turbine

vessel

wall

initial, reference

Low-pressure turbine
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MECL minimum emissions-compliant load
NPV Net present value

PCM Phase change material

PV Photovoltaics

RH Reheater

SACSS  Steam accumulator and

SH Superheater

VRES Variable renewable energy source
Symbols

A cross-sectional area (m?)

B. carbon credits benefits (€)

Cip added costs (USD)

Cr total costs (USD)

Cy vessel costs (USD)

[ specific heat capacity (J/kg K)

d diameter (m)

E joint efficiency factor

Egen generated energy (MWh)

Enax energy of low-pressure steam (MWh)
Fur material factor (-)

F, cash flow (€)

f emission factor (kgCO2/kWh)

H total enthalpy of the fluid (J)

h convective coefficient (W/m?K), specific enthalpy (J/kg)
Iy investment costs (€)

i interest rate (%)

Greek symbols

a thermal diffusivity (m?/s)

Nrec energy recovery efficiency

R isentropic turbine efficiency
Subscripts

c concrete

dis discharge

f fluid

i inner

ins insulation

l liquid

[5], and the increase in the number of hours working at non-optimal
conditions due to variable operation, ii) the increase in the amount of
thermal cycles and the fatigue damage which will accelerate the failures
in the equipment.

The increasing penetration of VRES has changed the operation pat-
terns of CCPPs, since they were designed to operate at based load con-
ditions when the gas prices were low [6]. This new cycling operating
conditions have caused an increase in the cycling cost and the forced
outages [7]. To solve these issues, a storage system could be employed,
which leads to some additional benefits [8]: i) more flexible power plant
operation, ii) reduction of the minimum plant load level during storage
charging process, iii) increase in the annual energy efficiency of the
plant (e.g. recovering energy during fast startups), iv) less frequent plant
shutdowns and faster ramping, v) reduction of thermal stresses and in-
crease in the lifetime of plant equipment.

The reduction of the startup times in CCPPs leads to important
benefits such as [9]: i) Up to 15 % less fuel consumption. ii) Decrease of
the emissions during the startup. iii) Improve the dispatch ranking. This
last aspect is very important because the decrease of the startup times
directly results in more operating hours for power plants as was shown
in [10], mainly due its higher dispatchability. This increases the prof-
itability of the plant if the cycling costs are kept under suitable levels.

Due to a demand for fast starts of power plants, original equipment
manufacturers offer HRSG specifically designed for that purpose as
Benson-type HRSG [11]. It should be highlighted that to this day more
than 100 Benson-type HRSGs have been commissioned or are currently
being built [12].

Nevertheless, an acceleration of the gas turbine startup could lead to
a significant loss of efficiency due to the high amount of energy released
to the ambient. In fact, CCPP plants able to execute fast startups requires
full (100 %) steam bypass systems to the condenser [11]. Fast gas tur-
bines startups can be made in 20 min independently of the standstill
period [13]. However, due to the ramp up constraints of the steam
turbine, the complete startup of the CCPP takes around 30-180 min
depending on the standstill period [11]. Bearing in mind that this time is
computed from the gas turbine ignition to the steam turbine bypass is
closed [14] and the maximum steam mass flow for the steam turbine
preheating is limited to around the 5 % of the nominal value [14], a high
amount of energy is lost through the condenser of the steam cycle in
each startup phase. In addition, during fast load-change operations (e.g.
responses in the range of 5 min for provision of secondary control
reserve), the steam turbine bypass must be also used [15], releasing
again potentially useful heat to the condenser. It is worth mentioning
that the loss of energy through the steam turbine bypass also occurs in
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relatively old CCPPs unsuitable for fast startups [14]. Specially for
vintage F class gas turbines which have a minimum emissions-compliant
load (MECL) relatively high [11].

Other actuation to accelerate gas turbine startup consist of limiting
the inlet mass flow of flue gas into the HRSG by means of a bypass
damper [16]. However, flue gas bypass has technical difficulties related
to the perfect sealing to prevent leakage of flue gas through the gap
between the duct and the damper [11]. Thus, the expected damper
leakage leads to a loss of efficiency [17]. As a result, a widely used so-
lution in utility-scale CCPP consist of the installation of high-capacity
steam turbine bypass system and dumping the excess of steam into the
condenser during a fast startup [11]. This system can also be adapted to
CCPPs that were not initially designed for fast startups by retrofitting
additional desuperheaters [18]. In fact, due to this more and more
frequent practice, a recent survey about HRSG reliability has identified a
new additional cause of failure due to the excessive erosion of the steam
turbine bypass valves caused by fast startups [19].

In the literature, several projects focused in different energy storage
technologies for CCPPs can be found: liquid air energy storage (LAES)
[20], compressed air energy storage (CAES) [21], phase change mate-
rials (PCMs) [22], thermochemical storage [23], hot water accumulator
for district heating [24] and even CCPP hybridized with concentrating
solar technology using thermal energy storage [25]. For example, Briola
et al. [20] conducted an exergo-economic analysis of a LAES integrated
in an existing CCPP as a function of the pressures of the liquid air storage
and discharging circuit, for three different economic scenarios (ex-
pected, pessimistic and optimistic). They concluded that LAES is prof-
itable in all scenarios except for the pessimistic one, although the high
initial costs will result in a large period of amortization. Among the main
advantages of LAES it should be underlined its lower thermal inertia and
its negligible dependence on the stored mass [26]. Poblete et al. [21]
proposed to implement bioenergy storage by means of CAES in a biogas-
combined-cycle plant with carbon capture to drive pre-heated tur-
boexpanders during deficit periods. A thermo-economic analysis was
carried out for both the biogas-combined-cycle plant with and without
carbon capture and CAES, and the results showed a NPV of 2.6 M$ and a
payback period of 15 years for the combined-cycle plant without carbon
capture and CAES, whereas the NPV and the payback period for the
plant with CAES and carbon capture were 0.18 M$ and 33 years,
respectively. Li et al. [22] studied the dynamic behavior of a cascade
latent heat storage integrated in a 420 MWe CCPP, and they concluded
that the proposed system is able to save around 327 GJ (90.83 MWh) of
heat from the flue gases bypassed during the start-up operation. How-
ever, the proposed system is not able to recover the heat lost through the
steam cycle (steam turbine by-pass to the condenser) during the startup
phase. In addition, neither the efficiency of the heat recovery during the
startup nor the economic viability of the proposed storage system were
evaluated. Rao et al. [27] proposed a novel system to store and use the
excess energy from intermittent renewable energy sources (e.g. wind
power) to preheat the gas in CCPPs in order to reduce the fuel con-
sumption. A PCM-based storage system was proposed in this work, and
financial benefits originated from the reduction in fuel consumption
were obtained in terms of fuel costs and, to a lesser extent, CO5 allow-
ance costs for different scenarios. For the optimistic case, a payback
period of 8 years was obtained. Although, PCMs-based storage systems
have not yet achieved the commercial phase in power generation sys-
tems [28], it is a very promising technology to increase the volumetric
storage capacity [29]. This technology could be even improved using
nano-encapsulated PCM dispersed in fluids [30]. Most of the previous
works present an important common drawback: high initial cost and
large associated period of amortization. However, the metallic heat
capacitor proposed by Angerer et al. [16] ameliorates this issue. This
system consists of a thermal buffer storage whose design is based on a
matrix of metal plates, placed in the flue gas channel between the gas
turbine and the HRSG, which is heated up during startup and cooled
down during shutdown, thus reducing the thermal gradients in the
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HRSG. Their results showed a significant improvement on the lifetime of
the high-pressure header of the superheater under fast gas turbine
startups. On the other hand, the buffer storage presents two main
drawbacks: i) the proposed system does not solve the problem about the
high energy lost through the steam cycle (steam turbine by-pass to the
condenser) during the startup phase, ii) the increase of the pressure loss
in the flue gas flow path induces efficiency penalties at normal operation
conditions (e.g. a pressure loss of 2.5 mbar in flue gas flow path leads to
a reduction of the whole plant efficiency of 0.15 % [16]), iii) the stored
energy can not be managed flexibly. It is worth mentioning that,
excluding studies about CCPP hybridized with concentrating solar
technology, there is only one work about conventional CCPPs inte-
grating sensible storage system [16].

Out of CCPPs, different works using steam accumulators to enhance
the flexibility coal-fired power plants can be found in the literature. For
example, Stevanovic et al. [31] propose the use of the stored steam in the
steam accumulators to replace the turbine extractions to the condensate
heating in low pressure heaters, increasing then the turbine power
output under peak demand periods. Richter et al. [32] used the same
idea but condensing the steam in the high pressure heaters. Trojan et al.
[33] analyzed the use of hot water storage tanks to supply the boiler hot
feed water to while the low pressure turbine extraction are suspended to
increase the turbine power. An economic analysis was carried out
demonstrating the economic profitability of installation of pressure
water accumulators.

Based on the literature review, three main conclusions have been
obtained:

i. There is a lack of studies dealing with the recovery of the energy
lost through the steam cycle side during the startup of CCPPs.
This aspect is especially interesting for CCPPs able to execute fast
startups because up to the 100 % of the generated steam is
bypassed to the condenser during the startup phase [11] and
therefore it affects negatively to the plant efficiency.

ii. The economic viability of installing a storage system to recover
the energy lost during the startup of CCPPs has not been evalu-
ated yet in the literature. Incorporating the economic analysis for
technology-based research is very important to make a decision
on the profitability of the proposed system. Furthermore, it is a
key aspect to compare objectively different systems.

iii. There is a lack of studies integrating steam accumulators and
sensible heat storage to enhance the efficiency of CCPPs, despite
these technologies have proven a high maturity state [28].

Concerning about the gap of knowledge shown before, a novel steam
accumulator and concrete storage system (SACSS) is presented. The
proposed system is specifically designed to recover the energy typically
released through the steam cycle (condenser) during the startup phase
due to the differences between the gas and steam turbine ramp during
the startups. An economic analysis is carried out considering two
different scenarios, a CCPP adapted to fast startups using a Benson-type
HRSG and a CCPP operated with conventional startups which employs a
typical drum-type HRSG. It is worth mentioning that the second scenario
is based on measured data. The selection of high-alumina concrete is
substantiated on its competitive costs in contrast with other high-
temperature sensible storage systems such as magnesia, molten salt,
alumina, etc [34]. The high-alumina concrete-block enhances steam
outer conditions until reaching superheated state and hence higher ef-
ficiencies can be achieved during the discharge. Moreover, SACSS offers
additional benefits such as: i) possibility of HRSG preheating to accel-
erate the gas turbine startup without compromising the lifetime of HRSG
components, ii) low installation costs, iii) the stored energy can be
delivered flexibly, iv) no additional efficiency penalty is added to the
plant when it is operated at normal conditions.

The main objective of this work consists of designing and optimizing
economically the SACSS for a CCPP with a regular cycling service
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Table 1

Technical data for the CCPP adapted to fast startups using a Benson-type HRSG [5].
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Fig. 1. Schematic of a combined cycle plant with a Benson-type HRSG and SACSS.

operation type. First, the main processes responsible for the efficiency
loss of CCP plants, i.e. startups and turbine trips, are analyzed in order to
determine the potential amount of energy recoverable by SACSS. Sec-
ond, a transient thermal model for SACSS is proposed and validated
against data of the literature to fairly reproduce the dynamic perfor-
mance of the system. The discharge operation of SACSS is coupled with a
part-load steam turbine model to estimate the generated electricity from
the stored energy. Lastly, an economic optimization analysis is per-
formed to maximize the net present value of the SACSS. A sensitivity
analysis is performed on four design variables of the SACSS: number of
steam accumulator units, accumulating pressure, concrete-block length
and outer concrete diameter.

2. Plants selected for the study and steam accumulator and
concrete storage system (SACSS) performance description

In this work two plants are selected for the study: i) a CCPP adapted
to fast startups using a Benson-type HRSG, ii) a CCPP operated with
conventional startups which employs a typical drum-type HRSG. In this
section the first case will be presented in detail, since it is considered the
most relevant due to the benefits offered by SACSS. Nevertheless, details
about the technical and startup data of the second case are shown in
Appendix A.

The main technical data of the first case are summarized in Table 1.
The highest potential of SACSS will be obtained for those CCPPs using
modern gas turbines which can reach 100 % of their nominal load in
approximately 20 min independently of hot, warm or cold startup [13].
Those turbines can be mounted with Benson-type HRSGs since they do
not have a high-pressure steam drum and therefore can withstand higher
ramp rates from gas turbines than conventional drum-type HRSGs.

A schematic of the Benson-type HRSG integrating SACSS is illus-
trated in Fig. 1. During the startup, both the superheated and reheated
steam flows are slowly sent at the steam turbine owing to the ramp-up
restrictions while the rest is bypassed directly to the condenser [14].
Fig. 2 shows the most appealing parameters evolution during the fast
cold startup of the Benson-type HRSG based on the data from Alobaid
et al. [5]. In addition, in the Appendix A, the Fig. A.1 illustrates the hot
startup based on measured data about a CCPP employing a conventional
drum-type HRSG. Steam flow from the reheater to the condenser is
developed as exhibited, as well as the temperature and pressure. Besides,
mass flow rate directed to the steam turbine, which delimits the energy
recoverable by SACSS, is also exposed in both figures.

The whole reheat steam mass flow typically sent to the condenser
during the startup (see Fig. 2 and Fig. A.1) can be stored if SACSS is
installed. During the charge of SACSS, firstly, the reheated steam is
cooled down in the concrete-block, and secondly, the steam that exits
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Fig. 2. Turbine boundary conditions and reheater mass flow rate behavior during a fast cold startup of a Benson-type HRSG [5].

Table 2
Estimation of the energy lost during fast startups and steam turbine trips.

Steam turbine Hot Warm  Cold
trips
Energy lost during startups 44.2" 44.2"  87.1° 237.1%
(MWh) [5]
Number of annual events (-) 8 167 10 43

[35]

# Estimation of the extra energy generated by the steam turbine if the inlet
constraints are not considered during the startup.
b Steam turbine trips have been energetically accounted as hot startups.

the concrete-block is stored in the steam accumulators. During the
discharge of SACSS the steam stored in the steam accumulators is sent to
the concrete-block to provide superheated steam and hence reaching the
necessary steam conditions to operate the steam turbine efficiently.
Other possible use of SACSS consists of discharging part of the steam
stored to preheat the HRSG in order to reduce the startup time.

Table 2 exhibits the energy lost for different fast startup cases: hot,
warm and cold. These results were calculated using the data from Alo-
baid et al. [5].

Decreasing the high temperature difference between the exhaust
gases and the water along the HRSG constitutes the second purpose of
the SACSS. This is why the thermal fluid accumulated could be
employed to preheat the heat exchangers before the gas turbine startup.
It might be highlighted that forced stops due to HRSG failures are the
most likely events due to the constant exposition against thermal stress
variations and fatigue damaging, bringing large economic losses [1].
Even though electricity generation seems to be the main profit, thermal
preheating may have a strong impact on the economic viability of the
plant as well. Effectively, if the fatigue failures are diminished, the
forced stops are consequently reduced. It is noteworthy that one day
without operation brings an average loss of revenues of 100.000 € for a

Table 3
High-alumina concrete-block specifications.
Parameter Value
Tube outer diameter, d, (m) 0.025
High-alumina concrete outer diameter, d, (m) 0.08
Block length, L (m) 28
Number of tubes, N, 1310
Material tubes SA-213 T22
High-alumina concrete density, p (kg/m>) [34] 2400
High-alumina concrete specific heat, ¢, (J/kg K) [34] 980
High-alumina concrete thermal conductivity, k (W/m K) 2
[34]
Insulation material Rockwool (alumina-
silica)
Insulation thermal conductivity, kins (W/m K) [41] 0.10
Insulation thickness, t,; (m) 1.2

400 MWe CCPP. On the other hand, preheating could reduce the
maintenance costs in HRSG due to the reduction of the cold and warm
startups [36].

Other possible benefits from SACSS consist of suspending the
extraction from the LP-turbine to deaerator increasing in this way the
power output of steam turbine. The SACSS could provide the saturated
steam (or slightly superheated) to deaerator in order to keep suitable
quality levels in the water cycle (free of Og, CO2, etc).

3. Methods
3.1. Concrete model for sensible heat storage

High-alumina concrete constitutes an economical option as a “solid”
material to save sensible heat at high temperatures (greater than500 °C)

[34]. The good relationship between its density, specific heat capacity
and thermal conductivity enables it to become a great thermal booster.
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Fig. 4. Model validation during the charge of concrete based on data extracted
from [38].

Table 4
Steam accumulator specifications.
Parameter Value
Number of steam accumulators (units) 8
Steam accumulator useful volume (m®/unit) 197
Steam accumulator internal diameter (m) 2.5
Initial water volume ratio (%) 70
Design pressure (bar) 25
Mass flow rate (kg/s) 0-89.6
Material SA-533-Gr B (Carbon steel)

In this sense, high-alumina concrete-blocks are employed in SACSS as a
superheater. The use of concrete as a thermal energy storage medium is
not new, in fact in the literature can be found in different projects which
have worked on this idea [37,38]. In this study, the concrete-blocks in
the shape of cylinders are disposed concentrically to the tubes forming a
bundle able to effectively absorb and release heat. The tube outer
diameter is selected according to similar projects [39]. The tube material
is chosen to be the same as reheater tubes of HRSGs [40]. The main
measurements and properties of the high-alumina concrete-block are
collected in Table 3.

The concrete-block model has been discretized along the tubes axial
direction to solve the energy conservation equation and considering
one-dimensional and homogeneous flow model as shown in Equation
(1). Fig. 3 illustrates the heat exchange process by convection between

the fluid and the tube inner surface as well as the concrete-blocks
configuration and discretization.

Tw) =pc,A oy D

oT;
peyvA = — 2 (T; — 5

0z
The system is supposed to be perfectly insulated during the charge
and discharge processes. The thermal resistance of the metal tube wall is
neglected and then the temperature at the internal surface of the con-
crete is the same of the tube [43]. The thermodynamic properties of the
steam (i.e. specific heat capacity, density, conductivity and viscosity)
are recalculated at every time step, according to the corresponding
temperature and pressure. On the other hand, the concrete physical
properties remain constant along the procedure. The temporal intervals
are calculated to meet Courant’s condition. The convective coefficient
between the heating fluid and the block is ruled by Gnielinski correla-
tion [44]. The pressure drop along the concrete is accounted since high
fluid velocities have been established so as to improve the heat transfer.
The maximum velocity of the steam must be limited to prevent noise or
vibration problems [45]. The Equation (2) (from Ref. [45]) is evaluated
at the steam accumulators design pressure and the average steam tem-
perature along the concrete-block length, i.e. p = 25 bar and T ~ 335 °C,
obtaining a maximum velocity of vy, ~ 66 m/s. However, to reduce
the pressure drop and increase the margin of safety, a reduction factor of
2 is used, obtaining a maximum design velocity of: Vs design = Vsmax/2=
33 m/s. As the steam velocity is limited to this value, the number of
tubes disposed in parallel is calculated to be 1310.

Vsmax = 175 (pl) 043 (2)

The concrete cylinder is radially and axially discretized to capture
conveniently the temperature gradients in both directions. The heat
conduction equation and the boundary conditions used are displayed
through Equations 3-6:

O'T 10T OT 10T

wtrate Taa )
o =0 “)
- k‘;—f rer = h(Tp(z,0) = T(z, 13, 1)) (5)
‘Z or =0 )

Finally, the concrete model has been checked against data available
in Salomoni et al. [38], whose geometry consists of a 400 m length and
65 mm outer radius concrete tube. Fig. 4 displays the temporal evolution
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Fig. 5. Model validation during the charge of the steam accumulator based on
data extracted from [50].

of the temperature at the outer concrete radius during the charging
operation. The mean absolute percentage error (MAPE) of the results
shown in Fig. 4 are 2.68 % and 0.98 % for the initial and final section,
respectively. Equations (1)—(6) were solved in Matlab by means of an
implicit time scheme.

3.2. Steam accumulator model

Steam accumulation is an effective way of thermal energy storage
and it has been used especially in projects of concentrating solar power
industry [46]. However, the steam accumulation concept may be
penalized economically if the storing pressure is high enough due to the
high cost of the pressure vessel tank. Other important disadvantage of
the steam accumulation storage system is related to the discharge pro-
cess, in which the gradual reduction of the pressure imposes to the steam
turbine to work at part-load conditions, reducing in this way the effi-
ciency conversion from thermal to mechanical energy. A steam accu-
mulator size of 197 m>/unit is selected [39]. A 2.5 m internal diameter
of the steam accumulator was selected to satisfy standard measurements
[47]. Carbon steel SA-533-Gr B is selected due to the high allowable
stress compared with other typical pressure vessels materials [48]. This
permits a reduction of the wall thickness, weight and cost of the steam
accumulator. The main design parameters of the steam accumulators
considered in this work are summarized in Table 4.

A second order model proposed by Astrom and Bell [49] has been
selected to describe the dynamic response of the steam accumulators. It
provides accurate results of the transient evolution of the two main
thermodynamic variables of the steam accumulators, i.e. the pressure
and the total water volume. The model assumes thermodynamic equi-
librium between steam and water, and thus they have the same satu-
rated temperature and pressure. No heat losses are considered during
the time the steam is being saved. Furthermore, it may be noticed that
both incoming and outgoing mass flow rates depend on pressure and
hence uncoupled models are related. The model has been solved
numerically by using Runge-Kutta method on the basis of initial values
of dependent variables, fluids flow rates and enthalpies as well as steam
accumulator pressure. The software used to perform the calculations
was Matlab. The modeling is mainly based on the mass and energy
balances concerning about the internal volume contained in the steam
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accumulators as shown in Equations (7)—(8).

dM . .

o s ™
dH . . dj

= (k) + () + V?IZ ®

The usage of this model brings reliable results of the physical
response for changes either in the inlet/outlet feedwater flow rate or in
the steam flow rate. The validation of the system performance has been
carried out through direct comparison between pressure development
from the simulation and the data extracted from [50]. The case repre-
sents the charging procedure of a steam accumulator as exhibited in
Fig. 5. The comparison between the model and the results from [50]
obtains a MAPE of 0.1702 %. The pressure growth closely aligns the
referred one and therefore, the accuracy of the recreation is verified and
meets the desired requirements.

3.3. Steam turbine model

When the charging period is completed, the steam is kept in the
steam accumulators and thus it becomes available to generate elec-
tricity. To determine the steam turbine power output during the
discharge process, the part-load behavior of the turbine must be
modeled since the inlet mass flow rate, temperature and pressure vary
during the process. As generating electricity, no further steam or heat is
utilized, just the saved fluid and heat stored in the concrete. Turbine
isentropic efficiency, whose nominal value is considered 93 %, varies
according to Equations (9-10) [51]:

Reduction(%) = 0.191 — 0.409 | = | +0.218 | 2= |2 ©)

My M0

1, = 1,o(1 — Reduction(%) ) 10)

The mass flow rate evolution over a turbine stage is ruled by means
of Stodola’s law as expressed in Equation (11):

. Ps
s = KY'\/_f (11
Lastly, the power output of the steam turbine is obtained according
to Equation (12). Additionally, Equation (13) is used to evaluate the
recovery efficiency in the process, which is defined as the relation be-
tween the energy generated during the discharging process and the
energy generated by the turbine if the low-pressure steam is not by-
passed to the condenser during the startup.

Wt = m.\'(hin - hnur) (12)
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13
Epax Epax 13

’1"8(_‘ =

3.4. Economic analysis

The cost estimation of SACSS becomes fundamental so as to deter-
mine the viability of the project. The pressurized components as the
tubes and steam/water accumulators of the system must be sized to
withstand thermal and mechanical loads. The thicknesses have been
calculated using ASME rules as follows [52]:

2

—,_ 42 1
'=PSE_06p a4



P.A. Gonzalez-Gomez et al.

Table 5

Variables of the economic analysis for the exposed scenario.
Parameter Value Ref.
Mean selling price of electricity (€/MWh) 58.33 [20]
Number of years, N, (years) 20 [20]
Annual interest, i (%) 6 [20]
Carbon credits price (€/tonCO5) 47.17 [55]
Inflation rate, 8 (%) 3 [56]

where p is the internal pressure, d is the outer diameter, E is the joint
efficiency factor and S is the maximum allowable stress evaluated at the
maximum working temperature.

Attending to the main components involved in this work, the most
expensive ones are the steam and the low-pressure water accumulators.
They are considered as pressure vessels and characterized economically
considering ladders, platforms and a nominal number of nozzles and
manholes [53]. The method is given by:

Cr =FyCy+Cpp 15)
a)
30
®
£ 20
o
?
% 10
E RH steam outlet pressure
of Accumulator pressure i
0 20 40 60
Time (min)
C)
30| 4///,/’""\\_.-1
©
£
o 20 1
=
7
o 10 1
o RH steam outlet pressure
0 Accumulator pressure
0 20 40 60 80 100
Time (min)
e)
e 30t T
®
o <
o 20t 1
=1
7
o 107 ]
o RH steam outlet pressure
0 Accumulator pressure
0 50 100 150

Time (min)

Energy Conversion and Management 253 (2022) 115168

where Fy; denotes the material factor (equal to 1 for carbon steel), Cy is
based on the weight of the accumulators and Cyp is an added cost for
ladders and platforms. The last two are defined as:

Cy = 6(8.9552—0.2330[M(Mv) |40.0433(In(My) 2 ) (16)

Cpy = 2.005(d;)©20%% a7

Finally, both tubes and concrete costs are dependent on the amount
of material. As ASTM A213 tubes are accounted, a price of 2.57 €/kg has
been established (originally, 1.67 €/kg for India but arranged for Eu-
ropean destination) [54]. The price of the high-alumina concrete is 151
€/m?> according to [34].

Once the overall costs are determined, the income from electricity
sale is considered and thus the profitability of the system is studied. The
main parameters which define this study are the payback period and the
net present value (NPV). The first one establishes when the inversion is
amortized. Meanwhile, the second one shows the difference between the
present value of cash inflows and the present value of cash outflows over
a temporal period, being obtained as depicted in Equation (18).
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Fig. 6. Charging process of the steam accumulators during: a) b) hot startup, ¢) d) warm startup and e) f) cold startup.
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Fig. 8. Steam turbine performance during the discharge of SACSS: a) steam turbine inlet pressure, b) outlet steam quality, c) steam mass flow rate, d) steam inlet

temperature, €) turbine power and f) isentropic efficiency.

Table 6

Thermodynamic simulation results during the discharge for every startup.
Startup Hot Warm Cold
Energy generated, Eg., (MWh) 35.6 49.5 50.8
Recovery efficiency, #,,, (%) 80.4 56.8 21.4
Minimum steam quality, X (-) 0.924 0.917 0.925

Noop
NPV =—L+ Y —— 18)
0 ; 1+

The NPV has been evaluated through the following variables: i) mean
selling price of electricity (€/MWh), ii) lifetime (years), iii) interest rate
i. Table 5 collects the values used for the economic analysis which have
been obtained from similar projects [20].

One main advantage of the SACSS implementation is that electricity
generation does not release greenhouse gases. Thus, potential benefits
coming from carbon credits might be accounted. According to the

10

Spanish Ministry for Ecological Transition and the Demographic Chal-
lenge (MITECO) and considering an average cycle efficiency of 50 %, the
emission factor of CCPPs (f) is 0.404 kgCOo/kWh [57]. Then, carbon
dioxide saving might be determined from annual electricity generation
(Egen) provided by SACSS. Regarding the price of carbon credits (P,), a
value of 47.17 €/tonCO;, is considered as it comprises the mean auction
value in 2021 [55]. This value has experienced a vertiginous growing
along the last few years, ranging from 5.83 €/tonCO3 to 24.84 €/tonCO,
in 2019. Consequently, it is supposed that carbon credits price annually
increases owing to inflation rate (6), considered equal to 3 % [56].
Finally, annual income resulted from carbon credits in the n' year can
be obtained as follows:

B!

= fEqnPc(1+6)"" 19)

4. Results and discussion

In this section are presented the results of this work together with a
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Fig. 9. Economic analysis results a) number of steam accumulators b) accumulating pressure c) concrete outer diameter d) concrete-block length.

Table 7

SACSS performance integrated into a CCPP operated with conventional startups.
Startup Hot Warm Cold
Energy generated, Eg., (MWh) 22.17 29.3% 29.3%
Recovery efficiency, #,,. (%) 76.5 - -
Minimum steam quality, X, (-) 0.903 0.934* 0.934*

*Estimated considering that the SACSS is fully charged.

Table 8
Economic results of the SACSS integration into a CCPP operated with conven-
tional startups.

Parameter Value Variation respect a CCPP operated with fast
startups
Total capital cost 1.06 -33%
m€)
Payback period 3.4 +13 %
(years)
NPV (M€) 2.53 —43 %
NPV CO2 (M€) 4.16 —43 %
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brief discussion. They have been divided into three subsections: i) the
thermodynamic results about the operations of charging and discharg-
ing of SACSS, ii) the results of the economic analysis about the inte-
gration of SACSS into a CCPP able to execute fast startups, iii) the results
of the economic analysis about the integration of SACSS into a CCPP
operated with conventional startups.

4.1. Thermodynamic results

In this section, the thermodynamic results about the integration of
SACSS into a CCPP adapted to fast startups will be presented in detail,
since it is considered the most relevant due to the benefits offered by
SACSS. However, details of thermodynamic results about the integration
of SACSS into a CCPP operated with conventional startups are shown in
Appendix A.

The charging process is carried out using the available low-pressure
steam sent to the SACSS (see Fig. 1) instead of by-passing to the
condenser while a startup is taking place. The simulation results during
the charging mode are exhibited in Fig. 6. The charging process starts at
the minimum accumulation pressure, i.e. 4 bar, and finishes at the
maximum design pressure value, i.e., 25 bar, for warm and cold startup
cases (Fig. 6.c/e). For the hot startup case (Fig. 6.a), the maximum
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design pressure is not achieved being the maximum accumulation
pressure of 19 bar.

Fig. 7 shows the temperature fields of the concrete-block during the
charging process. The maximum storing period has been set to 24 h,
which is a reasonable approach for a CCPP with a regular cycling service
operation-type. A conservative heat transfer analysis reveals that during
24 h the heat losses are not significant obtaining a maximum tempera-
ture drop around 2.2 °C/day (see Fig. 7). Additionally, the temperature
drop due to the axial temperature gradient has been also analyzed, being
around 1.8 °C/day for the hot startup case (Fig. 7.a) and negligible for
the warm and cold cases (Fig. 7.b/c).

The simulation results of the discharging process are depicted in
Fig. 8, where the main parameters shown are: turbine inlet pressure,
turbine inlet steam mass flow rate, turbine inlet steam temperature,
turbine power and steam quality at the turbine outlet. As the inlet
pressure (Fig. 8.a), temperature (Fig. 8.d) and mass flow rate (Fig. 8.c) of
steam decrease with the time, the steam turbine gradually reduces the
power output (Fig. 8.e). Thanks to the heat absorbed by the concrete-
blocks during the charge mode, the steam can be heated from the
saturated steam up to temperatures close to the nominal steam turbine
inlet (~550 °C) during the discharge (see Fig. 8.d). An important
consideration to operate the steam turbine safely is to assure a steam
quality x greater than 84 %, otherwise the turbine paddles can be eroded
by water droplets formation [58]. As can be seen, this requirement is
largely satisfied since the minimum steam quality during the process is
higher than 91 % for the startup cases (Fig. 8.b). The discharge process
takes around 93 min for warm and cold startup cases, and 80 min for the
hot startup case. Please note that the turbine is operated only by using
the accumulated steam and the heat contained in the concrete-block, no
further energy is employed.

The main results of the discharging process for the different startups
are summarized in Table 6. Considering the energy saved by each
startup case and the number of startups described in Table 2, an amount
of 3 640 tons of CO, emissions can be avoided per year thanks to SACSS.
According to the initial thermodynamic analysis, the amount of the
energy recoverable from hot, warm and cold startups are 44.26, 87.1
and 237.5 MWh, respectively. Opposite to the energy generated, there is
a relative high difference compared to the theoretical maximum, espe-
cially for the cold case. This effect is directly related with the recovery
efficiency ranged between 21.4 % and 80.4 % for the simulated cases.
Although the recovery efficiency, which can be improved increasing the
amount of concrete and/or the number of steam accumulators, it may be
not interesting if it affects negatively to the profitability of the plant. To
shed light on that question, the economic impact of the amount of
concrete and the number of steam accumulators is analyzed in the
following section.

4.2. Economic results for a CCPP adapted to fast startups

An economic sensitivity analysis is conducted to evaluate the prof-
itability of the SACSS integrated within a CCPP. With that aim, two
economical parameters have been selected: net present value (NPV) and
payback period. Concretely, these parameters are obtained as function
of the main design variables: i) number of steam accumulators ii)
accumulating pressure iii) concrete outer diameter iv) concrete-block
length. The revenues come from the electricity sale, where it was
assumed that the startup performance during the entire operation life of
the plant does not vary. The results of the economic analysis are shown
in Fig. 9, whose optimum solution for SACSS is composed of: 8 steam
accumulators, accumulating pressure of 25 bar, concrete diameter equal
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to 0.08 m and a concrete-block length of 28 m. Despite tube (and
concrete-block) lengths larger than 28 provide slightly better results,
this value has been selected to satisfy the largest standard measurement
according to boiler tube manufacturers [59,60].

Regarding the economic parameters the optimum scenario is
defined, displaying the following trends:

e Fig. 9. (a), for anumber of steam accumulators larger than 8, the NPV
does not present a significant improvement whereas the payback
grows at a linear rate. Therefore, the best choice is considered to be 8
steam accumulators with a NPV of 4.45 M€ (7.32 ME€ if the benefits
from carbon credits selling are considered) and 3 year of payback
period;

Fig. 9 (b), for a design pressure higher than 25 bar, the installation
costs increase at higher rate than the benefits, then the profitability
decreases;

e Fig. 9 (c), wider concrete diameters bring the best results, where
values between 0.07 and 0.08 m provide the lowest payback period
(3 years);

Fig. 9 (d), concrete-block length variations show the smallest sensi-
tivity. Nevertheless, a length of 28 m seems to be the optimum
measurement since it is the maximum standard length available ac-
cording to boiler tube manufacturers [59,60].

The economic analysis about SAACS integrated into a CCPP adapted
to fast startups returns optimistic results showing a payback period of
only 3 years, NPV equal to 4.45 M€ and installation costs of 1.57 ME. It is
worth to mention that the NPV can be increased up to 7.32 ME€ if the
benefits from carbon credits are considered. Despite unavoidable un-
certainties inherent to engineering projects, the low payback period and
the significant margin of benefits presented by SACSS makes it a
promising solution to increase the profitability of CCPPs operated under
cycling conditions.

4.3. Economic results for a CCPP operated with conventional startups

In this section is analyzed from economical point of view the inte-
gration of SACSS into a Tirreno Power 390 MW CCPP [14], which em-
ploys a conventional drum-type HRSG. Now, the economic analysis of
SACSS is supported by actual measured data during the startup phase as
can be seen in the Appendix A.

Although current electricity markets with high penetration of vari-
able renewable energies push flexible plants to operate as faster as
possible, there is a large amount of active CCPPs which may be not
suitable for fast startups (i.e. gas turbine startup from 0 % load to 100 %
load in ~ 20 min). In these cases, if the CCPP has not been adapted, the
steam turbine bypass system does not have the capacity to evacuate to
the condenser the high amount of steam generated in the HRSG during a
fast startup [11]. Nevertheless, the amount of steam bypassed through
the condenser is still significant, specially vintage F class gas turbines
which have a relatively high MECL [11].

According to the thermodynamic results presented in the Appendix
A, the energy generated by SACCS is 24 MWhe from the energy recov-
ered from a hot startup based on measured data. The SACSS has been
optimized to maximize the energy generated for the hot startup case.
Three design parameters of Table 3 and Table 4 have been modified: i)
The steam accumulator design pressure is reduced from 25 to 20 bar. ii)
The number of steam accumulator units is reduced from 8 to 6. ii) The
outer concrete diameter is modified from 0.08 m to 0.06 m. Unfortu-
nately, measured data of warm and cold startups of Tirreno Power CCPP
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are not available. An extrapolation of the energy recoverable by SACSS
for warm and cold startup cases is made considering that SACSS is fully
charged after in each startup process. The main thermodynamic results
about the integration of SACSS into a CCPP operated with conventional
startups are summarized in Table 7.

The most relevant economic results about the integration of SACSS
into a CCPP operated with conventional startups are displayed in
Table 8. As it can be seen, the payback period is increased about 13 %
compared to the CCPP operated with fast startups. Despite the lower
energy generated by SACSS in the case of a CCPP operated with con-
ventional startups, the capital cost reduction about 33 % keeps the
payback period below of 4 years. On the other hand, a reduction of 43 %
is obtained for the NPV and the NPV considering the benefits from CO,
credits. Finally, the estimation of the emissions avoided integrating
SACSS into a CCPP with a conventional drum-type HRSG case are esti-
mated to be around 2 175 tons of CO» per year..

5. Conclusions

In this paper, a novel storage Steam Accumulator and Concrete
Storage System (SACSS) was presented to recover energy typically lost
during startups in combined cycles. Two different scenarios were
considered for the economic analysis: a combined cycle power plant
(CCPP) adapted to fast startups using a Benson-type heat recovery steam
generator (HRSG) and a CCPP operated with conventional startups. It is
worth mentioning that the second scenario is based on measured data
during a hot startup. A preliminary analysis about the CCPP adapted to
fast startups revealed losses of energy of 44.2, 87.1 and 237.1 MWh for
hot, warm and cold startups, respectively. This energy can be saved by
SACSS, and it can be used to generate electricity or to preheat the HRSG
in order to reduce its fatigue damage during fast startups. Dynamic
thermal models have been developed and validated against data from
literature to reliably simulate the charging and discharging operations of
the SACSS.

The economic optimization of SACSS was performed focusing in four
design variables: number of steam accumulator units, storage design
pressure, concrete-block length and outer concrete diameter. The main
outcomes of the current investigation can be summarized as follows:

e The integration of SACSS into a CCPP adapted to fast startups shows
a payback period of 3 years and a net present value of 4.45 M€. The
integration of SACSS into a CCPP operated with conventional start-
ups obtains a payback period of 3.4 years and a net present value of
2.53 ME.

The net present value can be increased in both cases around 60 % if
the benefits from carbon credits are included.

During the discharge of SAACS, the net energy recovered from hot,
warm and cold startups for the fast startup case is: 35.6, 49.5 and
50.8 MWHh, respectively. These values are reduced around 35 % for
the conventional startup case.

Table A1
Technical data of Tirreno Power 390 MW CCPP [14].
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e During the discharge process the steam quality at the low-pressure
steam turbine outlet is kept in suitable ranges (greater than90 %)
to avoid compromising the structural integrity of the steam turbine.

e The design variable with the highest sensibility on the economic

results was the number of steam accumulators due its high cost

compared to the high-alumina concrete or the low-alloy tubes.

The estimation of tons of CO; emissions avoided per year, if SACSS is

installed, are 3 640 and 2 175, for fast and conventional startup

cases, respectively.

To conclude, the integration of the SACSS leads to a better exploi-
tation of CCPPs, which substantially improves the annual energetic ef-
ficiency. Additionally, SACSS may help to reduce the forced outage rates
due to fatigue failures by means of HRSG preheating.
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Appendix A. . Technical data and thermodynamic results about
the integration of SACSS into a CCPP operated with conventional

startups

A.1. Technical data.

HRSG Type Steam conditions Steam turbine power Gas turbine power
Drum-typeTriple pressure HP RH/IP LP Condenser

p = 124 bar p = 34 bar - p = 0.056* bar 120 MW 270 MW

T =550 °C T =550 °C -

m = 70 kg/s m = 86 kg/s -

* The condenser pressure is not available in [14], a typical condenser pressure of CCPP has been considered.
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A.2. Measured data during the hot startup.
Fig. A1 shows measured data during the hot startup of Tirreno Power
390 MW CCPP [14].
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Fig. A1. Measured data during a hot startup of Tirreno Power 390 MW CCPP from Rossi et al. [14].

A.3. SACSS design specifications.
The main design parameters used for the case of a CCPP operated
with conventional startups are shown in Tables A.2 and A.3.

Table A2

High-alumina concrete-block specifications.
Parameter Value
Tube outer diameter, d, (m) 0.025
High-alumina concrete outer diameter, d, (m) 0.06
Block length, L (m) 28
Number of tubes, N, 1310
Material tubes SA-213 T22
High-alumina concrete density, p (kg/m3) [34] 2400
High-alumina concrete specific heat, ¢, (J/kg K) [34] 980
High-alumina concrete thermal conductivity, k (W/m K) [34] 2
Insulation material Rockwool (alumina-silica)
Insulation thermal conductivity, ki,s (W/m K) [41] 0.10
Insulation thickness, t;,s (m) 1.2

Table A3

Steam accumulator specifications.
Parameter Value
Number of steam accumulators (units) 6
Steam accumulator useful volume (m®/unit) 197
Steam accumulator internal diameter (m) 2.5
Initial water volume ratio (%) 70
Design pressure (bar) 20
Mass flow rate (kg/s) 0-54
Material SA-533-Gr B (Carbon steel)
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A.4. Thermodynamic results.

The thermodynamics results of the SACSS integrated into a CCPP
operated with conventional startups are shown in Figs. A.2 and A.3 for
the charging process, and Fig. A.4 for the discharging process.Fig. 9.
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Fig. A2. Charging process of the steam accumulators during the hot startup.
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Fig. A3. Temperature profile of the concrete-block during the charging process.
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Fig. A4. Steam turbine performance during the discharge of SACSS: a) steam turbine inlet pressure, b) outlet steam quality, c) steam mass flow rate, d) steam inlet
temperature, e) turbine power and f) isentropic efficiency.
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