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Abstract

In a parabolic trough solar power plant, the steam generation system is the junction
of the heat transfer fluid circuit and the water/steam circuit. Due to the discontinuous
nature of solar radiation, the dynamic characteristics of working fluid physical
parameters, such as mass flow rate, temperature, and pressure, are more evident in the
steam generation system in this kind of plant, increasing the complexity of system
operation. In this paper, a zero-dimension dynamic model of an oil/water steam
generation system was developed based on the lumped parameter method. Based on the
developed model, four typical single-parameter disturbance processes were simulated,
and then the control strategy was obtained. System-level simulations on different days
(clear and cloudy) and in different seasons (spring, summer, autumn, and winter) were
also conducted on a STAR-90 simulation platform using real meteorological data. The
simulation results show that PI control can be used to adjust the water level, that system
operation on cloudy days should be avoided, and that the system can continue to
generate steam after the sun sets. The simulation results can provide a useful reference
for plant operators.

Key words
Parabolic trough solar power plant, Steam generation system, System-level simulations,
STAR-90

Nomenclature

Latin symbols \Y volume (md)

A heat transfer area (m?2)

a volume coefficient 1 (m3) Greek symbols

b volume coefficient 2 (m3/(kg-s1)) o convective  heat  transfer

coefficient (W/(m?2-°C))
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Cp specific heat capacity (J/(kg-°C)) A variation amount
c mass flow rate coefficient 1 ((kg-s1)/kPa) A resistance coefficient (-)
mass flow rate coefficient 2 ((kg-s1)/MPa)  u dynamic viscosity (Pa-s)
d diameter (m) v kinematic viscosity (m?2/s)
ft structure correction factor (-) p density (kg/m?)
H level (m)
h specific enthalpy (J/kg) Subscripts
Nsteam saturated specific enthalpy of steam (J/kg) cond condensation
hq specific less enthalpy of the feed water (J/kg) evap evaporation
hwater?  Saturated specific enthalpy of water at the f fluid
previous time step (J/kg)
k thermal conductivity (W/(m-°C)) i inner
| heat transfer tube length (m) in inlet
m mass (kg) lam laminar
N number of tube-side passes (-) 0 outer
Pr Prandtl number (-) out outlet
p pressure (MPa) turb turbulent
P1 on-way resistance (Pa) w wall
P2 bending resistance (Pa)
p3 resistance of the inlet and outlet connecting Abbreviations
pipes (Pa)
Q heat flow rate (W) CSP concentrating solar power
Om mass flow rate (kg/s) DNI direct normal irradiation
Re Reynolds number (-) HTF heat transfer fluid
latent heat of vaporization (J/kg) HRSG  heat recovery steam generator
S equivalent bottom area of the evaporator PTSP  parabolic trough solar power
(m?)
Sy horizontal tube pitch (m) SCA solar collector assembly
Sy vertical tube pitch (m) SGS steam generation system
T temperature (°C)
t time (s)
u velocity (m/s)

1. Introduction

In recent years, the massive use of fossil fuels, including coal, oil, and gas, has led
to environmental pollution and energy shortages. It is increasingly important to find
alternative fuels. Solar energy has been emphasized by most countries in the world due
to its abundance, wide distribution, and low carbon emission. There are many kinds of
solar energy utilization technologies, one of which is the concentrating solar power
(CSP) technology. CSP technology captures the sun’s direct normal irradiation (DNI),
concentrates it onto a receiving surface and transforms the absorbed heat into
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mechanical work and subsequently electricity, by using state-of-the-art thermodynamic
power cycles [1, 2]. The CSP technology is an environmental-friendly renewable
energy approach that can greatly contribute to energy conservation and environmental
protection [3]. This technology has two advantages, its amenability to hybridization and
the ability to readily store energy via thermal energy storage [4]. Therefore, the CSP
technology is gradually gaining recognition and acceptance by many countries.
According to the International Energy Agency (IEA), the installed capacity of CSP
plants will reach 20 GW by 2020 and 800 GW by 2050 [5].

The CSP technology includes four alternatives: parabolic trough solar power, solar
power towers, linear Fresnel reflector solar power, and solar dish-Stirling engines.
Among them, parabolic trough solar power (PTSP) technology is currently the most
commercially mature [1, 6] and the most developed [7, 8]. The benefits of PTSP
technology include promising cost-effective investment, mature technology, abundant
operational experience, and the ease of coupling with fossil fuels and other renewable
energy sources [9].

PTSP plants are mainly composed of collector fields and power blocks. Some
PTSP plants are also equipped with thermal energy storage systems and auxiliary fuel
systems [10]. The collector field consists of many collectors, each of which is made up
of a parabolic trough concentrator and a receiver. The power block includes a steam
generation system (SGS), a turbine—generator unit, condenser equipment, and feed-
water heat exchangers, such as a deaerator. When the collector field is running, the
parabolic trough concentrator gathers the incident sunlight to the receiver fixed at the
focal line of the parabolic trough. The heat transfer fluid (HTF) in the receiver absorbs
the solar radiation energy, and its temperature increases. Then it releases the absorbed
heat to the water in the SGS. The water becomes superheated steam, and it finally drives
the steam turbine to complete the power generation process. In general, the HTF in the
receiver is thermal oil (a mixture of diphenyl (C1,H10) and diphenyl oxide (C1,H100))
[1], and a study on the use of molten salt (a mixture of 60% NaNO3z and 40% KNO;
(weight percent)) as an HTF is under way [11]. A typical PTSP plant is shown in Fig.
1.

Fig. 1. Schematic diagram of a typical PTSP plant.

As seen in Fig. 1, the SGS is the core equipment of a PTSP plant; it connects the
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HTF circuit and the water/steam circuit. It is divided into three parts, namely the
preheater, evaporator, and superheater [30]. In the preheater and the superheater, no
phase change occurs. In the evaporator, there is a significant phase change process in
which the water becomes micro-superheated steam through absorption of heat from the
HTF. The function of the SGS is to transfer the heat released by the HTF from the
collector field to the feed water in the water/steam circuit and then produce superheated
steam with specific parameters to drive the steam turbine. In addition, the SGS isolates
the HTF from water/steam.

The SGS is also one of key systems in a conventional thermal power plant, namely,
a boiler [12], or in a nuclear power plant [13]. However, since solar radiation, which is
the heat source of a solar thermal power plant, is unsteady in comparison with the heat
sources of conventional thermal power plants, the focus of research on the SGS of a
solar thermal power plant is quite different [14]. For a PTSP plant, the HTF mass flow
rate or temperature varies with the sun’s DNI, which changes obviously during one day,
so the parameters of the steam produced by the SGS also change. As the intersection of
the HTF and the water/steam, the SGSs in PTSP plants have more obviously dynamic
characteristics in comparison with those in other types of plants, and this increases the
complexity of system operation. Hence, it is vital to conduct investigations into the
dynamic characteristics of the SGS of a PTSP plant.

Dynamic performance research on SGSs can be pursued by developing a dynamic
SGS model. At present, dynamic simulation of SGSs mainly focuses on systems in
nuclear power plants or in combined-cycle power plants, namely, heat recovery steam
generators (HRSGs). Wang et al. [15] studied the thermo-hydraulic characteristics of
an annular tube once-through steam generator in an integrated nuclear power system
using the compressible flow model. Zhang et al. [13] built a one-dimensional dynamic
mathematical model of the steam generator in the Daya Bay nuclear power plant in
China and simulated the dynamic heat transfer performance of the steam generator
under varying power. Wan et al. [16] developed the simulation platform of the AP1000
nuclear steam supply system. Sindareh-Esfahani et al. [17, 18] described the dynamic
modeling of the HRSG during cold start-up operation in a combined-cycle power plant.
Alobaid et al. [19] developed a dynamic model for a subcritical three-pressure-stage
HRSG. Mertens et al. [20] simulated warm and hot start-up processes of a drum-type
HRSG and a once-through HRSG and studied their different dynamic characteristics.
In addition, dynamic simulations of the SGS used for industrial processes were also
conducted. Bracco and Cravero [21] studied the variations of the main thermodynamic
and physical quantities of a typical small electric steam generator in machines for
ironing tasks by developing its mathematical model. Biglia et al. [22] modeled a three-
stage steam plant for batch thermal processing of food products, which included a steam
boiler, to describe unsteady operative conditions. Allouche et al. [23] conducted
dynamic simulation of an integrated solar-driven ejector-based air conditioning system
with phase change materials (PCM) cold storage using the Transient System Simulation
Program (TRNSY'S) software. The steam generator in this system was modelled using
the Engineering Equation Solver (EES) software.

In the area of solar energy, simulation research on steam generators began in the
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1980s. Ray [24] constructed a nonlinear dynamic model of a once-through subcritical
steam generator for solar power tower plants. Ben-Zvi et al. [25] presented an optical
and thermal simulation of a new solar tower steam generator, but the developed model
was a steady-state model. Pitot et al. [26] analyzed the impact of HRSG characteristics
on the performance of a 100-MWe CSP plant with an open volumetric receiver by
developing its steady-state model. Terdalkar et al. [27] modeled the Alstom solar
receiver steam generator for a tower-type CSP plant using Advanced Process
Simulation Software (APROS) and studied its dynamic response under various
transient conditions. Henrion et al. [28] conducted a dynamic simulation of an
innovative thermal oil-heated SGS designed by Balcke-Duerr for a solar thermal power
plant using APROS. The rated operation and the start-up stages of the SGS were
simulated. The simulation results revealed a boiling phenomenon in the economizer and
a boiling crisis. However, in Henrion’s paper, the influence of the variation of DNI on
the output of the SGS was not considered. Ponce et al. [29] developed a dynamic
simulator for an integrated solar combined-cycle (ISCC) plant in the
MATLAB/Simulink environment and presented a model predictive control (MPC)
strategy. A dynamic model of a solar steam generator was developed, but DNI
disturbance was not considered. El Hefni and Soler [30] developed a dynamic multi-
configuration model of a CSP plant with ThermoSysPro library, but the detailed
modeling method of the SGS was not presented. Schenk et al. [31] developed a model
of an SGS in a PTSP plant with the publicly available ThermoPower library.
Nevertheless, the detailed modeling method was not provided in this paper either. Al-
Maliki et al. [32, 33] carried out dynamic simulations of an existing 50-MWe parabolic
trough solar power plant during clear, slightly cloudy, and very cloudy days using
APROQOS. The plant model includes a steam generator model, but the detailed modeling
method was still not given. Some other research has focused on direct steam generation
technology. Lobdn et al. [34] introduced a computational fluid dynamic simulation
approach to predict the behavior of a solar steam-generating system. Suojanen et al.
[35] applied a linear Fresnel collector solar field with direct steam generation to
generate steam parallel with the steam boiler. Three process configurations for this
hybrid plant were modeled using APROS, and the system operation was investigated
under varying process conditions. In addition, there has been other research on the
safety and economics of SGSs. Pelagotti et al. [36] studied a coil heat exchanger
designed by Aalborg specifically for CSP applications as the evaporator of a steam
generator. The mathematical model of the coil heat exchanger was developed, and
based on this model, stress and fatigue analyses were conducted to optimize the
behavior of the system in various start-up scenarios. Rovira et al. [37] compared the
annual performance and economic feasibility of an ISCC using two solar concentration
technologies: parabolic trough collectors and linear Fresnel reflectors. The ISCC model
included a HRSG model that was developed based on the mass and energy balances.
Gonzalez-Gomez et al. [38, 39] presented a thorough economic analysis of the heat
exchangers of the steam generator and oil-to-salt heat exchangers of a 50-MWe
parabolic trough power plant and conducted thermo-economic optimization of molten
salt steam generators in a 110-MWe solar power tower plant. Similar research has been
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also done by Pizzolato et al. [40]. In addition, Yuan and He et al. [41-43] experimentally
studied the thermal performance of thermal oil and molten salt steam generators.

In summary, little literature has referred to the dynamic modeling of SGSs of PTSP
plants. Moreover, to the best of our knowledge, there are still two aspects of dynamic
SGS simulation that have not been sufficiently addressed in the literature [28-33]. First,
the influence of heat source variation, specifically DNI, on the output of the SGS has
not been sufficiently considered. Second, a detailed modeling method has not been
presented. Previous studies have developed dynamic models of SGSs with specific
structures based on existing simulation software, but the details of the modeling
methods employed have not been reported. To facilitate dynamic performance research,
it is necessary to provide a general modeling method in detail for a certain SGS in a
PTSP plant. In this paper, these two aspects are addressed, which is the contribution of
this paper.

In this paper, investigations into the dynamic characteristics of an oil/water SGS,
the SGS of the Yanging 1-MWe PTSP pilot plant, were conducted by developing a
dynamic simulation model based on the lumped parameter method and certain
assumptions. The preheater, evaporator, and superheater models were developed, and
together they form the dynamic model of the SGS. Based on the model, four typical
single-parameter disturbance processes, namely disturbance of the feed water and the
steam mass flow rate as well as step disturbance of the thermal oil inlet mass flow rate
and inlet temperature, were simulated. Through an analysis of the simulation results,
the control strategy for the system was obtained. Then system-level simulations on
different days (clear and cloudy) and in different seasons (spring, summer, autumn, and
winter) were conducted on a STAR-90 simulation platform using real meteorological
data in Yanging to analyze the influence of DNI on system parameters. The simulation
results provide references for system operation. In addition, in this paper, only the
impact of the single factor, DNI, on the SGS was analyzed and other equipment, such
as the thermal energy storage system, was not considered.

2. System description

The Yanging 1-MWe PTSP pilot plant is the first PTSP plant in China, which is
located at Yanging District (latitude 40.38° N, longitude 115.94° E) in Beijing, capital
of China. The plant is supported by the “Research and Demonstration of Parabolic
Trough Solar Power Technology” project, which is the key project of the National High
Technology Research and Development Program of China (863 Program, which means
that it was first launched in March in 1986) during China’s 12th Five-Year Plan. Similar
to most other PTSP plants, the Yanging 1-MWe PTSP pilot plant is mainly made up of
a collector field and a power block. The area of the collector field is 10,000 m?, which
includes three 600-m-long loops. One loop has a North—South layout, and the other two
loops have East-West layouts [44]. The HTF in the collector field is thermal oil. The
PTSP pilot plant is also equipped with a thermal energy storage system, which is
different from the traditionally utilized low-cost sensible heat storage in insulated tanks
with eutectic mixtures of KNO3z; and NaNO3 molten salts [45]. It is a two-stage thermal
energy storage system, including high- and low-temperature subsystems. The thermal
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energy storage media used in the high-temperature subsystem is thermal oil, and the
low-temperature subsystem is a steam accumulator. A schematic diagram and
photographs of the Yanging 1-MWe PTSP pilot plant and its oil/water SGS are shown
in Fig. 2 and Fig. 3, respectively.

The rated operation parameters of the SGS are given in Fig. 2. In nominal
operation, the mass flow rate of the thermal oil in the collector field is 74,130 kg/h, and
its outlet temperature is 393 °C, which is also the inlet temperature of the thermal oil in
the SGS. The temperature of the thermal oil decreases to 296 °C after it flows through
the SGS. The inlet mass flow rate and the temperature and pressure of the feed water in
the SGS are 6,500 kg/h, 104 °C, and 3.21 MPa, respectively. The feed water is first
preheated in the preheater. Then it enters the evaporator to become saturated steam after
it absorbs heat from the thermal oil, the temperature and pressure of which are 235.1
°C and 3.12 MPa, respectively. The saturated steam is superheated after it flows through
the superheater of the SGS, and the outlet temperature and pressure of the superheated
steam are 383 °C and 3.1 MPa, respectively.

Fig. 2. Schematic diagram of the Yanging 1-MWe PTSP pilot plant and its SGS.

(a) Yanging 1-MWe PTSP pilot plant
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(b) SGS
Fig. 3. Photographs of Yanging 1-MWe PTSP pilot plant and its SGS.

3. Methodology

3.1. STAR-90 simulation platform

The SGS of the Yanging 1-MWe PTSP pilot plant was modeled on the STAR-90
simulation platform, which is an open-source software developed by Baoding Sinosimu
Technology Co. Ltd. in China. STAR-90 was at first used for full-scale and real-time
dynamic simulations of conventional thermal power plants to guide their operation and
production. Now, it is applied in wider fields, such as nuclear power, hydropower,
aerospace, and petrochemicals, and it also has been usefully applied in the modeling
and simulation of CSP plants [3, 46-49]. STAR-90 is a simulation platform based on
modular modeling. Every user can build needed equipment modules on the basis of
physical principles, namely mass, momentum, and energy conservation and save C
language-based module algorithm in the STAR-90 algorithm library, which supports
revision and updating by users. In addition, STAR-90 has the function of user-defined
graphic visualization so that model graphs can be designed according to users’
preferences. Therefore, this simulation platform has a clear human—machine interface.
In this study, a dynamic model of the SGS was developed separately, and then it was
connected with models of other equipment already existent in the STAR-90 library,
such as valves, pumps, and so forth, to complete the system-level simulations on the
STAR-90 simulation platform.

3.2. Dynamic simulation model of the SGS

The modeling method adopted in this paper is the lumped-parameter method. This
method treats state parameters of the working medium in a system as homogeneous. It
selects state parameters of a representative point in the space as state parameters of the
whole system; thus, the lumped-parameter model is a zero-dimension model. The
lumped-parameter model can realize real-time simulations because it requires less
computational effort than the computational fluid dynamics (CFD) model. In addition,
for investigations into the dynamic characteristics of one component at the system level,
variations of the working fluid parameter at the outlet are a greater concern. The
purpose of the lumped-parameter model is to describe the overall system performance
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and component interaction rather than to describe the finer details occurring within a
system [24]. Therefore, from this point of view, the lumped-parameter model has an
advantage over a one-dimension model. A detailed description and specific advantages
of the lumped-parameter method can be found in the literature [50].

In this paper, the preheater, the evaporator, and the superheater were modeled
separately according to three fundamental conservation laws, namely the law of mass
conservation, the law of momentum conservation, and the law of energy conservation.
Then the three models were connected on the STAR-90 simulation platform, which
means the output parameters of the former component are the input parameters of the
latter, to form the SGS dynamic model. A schematic diagram of the model is shown in
Fig. 4. In the development of the model, the following assumptions were made:

i. For the preheater and the superheater, the outlet point in the space is selected as
the lumped parameter point, which means that the working fluid parameters at the outlet
are selected as the lumped parameters.

ii. Only the pressure drop at the steam side in the superheater is considered.

iii. The water and steam in the evaporator are under the same saturation state, and
their temperature and pressure change at the same time.

iv. The water and steam in the evaporator are separated completely.

v. The thermal conduction of the wall is ignored, and it only has thermal storage
capacity.

vi. The SGS is insulated well, so the heat loss is ignored.

—— — — Water/Steam

Thermal oil r————

qm_x\'atcr_m

T . % oit_in
war_in A Myteam Psteam Tsteam Tml_m
water_in ‘D D h
water_in cond S oilin

Ny Tos. Py b ‘
R ST =g .
FE—RP L P Ty i
L qm_oxl_ou[ Tmlfﬂut hoﬂ_ou[; | ;qm_wa[er_oul qm_steam_ou[ Pream_out v
— T h —pg——T, b,
water_out' water_out steam out  “steam_out
Preheater Evaporator Superheater

Fig. 4. Schematic diagram of the SGS model.

3.2.1 Thermal oil and water/steam properties

Since thermal oil and water/steam properties vary with their temperature and
pressure, they must be considered during simulations. Therminol-VP1 is used as
thermal oil and correlations between its properties and temperature are provided in [51],
which are listed below (12 °C to 425 °C, T is in °C):

Density (kg/m?3):

p=-0.90797 xT+0.00078116xT? —2.367x10° x T* +1083.25, 1)
Specific heat capacity (J/(kg-°C)):
C,=2.414xT +5.9591x10° xT* —2.9879x10° xT° +4.4172x10 ° x T* +1498, (2)

Thermal conductivity (W/(m-°C)):
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k =—8.19477x10° xT —1.92257x107" xT? +2.5034x10 x T* —7.2974x 10 x T* +0.137743, (3)
Kinematic viscosity (m?2/s):

544149 ) oce)

V:e(T+114.43 X1076 . (4)

The specific enthalpy of thermal oil is also provided in [51].

The IAPWS-IF97 [52] is widely used to calculate water/steam properties, and it is
also employed in this paper. The relevant calculation is programmed by C language and
the program is used to obtain the values of the water or steam properties during dynamic
simulations.

3.2.2 Modeling of the preheater and superheater

Tube and shell heat exchangers were selected as the preheater and the superheater
because they have the advantages of easy manufacturing, easy cleaning, and reliable
operation. In the preheater, the working fluid at the shell side is thermal oil and that at
the tube side is water. In the superheater, the fluid flowing through the shell side is also
thermal oil, but the working fluid at the tube side is steam. The design parameters of
the preheater and the superheater are shown in Table 1.

TABLE 1. SGS parameters

Design parameters Preheater Superheater Evaporator
Avrea of heat transfer (m?) 10 47 40
Number of shell-side passes (-) 1 1 1
Number of tube-side passes (-) 4 4 2
Tube outer diameter (m) 0.016 0.016 0.016
Tube inner diameter (m) 0.012 0.012 0.012
Tube specific heat capacity (J/(kg-K)) 529 529 529
Tube density (kg/m?) 7850 7850 7850
Single tube length (m) 4 4 4
Tube bundle layout (-) Triangular Triangular Triangular
Shell-side effective volume (m?3) 0.26 0.63 1.86
Tube-side effective volume (m?3) 0.063 0.25 0.2
Working fluid at the tube side Water Steam Thermal oil
Working fluid at the shell side Thermal oil ~ Thermal oil ~ Water/Steam

The working fluid in the preheater or superheater undergoes no phase change, so
the preheater and superheater are single-phase heat exchangers, and their modeling
method is relatively simple. To accomplish the dynamic modeling of the preheater, the
thermal oil side, heat transfer tube wall, and preheated water side should be modeled
respectively. The modeling method includes the following steps.

The energy conservation equations based on thermodynamics [53] and heat
transfer principles [54] at the thermal oil side are expressed as

d (C oi moi Toi )
- (;t — = qm_oil (hoil_in - hoil_out) _Q0“ ' (5)
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Qs :aIA\J(ToiI —Tpe) - (6)

Here, the convective heat transfer coefficient « is calculated by the Zhukauskas
correlations [54]:

. Pr
a =1.04Re**Pr* (P—f)o'zsdi(lg Re, <5x10%,0.6< Pr<500) ,
! r

w ]

. Pr k
= 0.5 0.36 f10.25 2 < 3 < <
a =0.71Re “Pr; (—Pr ) 4 (5%10° < Re; £10°,0.6 < Pr <500) , (6-2)

w o

. Pr
a :o.ss(si)“2 Re®*Pr® (P—rf)"-zsdi(lo3 < Re, <2x10°,0.6 < Pr<500) ,
2

w 0

. Pr
a :0.031(i)°'z Re%8pr2 (P—f)o'25 dL(leo5 <Re, < 2x10°,0.6 < Pr <500) .
S ! r

2 w 0

The energy conservation equations based on thermodynamics and heat transfer
principles at the preheated water side are given as

d(c m_ T )

p_water " " 'water * water

dt

= qm_water (hwater_in - hwater_out) + Qwater ! (7)

Qwater =a A (Ttube - Twater ) . (8)

Here, the convective heat transfer coefficient « is calculated by the Dittus-Boelter
formula [54]:
a:O.023Re$‘8Prf‘4d£(1O4 <Re, <1.2x10°,0.7 < Pr, <120,dlz 60) - (8-a)

The energy conservation equation based on the thermodynamics principle at the
heat transfer tube wall is expressed as

d (C p_tube mtubeTtube )
dt

The modeling method of the superheater is similar to that of the preheater; the only
difference is that the working fluid at the tube side is steam, not water. In addition, the
pressure drop at the steam side needs to be considered. Pressure drop formula is given
in Eq. (10) [55]:

= Qoil - Qwater : 9)

-6
Apsteam = ( ft- (Apl + Apz) + Aps) x10 , (10)
uZ
Ap, = 4%% n. (10-a)
u2
Ap, = 1.5p5‘L2w , (10-b)
u2
Ap, = A Pt My 028 (e > 2100)
d 2 a , (10-c)
u2
Ap, = 4L%(ﬁ)f025(|§emm < 2100)
di 2 luw

where A can be obtained by the following formula [25]:
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ﬂ, = ﬂlam (Resteam < 2000) !
A =max {ﬂ'lam , ﬂ‘turb} (2000 < Resteam =
A= ﬂturb (Resteam > 4000) !

64
ﬁ'lam = !

Resteam
e = (1.821g Re

~1.64)7 .

steam

3.2.3 Modeling of the evaporator

4000)

(10-c-1)

(10-c-1-1)

A kettle-type heat exchanger is used as the evaporator of the SGS in Yanqing,

which is a kind of heat exchanger for steam generation. The most obvious difference
between a kettle-type heat exchanger and a general one is that there is a large space on
the upper side of the tube bundle for steam generation. The hot working fluid, namely,
thermal oil, flows through the heat transfer tubes and releases heat to the water at the
shell side. The water undergoes no phase change until it reaches the saturation point.
Then steam starts to appear around the heat transfer tubes and rises. Some water is
carried by the rising steam, which is separated by the steam-water separator at the top
of the shell. It then flows back along both sides of the shell. A photograph of the
evaporator is shown in Fig. 5 and its design parameters are presented in Table 1.

Fig. 5. Photograph of the evaporator.

The modeling of the evaporator is more complex than that of the preheater and

superheater because the boiling process occurs, and there is two-phase flow at the shell
side [17]. To accomplish the dynamic modeling of the evaporator, the thermal oil side,
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heat transfer tube wall, and the two-phase flow of the water/steam side should be
modeled separately. In addition, the water level in the evaporator should also be
modeled because it is an important operation parameter for the SGS. To model the water
level, the steam volume at the shell side needs to be divided into two parts, one below
the water surface and the other above the water surface. The water dynamic evaporation
and the steam dynamic condensation should be considered as well. A schematic
diagram of the evaporator model is shown in Fig. 6. The modeling method of the
evaporator includes the following steps.

The energy conservation equations based on thermodynamics and heat transfer
principles at the thermal oil side are expressed as

d (C oi mOi Toi )
- (;t —— = qm_oil (hoil_in - hoil_out) _Q0" ! D

Quit = A (Toir — Tiee) (12)

where the convective heat transfer coefficient « is also calculated by the Dittus-Boelter
formula:
a:O.023Re?'8Prf"3di(1O4 <Re, <1.2x10°,0.7 < Pr, <120,dl > 60)- (12-3)

The mass and energy conservation equations based on thermodynamics and heat
transfer principles at the water/steam side are expressed as follows:
mass conservation equation:

d (pwatervwater + psteamvsteam) (13)

dt = qm_water_in - qm_steam_out - qm_water_out '

V,

water

+V,

steam

=V =const, (14)

energy conservation equation:

d (pwatervwater hwater + psteamvsteam hsteam)
dt

= quwaterfin hwaterfin - Clmfwaterfout hwater - qusteamfout hsteam + Qwater !

(15)
Qwater = al Ao (Ttube _Twater ) ' (16)

Here, the convective heat transfer coefficient at the water side « is considered as a

constant, and its value is obtained by the steady-state operation condition of the SGS
[56].
Equations (13), (14), (15) can be transformed into

dp, av dp, av.
#tervwater +#ter water % steam +$psteam = qm_water_in - qm_steam_out - qm_water_out !
(13)
deater —_ dvsteam , (14:)
dt dt

13



394

395

396

397

398

399

400

401

402
403
404
405

406

407

408
409
410

411
412

dh,,, dp,., dh dp
water + water | \/ + Steam + steam |y \/
( dt Puater dt water) water ( dt Psteam dt steam) steam
de er st m 4
+d—§tpwater hwater + ﬁp steam hsteam ' (15 )
= qm_water_inhwater_in - qm_water_out hwater - qm_steam_outhsteam + Qwater
H H ’ ’ ’ H H d a dpsteam
Using equations (13’), (14’), (15’) and the relationship —=—(—*") and
dt  Opg, dt

dv.

eliminating %ter and d\:;% the dynamic expression of the steam pressure in the

evaporator is derived as

Q + ( I Dsteam —h ) _ I Ogteam _ I Poater
d water q qm_water_in qm_water_out qm_steam_out
Psteam _ water — Psteam water ~ Plsteam water ~ Plsteam

dt ahwa er rpS eam apwa er ahS eam rpwa er 6105 eam
|:p water : + ! ( : ) Vwater + p steam . + : ( : ) Vsteam

apsteam p water p steam apsteam apsteam p water ,D steam apsteam
, (17)

where r is the latent heat of vaporization, and r =h. . —h, .. . h, isthe lower enthalpy

steam

of the feed water, hq =h__ —h

water water _in *

The variation of the steam pressure in the evaporator can influence the mass flow
rate of the working fluid. As a result, the feed water mass flow rate at the inlet and the
steam mass flow rate at the outlet are considered as variables, which are calculated
according to the following formulae [56]:

qm_water_in = C\/ pwater_in ~ Psteam (18)

(19)

A
qm_steam_out =C psteam !

where ¢ and ¢’ are coefficients of the mass flow rate, which can be obtained by the
steady-state operation condition.

Fig. 6. Schematic diagram of the evaporator model.
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To model the water level in the evaporator, the steam volume at the shell side
needs to be divided into two parts, the part below the water surface and the other above
the water surface, as shown in Fig. 6. In addition, the water dynamic evaporation and
the steam dynamic condensation should be considered as well. The model of the water
level is expressed as

m
Hwater = (Vwater +Vsteam_be|ow) / S = (Lter +Vsteam_below) / S ' (20)
water
where
dm
dV\;:aIer = qm_water_in + qm_cond - qm_evap - qm_water_out ) (20-6‘)
Vsteam_below =a+ qu_evap ' (20-b)

Here, d,, ., denotes the water dynamic evaporation, and ¢, ., denotes the steam

dynamic condensation, which are calculated by Eq. (21) and Eg. (22) [3]:

— Qwater ~ Myater (hwater — hvovater) [ At
qm_evap - h h )

water

(21)

steam

h h

water water_in)

h

_ qm_water_in (

qm_cond - h

(22)

steam ' ‘water

Eqg. (20-b) is given based on the relationship that the variation of the steam volume
below the water surface with mass of evaporation is linear [56]. Moreover, analyzing
Eqg. (20), it can be seen that the water level is determined by three factors, namely, the
imbalance of the input and output mass, the pressure in the evaporator, and the steam
volume below the water surface.

The energy conservation equation based on the thermodynamics principle at the
heat transfer tube wall is expressed as

d (C p_tube mtubeTtube )
dt

3.2.4 Solution method for the model of the SGS

In this paper, the method adopted to solve the model of the SGS is the implicit
Euler method, which is usually used to solve the ordinary differential equation set about
t [57]. The solution flow chart is shown in Fig. 7.

= Qoil - Qwater : (23)
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Fig. 7. Solution flow chart.

3.2.5 Model validation

In the field of simulation, one of the criteria for validating a developed model is
that the steady-state accuracy of key parameters is within the range of+2% [58].
Therefore, to validate the accuracy of the SGS model, the steady-state simulation values
of key parameters under the rated operation conditions are compared with design values
first. The comparison results are shown in Table 2. As seen in Table 2, the simulation
values are in good agreement with the design values, and the maximum error is not
more than 1%, which meets the accuracy requirement.

TABLE 2. Comparison of design values and simulation values

Preheater Evaporator Superheater
Outlet oil Outlet water Outlet oil Outlet steam Outlet steam Outlet oil Outlet steam
temperature temperature temperature temperature pressure temperature temperature
Design values 296 °C 230 °C 317.9°C 235.1°C 3.12 MPa 379.9°C 383 °C
Simulation values 296.0 °C 231.7°C 315.7°C 236.0 °C 3.12 MPa 379.7°C 383.4°C
Relative errors 0% 0.74% 0.69% 0.38% 0% 0.05% 0.10%

4. Dynamic simulations of the SGS and discussions

4.1 Dynamic simulations of single-parameter disturbance

Based on the validated model of the SGS, dynamic simulations of single-
parameter disturbance were carried out to study the dynamic characteristics of the SGS
when a disturbance occurs and develop a reasonable control strategy for system-level
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simulations. Four typical disturbance processes, namely disturbance of the feed water
mass flow rate and the steam mass flow rate as well as step disturbance of the thermal
oil inlet mass flow rate and inlet temperature were simulated.
4.1.1 Dynamic simulations of the feed water mass flow rate disturbance

To adjust the water level in the SGS during operation, it is necessary to increase
or decrease the feed water mass flow rate, which can be realized by increasing or
decreasing the opening of the feed water valve. Therefore, the processes of increasing
and decreasing the opening of the feed water valve by 20% were simulated. At the
beginning of the simulations, the SGS works under the rated operation condition. The
two simulations both start at t = 0 s. For the simulation of increasing the opening of the
feed water valve, when t = 863 s, the opening of the feed water valve increases by 20%
and lasts 471 s. For the simulation of decreasing the opening of the feed water valve,
when t = 920 s, the opening of the feed water valve decreases by 20% and lasts 414 s.
The simulation results are shown in Fig. 8.

—— Feed water valve opening
---- Feed water mass flow rate (kg/h)

— — Steam mass flow rate (kg/h)

—— Feed water valve opening
—— Outlet pressure of the steam in the superheater (MPa)
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Fig. 8. Results of the dynamic simulation of the feed water mass flow rate disturbance.

In the dynamic simulation of increasing the feed water mass flow rate, after the
opening of the feed water valve increases by 20%, the feed water mass flow rate steps
up from 6500 kg/h to 7802 kg/h immediately. The increase in the feed water mass flow
rate enhances convection heat transfer in the preheater, so the thermal oil temperature
at the outlet of the preheater decreases, finally reaching 293 °C, which is shown in Fig.
8 (c). Based on the principle of energy conservation, the increase in the feed water mass
flow rate leads to a decrease in the feed water temperature at the outlet of the preheater.
Hence, the lower enthalpy of the feed water increases. Analyzing the second term in
the right numerator of equation (17), the increase in the feed water mass flow rate causes
an increase in the steam pressure in the evaporator and the increase in the feed water
lower enthalpy leads to a decrease in that. The final effect of these two contrary trends
makes the pressure in the evaporator slightly increase. Therefore, the outlet pressure of
the superheated steam in the superheater increases gradually to 3.1016 MPa. According
to equations (18) and (19), with the increase in the steam pressure, the steam mass flow
rate also increases, finally reaching 6504 kg/h, but the feed water mass flow rate
decreases, from 7802 kg/h to 7737 kg/h. Therefore, the feed water mass flow rate steps
up first and then gradually decreases to a new stable value that is larger than that before
the disturbance as shown in Fig. 8 (a). The feed water mass flow rate is always higher
than the steam mass flow rate, so the water level in the evaporator increases linearly as
shown in Fig. 8 (b). The outlet temperature of the superheated steam in the superheater
also decreases, which finally reaches 383.53 °C, because the increase in the steam mass
flow rate leads to a decrease in the steam temperature rise based on the principle of
energy conservation. The temperature variation mentioned above is shown in Fig. 8 (c).
The whole system works under a new stable operation condition after about 200 s.

In the dynamic simulation of decreasing the feed water mass flow rate, after the
opening of the feed water valve decreases by 20%, variation trends of the main system
parameters are contrary to those in the dynamic simulation of increasing the feed water
mass flow rate as shown in Fig. 8 (a'), (b") and (c’). The variation trends can be
explained by causes which are contrary to those given in the former simulation. The
whole system works under a new stable operation condition after about 300 s.

4.1.2 Dynamic simulations of the steam mass flow rate disturbance
The power output of the turbine-generator unit in a PTSP plant is often adjusted
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according to the requirements of the grid load, which can be realized by adjusting the
steam mass flow rate into the turbine—generator unit. Thus, the processes of increasing
and decreasing the opening of the steam valve by 20% were simulated. Att =0 s, the
SGS runs under the rated operation condition. For the simulation of increasing the
opening of the steam valve, when t = 395 s, the opening of the steam valve increases
by 20% and remains at this level for 270 s. For the simulation of decreasing the opening
of the steam valve, when t = 433 s, the opening of the steam valve decreases by 20%
and remains for 317 s. The simulation results are shown in Fig. 9.
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Fig. 9. Results of the dynamic simulation of the steam mass flow rate disturbance.

In the dynamic simulation of increasing the steam mass flow rate, after the opening
of the steam valve increases by 20%, the steam mass flow rate suddenly increases to
7788 kg/h. With the increase of the mass flow rate of the steam flowing out of the
evaporator, the pressure in the evaporator decreases. Therefore, the outlet pressure of
the steam in the superheater gradually declines and ultimately reaches 2.73 MPa. With
the decrease in the steam pressure, according to equations (18) and (19), the feed water
mass flow rate gradually increases, and the steam mass flow rate decreases. Hence, the
steam mass flow rate also steps up first and then decreases gradually to a new stable
value that is larger than the original value. The variation is similar to that of the feed
water mass flow rate in the first disturbance simulation, which is shown in Fig. 9 (a).
As seen in Fig. 9 (b), the water level increases overall, but in the first 30 s after the
disturbance, the water level rises first and then decreases and gradually increases again,
which is called the “false water level” [59]. This is caused by the imbalance of the input
and output mass, the pressure in the evaporator, and the steam volume below the water
surface. After the opening of the steam valve increases by 20%, the pressure in the
evaporator deceases instantly, so the water temperature at this time is higher than the
saturation temperature that corresponds to the new pressure. Therefore, some water
vaporizes, and the steam volume below the water surface increases, making the water
level temporarily rise. When the vaporized steam escapes from the water, the water
level falls. Then the water level rises again because the water mass flow rate is higher
than the steam mass flow rate in the end. As seen in Fig. 9 (c), after the disturbance, the
outlet temperature of the thermal oil in the preheater gradually decreases to 287 °C due
to enhanced convection heat transfer in the preheater caused by the increase in the feed
water mass flow rate. The outlet temperature of the steam in the superheater declines
first and then rises to 382 °C because the steam mass flow rate increases first and then
decreases. The new steady-state temperature of the steam is larger than that before the
disturbance. The system transition time is also about 200 s.

In the dynamic simulation of decreasing the steam mass flow rate, after the
opening of the steam valve decreases by 20%, variation trends of the main system
parameters are contrary to those in the former simulation as shown in Fig. 9 (a’), (b’)
and (c’). They can be explained by causes which are contrary to those given in the
dynamic simulation of increasing the opening of the steam valve by 20%. The whole
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system works under a new stable operation condition after about 270 s. In addition, the
feed water mass flow rate decreases to 0 kg/h finally as shown in Fig. 9 (a’) because the
pressure in the evaporator (3.67 MPa) is higher than the feed water pressure (3.21 MPa)
under the new stable operation condition.
4.1.3 Dynamic simulation of the thermal oil inlet mass flow rate step disturbance
Because DNI changes over the course of one day, it is usually necessary to regulate
the mass flow rate of the thermal oil flowing through the collector field, which is also
the mass flow rate of the thermal oil flowing through the SGS, to keep the outlet
temperature of the thermal oil in the collector field constant. Therefore, the process of
reducing the thermal oil inlet mass flow rate by 10% was simulated. Before the step
disturbance starts, the SGS works under the rated operation condition. When t = 347 s,
the thermal oil inlet mass flow rate is reduced by 10%, from 74,130 kg/h to 66,717 kg/h,
and it lasts 342 s. The simulation results are shown in Fig. 10.
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- --- Feed water mass flow rate (kg/h)

Inlet mass flow rate of thermal oil in the superheater (kg/h)
Outlet pressure of the steam in the superheater (MPa)

— — Steam mass flow rate (kg/h) —— Water level (m)
75000 ¢ 112000 7000 75000 131418
70000 70000 1312117
65000 111000 6500 65000 1310116
60000 F 110000 60000 - 13.08]15
55000 e 9000 | 6600 55000 13.0611.4
s0000f ~ ~ T~ T T N ] 6400 50000 | 13.04]13
45000 N 18000 45000 Lo 13.02]12
200001 ':l ~—— - - T7000 16200 40000 340 350 360 370 380 N 13.0011.1
35000F oo 35000 1298110
30000 L ‘ ‘ ‘ 6000 | 30000 L ‘ : s 2.9610
0 200 400 600 800 6000 0 200 400 600 800 0.8
Time (s) Time (s)
(@)
(b)
Inlet mass flow rate of thermal oil in the superheater (kg/h)
Outlet temperature of thermal oil in the preheater (°C)
Outlet temperature of the steam in the superheater (°C)
75000 1300.384.5
70000 | 1298.1384.0
65000 - 1296 13835
set00|
[ 1292
50000 | So0 3825
45000 - 1 1382.0
40000 | 12884381.5
35000 | 12861381.0
30000 L~ . : : 284.1380.5
(o] 200 400 600 800
Time (s)
(©

Fig. 10. Results of the dynamic simulation of the thermal oil inlet mass flow rate step
disturbance.

In the dynamic simulation of the thermal oil inlet mass flow rate step disturbance,
when the thermal oil inlet mass flow rate steps down, convection heat transfer at the
thermal oil side in the evaporator weakens. Therefore, the heat released by the thermal
oil decreases and the amount of the generated steam also decreases, leading to a decline
of the steam pressure in the evaporator. The outlet pressure of the steam begins to drop
and finally reaches 2.98 MPa. According to equations (18) and (19), the decrease in the
steam pressure leads to an increase in the feed water mass flow rate, which eventually
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reaches 9842 kg/h. However, the steam mass flow rate falls to 6259 kg/h as shown in
Fig. 10 (a). As shown in Fig. 10 (b), in this disturbance process, a “false water level”
also occurs. Due to the decrease in the thermal oil inlet mass flow rate, the heat absorbed
by the water decreases, and the steam volume below the water surface decreases, so the
water level declines. When the underwater steam volume is stable again, the water level
increases, which is determined by the imbalance of the input and output mass from then
on. Analysis of the variations in the working fluid temperature shown in Fig. 10 (c)
reveals that when the thermal oil inlet mass flow rate steps down, the decrease in the
thermal oil inlet mass flow rate leads to an increase in the thermal oil temperature drop
based on the principle of energy conservation, so the outlet temperature of the thermal
oil in the preheater begins to drop until 286 °C. Also, the temperature of the steam at
the outlet of the superheater decreases first and then increases to 382.1 °C, which is
lower than the temperature before disturbance. The reason for the variation of the steam
temperature is that, although the steam mass flow rate decreases with the step down of
the thermal oil inlet mass flow rate, the variation is insufficient to eliminate the impact
of the decrease of the thermal oil inlet mass flow rate on the outlet steam temperature,
so it decreases. When the steam mass flow rate continues to decrease, the outlet steam
temperature begins to rise. It takes about 200 s for the system to work under a new
steady-state operation condition.
4.1.4 Dynamic simulation of the thermal oil inlet temperature step disturbance

In the process of keeping the outlet temperature of the thermal oil in the collector
field constant by adjusting the thermal oil mass flow rate, the outlet temperature, which
is also the temperature of the thermal oil entering the SGS, does not remain stable at
first due to the thermal inertia of the collectors. Although the step disturbance of the
temperature cannot occur during actual operation of the system, the dynamic
characteristics in this case are more obvious and can be compared with the results
obtained in the process of the thermal oil inlet mass flow rate step disturbance, so the
dynamic process of the thermal oil inlet temperature step disturbance was simulated. At
the start of the simulation, the SGS works under the rated operation condition. When t
= 245 s, the inlet temperature of the thermal oil in the system steps down by 10% from
393 °C to 354 °C, and it lasts for 217 s. The simulation results are shown in Fig. 11.
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Fig. 11. Results of the dynamic simulation of the thermal oil inlet temperature step
disturbance.

In the dynamic simulation of the thermal oil inlet temperature step disturbance,
when the thermal oil inlet temperature steps down, the heat released by the thermal oil
in the evaporator decreases and the amount of the generated steam also decreases,
leading to a decline of the steam pressure. Hence, the pressure of the steam at the outlet
of the superheater begins to decrease and finally reaches 2.53 MPa. As the pressure in
the evaporator drops lower, according to equations (18) and (19), the feed water mass
flow rate rises and eventually reaches 17,634 kg/h, while the steam mass flow rate
decreases, eventually reaching 5309 kg/h as shown in Fig. 11 (a). As seen in Fig. 11
(b), in this case, the “false water level” phenomenon also occurs; the water level
decreases first and then increases. The reason is the same as in the process of the thermal
oil inlet mass flow rate step disturbance. As seen in Fig.11 (c), when the disturbance
occurs, the outlet temperature of the thermal oil in the preheater starts to drop due to
the decrease in the thermal oil temperature at the inlet, finally reaching 267 °C. The
outlet temperature of the steam in the superheater decreases first and then increases,
finally reaching 358 °C, which is lower than the steady-state temperature before the
disturbance. The reason for the variation of the steam temperature change is also the
same as in the process of the thermal oil inlet mass flow rate step disturbance. The
transition time of the entire system is about 200 s.

4.2 System-level simulations

To present the unique dynamic characteristics of the SGS in a PTSP plant, the
influence of DNI variation on the output of the SGS should be considered. Therefore,
the SGS model was connected with the existing dynamic model of the collector field of
the Yanging 1-MWe PTSP pilot plant developed by Zhao [44, 60], and system-level
simulations were conducted on the STAR-90 simulation platform. The collector field
model includes a DNI model, a solar collector assembly (SCA) operation model, an
SCA optical model, and an absorber model [44, 60, 61]. A schematic diagram of the
SGS model connected with the collector field model on the STAR-90 simulation
platform is shown in Fig. 12. It should be noted that the STAR-90 simulation platform
is a real-time simulation platform, so it will take the platform one year to conduct
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system-level simulations during an entire year. Hence, in this paper, the simulations are
limited to those on different days, including the clear and the cloudy, and on typical
days in different seasons.

Fig. 12. Schematic diagram of the SGS model connected with the collector field model on the
STAR-90 simulation platform.

4.2.1 Control strategy design

To conduct system-level simulations, a reasonable control strategy is required,
which can be obtained based on the dynamic simulation results of single-parameter
disturbances previously presented.

A comparison of the dynamic simulation results of the feed water mass flow rate
disturbance with those of the steam mass flow rate disturbance indicates that the
variations of the system parameters, such as working fluid outlet temperature and the
steam outlet pressure, are more sensitive to the steam mass flow rate disturbance. In the
processes of the feed water mass flow rate disturbances, the variations of the outlet
temperature of the thermal oil in the preheater and the steam in the superheater are only
1°C and 0.04 °C for the process of increasing the opening of the feed water valve, 0.63
°C and 0.04 °C for the process of decreasing the opening of the feed water valve,
respectively, and the variations of the steam pressure at the outlet of the superheater are
only about 0.0016 MPa (1.6 kPa) and 0.0015 MPa (1.5 kPa), respectively. In addition,
no “false water level” phenomena occur because the variations of pressure in the
evaporator are small. In the processes of the steam mass flow rate disturbances, the
“false water level” is not obvious. The maximum water level fluctuations are only 20
mm and 23 mm, respectively.
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Analysis of the results obtained from the dynamic simulations of the thermal oil
inlet mass flow rate and temperature step disturbance indicates that the step disturbance
of the thermal oil inlet temperature has a more significant influence on the system
parameters. In the process of the thermal oil inlet temperature step disturbance, the
thermal oil and steam outlet temperature variations are 26 °C and 25 °C, respectively,
and the steam outlet pressure variation is 0.57 MPa, which are all larger than those in
the process of the thermal oil inlet mass flow rate step disturbance. In addition, the
“false water level” occurring in these two processes is also not obvious. The maximum
variations are only 1 mm and 3 mm, respectively.

Therefore, to guarantee system parameter stability during operation, the steam
mass flow rate, rather than the feed water mass flow rate, is controlled. It is maintained
at 6500 kg/h by regulating the opening of the steam valve. And the outlet temperature
of the thermal oil in the collector field, that is, the inlet temperature of the thermal oil
in the SGS is maintained at 393 °C by regulating the thermal oil mass flow rate, which
is the same as the control strategy used in many commercial PTSP plants. Moreover,
because the “false water level” is not obvious for the SGS in Yanging, Pl control by
regulating the feed water mass flow rate can be adopted for water control [59]. During
the simulations, the desired water level was set as 0.8 m, and the mass flow rate of the
feed water was regulated by adjusting its pressure and the opening of the feed water
valve. A schematic diagram of the control strategy is shown in Fig. 13.

Fig. 13. Schematic diagram of control strategy for system-level simulations.

4.2.2 Boundary conditions

Real meteorological data in Yanging was selected as boundary conditions for the
system-level simulations. The data includes the DNI variations, wind speed, and
ambient temperature on different days (clear and cloudy) and in different seasons
(spring, summer, autumn, and winter) as shown in Fig. 14.
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Fig. 14. Real meteorological data in Yanging.

As seen in Fig. 14 (a), on a clear day, the DNI variation with time is smooth, and
DNI reaches its maximum value, 1000.6 W/m?, at 12:00. By contrast, on a cloudy day,
the DNI variation shows oscillation, and its maximum value is only 878.2 W/mZ.

For the real meteorological data in different seasons, some data from typical days,
specifically, the spring equinox (March 20th), the summer solstice (June 21st), and the
autumn equinox (September 23rd), was not chosen because it was rainy or cloudy on
those days. Therefore, the meteorological data of clear days nearest to these typical days
was used as shown in Fig. 14 (b). As seen in Fig. 14 (b), DNI reaches its maximum
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value around 12:00 on each day, but the ambient temperature has its peak value in the
afternoon at about 16:00. On June 26th, the sun rises at 5:30 and sets at 19:30, so the
duration of sunshine is 14 h. The day length on March 14th is equal to that on September
20th, which is nearly 12 h. On December 22nd, the day length is only 8.5 h. In addition,
on June 26th, the value of DNI in Yanging is not the maximum among the four selected
days due to lower atmosphere transparency caused by poor air quality. Fig. 14 (b) also
shows that on December 22nd, there is strong wind in Yanging but lighter breezes on
March 14th and September 20th. On June 26th, there is no wind, which causes tiny
particles to float in the air and leads to poor air quality.

The meteorological header file was programmed using the real meteorological data
on different days and in different seasons and then saved in the STAR-90 algorithm
library. The time resolution of the meteorological dataset is 10 min and that of the
dynamic simulation code is 0.5s, so in order to match them, the linear interpolation
method was adopted during each simulation.

4.2.3 Simulations on different days

Before the simulations on different days started, the initial conditions had to be set
first. For comparison, the initial conditions for the simulation on the clear day were the
same as that on the cloudy day. The initial temperature of the thermal oil in the collector
field was set to 120 °C. The initial mass flow rate and pressure of the steam were set to
0 kg/s and 0.1 MPa, respectively. The initial water level in the evaporator was set to
0.678 m. The temperature of the feed water was set to 104 °C and was maintained
during the simulations. The simulation results are shown in Fig. 15.
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(b)
Fig. 15. Results of system-level simulations on different days (steam mass flow rate, steam
temperature, steam pressure, and water level).

As seen in Fig. 15, on the clear day, the steam mass flow rate, temperature, and
pressure vary with DNI, and the steam temperature reaches the stable value, about 387
°C, earlier than the other two parameters. The reason is that the amount of the steam
generated by SGS is lower at the initial stage of operation when DNI is low, which
increases the steam temperature rise rate, and the SGS requires more heat, namely
higher DNI, to generate more steam to obtain the stable steam mass flow rate and
pressure. Hence, it takes the steam mass flow rate and pressure longer to reach the stable
values. At 8:47, the steam mass flow rate starts to oscillate slightly around 6500 kg/h
until 16:27 because the control for the steam valve functions. On the cloudy day, the
steam mass flow rate, temperature, and pressure also vary with DNI, but they vary more
widely than on the clear day due to the drastic variation of DNI on the cloudy day. In
addition, the variation of the steam temperature shows inertia in comparison with the
variation of the other two parameters due to the thermal storage capacity of the SGS.
On the clear day, the water level oscillates at first because the adjustment of the water
level by PI control needs transition time. On the cloudy day when DNI varies rapidly,
to keep the thermal oil temperature at the outlet of the collector field constant, the mass
flow rate of the thermal oil in the collector field, that is, the mass flow rate of the thermal
oil flowing into the SGS, oscillates frequently. Thus, the SGS operates with frequent
disturbances, and PI control of the water level functions continuously. Therefore, the
water level oscillates longer. In addition, the water level is controlled well, and its
maximum dynamic deviation is 6 mm (the first peak value of the water level is mainly
caused by the initial conditions, not by the control strategy), even under strong
disturbance conditions on the cloudy day.

4.2.4 Simulations in different seasons

The initial conditions also had to be set before the simulations for different seasons
started. For comparison, the initial conditions for the simulations in different seasons
were set to be identical to those on different days. The simulation results are shown in
Fig. 16, Fig. 17 and Fig. 18.
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Fig. 18. Results of system-level simulations in different seasons (operation time).

As seen in Fig. 16, on June 26th, the sun rises earliest, so the SGS generates steam
first on that day. By regulating the steam valve, the maximum steam mass flow rate is
around 6500 kg/h on four days, and the stable temperature the steam reaches is almost
the same, about 387 °C, due to thermal storage capacity of the SGS. However, the
maximum steam pressure is different on these four days because the maximum DNI is
different. On March 14th, the steam pressure is the highest at 3.59 MPa, followed by
3.51 MPa and 3.54 MPa on June 26th and September 20th, respectively. On December
22nd, the maximum pressure the steam can reach is 3.4 MPa, the lowest of the four
days. As seen in Fig. 17, the water level oscillates at first in all seasons, and the
explanation is the same as that on the clear day. Besides, the water level is controlled
well in all seasons, and its maximum dynamic deviation is 6 mm.

In Fig. 18, the stable operation time of the SGS on the four typical days is shown.
The stable operation time of the SGS on June 26th is the longest in comparison with the
other three selected days, which lasts 8.5 h, followed by 7.5 h, and 7 h on March 14th
and September 20th. The time on December 22nd is the shortest, only 5 h. Fig. 18 also
shows that the SGS can continue to generate steam after the sun sets because there is
still heat stored in the thermal oil in the collector field. The durations are 1 h, 1.5 h, 1
h, and 1.8 h, respectively, on the four days. In addition, Fig. 18 reveals that on June
26th, there is the longest operation time for the SGS in Yanging in comparison with the
other three selected days, which is 15.6 h, followed by 12.5 h and 13 h on March 14th
and September 20th, and the time on December 22nd is 10.7 h. The above analysis
shows that longer duration of DNI leads to longer operation period of the system.

30



789

790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

5. Conclusions and future work

In this paper, the oil/water steam generation system of the Yanging 1-MWe
parabolic trough solar power pilot plant was modeled and the modeling method was
presented in detail. In the steady-state validation, the simulation values show good
agreement with the design values, and the maximum error is not above 1%. Based on
the developed model, four typical single-parameter disturbance and system-level
dynamic simulations were carried out. The simulation results provide insights that can
be used as guidance for system operation. These insights are summarized as follows.

i. The steam mass flow rate disturbance and the thermal oil inlet temperature step
disturbance have more obvious impact on the system parameters. Therefore, the steam
mass flow rate and thermal oil inlet temperature should remain unchanged to ensure
that the system operates as steadily as possible.

ii. P1 control by regulating the feed water mass flow rate can be used to adjust the
water level.

iii. The output of the system is greatly influenced by DNI. On a cloudy day, the
steam mass flow rate, temperature, and pressure vary with DNI more widely compared
to that on a clear day; therefore, system operation on cloudy days should be avoided to
guarantee the safety of the steam turbine, or the thermal energy storage system should
be used to keep the steam parameters stable. Longer duration of DNI leads to longer
operation period, so it can be concluded that in summer, the system has the longest
mean operation period in a year.

iv. The plant operators can use this system to continue to generate steam after the
sun sets due to the heat stored in the thermal oil in the collector field.

The modeling method described in this paper can also be extended to the modeling
of steam generation systems using other working fluid, such as molten salt/water, by
changing thermal oil properties to molten salt properties or to properties in a solar
thermal power plant with a different capacity, such as 50 MWe. In addition, the
developed model is a general model. Thus, it can be used to design simulators of
specific PTSP plants together with the corresponding collector field model to train plant
operators. In the future, the influence of the DNI will be studied throughout a year by
considering a typical meteorological year using other system simulation software. The
thermal energy storage system will be considered and its influence on the output and
nighttime operation of the SGS will be investigated.
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Highlights:

1. The modeling method of a steam generation system is provided in detail.
2. System-level simulations are conducted using the real meteorological data.
3. The influence of DNI on the output of the system is analyzed.

4. The steam generation system can continue to generate steam after the sun sets.



