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Abstract—With different computational tools, simulations ranging from detailed and rigorous mathematical models
to overall process plant of black box models can be carried out. Whereas most of these computational tools cannot
practically execute different scales of models at the same time, it becomes relevant to devise strategies in coupling two
or more of them for better analysis of processes. In this light, this study proposes Excel as an interactive scale bridge of
data exchange to aid the multiscale modeling and dynamic simulation of combined cycle (CC) power plant integration
with two-tank thermal energy storage (TES) system using gPROMS and SimCentral. This is relevant to analyze not
only the performance of TES, but the feasibility of its integration with CC in augmenting energy production to meet
daily power demand. The integrated system modeled in four operational modes of CC increased in power generation
by 7.3 MW at an efficiency of 98.30%. The study validated the usefulness of the TES integration of 99.66% efficiency.
The research results provide a communication strategy for different computational tools and an approach to effectively
increase CC power production to meet varying daily demand.
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INTRODUCTION

The energy crisis has driven the pursuit of advanced technology
for sustainable energy production. Global energy consumption is
expected to increase by 55% between 2005 and 2030, while elec-
tricity use will double and coal consumption will increase by 73%.
Three-quarters of this increase in energy consumption is expected
in developing countries [1]. This has led to the search for other
energy sources and renewable energy technologies, predominantly
solar and wind. While new energy sources will be of significant
contribution, there is the need for smarter ways to efficiently uti-
lize existing energy systems to increase production. According to
electric power statistics, the demand during the day is higher as
compared to the night [2], and thus it is relevant to save energy,
especially from unvarying power plant systems.

Power generation systems generally consist of nuclear power,
combined heat and power (CHP), combined cycle (CC) power gen-
eration, and oil power generation. They are characterized as either
base load or peak load power plants according to their application.
Whereas power plants for base load operations produce constant
electricity, the peak loads are dispatched to augment base loads in
times of high electricity demand. For instance, Germany, South
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Korea, United Arab Emirates, Mexico, and the United States of
America use peak load power generation plants for reasons of out-
standing performance, high availability and operation flexibility,
whereas base load power plants are used in countries such as Ice-
land, Russia and Taiwan for reasons including, but not limited to,
reliability and cheapness to operate [3]. CC and CHP offer the flex-
ibility for both base and peak load operations, which are adopted
for reasons stated earlier in countries that use them. However, the
base load operation does not always imply the maximum power
capacity of the plant itself, but it is related to the economics of pro-
duction. Hence, the motivation to consider ways to recover excess
thermal energy from base load operations to use during increas-
ing demand at peak loads.

Thermal energy storage (TES) technologies have been proven
in several studies as feasible conjunction with most of the power
generation systems. The potential benefits of this integration have
been captured in [4,5]. Among the TES technologies, research into
two-tank system using molten salt has gained more interest. It is
mostly used in concentrating solar power (CSP) plants of base load
and peak load operations to store energy. Despite the laudable
advantages over its counterparts (PCM, thermocline storages, sorp-
tion heat storages etc.) further research in understanding salt freez-
ing behavior in the tank, heat loss control, optimizations and others,
need to be considered [6]. Some studies of the integrated process
using TES have been summarized in Table 1, which are grouped
into 1) performance and economic analysis of CSP [7-9]; 2) TES
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Table 1. A literature review of TES systems

Researchers

Major assumptions and results

Isabel Liorente
etal [7]

C. Parrado
etal. [8]

Lukas Heller
etal. [9]

Daniel Curtis
et al. [10]

Jacob Edwards
etal [11]

Vasilios Vamvas
(17]

Kevin Drost
et al. [18]

M. K. Drost
et al. [19]

Bandar Jubran

Alqahtani [13]

Oliver Garbrecht
et al. [14]

Two-tank TES system using molten salts of Sodium and Potassium nitrate.

50 MWe CSP plant is presented and compared to real data from an equivalent power plant currently operated
by the ACS industrial Group in Spain using Wolfram’s Mathematica 7.

Simulation result showed that the gross electrical power generated could vary around 2-3%.

An economic analysis was carried out for computing projection of levelized cost of energy (LCOE) between
2014 and 2050 from a 50 MW CSP plant with five different compositions of molten salts consisting of lithium,
sodium, potassium nitrates and calcium.

48%Ca(NO;),+7%NaNO;+45%KNO; was proposed as a new molten salt, which could reduce the storage
costs in CSP plants.

The LCOE of CSP plant with the new molten salt in the Atacama Desert showed almost a 47% and 30% lower
cost than south of Spain and California, respectively, during the projection period.

CC CSP plant with thermocline-based rock bed TES was simulated using MATLAB. The calculated LCOE is
in the range of 0.11-0.18 EUR/kWh.

The concept of a CC CSP plant with a thermocline-based rock bed TES system showed promising results. This
storage system technology has, however, not yet proved feasible for CSP and thus further development of the
technology is required.

The methodology of six TES technologies (e.g, steam accumulator TES, packed-bed TES system, sensible heat
(SH) TES, hot rock TES, geologic TES and cryogenic air TES) have been qualitatively analyzed for the deploy-
ment and operation of integrated TES with NPP.

NPP with integrated TES has three main modes of operation available: base-load, charging and discharging.
Integration of TES into both existing and new NPP offers a plausible option to improve competitiveness by
simultaneous flexible electricity output and constant full power operation of the nuclear core.

Exergy analysis for viability examination was performed for a light-water-cooled NPP with four different types
of TES materials; Nitrate salt with Denstone-99 Alumina as active TES, Therminol-66 and Dowtherm-T as
passive TES.

The conclusion was that the exergetic efficiency of active type is 92-93%, and the passive type is 77-78% when
merged with NPPs.

This patent suggested five configurations of CC power plants consisting of a gas/steam turbine, heat recovery
steam generator (HRSG), TES and retrieval system charged by solar thermal power. For latent heat (LH) TES,
phase change materials receive thermal charge from solar energy and GT exhaust heat. TES system provides
supercritical steam.

This researched the application of a single stage and two stage LHTES in a CC power plant. The results con-
cluded that two-stage LHTES is more highly effective than single LHTES in view of thermal efficiency.
Examined the feasibility of TES system using molten nitrate salt with a 500 MW Class IGCC power plant to
efficiently provide peak and intermediate load electric power.

IGCC with TES system has the potential to minimize the cost of electric power of peak and intermediate load
by 5-20% based on operating conditions of plant.

Developed molten salt TES technology; several advanced concepts such as direct contact salt heating, low
freezing point salt and advanced tank designs require research and development.

Discussed the technicalities and evaluated the economics of molten nitrate salt TES system integration with
IGCC power plant.

During peak demand periods, the TES system supplies additional energy to produce 538 °C and 16.5 Mpa
superheated steam.

The results indicated that IGCC - TES system integration can minimize the cost of peak and intermediate elec-
tric supply by at most 20% comparing to other coal-fired power plants.

Simulated a 50 MW CSP using molten salts with NREL System Advisory Model (SAM) for performance anal-
ysis and 500 MW NGCC plants with MATLAB.

Reported that ISCC plant is more economical than NGCC for gas prices ranging from 9.5-10.5 $/MMBtu even
at no subsidies.

Used EBSILON to analyze the integration of a 300 MW fossil-fired power plants and molten salt TES system.
Simulation result showed that total operating time is 87 minutes: 15 min for discharging (319 MW), 10 &
62 min (293 and 298 MW) for the two charging modes.

The authors suggested further studies to assess the investment returns of this project.
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Table 1. Continued

Researchers Major assumptions and results
M. Johnson - The temperature of the nitrate salts used as the phase change material (PCM)s ranges from 140 °C to 350 °C.
etal. [15] - Outlined the method for designing an LHTES unit for turbine failure in the cogeneration plant. The secondary
boiler produces steam at 25 bar, 300 °C, while the TES system is able to generate 6 MW power for 15 minutes
in case of turbine failure.
Prashant Verma - Thermo-physical properties of 13 inorganic and 9 organic PCMs were scrutinized for LHTES system employ-
et al. [16] ment.

- Mathematical modeling of two types of LHTES (e.g, cylinder-packed vessel and rectangular container) was
considered using the thermodynamic (first and second) laws in FORTRAN code.
- The authors suggested further experimental examination to validate the first and second law analysis.

application methods and exergetic analysis for nuclear power plants
(NPP) [10,11]; 3) performance and technical analysis of inte-
grated gasification combined cyde (IGCC) [12]; and 4) technical
and thermodynamic analysis of CHP, natural gas combined cycle
(NGCC) and fossil fuel power plants [13-15].

Apart from what has been mentioned above, it is interesting to
note the possibility of applying a multiscale modeling approach to
a combined cycle power plant and TES system. While it may not
be an exaggeration to say process systems are inherently multi-
scale, simulation of such systems is mainly of length and time scales
phenomena at different levels. A previous study classified two nu-
merical simulation approaches in handling multiscale problems:
global governing equations for the entire domain and sectional
modeling at different scales with communication at their inter-
faces [20].

In this sense, devising an advanced computational technique [21]
would not only be beneficial to understanding the behavior of the
CC integration with the TES system, but it would help apply this
approach for theoretical study in process modeling and simulation.

However, there have been a few studies in multiscale modeling
of TES. Furthermore, none of them has been found in the open
literature on two-tank heat storage with molten salt. Helmns et al.
[22] established a framework of multiscale design to assess the per-
formance model of phase change material (PCM) TES integrated
with subsystem heat exchanger. To overcome a slow charging rate
of paraftin wax in a shell and tube TES unit, previous studies adopted
a multiscale heat transfer enhancement technique [23]. On the other
hand, a hybrid molecular dynamics and Monte Carlo method were
implemented to investigate materials for sorption heat storage (SHS)
in a multiscale simulation [24]. These studies mainly focused on
the material for the TES system.

Considering the relevance of multiscale modeling and simula-
tion in chemical, environmental and process engineering, the cou-
pling of different computational tools to model and optimize pro-
cesses, as well as systems, presents challenges which have gained
research interest. Merging of several systems such as model devel-
opment (ModDev), modeling tool (MoT) and ICAS with the aid of
COM-Objects or CAPE-OPEN [25] has been successfully applied
in product and process design [26]. Further development estab-
lished a framework for different computational tools with multi-
scale features to provide systematic work and data flows for several
design problems [27]. With the same CAPE-OPEN standard inter-

faces, Simulis Thermodynamics and ICAS modeling tools were
integrated for the computation of thermodynamic properties using
standard middleware (DLL file) as the medium for interconnectiv-
ity [28]. In addition, the idea of multiscale modeling for product
manufacturing of chemical reactor has been explored. On the dif-
ferent scales of length and time, the computational tools such as
process system modeling, computational fluid dynamics and com-
putational chemistry were integrated using the CAPE-OPEN inter-
face to enable data exchange between the different tools [29].

For structured reactors, a multiscale strategy has been employed
in the design and optimization of a hierarchical model where results
are transferrable across models for pressure drop coefficient approxi-
mation [30]. Also, a multiscale framework has been developed for
the production of hydrogen by the decomposition of ammonia on
ruthenium as well as a parameter estimation model to optimize
reactions [31]. Concerning computations, a multiscale method was
implemented to significantly decrease the computational time of a
three-phase flow configuration where a dual-grid approach was
used to handle information between two scales [32]. In the devel-
opment of a multiscale packed model of carbon dioxide absorber
and stripper; an enhancement factor calculated from the microscale
model using concentration profiles of chemical species was incor-
porated into macroscale computations for unit design [33].

The aforementioned studies have explored multiscale modeling
and simulations from different perspectives, achieving varying suc-
cess. However, none to our knowledge has conducted a dynamic
simulation with different platform integrations to study a process
behavior particularly TES and CC at different scales. A major issue
of this is the difficulty in connecting them dynamically without
being out of synchronization in time during the simulation. Thus,
in this study we 1) developed a multiscale model that dynamically
bridges macroscale combined cycle power plant model in SimCentral
with mesoscale TES model in gPROMS using Excel interface as a
communication medium, 2) examined the potential of combined
cycle integration with TES, and 3) analyzed the energy storage per-
formance of the TES in meeting daily power demand. The nov-
elty of this research presents a unified multiscale framework with a
developed Excel interface other than popular CAPE-OPEN for
dynamic simulation. In particular, the combined cycle simulation
with SimCentral outlines the performance of the plant at four opera-
tional modes, while the gPROMS [34-37] helps to assess TES effi-
ciency.

Korean J. Chem. Eng.(Vol. 38, No. 7)
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Fig. 1. Global power demand in a day for three countries showing their various loads: PJM is the US electricity market [38].

PROBLEM FORMULATION

As electricity is produced, it is concurrently consumed. This is a
characteristic of electricity that presents issues of stability and quality
when there is a disparity in demand and supply of power. There-
fore, it is very important to maintain balance at varying demand.
As seen in Fig. 1, power demand varies from time to time and so
does its price due to the cost of production. During high demand
for power that is peak period, supplementing base load power plants
becomes necessary, which comes at a higher cost from the power
suppliers than the average demand. Instead of augmenting with
another power generation system, the approach of storing electric-
ity during the night time and reinserting it during the peak peri-
ods offers a huge potential to reduce the total generation cost. From
Fig. 1, energy usage is far below the baseline supply between the

hours of 1 and 9 for all the load curves and higher from hours of 9
to 23. Hence, storing the excess energy during low demand hours
at base load operations can be used to augment the higher demand
at peak load. For example, the base load operation provides about
22% excess energy supply with reference to the actual demand at
the 6™ hour on the PJM load curve and about 25% less at the 11
hour during peak load. With the concept of this study, the excess
energy of the base load operation at the 6™ hour can be stored and
used at the 11" hour to increase the 70% baseline supply to about
80%. This study thus proposes a combined cycle (CC) power plant
with thermal energy storage (TES) for this implementation.
1. Performance Analysis

Typically combined cycle power plants consist of a gas turbine
and a steam turbine which operate under the thermodynamic cycles
of Brayton and Rankine, respectively. After completing the first

(@)=

TES
SYSTEM

(b) ACTIVE TYPE TES SYSTEM
e,

Fig. 2. Schematic diagram of combined cycle with TES system and detailed unit processes: (a) Combined cycle with TES, (b) two-tank TES

system.

July, 2021



Multiscale modeling and integration of CCPP and TES with gPROMS and SimCentral 1337

cycle (Brayton), the high temperature working fluid that would have
escaped through the exhaust is captured by a heat recovery steam
generator (HRSG) to generate steam. The steam is then released to
the steam turbine (second cycle) for additional power generation,
and the low-temperature liquid ends up in the condenser where it
is recycled to start the whole combined cycle.

The TES system is a two-tank storage unit with molten salt as
the thermal storage material (TSM) designed to store excess energy
during low demand of power for later use. It consists of a hot and
cold tank to hold molten salt at high and low temperature, respec-
tively. To this purpose, they are well insulated to minimize the loss
of heat to the environment.

2. Multiscale Modeling of Unified Framework

There are various computational tools for modeling and repli-
cating chemical engineering processes. Of these are process simu-
lators capable of simulating mathematical models of different order
of magnitude in the spatial and temporal scales. The complexity of
these mathematical models requires sophisticated computational
strategies to carry out the simulations. Hence, multiscale modeling
becomes relevant not only to replicating the physical processes but
offering insights into the real behavior of the process units.

In the multiscale computing environment, the concept of multi-
scale modeling has a few unresolved questions, although it is largely
used in most fields of science. The questions range from terminol-
ogy to general approach or technique in modeling a multiscale sys-
tem and computations. There are different schools of thought among
researchers in different research communities, basically because of
how multiscale is perceived. Interestingly, the terms used in these
fields could mean the same thing, while others may be quite dif-
ferent based on the field.

However, there are a few researches [39-42] with a methodolog-
ical approach to the multiscale concept. In pursuit of common
grounds on multiscale modeling [43,44], proposed a possible ap-
proach. The authors formulated a multiscale modeling and simu-
lation framework which defines multiscale as a group of single-
scale models interconnected through a modeling language or scale
bridging methods. These bridging methods are the heart of multi-
scale modeling, especially when different computational tools are
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involved in its simulation. Popular among the computational com-
munity in chemical engineering over the years is CAPE-OPEN.

While CAPE-OPEN standard interface in combination with other
processes [26,27,45] has achieved great results, its challenges can-
not be overlooked. This study sought an alternative in coupling
meso-macro scales of different computational tools for dynamic
simulation. We leveraged the visual basic option in Excel, a common
and easy-to-use software as the communication channel between
the different scales of gPROMS and SimCentral for dynamic sim-
ulation, which is not found in any research field. Not only was the
data exchange feasible, but there was no spike in computational
demand for the multiscale unified framework simulation [43,44].
gPROMS and SimCentral computational tools used in this study
are capable of modeling and simulating processes in steady and
dynamic states. gPROMS comes with a wide scope of numerical
solvers for detailed mathematical modeling of process systems
ranging from zero to two dimensions where numerical analysis of
partial differential-algebraic equations can be handled. SimCentral,
on the other hand, provides the flexibility to carry out process simula-
tions roughly from a unit process to an entire process like Aspen
plus, Pro II and others. It is widely used in the chemical engineer-
ing community for dynamic simulation.
3. TES Modeling Approach

TES is a technology widely employed to store excess thermal
energy and used at later times. The technology ranges from differ-
ent concepts on how the energy is stored and the kind of materials
used. Among the TSMs, molten salt is used due to its high energy
capacity storage from sensible heat. This study thus used it to bal-
ance the hourly supply and demand for energy in the CC opera-
tions. It was the mesoscale model for the CC integration simulation
which provided internal insights into the dynamic behavior of heat
loss during operation. As the TES interacts with the CC during
simulation, the hot tank section charges for three hours during excess
production at base load operation, stores high-temperature TSM
for six hours, release the energy to the CC for eight hours during
peak load demand and then the low-temperature TSM return to
cold tank section, which takes seven hours. During storage peri-
ods in the hot and cold tanks, the gPROMS simulation provides

J
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Fig. 3. Molten salt two-tank thermal energy storage system - heat flows influenced by temperature gradient. (a) Hot tank, (b) schematic dia-

gram of heat transfers, (c) cold tank.
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the rate of heat loss through the various sides of the tank as well as
during charging and discharging to the CC with the SimCentral.
The hot tank part of the TES can be modeled as the mirror image
of the cold tank for the integrated system simulation.

The gPROMS ProcessBuilder chosen for the mesoscale model-
ing of the two-tank TES system is an advanced process environ-
ment that enables one to build models, validate and execute steady-
state and dynamic simulations. By sectioning the whole storage
tank into submodels, the basic models of heat transfer such as con-
duction, convection and radiation were used to evaluate the high-
temperature molten salt tank exposed to the surroundings.

The modeling of the tanks shown in Fig. 3 followed the meth-
odology proposed by Zaversky et al. [46]. Fig. 3(a) and (c) are the
hot and cold tanks, respectively, which shows the heat transfer
inside the tank and with the surroundings. Since the temperature
inside the two tanks is higher than the surroundings, heat loss is
expected through the mechanism, as shown in Fig. 3(b). The mol-
ten salt, molten salt composition (60% NaNO; and 40% KNO;),
which is the most used sensible heat TSM in solar power plants,
was chosen for this study considering its wide range of tempera-
ture making it suitable for the combined cycle power plant operat-
ing temperature. Full properties can be found in Table 3. The molten
salt exchanges heat via convection with the inner walls of the tank,
bottom, the atmospheric gas and the surrounding.

With the sub-models, the study considered transient behavior
of the molten salt (1), tankss atmospheric gas (2), tank walls (31)
and insulation (6), the roof (3t) and insulation (4), different mate-

rials of the bottom (3b, 8, 9) and the tank surroundings (5,7). The
molten salt as well as the atmospheric gas region can be evaluated
with the global mass and energy balances taking into consideration
its interaction with the sub-models at their interfaces. One dimen-
sional conduction heat transfer of multiple material layers was
modeled for the tank roof, walls and the bottom. The wall was
modeled as cylindrical while the roof and the bottoms as planar
conduction heat transfers. On the interfaces where the sub-models
interact, convection models between the molten salts, tank walls,
roof, bottom, atmospheric gas and the tank surrounding were
considered. Also, the radiation models were evaluated between the
atmospheric gas, unwetted walls, roof, molten salt and the surround-
ings. These make the complete mesoscale model of the TES tank,
which is computed with the gPROMS advanced tool.

The mathematical description of the TES storage unit is pre-
sented in Table 2 based on the assumptions mentioned above. The
mass and energy balance (Eq. (5) and Eq. (6)) include time deriva-
tives, which are differential equations. On the other hand, the heat
source terms, Eq. (7) and heat transfer equations Eq. (8)-Eq. (18)
are algebraic equations. Since Eq. (9), Eq. (13) and Eq. (14) are non-
linear terms, the resulting equations are a set of nonlinear differen-
tial-algebraic equations (DAEs). By gPROMS solving approach,
this can be represented by the below equations [47].

f(x, x,y,£)=0 €Y)
8%y, )=0 @
where x and y are n and m dimensional vectors of variables,

Table 2. Rigorous conservation and other closure mathematical modeling for TES system

Description Mass/Energy transfer type Formula
Molten salt model Mass balance dm _ (th,, —1h,,) (5)
dt - in out.
dT . + . +
Energy balance pCPVE{ =m,,-h;,—m,,-h,,+Se (6)
Se=q1,~qb—q1, 1~ Qs b @)
q;'/j:hiAi(Tj_Ti) ®)
q; = 0A&(T; - T)) ©
kA,
Conduction=d: qZ = 'l—’ (T,~T) (10)
Convection=v: q;;=h;A(T,~T)) (11)
Radiation="R: q,-‘f: GAJ-S(T? - T?) (12)
n I; 9% 1 97 1
Rf:Zln(-Z)/Qﬂkili), RI=y—L  RV= (13)
L " Famhrl T 27hix
174 2 2
h)'= so(T,+ T)(T; +T)) (14)
Lateral side Through the vertical Qr=qus, 1+ qfs, HAht+ gt qa—q (15)
157 walls to the outside Q7=+ qzs, i+ qg7 + Qg+ qg; - qifn (16)
2—>
Topside Inside the tank Q5= a1+ a1+ Do,y + G, it it Qis— s, — Do (17)
15 Through the tank’s top surface
The bottom side Inside the tank Que=q13, 5+ qf& bt qZQ, b (18)
1-9 Through the bottom

insulation into the soil
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Fig. 4. Schematic diagram of CC with two-tank TES illustrating the different operation modes: (a) Charging mode, (b) storing or nomal

mode, (c) discharging mode.

respectively; t is the independent variable and x'is the derivative of
x with respect to t. f and g are n and m dimensional systems of
equations.

In gPROMS, the backward differentiation formulae (BDF) were
employed with a predictor and corrector step to solve the DAEs
described in Table 2. The k-step BDF method on the n integra-
tion step can be represented as [47]:

k=1

1 1
X, = X, + > X, | = (X, + Vi s (3)
hnﬂk[ k ]—ZO AN+ k] hnﬁk( k ", )

where h, is an integration step length, ¢4, /4 are BDF coefficient
and ¥, is the accumulation of history terms in the BDF method.
When this is substituted into the DAEs Eq. (1), the equation sys-
tem becomes

1
r(m( akxn + yk, n)’ X Yo tn) (4)

This is a set of nonlinear equations, which can be solved using
Newton’s family method. To obtain accurate solutions, absolute
and relative tolerance were set to 10~ in the gPROMS software for
simulation.

Since the hot and cold tanks work in reverse to each other at
every mode, as explained in section 2.4, the mathematical models
governing their behavior are similar as provided in Table 2 except
for the rate of flow. Refer to [6,46] for a detailed explanation.

4. Operation Scenario of Combined Cycle with TES

The operation modes of the integrated system are shown in Fig,
4(a) charging mode, (b) normal/Storing mode, (c) discharging mode.
Each line in Fig. 4(b) can be adjusted to normal, charging, dis-
charging, and storage modes. And Mode (a)/(b)/(c) are manipu-
lated by flow control of heat source.

(a) Thermal charging mode: Low-temperature TSM from the
cold tank gains heat by transfer from part of the steam flowing into
IP ST through the heat exchanger and is stored in the hot tank.
The resulting low-temperature steam is transported to the LP ST.

(b) Normal/storing mode: In these operation modes, there is no
heat exchange between the CC and TES system since the full steam
is utilized by the steam turbines. However, in normal mode, TSM

is held in the cold tank, whereas in the storing mode, the high
temperature TSM charged by the steam is stored in the hot tank.

(c) Discharging mode: High-temperature TSM from the hot tank
augments the energy capacity of the steam from the IP ST through
heat exchanger before it is transported to the LP ST. This increases
the power generation of the steam turbines and the resulting low-
temperature TSM is stored in the cold tank.

SOLUTION STRATEGY

1. Simulation Basis
The physical properties of the TSM used in this study are shown

Table 3. Properties of molten salt used as cold and hot thermal stor-

age material [49,50]

Type Active type
Components 60% NaNO;-40% KNO,
Freezing temperature (K) 493
Stabilizing temperature (K) 873
Density (kg/m’) 1,899
Viscosity (cP) 3.26
Specific heat (J/kg-K) 1.495
Heat of fusion ((k]/kg) n/a

Table 4. Modeling and simulation basis for combined cycle with

TES system [48,51]

System Modeling basis Value
TES Thermal saving and adiabatic efficiency 99%
GT Adiabatic GT efficiency 89%

Pressure ratio 19.37
Turbine inlet temperature 1,690.3K
Turbine outlet temperature 1,117.5K
ST Adiabatic HP ST efficiency 92%
Adiabatic IP ST efficiency 91%
Adiabatic LP ST efficiency 93%

Korean J. Chem. Eng.(Vol. 38, No. 7)
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la — cold molten salt to HE

1b — charged molten salt to storage

2 — storing/normal mode
3 — discharging mode
3a — hot molten salt to HE
3b — cold molten salt to storage

ST — steam to steam turbine

Fig. 5. Unified framework showing how the excel interface communicate with the macroscale model in SimCentral and mesoscale model in

gPROMS at the various operations modes.

in Tables 3 and 4, which are the modeling basis of CC with the
TES process. The modeling basis is referenced from CCs NETL
report [40] to ensure reliability and validity. In addition, the ther-
modynamic model used in this study assumed an incompressible
fluid for TSM with the SRK state equation, which is widely used
for hydrocarbons.

2. Strategy for Multiscale Modeling of the Unified Framework

The SimCentral software is capable of steady and dynamic sim-
ulation. However, since the process simulator is a black box model,
which is usually applicable to integrated processes, developing a
detailed model for heat loss analysis of the TES system is a limita-
tion. With the aid of gPROMS software, a detailed mathematical
model of the TES was developed and simulated simultaneously
with the SimCentral software where data are exchanged.

While the SimCentral model of the combined cycle with the
TES system integration performed dynamic simulation under four
operating conditions, the gPROMS analyzed the thermal efficiency
of the two-tank TES. In addition, the Excel interface for the data
exchange was constructed to enable the time synchronization and
co-simulation of the two simulators for the multiscale model. The
dynamic simulation was carried out at a 1-second interval in the
two dynamic simulators.

The execution strategy of multiscale modeling and the dynamic
simulation implemented in this research as shown in Fig. 5 is as
follows.

« In charging mode, the steam flowing to the ST in the SimCen-
tral model splits into two where one goes to the TES system.
This steam stream (1) exchanges heat with the cold molten
salt (1a) which gets charged (1b) and is stored in the hot tank.
In the meantime, the Excel interface is set online enabling the
transfer of TSM properties from SimCentral to gPROMS simul-
taneously for heat loss analysis. The resulting steam to the ST
goes to the IP ST at a reduced temperature due to heat loss.

o The storing mode generates power in the same capacity as
the normal mode in SimCentral. At these modes, the Excel
connection is set offline. In the meantime, SimCentral simu-
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lates the macroscale model of the CC while gPROMS ana-
lyzes the rate of heat loss of the TS in the tank. At storing
mode, the charged molten salt is held in the hot tank and at
normal mode, the low-temperature molten salt is kept in the
cold tank.

« In discharging mode, the power generation capacity of the
plant increases as the steam flowing into the ST gains energy
from the molten salt (3a) through the heat exchanger and the
resulting molten salt (3b) is stored in the cold tank. While the
heat exchange takes place, the Excel interface comes online to
enable the communication between SimCentral and gPROMS
for the dynamic simulation. In this mode, the resulting steam
flowing to ST goes to LP ST in the SimCentral model.

This co-simulation of an integrated system provides insight into
the behavior of the plant at different spatial and temporal scales.
While the SimCentral model offers an overall dynamics of the sys-
tem, the gPROMS helps to zoom into the behavior of the TES at a
detailed level in terms of how the heat is lost and which part con-
tributes the most of the losses. This can be applied to simulations
of complex processes where one is interested in the detail dynam-
ics of a certain unit. However, this can be of a huge computational
burden as well as time lag when several individual units are to be
modeled together.

RESULT AND DISCUSSION

1. Process Flow Diagram of CC with TES Based on the Unified
Multiscale Framework

Fig. 6 shows the process flow diagram of CC with TES in SimCen-
tral. The integration process enabled SimCentral software to per-
form dynamic simulation of CC and TES for four different opera-
tional modes (see Fig. 4). The process includes the main equip-
ment (GT, ST, TES) shown in Fig. 2. The TES system was mod-
eled to accept values from gPROMS via the black box system in
SimCentral.

Fig. 7 shows a close view process flow diagram of the two-tank
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gPROMS simulator.

TES system. Its performance was analyzed through detailed math-
ematical modeling of mass and energy conservation laws and heat
transfer using the gPROMS software. The framework was able to
send and receive data such as steam and TSM flow rate, tempera-
ture between the integrated system. While these properties change
at the various operating modes, the integrated system is config-
ured for time synchronization to enable smooth communication
in the dynamic simulation.

Fig. 8 shows the Excel interface developed to serve as a scale
bridge for the multiscale modeling and simulation of CC with
TES. In the Excel interface, SimCentral and gPROMS exchange
data in the same time zone by dlicking the button of each mode
along with the user selecting the time corresponding to each oper-
ating process. As data is interchanged during the simulation, the
amount of change in power generation, the heat loss and efficiency
of the TES tank are calculated in real-time, and the results are
shown in the Excel interface as a chart.

2. Performance Analysis

Fig. 9 shows the variation of power generation by IP ST and LP
ST for three hours charging and six hours discharging when the
normal and saving time is nine hours and six hours accordingly.
As a base case, we employed an operation time of three hours for
charging, six hours for storing, eight hours for discharging and
seven hours for normal mode as summarized in Table 7. During
charging mode, 39.3 MW of thermal energy was stored in the TES
tank. During discharge, 7.3 MW of thermal energy was released to
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Fig. 9. Various power generation of IP and LP ST for four modes
based on daily power.

LP ST by the TES tank. In conclusion, the average TES efficiency
was 99.66%.

The mass balance of the two-tank TES with a CC is presented
for four operational modes in Tables 5 and 6 based on Fig. 2.
Table 5 shows the heat and material balance of the two-tank TES
in storing/normal mode. Since TES is disconnected from the CC
(see Fig. 4(b)), both modes share the same heat and material bal-
ance. These modes correspond to the normal operation of a CC
without TES. However, there is a difference in view of TES. While
the storing mode saves thermal energy in TES through the charging



Multiscale modeling and integration of CCPP and TES with gPROMS and SimCentral 1343
Table 5. Heat and material balance of combined cycle with TES system for storing or normal operational mode
Stream No. 1 2 3 4 5 6
Description From From To From To To
escriptio GT IP RH IP ST IP ST LP ST Stack
Temperature (K) 876.0 838.9 838.9 525.3 525.2 418.2
Pressure (KPa) 104.8 2,302.8 2,302.8 241.3 231.3 97.8
Flow rate (kg/s) 592.8 126.3 126.3 116.9 116.9 592.8
Mole Comp
0O, 0.12 0 0 0 0 0.12
N, 0.73 0 0 0 0 0.73
CO, 0.04 0 0 0 0 0.04
H,O 0.11 1 1 1 1 0.11
Table 6. Heat and material balance of combined cycle with TES system for charging and discharging operation mode
TES
Stream No. Al A2 A3 A4 A5 A6 A7 A8 5A
Operation mode Descrintion From To From To From To From To To
P IPRH LPST Coldtank Hottank IPST LPST Hottank Coldtank LP ST
Temperature (K) 8385 5187 550.0 830.0 n/a n/a n/a n/a 521.2
Pressure (KPa) 2,302.7 2413 107 107 n/a n/a n/a n/a 2313
. Flow rate (kg/s) 60.6 60.6 94 94 n/a n/a n/a n/a 116.9
Charging
Mole Comp
H,0O 1 1 0 0 1 1 0 0 1
TSM 0 0 1 1 0 0 1 1 0
Temperature (K) n/a n/a n/a n/a 5242  580.2 800.0 550.0 580.2
Pressure (KPa) n/a n/a n/a n/a 2313 2296 101 101 229.6
. . Flow rate (kg/s) n/a n/a n/a n/a 1169 1169 35 35 116.9
Discharging
Mole Comp
H,0O 1 1 0 0 1 0 0 1
TSM 0 0 1 1 0 0 1 1 0

mode, the normal mode releases thermal energy through discharg-
ing mode.

TES for the charging and discharging modes are shown in
Table 6 based on Fig. 2(b). The thermal power stored during charging
is 38 MW for hot tank in the CC with TES. In discharging mode,
the steam from IP ST obtained thermal energy from TES, which
resulted in increasing the outlet steam temperature to LP ST. The
thermal power released for the inlet steam to LP ST can be calcu-
lated in consideration of the thermal efficiency of the TES tank
Table 4.

The total power generation of a reference CC without TES was
466.7 MW [48]. In this study, we assumed GT and HP ST as not
connected to the TES system. To evaluate the performance of the
TES, the efficiency of IP and LP ST, defined as the ratio of total
power generation with TES to the total power generation without
TES for 24 hours, was calculated as follows:

1
St(Ppp ;+Pp )x100 (15)

£,2 e
' taay(Prp+Prp)5

where g is the TES efficiency of IP and LP ST, j=charging, stor-

Table 7. Total various power generation and efficiency of combined
cycle with thermal energy storage system for four modes

Operation mode ~ Charging  Storing/normal  Discharging
Operation time 3hours  6hours/7 hours 8 hours
GT 2723 MW

HP 47.0 MW

IP+LP 108.1 MW 147.4 MW 154.7 MW
Total 4274 MW 466.7 MW 474.0 MW
Efficiency 98.31%

ing, discharging and normal mode.

Fig. 10 represents the heat loss results of the molten salt as its
level rises in the cold and hot tanks during the charging and dis-
charging modes. With the increasing surface of the wetted area in
the two tanks, the heat loss through the side walls consequently
increases. Contrarily; the non-wetted area of the tanks reduces, which
translates into the heat transfer contribution by radiation. How-
ever, since the conduction heat transfer through the bottom of the

Korean J. Chem. Eng.(Vol. 38, No. 7)
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Fig. 10. Heat losses through the different sides of the tanks as the molten salt level increases during filling. (a) 3 h charging time of hot tank,

(b) 8h filling time of cold tank.

tanks is not influenced by the levels of the molten salt, it remains
the same at approximate values of 2.6 kW and 4.6 kW for the cold
and hot tanks, correspondingly. The trend shown by the curves in
the figure above is of close agreement with the results of Schulte-
Fischedick et al. [52] while the difference in values can be attributed
to geometry used. This was expected because the hot tank is at a
higher temperature than the cold tank. The contrasting effects of
heat loss contributions through the top and the side walls of the
tanks nearly gave constant overall heat loss. The three hour charging
of the hot tank at a flowrate of 94 kg/s slightly increased in heat loss
from 234kW to 28 8kW while that of the cold tank increased
from 13.3kW to 193 kW for 8h filling time at a flowrate of 35
kg/s. Hence, heat loss of approximately 48 kW is incurred during
the charging/discharging mode of CC with TES which is 0.01% of
the total power produced by the plant.

Fig. 11 shows the molten salt cool down curves for both hot
and cold tanks at full load. From the operation strategy of the CC
with TES, the storing and normal mode for this study is 6 h, which
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Fig. 11. Molten salt temperature drop of the two-tank thermal energy
storage during the 6 h storing/normal mode. (a) Hot tank,
(b) Cold tank.
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was chosen based on Fig. 1. A short while into these modes, the
simulation showed constant temperature difference for the period,
which is clearly seen in Fig. 11. The heat loss contribution through
the bottom remained constant, while that through the non-wet-
ted and wetted walls showed slight changes.

This is because the level of the molten salt was constant and
hence no change in areas for wetted side walls and non-wetted walls.
Consequently, hourly temperature drop rates of 0.04 K and 0.06 K
with a corresponding approximated heat loss of 19.3kW and
28.7 kW were obtained in these operation modes for the cold and
hot tanks. With the heat loss rate in the two tanks, an average effi-
ciency of 99.95% can be expected for the duration in the storing
and normal modes.

For the entire operation modes, the study obtained efficiencies
of 99.69% for the cold tank at a temperature drop rate of 0.1 K
and 99.63% for the hot tank with 0.18 K cool down rates. More
energy was lost during discharge followed by the storing mode.
The charging mode contributed the least to heat loss.

However, the heat loss rate during discharge was higher for the
cold than the hot tank. This was as a result of the differences in the
molten salt flow rates. A similar trend was observed in the charging
mode for the two tanks that are higher flow rates yielded more
heat loss.

3. Parametric Study and Thermodynamic Analysis
Three case studies on discharging time of TES were conducted

Table 8. Parametric study and efficiency analysis of different opera-
tion modes depend on discharging operating time within
different flow rate from hot tank to cold tank

Operating time (h) Case 1 Case 2 Case 3
Charging 3 3 3
Storing 6 6 6
Discharging 6 8 10
Normal 9 7 5
Efficiency 98.1% 98.3% 98.5%
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Fig. 12. Power generation of IP and LP ST with TES based on three

different discharging times (Case 1: 6 hour discharging, case
2: 8 hour discharging, case 3: 10 hour discharging).
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Fig. 13. T-S diagram of Rankine cycle: line (A)-(B)-(C)-(D)-(E) is CC
without TES at the various operation modes while line (A)-
(B)-(C)-(D)-(D)-(E) is CC with TES at only discharging
mode.

in reference to the daily power demand shown in Fig. 1. To effec-
tively deal with the irregular peak load demand and understand
the performance of the TES system, dynamic simulation at vary-
ing discharge time was carried out and the results are summarized
in Table 8.
The power generation was 1564 MW, 1547 MW, and 1539
MW for the three cases. Corresponding efficiencies using Eq. (15)
were computed obtaining 98.10%, 98.30% and 98.50%. These results
as Fig. 12 and Table 8 display imply that with a small loss of effi-
ciency, the operation time for discharging can be flexibly adjusted
according to power demand. Finally, the power generated in the
three cases as illustrated in Fig. 9 give an insight into the behavior
of the TES system during discharging mode.
Fig. 13 shows a T-S diagram of the Rankine cycle with three-
stage ST consisting of HP, IP and LP.
The main characteristics of the T-S diagram are as follows [43]:
« Process (A)-(B): Water is heated at the economizer in HRSG.
The details of this step are captured in Fig. 2(a).

« Process (B)-(C): The line (B)-(B) is for phase change from
liquid water to vapor. (B') is the saturation point. This step
occurred at the LP, IP, and HP steam boiler in Fig. 2(a). The

line from (B) to (C) describes the superheating process of
water vapor.

o Process (C)-(E)-(A): There are two routes for this process:
(C)-(D)-(E)-(A) for charging and storing/normal mode and
(O)-(D)-(D)-(E)-(A) for discharging mode. As discussed, the
former corresponds to a T-S diagram for a conventional Ran-
kine cycle. Line (C)-(D) denotes the process from IP RH to
LP ST. The IP steam generated the power at IP ST and the
exhaust steam was sent to LP ST, which corresponds to streams
3, 4 and 5 in Table 5. Line (D)-(E) represents the step from
LP ST to condenser and power generation at LP ST during
charging or storing/normal mode as demonstrated in Fig.
7(a) and (b). This is also the case even for a conventional ST.

However, careful attention should be made to the process (D)-
(D)-(E) since this explains the additional power generation during
the discharging model with TES. Point (D) means the LP steam
was reheated in the discharging mode and the temperature rose
accordingly. This situation was quantified in Table 6 through stream
A5 and A6 in this paper. The area with red stripes is the driving force
to increase the power generation by supplying thermal energy from
TES during discharging mode. The principle used in this study
can be employed when HP ST relates to TES in a CC.

o Process (E)-(A): This process explicated the steam flow from
LP ST to HRSG, and the vapour was condensed into liquid water.
As a result, a T-S diagram allowed a qualitative thermodynamic
interpretation for TES with a CC. From the observation of Fig. 13,
TES is applicable not only with a CC but also with other power
generation plants, such as CSP and NPB, when operation and design
conditions are satisfied.

CONCLUSION

The study explored the feasibility of integrating a combined cycle
power plant with a TES system. This is relevant to meeting the vary-
ing daily demand for electricity by utilizing an existing power gen-
eration plant. To this purpose, a multiscale model was developed
whereby TES was integrated to augment the energy production of
CC during the higher demand by storing energy at low demand
of power, as shown in Fig. 3. The transient behavior of the inte-
grated system was simulated with SimCentral to ascertain the per-
formance and usefulness of TES. While SimCentral does well to
provide process insight into the entire plant, it was necessary to
assess the effectiveness of the two-tank TES system in terms of
energy loss. SimCentral could not provide those details because its
models are black-box type. In this light mesoscale two-tank TES
was modeled with gPROMS which was coupled with SimCentral
using a developed excel interface in this research. That ensured
communication between the macroscale model of CC and the
mesoscale model of the two-tank TES for the dynamic simulation
and time synchronization.

The power generated by the CC without TES was 466.7 MW,
which was reduced to 427.4 MW when the TES was set online in
charging. This in effect increased the power production to 474.0
MW when the energy stored in the TES system was released to
the steam turbines. It implies that the 3-hour charging of the TSM
caused the CC to lose 39.3 MW of power; however, 7.3 MW was

Korean J. Chem. Eng.(Vol. 38, No. 7)
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added to its original production capacity after 8-hour discharge of
the TSM energy to the steam stream. Also, we conducted a para-
metric study on different discharging times of the TSM to get an
insight into the varying daily demand for electric power. In the
analysis, discharging times of 6 and 10 hours generated additional
power of 9.0 MW and 6.5 MW, respectively. Comparing the CC inte-
gration with TES to CC only, the maximum efficiency obtained
was 98.5% and the minimum was 98.1%.

Through this study, we have successtully integrated the macro-
scale combined cycle power plant and the mesoscale TES system.
The dynamic simulation results of the presented detailed mathe-
matical model were validated. The methodology of this research
finding could present a research direction of processes requiring
coupling of various model scales between different computational
tools, such as detailed nuclear reactor design and integration pro-
cesses in chemical engineering,
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NOMENCLATURE
A ;area [m’]
G - heat capacity [K]/K]
g : emissivity
h :heat transfer coefficient [Wm K ']
h;, :inlet specific enthalpy [kJ/kg]

: outlet specific enthalpy [kJ/kg]
: thermal conductivity [Wm™'K™']
:mass [kg]
:inlet mass flowrate [kg/s]
: outlet mass flowrate [kg/s]
senergy [KJ]
: heat transfer resistance
:radius [m]
: temperature [K]
: time [s]
:volume [m’]
: density [kg/m’]
: Stefan Boltzmann constant [kgs *K ]
:n dimensional vectors of variables
: m dimensional vectors of variables
: derivative of x with respect to t
:nn dimensional systems of equation
: m dimensional systems of equation
: integration step length
S :BDF coefficient
:accumulation of past history terms in the BDF method
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Abbreviations
CC : combined cycle
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TES : thermal energy storage
CHP  :combined heat and power
CSP  :concentrating solar power
PCM  :phase change material

NPP  :nuclear power plants

IGCC :integrated gasification combined cycle
NGCC :natural gas combined cycle

NPP  :nuclear power plants

SHS  :sorption heat storage
ModDev: model development

MoT  :modeling tool

HRSG  :heat recovery steam generator
TSM  :thermal storage material

GT : gas turbine
ST : steam turbine
LPST :low pressure steam turbine

IPST  :intermediate pressure steam turbine

HP ST  :high pressure steam turbine
HP ST  :heat exchanger
Superscript

d : conduction

y : radiation

v : convection
Subscript

b : bottom

ij :nodes

l :lateral side

rf : roof
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