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Abstract: A fundamental task in the dynamic simulation of parabolic trough power plants (PTPP)
is to understand the behavior of the system physics and control loops in the presence of weather
variations. This study provides a detailed description of the advanced controllers used in the power
block (PB) of a 50 MW, parabolic trough power plant (PTPP). The PB model is achieved using APROS
software based on the actual specifications of the existing power plant. To verify the behaviour of the
PB model, a comparison between the simulated results and given real data is documented depending
on a previous study, and the results indicate a reasonable degree of correspondence. The purpose of
this study is to create reference models for the PB. Thereby, developers and engineers will have a
better understanding of the state of the art of advanced control loops in these power plants. Moreover,
these types of models can be used to specify the most suitable mode of operation for the power plant.
In addition, this study gives an overview of dynamic simulation for the design, optimisation and
development of power blocks in parabolic trough power plants.

Keywords: power block; dynamic simulation; parabolic trough power plant; control circuit; APROS;
reheat rankine cycle

1. Introduction

Fossil resource limitations and serious environmental challenges need to create new
renewable power generation alternatives that are now economically viable [1]. Nowadays,
there are four main types of concentrating solar power technologies, namely parabolic
trough (PT), linear Fresnel reflector (LFR), central tower (CT) and parabolic dish technology
(PD) [2]. Concentrating solar power (CSP) has proven to be a renewable energy technology,
and in the future it will be cost-efficient, as it generates electrical power from solar irradia-
tion [3]. Different operating fluids such as thermal oil, water and molten salt are used in
these technologies [4]. Among the CSP technologies, parabolic trough technology is the
most mature of the concentrating solar power plants, and it is commercially proven [5].
The parabolic trough solar power plant can be classified as one of the best solar energy
technologies used to produce electrical energy [6]. The solar radiation is focused using
mirrors on the solar energy receivers, where it is then converted to electricity or heat [7].
Generally, parabolic trough power plants include three main parts, namely solar field (SF),
thermal storage system (TSS) and power block (PB) [8,9], as shown in Figure 1. Further-
more, a fossil fuel unit can be included in these power plants for improving the plant’s
potential [10].
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Figure 1. Parabolic through power plant with thermal storage system.

Dynamic simulation provides an efficient approach for improving the efficiency of
PTPP and for evaluating the capability and specifications of the plant regarding materials,
process, emissions, or economics [11].

Two different types of models can be found in the literature, which either simulate
the parabolic trough power plants depending on constant time steps, and deal with most
power plant components as quasi-static simulation [9] or follow the periods of few clouds
and transient periods using a basic approach [12]. The most important inputs to the
dynamic models are direct normal irradiance (DNI), wind speed, humidity and ambient
temperature [13].

Several commercial programmes are used in the parabolic trough power plant mod-
elling, namely EBSILON Professional [14], IPSEpro [15], EcoSimPro [16], GATECYCLE [17],
TRNSYS [18], DYMOLA [19], ASPEN [20], MATHEMATICA [21], SOLERGY [22] as well
as System Advisor Model (SAM) [23]. Recent works have also used the APROS software
for the modelling and simulation of PTPP, as proven in [24,25]. It should be mentioned
here that what distinguishes the APROS program is the high dynamic and fast response to
fluctuations that occur during long and short periods of operation, unlike the rest of the
programs used. Moreover, APROS contains statistical data for different latitude and longi-
tude, in addition to the different days of the year. A compressive overview of programmes
applicable to concentrating solar power technologies was presented in [26]. As this solar
technology is most widely used, it provides a more realistic operational data, and for this
reason, it is used to validate the dynamic models [27].

The dynamic simulation models are used to understand the behavior of the PTPP
during weather changes. It is obvious that few dynamic simulation models regarding
parabolic trough technology have been implemented so far. However, most of these studies
conducted the storage system and solar field models, while very few studies presented a
incorrect ref order, 29 detected after 7. You jumped the numbers in betweendynamic model
of power block [28]. A detailed summary of supplementary studies on dynamic models of
the power block of parabolic trough plants is displayed in the following.

Linrui et al. [29] developed a parabolic trough power plant model and studied the
operation strategy. The solar field and a simplified power block are included. They
proved that the electrical power production using the selected strategy is increased by
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3.4% compared to the actual strategy. Al-Maliki et al. [30] created a dynamic model using
APROS software to simulate dynamically the behavior of a thermal storage system. Then,
a stand-alone system analysis and system optimisation were performed. Four models
based on the storage medium, Andasol 2, SSalt max, Hitec and Carbonate, are presented
and compared. The comparison indicates that the carbonate salt is the most preferred
storage medium because it increases both efficiency and capacity. The highest efficiency
increase regarding electricity production can be obtained with the carbonate model as well
(18.2%), while the increase percentage for SSalt max and Hitec is 9.5% and 7.4%, respectively.
Ferruzza et al. [31] focused only on a part of the steam generator (SG) is presented in this
study. El Hefni [32] introduced a dynamic model of PTPP operating with synthetic oil and
direct steam generator by DYMOLA software. Thereafter, the simulated results are verified
using the experimental measurements. The aim of this design is to decrease the uncertainty
of the predictions on the yearly electrical power production. However, a heat exchanger
transfers the heat of the HTF coming from the solar field (SF) to a water/steam cycle
(Rankine cycle). It should be mentioned here that the parabolic trough power plant model
was only very briefly described in this study without giving any details about the PB. Al-
Maliki et al. [33] implemented a dynamic model using APROS for a parabolic trough power
plant of 50 MW, in Spain. Thereafter, the simulated results are validated with experimental
measurements. It can be observed that the power plant is operated for approximately
7.5 h in the night by the stored energy. The simulated results showed a good agreement
compared with the measured data for clear periods with some clouds [33]. Zhang et al. [34]
performed a dynamic start-up simulation of PTPP with two anti-freezes with molten salt.
The results show that the molten salt outlet temperature of the SF temporarily increases
with time. The feedwater temperature of preheater inlet during start-up is actually a
lot lower than the molten salt freezing temperature. Therefore, the maximum control
deviation of the feedwater temperature of the preheater inlet can be dropped by about
2.0 °C, and the average outlet temperature of the molten salt of the preheater can be raised
by about 2.4 °C. Yazdi et al. [35] designed a solar thermal power plant to generate a net
power of 50 MW. It was modelled by using code in the MATLAB environment and taking
into account the weather environment of the city of Qom. A dual-tank indirect TSS was
implemented to avoid the breakdown of the power generation cycle when solar energy
was not available. Dual tank TSS is used to store the heat generated by the direct steam
generator collectors. A dual-tank indirect TSS was implemented to avoid the breakdown of
the power generation cycle when solar energy was not available. Dual tank TSS is used to
store the heat generated by the direct steam generator assemblies. Yuanjing et al. [36] used
the SEGS VI 30 MW parabolic trough plant as a reference for research and improvement.
The simulation models of the SEGS VI plant is built by Ebsilon and the enhanced plant,
and a performance evaluation of the two solar plants is performed under both design and
operating conditions. The obtained results demonstrate that the modified system, which is
based on a sectional heating, can decrease the average operating temperature of the thermal
fluid. The SF efficiency improves about 0.52%, and the total system efficiency develops
about 0.24% under the design conditions. Montariés et al. [37] designed dynamic models
to analyse and assess energy storage technologies and to evaluate their interactions with
the SF and the PB unit. A theoretical simulation model for a 50 MW PTPP was developed
using the Modelica language. A decentralized control structure was also designed. The
results were successfully verified with data from the actual plant in a steady-state condition.
The dynamic behaviour of the PB showed the expected performance, and the stability
times were similar to those expected in the previous publication. Silva et al. [38] provided
a three-dimensional nonlinear dynamic thermal-hydraulic model of a parabolic trough
collector using Modelica language, combined with a solar process heating system that was
implemented in TRNSYS. A good agreement between the model and experiments from
Acurex plant in Spain has been achieved.

As previously demonstrated, few studies of dynamic models of power block have been
observed to date. Most of these studies presented a few simple controllers of the power
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block models and sometimes without a validation study. The most important challenges
facing the dynamic simulation of solar power plants are climate fluctuations and how
to provide the thermal power to generate steam at night. This imposes the presence of
advanced control circuits with a high response to all parts of the solar power plant to
maintain the availability of electric power generation. In the following sections, it will
be displayed a detailed description for the advanced control circuits that are used in the
power block of a PTPP (Andasol II). However, the power block model will be divided into
four main circuits, namely LP feedwater circuit, boiler circuit, steam turbine circuit and
condenser circuit. The components of power block model are accurately presented with the
control circuits. The power block model is modelled depending on the real specifications
of the Andasol II plant, as received from Flagsol. Furthermore, the simulated data in this
model are verified versus the measured data according to [21]. Subsequently, it will be
presented a part of this validation process.
The following is a summary of the novelty of this research:

e  Survey the research papers focusing on the description of the control loops of PB of
the parabolic trough power plant (PTPP). To the best of our knowledge, there are few
studies in the relevant literature that deal with some major control loops of PB in PTPP.

e  This paper describes each control loop of PB in detail using actual specifications from
the Andasol II power plant.

e A detailed description of the control loops of PB using APROS software is the first
study performed in this field.

e  The principle purpose of this design is to provide researchers a useful tool that can be
used as a reference for advanced PTPP control loops.

2. Modelling and Solution Method

PTPP is modelled in detail using process control components (e.g., turbine, pump and
heat exchanger) as well as various automation components (e.g., controller and analogue
modules) and electrical components. Several thermal-hydraulic models can be imple-
mented to model the process components, describing the steady-state and dynamic perfor-
mance of a single-phase flow or a two-phase flow. Numerous approaches for modelling the
single-phase and two-phase flow in a PTPP can be seen in the published literature [39]. Such
control systems include several components, such as regulators, analog, and digital binary
components, combined together to provide specific system control needs. The electrical
components can be used to evaluate the impact of potential failures in the electrical grid on
the power system. In addition, the energy demand of process components in steady-state
and transient operation conditions can be calculated [40].

A number of discretization schemes exist for spatial discretization (integration over the
equivalent unit length), e.g., the first-order upwind scheme, the second-order central dif-
ferentiation scheme and the quadratic upwind interpolation. The staggered discretization
scheme is applied within APROS and for the spatial discretization. Condition parameters
(e.g., enthalpy, density and pressure) will be solved in the center of the mesh cells, and
flow-related variables (e.g., velocity) will be solved at the edges of two mesh cells. For
the time discretization, a completely implicit solution approach is used to solve the linear
equation sets for pressure, void fraction and enthalpy, sequentially. In the case of two-phase
flows, the staggered grid and implicit discretization provide stabilization [41]. All densities
for both phases are calculated as a function of the pressure and enthalpy. The process is
iterated continuously to converge the mass mismatch of both phases (determined from
the mass equations). An iterative Jacobi method can be used for solving void fraction
and enthalpy when the Courant limit is not substantially surpassed. The correlations of
two-phase flow involve a lot of stiffness, and the iteration sometimes can converge only
if sub-relaxation coefficients are applied. In general, sub-relaxation coefficients reduce
the velocity of convergence. For this reason, it will be useful to apply the sub-relaxation
coefficients only if necessary.
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Additional comprehensive details on the solution method applied in APROS can be
seen, e.g., in [42,43].

3. LP Feedwater Circuit Model

The low pressure (LP) feedwater circuit consists of five LP preheaters, which are
shell and tube heat exchangers, as shown in Figure 2. All the water coming from the
condenser enters the LP feedwater circuit with a pressure of 18.6 bar and temperature
37 °C. The extracted steam from turbine stages (A, B, C, D and E) enters into the shell side
of LP preheaters. The water temperature is increased by 100 °C using steam extracted
from the LP turbine. The water enters the deaerator with a temperature of 167 °C. To
avoid the corrosion of components in the power plant, the water is purged from oxygen
using high-pressure steam. Thereafter, the water pressure coming from the deaerator is
increased to approximately 109 bar using two pumps located before the high pressure (HP)
preheaters. A certain amount of the feedwater is directed to the HP attemperator to control
the temperature of bypassed steam from the HP bypass control valve before it enters the
reheater.

From E From D From C From B From A

[ | J9suspuo) wor

vV
—_ Steam path Condenser heat exchanger =
9]
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—_— Water path &3 Pipe 2
- =
o
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Figure 2. LP feedwater model.

3.1. Feedwater Control Structures

To control the properties of the water (temperature and mass flow) in the feedwater
loop during dynamic simulation, control loops must be set up to maintain the nominal
limits of these properties for the feedwater and steam. Hence, several control circuits are
modelled in the feedwater circuit in order to obtain an acceptable response during the
fluctuations in the operating conditions.

3.1.1. Feedwater Main Control Valve in the LP Feedwater Circuit (FW MCVyp)

The feedwater main control valve at the feedwater circuit inlet adjusts the mass flow
of water through the feedwater circuit. This valve is located before the first LP preheater
(LP PH,), as depicted in Figure 3. The operation mode of FW MCVp is clarified below:
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Figure 3. Feedwater main control valve in the LP feedwater circuit (simplified).

At the inlet of the feedwater circuit, the mass flow data of the water is recorded, and
a control signal is sent for comparison with the setpoint (44 kg/s). This comparison is
performed by means of PI controller that sends the signal to the actuator, which in turn
operates the FW MCVyp.

3.1.2. LP Preheater Level Controllers

Changes in the levels of the shell side for the LP preheaters are caused due to steam
extractions from the turbine. Therefore, these levels of condensed water in the shell side
are controlled using fife LP preheaters control valves (LP PH1 CV1—LP PH1 CV5). The
locations of the LP preheater control valves are illustrated in Figure 4. The operation mode
of LP PH level control circuits can be described in the three steps as follows:

1.  The disparity between the real level and level setpoint of water in the shell side is

measured.

2. PI controller commands the actuator.
3. The actuator operates the LP PH control valve in order to achieve the setpoint value.
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Figure 4. LP preheater level controllers (simplified).

4. Boiler Model

The boiler circuit starts from the HP preheaters (HP PH1, HP PH2) with a pressure
of 109 bar and ends with the generation of steam at the outlet of the superheaters with a
pressure of 106 bar, as previously demonstrated in Figure 5. However, the water enters
the tubes side of HP preheaters by boiler pumps. Thereafter, the HP steam extractions
is condensed on the shell side of HP preheaters. Although extracting steam to heat the
feedwater reduces the power production of the turbine, it also raises the temperature of the
water going into the boiler, resulting in greater cycle efficiency.

After heating the water in the HP preheaters, the water enters the economiser with
a temperature of 250 °C and leaves it at a temperature of 311 °C due to the heat gained
from the thermal oil. Thereafter, the saturation steam is generated in the HP tank by the
water circulation and heat exchange between the thermal oil and feedwater. The water is
circulated between the evaporators and HP tank using the high-pressure recirculation pump
(HPRP). It should be mentioned here that the principle of operation of the high-pressure
tank is a separator.

In the HP tank, the steam leaves to the superheaters while the hot water is recirculated
again. In the superheaters, the saturation steam earns additional heat from the thermal oil.
Here, the superheated steam enters the HP turbine at a temperature of 384 °C.

On the other hand, a part of HP steam expanded from the HP turbine (46 kg/s during
the daytime hours and 41 kg/s in the evening hours) is used in the moisturise separator.
Then it flows to the reheaters with a pressure approximately of 20.4 bar and a temperature
of 214 °C. Thereafter, the reheated steam flows into the LP turbine at a temperature of
383 °C.
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4.1. Boiler Control Structures

Important work has been conducted in this model, to implement, verify and improve
control units that have to fulfil all essential functions. The application of suitable control
procedures and the selection of realistic parameters for control circuits is essential to
providing a high level of accuracy in these controllers in the dynamic simulation. To
illustrate, the boiler circuit control procedures the controllers will be described in detail.

4.1.1. HP Preheater Level Control Circuits

Similar to what happens in LP preheaters, some oscillations occurred in the HP
preheaters due to condense the steam extractions in the shell paths of these preheaters. The
HP preheater level controllers keep the water levels in the shell side at constant values.
Hence, there are two HP preheater control valves (HP PH; CV and HP PH, CV) that
regulate the levels of water in the shell side. The locations of the HP preheater control
valves are demonstrated in Figure 6. The operation mode of HP PH level control circuits is
similar to the operation mode of control valves in the LP preheaters.

4.1.2. HP Drum Level Controller

During the start-up and the hard steam turbine transient, the mass flow rates at the
entrances and the exits of the evaporators are highly deflected. It is clear that the water
swelling in the HP evaporators is involved. However, in the case of small drum volume, the
incoming/outcoming mass flow rates oscillation produce drum level fluctuations. During
the dynamic process, the HP drum controller follows the level fluctuations in the drum in
order to regulate the feedwater mass flow coming to the HP drum and to maintain the water
level at a preset value. The procedures of this controller can be divided into three cases
depending on three operating periods (i.e., normal load, shutdown and start-up periods).
The feedwater coming to the drum is adjusted using the HP feedwater main control valve
(FW MCVyp). This control valve is installed between HP PH, and the economisers, as
demonstrated in Figure 7.



Energies 2022, 15,129 9 of 20

_ HP PH, CV
) § g -
FW To Deaerator

From HP PH,

LFW, HP PHI

Actuator

Y

LFW, setpoint 1
—>

' HP PH,CV
From HP PH, 1LEW

To HP PH,

Lw, ne prz
L

PI » Actuator

FW, setpoint
—

Figure 6. HP preheater level controllers (simplified).

The procedures of this controller are a preset setpoint according to the operating
period and compared with the measured data. The filling level of the high-pressure drum is
gauged and checked against the setpoint (depending on the operating case). The difference
(AL) between the setpoint and the measured point is recorded and is sent a control signal
to the PI controller. The controller’s output range is specified between (0 and 100) in this
model. Thereafter, the variation of mass flow rate (Am) is recorded between the steam
mass flow at the SH exit (s sHout) and the feedwater mass flow rate at the inlet of the
economiser (Mgw, Eeon.in)- These differences (Amh and AL) are compared and the readings
are sent to a PI controller, which in turn directs the actuator to control the aperture of (FW
MCVpqp).

4.1.3. Economiser’s Bypass Controller (EBP CV)

The economiser’s bypass control valve (EBP CV) adjusts the feedwater temperature
at the outlet of the economiser to lower than the boiling temperature by a preset value,
as described in Figure 8. This process is carried out by passing a portion of feedwater
from the inlet of the economiser to the drum in order to maintain a stable flow into the HP
evaporators. The principle of work for the EBP CV will be explained as follows:

1.  The saturated temperature of feedwater at the HP economiser outlet is measured and
compared with the real temperature at the HP economiser outlet.

2. Deviation between both temperatures is compared with the HP delta sub-cooling
(5 °C). However, the user can easily define any other needed value depending on the
demand.

3. The output signal from the second comparator (AD) enters a minimum selector and
then sends a PI controller.

4. The PI controller sends the commands to the actuator, which regulates the feedwater
temperature through the economiser’s bypass control valve (EBP CV).
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Figure 7. Boiler model.

When the HP economiser bypass valve reaches its maximum mass flow limit, the PI
will be directed through the variation between the bypass mass flow and the maximum
setpoint of 8 kg/s (could vary by the user) for preventing any further increase in the bypass

mass flow rate.
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4.1.4. SH and RH Attemperator Controllers

The superheated steam and reheated steam temperatures are regulated to the desired
value (384 °C) using two controllers (superheater attemperator and reheater attemperator).
A portion of water is injected into the superheater and reheater inlet to adjust the inlet
temperature of HP and LP turbines, respectively. Each attemperator control valve has a
control circuit, which operates independently of the other. The operation mode of both
attemperator controllers is the same, and it can be described as follows: A comparator
checks the variation of steam temperatures between the setpoint (384 °C) and at the HP
superheater outlet. This difference signal is sent to the PI controller. After that, the actuator
is directed by the PI controller to operate the SH and RH attemperator control valves, as
displayed in Figure 9.

SH Attemperator CV

Mg sin

FWMCV,,
m
From HP PH, FW,HP PH2out % :

TS, SHout By
]
Pl — Aclualor —
TS, sctpoint 8
=
o
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Figure 9. SH and RH attemperator controllers (simplified).
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5. Steam Turbine Model

The steam turbine is modelled based on two pressure sections. The first one includes
two HP stages and the second one consists of six LP stages. In addition, a reheat process
is added after the last second HP stage and before the first LP stage. Furthermore, eight
portions of steam are extracted from the HP and LP turbine stages, as illustrated in Figure 10.
The HP superheated steam enters the HP turbine with a temperature of 384 °C and a
pressure of 106 bar. The steam then leaves the high-pressure turbine at a rate of 50 kg/s
and extracts about 5 kg/s of steam from the HP-PH,. At the exit of the high-pressure
turbine, the partly released steam (4 kg/s) passes into the HP-PH;, and the remainder
of the released high-pressure steam (46 kg/s) flows into the moisture separator; it then
proceeds to enter the reheaters with a temperature of 215 °C and a pressure of 20.5 bar.
As shown earlier, the temperature of the reheated steam is controlled to about 383 °C
through the RH attemperator with the help of high-pressure feedwater. The reheated
steam is then fed into the LP-turbine. During LP turbine stages, there are five steam
extractions that enter the LP preheaters in the feedwater circuit and one extraction enters
the deaerator. Subsequently, the completely exhausted steam flows out of the LP-turbine to
the condenser with a temperature of about 30 °C. It condenses the totally released steam
from the LP-turbine, after which the PTPP cycle is restarted.

5.1. Steam Turbine Control Structures

Several control circuits should be installed in the steam turbine net in order to obtain
the desired steam properties. However, the steam turbine model consists of the following
six control circuits. Therefore, the steam turbine control circuits will be explained in the
following sections.

5.1.1. LP Bypass Controller and LP Main Steam Control Valve

LP bypass control circuit contains two control valves, as displayed in Figures 11 and 12.
The LP main steam control valve (LP MSCV) adjusts the flow to the LP turbine. It is
controlled by a time gradient (polyline). During standard operation, the HP-MSCV must
be opened, and during the start-up phase, it must be closed. The LP bypass control valve
(LP BPCV) is operated using a summation rule. In this case, the two control functions are
to be performed in two different ways. On the one hand, the undesired steam must be
diverted to the condenser. On the other hand, the second task is that the reheated steam
pressure must be regulated to a certain setpoint pressure initially, with a maximum pressure
that must not be exceeded. Moreover, when the steam turbine trip occurs, LP BPCV is
operated to bypass the entire steam. The high pressure main steam control valve HP MSCV
is operated in the same way as the (LP MSCV) by a time gradient (polyline).
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Figure 10. Steam turbine model.
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Figure 11. LP bypass controller and LP main steam controller (simplified).
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Figure 12. LP bypass controller and LP main steam controller (APROS model).

5.1.2. LP Attemperator Control Valve (LP Attemp CV)

An LP attemperator controller was modelled to cool the bypassed steam after the LP
BPCV, as shown in Figure 13. This cooler cools the bypassed steam to 50 °C higher than the
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saturated steam temperature before it enters the condenser. It should be mentioned here
that water coming from condenser pump (CP) is used in the LP attemperator.

. LP Attemperator CV
From CF e To LP BPCV
T, Condin _
Tsats, cond.in ] PI »| Actluator
b
T, setpoint

Figure 13. LP attemperator control valve (LP Attemp CV) (simplified).

5.1.3. HP Attemperator Control Valve (HP Attemp CV)

An HP attemperator controller was built to provide cooling of the bypassed steam
downstream of the HP BPCV to 50 °C higher than the saturated steam temperature before
entering the reheater. This cooling process is achieved by the water, which is pumped from
the boiler feedwater pump (BFP) into the HP BPCV outlet, as demonstrated in Figure 14.

HP Attemperator CV
Ih &
From BFp —tV . To HP BPCY._
TS, RH.in _
TSat.S, RH.in PI » Actuator
TS, setpoint

Figure 14. HP attemperator control valve (HP Attemp CV) (simplified).

6. Condenser Model

The completely released steam exits the steam turbine at pressure of 0.05 bar and
temperature 30 °C. It should be mentioned here that the steam mass flow rate enters the
condenser with mass flow of 34.4 kg/s during the daytime and at 30.6 kg/s in the night.
Based on cooling water coming from the cooling water pumps at a pressure of 2 bar and
a temperature of 19 °C, the condenser condenses the completely discharged steam from
the LP turbine into water. This process of cooling is performed by a cooling water mass
flow rate of 2344 kg/s. The cooling water then flows back into the cooling tower at a
temperature of 27 °C. Finally, the steam extracted from the LP turbine are condensated
and accumulated in the LP preheaters (9.6 kg/s during the day and 8.6 kg/s at night),
and mixes with the condensate water in the condenser. Herein, this mixture is pumped
by means of the condenser pumps (CP) with mass flow of 44 kg /s during the daytime or
39.2 kg/s in the evening hours and then it enters the LP PH; at a pressure of 18.7 bar and a
temperature of 37 °C.

6.1. Condenser Control Structures

In the condenser model, there is one control valve, namely the cooling water control
valve (CWCV). It will be described in the following section.
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Cooling Water Control Valve (CWCV)

The cooling water control valve regulates the temperature of condensate water in the
condenser. This valve is located between the condenser (tube side) and the cooling water
source, as demonstrated in Figure 15. The operation mode of CWCV is outlined below:

CWCV _
m. -
cw  From coolin
To condenser water S()urceg
TFW, Cond. out
Actuator [ PI
TFW. setpoint

Figure 15. Cooling water control valve (CWCV) (simplified).

The condensed water temperature at the condenser outlet is recorded and checked
against the set point (37 °C). This comparison is implemented by a PI controller that sends
the control signal to the actuator, which in turn operates the CWCV.

Finally, it should be mentioned here that the predictions of the power block have
been validated versus experimental data from the 50 MW, Andasol II power plant in
Spain during the summer days. The comparison showed a very good agreement with the
measured data, as illustrated in Figure 16 [33].

. il ¥ ISV
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Figure 16. Comparison of the measured total electrical power with the simulated results for 13 and
14 July 2010.
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7. Conclusions

Based on the real engineering data and specifications of a real power plant (Andasol II)
in Spain, a comprehensive dynamic model of a PB is implemented. In this study, a detailed
description for the advanced controllers used in the power block of a 50 MW, parabolic
trough power plant is presented. The implemented model includes four main parts, namely
the LP feedwater circuit, the boiler, steam turbine and condenser as well as the control
structures for each part. The components of the power block model have been accurately
described and built using APROS. The power block produces maximum electrical power
of 52.5 MW, in the daytime hours and 48 MW, in the night period. The objective of this
study was to build reference models for PB, which in turn will provide researchers and
designers with a better understanding of the state of advanced control loops in these power
plants. Furthermore, such models will be able to determine the most appropriate way to
operate the power plant. Additionally, it should be mentioned here that what distinguishes
the APROS program is the high dynamic and fast response to fluctuations that occur during
long and short periods of operation, unlike the rest of the programs used. It also contains
many components of control circuits in addition to the main components of the power
plants such as turbines, compressors, pumps, etc. Moreover, APROS contains statistical
data for different latitude and longitude, in addition to the different days of the year.
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Nomenclature
h Enthalpy [k]/kg]
m Mass flow rate [kg/s]
P Pressure [bar]
T Temperature [°C]
t Time [sec]
u Velocity [m/s]
p Density [kg/ m?]
DNI  Direct normal irradiation [W/m?]
Abbreviations
AD Adder
APROS Advanced process simulation software
BFP Boiler feedwater pump
cp Condenser pump
FW Feedwater
HP High pressure
HTF Heat transfer fluid
LP Low pressure
PB Power block
PTPP Parabolic trough power plant

PI Proportional-integral controller
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SF Solar field

TSS Thermal storage system

SP Set point

TI Temperature measurement component
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