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Abstract- A flexible model for concentrated solar thermal power plants with two tank active direct storage system is developed
on gPROMS platform. Eutectic mixture of potassium and sodium nitrates salt melt is used as heat transfer fluid and storage
medium. The solar radiation data obtained from a weather station, during 10 years in the city of Isfahan are used. It is showed
that the Bird’s clear sky model well represents the normalized weather data. The storage system is designed to feed the boiler
for 15 hours in the absence of sun. The model predicts the instantaneous effects of solar irradiance change and calculates variable
with time parameters of the CSP plant; namely, the salt melt flow rates through receiver and boiler, and tank levels during 24 hr.
The results indicate that a collector surface area of 35 m? and 250Kg mixture of nitrate salts, per 1 KW electricity generation, is
necessary. Respecting the “variable with time” nature of solar irradiance, the role of storage tanks to damp fluctuations in process
parameters of a CSP plant is further quantified. A 2500 Kg of heat storage material eliminates the need to variable collector

surface area 100 m? to 1500 m? or equivalently, eliminated too high boiler temperatures (1000 °C).
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1. Introduction

Two methods are used to harvest sun energy; methods
based on using photovoltaic cells and the ones based on using
thermal collectors. In both methods, it is important to respect
the variable with time nature of solar irradiance. The effects
of weather conditions and changes in solar irradiance on the
performance of PV pilot plants is studied parametrically [1].
In concentrated solar thermal collectors the variable with time
nature of solar irradiance plays an important role, because
collector performance depends on the direct component of
solar irradiance. Therefore suitable comprehensive models are
desirable to be able to parametrically study CSP plants and to
model the dynamics of the process [2].

There are two thermodynamic cycles exchanging energy
in a CSP plant, solar thermal energy collection and storage,
and power plant cycles. In the solar heat collection cycle, solar
radiation energy is received to increase the temperature of the
heat transfer medium. In the literature, to model solar
irradiance, the Bird’s clear sky model has attracted much
attention. It considers the effects of absorption of different

gases and the moisture in the atmosphere. Other models as the
Hottel’s are also developed [6].

Various mechanisms for the thermal heat storage are
proposed, direct, indirect, active, passive, single tank or dual
tank systems [4]. The storage medium is usually heat transfer
oil, for low to medium temperature, and salt melts for the high
temperature storage. Molten metals are applied because of
heat high heat transfer rates [13]. For CSP plants, higher
temperatures are desirable; therefore, salt melts have attracted
more attention. For economic issues, solid low cost materials
like cement or sand are applied [15].

In the power plant cycle, Rankine cycle with reheat and
fresh water preheating is mostly used in the today’s power
plants, including CSP plants [8,9].

gPROMS is advanced modeling software used to model mass
and energy balances over equipment and processes under
dynamic or steady state conditions. However, the software is
mainly used in the oil and gas research sector so far [3]. Along
with Multiflash and material properties data banks, this
modeling software allows the model developer to write
suitable equations of mass and energy balances and
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simultaneously solve the equations assuming variable
physical and thermodynamic properties of materials. These
properties in vapor and liquid phases, are written as functions
of pressure, temperature, and components fractions.

Different softwares are used in the literature to simulate
power plants [10,12,14]; however, the libraries are of limited
use and developments of suitable sub models of the whole
CSP plant are time consuming. The objective of the current
work is to develop a comprehensive model purely on
gPROMS to study the instantaneous effects of solar irradiance
changes on the three fundamental components of a CSP plant;
namely: heat collection, thermal storage, and power plant.
With respect to the “variable with time” nature of solar
irradiance, the role of storage tanks to damp fluctuations in
process parameters of a CSP plant is further quantified. A
2500 Kg of heat storage material eliminates variable collector
surface area need of 100 m? to 1500 m? or equivalently,
eliminated the need to increase boiler temperature of greater
than 1000 °C.

2. CSP Plant Modelling
2.1. Solar irradiance and collector model

Solar irradiance and collection model is composed of two sets
of equations, the collector model and the solar irradiance
model. The collector provides the heat required in the
generator according to:

Q = Area*n*layg 1)
lavg = _[Ibdt )

Where, 1 is the overall thermal collector efficiency and layg is
the average sun radiation intensity during a day. layg is
calculated from the Bird’s model [5]. A collector and receiver
overall efficiency of 80% is considered. The overall efficiency
depends on the mirrors reflectivity, cleanness, receiver
absorption [11]. This model considers the effects of
environmental factors and calculates the instantaneous
intensity of sun thermal energy. The radiation intensity
according to this model is:

Ip = 0.9662*19*cos(0,)* Trx To *Tum*Tw*Ta 3)

where, Tgr, To, Tum, Tw, and T are respectively Rayleigh
diffraction, ozone absorption, gas mixtures absorption (O and
CO,), water absorption, and fine particles diffraction. I is the
radiation received outside the earth atmosphere and 6; is the
zenith angle.

Parameter 1, depends on geographic location, time of the day,
and date according to the following equation [5]:

lo = 1s*[1+0.034*C0s(360*N*1/365.25)] @)

where, Iy is solar constant (1367 w/m?), N is number of the
day from January first and, r considers the effect of geographic
location and solar time according to the implicit equation:

cos(z*r) = sin(d*r)*sin(*r) + cos(8*r)*cos(w*r)*cos(@*r)

(®)

where, ¢, 8, and ®, are azimuth, date, and solar time,
respectively:

& =23.45*sin(0.0172*(284+N)) (6)
o =15%(t;—12) 7
where, ts is solar time.

All the above equations are written in gPROMS and the
resultant model calculates the required collector area and
radiation intensity. The model inputs are date, time, and
geographic location.

2.2. Power plant model

The power plant, a Rankine cycle, is composed of boiler,
condensing turbine, total condenser, pump I, fresh water
heater (FWH), and pump Il according to Fig. 1. Water is used
as the working fluid.

Mass and energy balances are written and simultaneously
solved in gPROMS. While the physical and thermodynamic
properties of the liquid and vapor phase are calculated by
calling Multiflash file. Multiflash is physical and
thermodynamic property calculation software. A Multiflash
file with water as the only component is constructed and
different thermodynamic and physical property models are
set. All liquid and vapor properties such as enthalpy, specific
volume, and heat capacities are assumed to be functions of
temperature and pressure. In all equations, the indices 1 to 7
refer to different points of the power plant shown in Fig.1.

The pumps’ work is calculated from:

Ws-pump1= Vl(PZ - Pl) (8)
Ns-pumpl = Ws-pump1 / Wpump1 (9)
h,=h; + Wpump1 (10)

Fig. 1. Schematic of power plant with reheat and fresh
water preheating, modeled in gPROMS
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where v; is specific volume of water, Ws.pump1 and Wpumpa are,
respectively, isentropic pump work and real pump work (per
unit mass of water). hy and h, and P; and P are, respectively,
the enthalpies of water and the pressures at points 1 and 2.
Similarly for the second pump we have the following
equations:

Ws-pumpz= v1(Ps — P3) (11)
Wpoump2= Ws-pump2/ #s-pump2 (12)
hs= h3 + Woump2 (13)
P4=Ps (14)

Boiler and condenser duties, Qnoiler aNd Qcondenser are calculated
from:

Qboiler: Iﬁ(h5-h4) (15)
Qcondenser= Iﬁ(h7-h1) (16)

where m is the mass flow rate of water and hs, hs, hs, and hy
are enthalpies of water at the outlet and inlet of boiler and
condenser, respectively. The turbine isentropic efficiency

Ns-turbine 1S
Ns-turbine = Wiurbine/ Ws-turbine= (h5'h6)/ (hS'hSS) (17)
Ns-turbine= Wiurbine/ Ws-wrbine= (N5-h7)/ (hs-hzs) (18)

For the open fresh water heater, FWH, the following
equations are used:

P2:P3:P6 (19)
yhe + (1-y)hz = hs (20)
P7:P1 (21)

where, y is the mass fraction of turbine vapors that enter the
FWH. The total pumps’ and turbine’s works are:

Woump1= (1'Y)meump1 (22)
Wpump2: MWpump2 (23)
Wiurbine= t[hs-yhs - (1-y)h7] (24)

Finally the thermal efficiency of the power plant is:
Nthermal = (Wturbine - Wpumpl - Wpumpz) / Qboiler (25)

The above set of equations is simultaneously solved in
gPROMS with parameters specified in Table 2. The model
results were verified to satisfy the total energy balance of the
cycle. Furthermore, to be sure about the accuracy of the
models and the correlations used for the calculation of the
physical properties, the results were compared with the
results of several examples in reference [8] and the
agreements between the results were perfect.

Table 1. Transient equations of mass and energy balances
for the solar heat collection storage model

m_boiler — m_collector = dMcold/dt

m_collector — m_boiler = dMhot/dt

d(Mhot * Thot)
dt

= 1h_collector
* Tout_collector — m_boiler
* Thot

d(Mcold * Tcold)

dt

= m_boiler * Tboiler
— m_collector * Tcold

tsunset_l
Ib *mox Area * Qboilerdt

tsunriset1

= 24 %3600 * Qpoiler

Meoprec * Cp * (Tcollec — Tcold)
= I, * n * Area

Wgunset = Acos(—tan(r = §) = tan(r

*$))/r

teunset = 12 + wsunset /15, tounrise
= 12 — Wgynset /15

Mcold + Mhot = Mpoiler

* (tsunrise_ tsunset — 2)

* 3600

2.3. Two tank direct storage system model

The heat storage system is composed of two hot and cold
tanks, a consumer (boiler), and collector receiver according
to Fig. 2. Salt melt from the cold tank is heated in the
collector receiver at Teoec and is sent and stored in the hot
tank. The hot slat melt is then sent to the boiler, where it loses
its sensible energy and is stored in the cold tank at
temperature Trho-AT. The transient equations used are listed
in Table 1. Mnot, Thot, Mcoid, and Teoig are, respectively, the
mass and the temperature of the hot tank and the mass and
the temperature of the cold tank. rcoiiec and mpgjier are salt
mass flowrates in the collector and boiler, respectively.

In Table 1, Wsunset is the sun set time in degrees tsunset and tsunrise
are solar sunset and sunrise times.
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Fig. 2. The heat storage system used in the model.

Table 2. Experimental data and parameters used in the
model

Parameter Value
Heat collection and storage
Storage time (hr) 15
Collector temperature (°C) 460
Temperature drop over boiler (°C) 275
Rankine reheat cycle
Upper pressure (bar) 60
Lower pressure (bar) 0.1
Fresh water heater pressure (bar) 6
Turbine inlet temperature (°C) 450
Isentropic turbine efficiency 0.8
Isentropic pump efficiency 0.8
Mass flowrate of water (Kg/hr) 57.8

2.4.  Coupling of the three models

From the solar heat collection model the boiler duty and
collector heat (Quoiter, Qcoltector) are calculated and used in the
power plant and the energy storage models, respectively.
Consequently, the dynamic response of the system in the
form of tank mass, tank temperature, and collector and boiler
flowrates are calculated. Fig.3 shows schematically how the
three models communicate.

It is assumed that the power plant model responses are much
faster than the responses in the heat storage model.
Therefore, the power plant model equations are solved under
steady state conditions, while those in the heat storage and
solar irradiance models are variable with time [1].

Inputs
(date, time, geographical
location)

Quollector solar heat
collection
model
Y Physical and
storage system model | Qpoiter thermodynamic
. | power plant .
(night mode and day > model properties
mode) calculation by

Multiflash

Output
(power, tanks’ mass, mass
flowrates, temperatures, ... )

Fig. 3. Structure and communication between the models in
CSP model

25 Variations of solar irradiance during the day and
year

As a case study, our experimental data are the solar radiation
data obtained from a weather station, during 10 years in the
city of Isfahan, Iran. Isfahan is a city with a relatively high
mean irradiance and the results of using solar energy for this
area can be utilized as a pattern for other hot cities in the
world. However, the data provided during a day are in the
form of total collected solar energy and number of sunny
hours. To be able to compare the results from the Bird’s
model (solar irradiance) with those resulting from the
experimental data, the methodology in [7] is used and the
results are presented in Fig. 4.

Model results and normalized experimental data about the
dynamic nature of solar irradiance during a day (May 23", as
an example) are compared in the figure. The intensity
increases from 430 W/m? at 8 am to a maximum of 870 at 12
noon and it decreases again to 430 W/m? during the evening.
There is a good agreement between the results with a
maximum error of 12%. Similar results were obtained for
other days of the year.

Fig.5 shows intensity variations during the year at four solar
hours: 9 a.m., 10 a.m., 12 noon, and 2 p.m.. At 12 noon, for
example, the intensity increases from 400 W/m? to 800 W/m?
by moving from winter to summer. Similar trend, with
smaller intensities exist at other hours of the day.

2.6 Calculation of physical and thermodynamic
properties
Multiflash is physical and thermodynamic property

calculation software. A Multiflash file with water as the only
component is defined and different thermodynamic and
physical property models are selected in the vapor and liquid
phases according to Table 3.
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Fig. 4. Comparison of radiation model based on Bird’s
model with the experimental data (date: May 23, geographic
location: (32°37°4” N, 51°39°44”E).
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Fig. 5. variations of solar irradiance during the year at 9 am,
10 am, 12 noon, and 2 pm.

3. Results and Discussion
11 Power generation during 24 hr

The designed generated power of the power plant is 10 KW.
However, it is not necessary to generate electricity during off
peak hours. A pattern of charge, according to the electricity
consumption of an administration unit, is assumed.
Consequently, less power is needed during midnight and the
power plant works at the maximum load when needed. The
maximum power need is assumed to be between 7:30 am and
4:30 pm. Between 10 ppm and 7:30 am there is a minimum
need of 3 KW. The details are shown in Fig.6.

3.2 Tank flow rates and mass flowrates variations during
day and night

The mass flowrate of salt melt during the day, from 7:30 am
to 16:30 pm, in the collector receiver and in the boiler are
shown in Fig.7. The flowrate in the collector increases from
the morning to noon, because of increasing solar irradiance. It

— Normalized weather datz

increases from 0.025 kg/s at 7:30 am to a maximum of 0.25 at
12 noon and again it decreases to 0.025 kg/s at 16:30. The
mass flow rate in the collector is greater than that in the boiler
between 9 am and 3 pm, implying the accumulation of solar
heat during these hours.

The mass of salt melt in the hot and cold tanks are shown in
Fig.8. During the day, hot tank level increases from its min to
about 2500 Kg, while in the cold tank, it decreases from a
maximum of 2500 Kg to its minimum.

3.3 Importance of heat storage

Heat storage system has two important roles. Firstly, it damps
the fluctuatins resulting from variable solar irradiance.
Secondly it stors energy for the operation of the plant, during
night time and during cloudy hours. To calculate these efects,
imagine the CSP plant in the absence the two storage tanks.
The collector heat is simultaneously transferred to the boiler:

Qcollector = Qboiler (26)

Table 3. Correlations used to calculate thermodynamic and
physical properties of pure components

PARAMETER EQUATION
Equation of state P
_ NRT N a
"~ V—b VZ+2bV — b2
Specific heat Cp
P E=a3+(a4—a3)y2(1
+
— DF(y))
Density 1
p=y+ a3 + a,7?/3
c
+ a3t
+ a,t/3
Thermal A =a,(1+ ayt'/® + az7?/®
condutivity

+ a3r)

Therefore, the required surface area to reach to the same boiler
capacity, considering the changes in solar irradiance during a
day, can be obtained. The results are shown in Fig.9. In the
absence of storage system, at the early mornings, more than
1500 m? surface area is necessary and near the noon this
surface reduces to only 100 m2. In other words, by applying a
surface area of 350 m? and suitable design of storage tanks, we
have prevented these extreme requirement limits in the surface
area. Furthermore, the operation of the power plant during the
night has become possible.

The importance of storage system can be shown, also, by
assuming a fixed surface area and calculating the “imaginary”
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outlet temperature from the boiler. The results indicate that at
surface area ranges of 100 m? to 300 m? a boiler steam
temperature is greater than 1000 °C during noon. Design,
operation, and safety of the equipment to afford this high
temperature are not possible in practice. These results clearly
indicate that storage tanks are one of the unavoidable parts for
the operation of CSP plants.

4
10 +

1

LN

Power generation ( KW)

&
v

0 6 12 18 24

Hour

Fig. 6. Power generation during day and night.

Boiler —
collector =

melt (Kg/s)

Mass flow rate of salt

Sun thcrmal.hcat
accumulation

Solar hour

Fig. 7. Mass flow rates of salt melt in the boiler and
collector.

4, Conclusion

A flexible gPROMS model for CSP plants with heat storage
is developped. Based on the calculations made for the shortest
day of the year, when the solar irradiance changes from around
300 W/m? to 800 W/m?, the instantaneous mass flow rates of
heat transfer fluid through solar collector receiver and through
boiler change between 0.025 Kg/s and 0.25 Kg/s. Assuming a
pattern of electricity consumption similar to that of an
administration unit with a maximum electricity need of
10KW, a total mass of 2500 Kg of heat transfer fluid and
storage medium is required. Without storage tanks, the

amount of fluctuations in the temperature or the required
surface area of collector are huge. The results predict either
variable surface area between 100 m? and 1500 m? or vary
high boiler temperatures of 1000 °C which avoids the plant
operation in practice.

2500

—+— Cold tank

2000 -=— Hot tank

1500

£ 1000

Tank mass (Kg)
r

300

o
o

12 18 24

Solar hour

Fig. 8. Variations in the hot and cold tanks’ masses during
day and night

Collector surface area (m?)

100 - - - = - -
7 8 10 12 14 16 17

Solar hour

Fig. 9. Required surface area of collector in the absence of
storage tanks
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