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Abstract: In this work, we propose a simplified model for direct steam generation parabolic
trough collector solar plants consisting of a system coupled partial differential equations (PDEs)
and ordinary differential equations (ODEs). Particularly, the PDEs represent the behavior of the
two-phase gas-liquid flow in the collector field, which was obtained assuming a quasi-equilibrium
on the mixture momentum balance of the classical transient homogeneous equilibrium model.
The gas-liquid separator is given by ODEs obtained from the mass and energy balance laws.
This formulation makes the model attractive for optimization and control applications since it
is simpler than other approaches in the literature. Finally, in view of the obtained simulation
results, the main uses and applications of the developed model are drawn describing a simulation
example that proves how the closed-loop operation allows for obtaining higher production rates.
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1. INTRODUCTION

Direct steam generation (DSG) process is a concentrated
solar power (CSP) plant type that is considered one of the
most promising technologies of the next-generation CSP
plants. Unlike the heat transfer fluid (HTF) technologies,
where the HTF (normally synthetic oil or molten salt)
serves as intermediate for heat transfer, in DSG plants,
water is directly heated by concentrated solar radiation
to generate steam. This leads to the following advantages
over classic CSP plants (Fernández-Garćıa et al., 2010): (i)
no environmental risk of fire and leakage; (ii) a maximum
temperature for the thermodynamic cycle can be achieved
of over 400 ◦C; (iii) the overall plant efficiency can be
higher, since there is no oil/steam heat exchanger; and
(iv) operation and maintenance costs are lower than for a
synthetic oil based plant.

As shown in Sun et al. (2015), the above advantages
could help to reduce the costs of the power produced in
CSP plants by about 15%. However, the two-phase flow
behavior in DSG plants makes its operation and feedback
control design challenging. In particular, strong transients
in solar radiation make it difficult to regulate the steam
temperature because of the constraints on the minimum
feed flow rate and high temperature gradients inside the
absorber tubes. Additionally, the water flow injection
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must be well controlled to avoid stratified flow in the
evaporation stage. Thus, to improve system performance
with a robust operation strategies, it is necessary to design
advanced control methodologies that take into account the
mixing and mass transfer phenomena that occur in the
system. For this reason, suitable models are required to
design controllers that improve the operational conditions
of the plant (Biazetto et al., 2023).

In general, one-dimensional partial differential equations
(PDEs) approaches are the only affordable concept to
address full-scale plant simulations under a wide range of
circumstances in transient conditions de Andrade et al.
(2015). The formulations for two-phase flow regimes are
traditionally given by the homogeneous equilibrium model
(HEM), drift-flux, or two-fluid models, however, the HEM
is the most used approach for the study of DSG plants due
to its low complexity (De Sá et al., 2018). Experimental
validations of the HEM approach using in-house codes
in different DSG test facilities, for both summer and
winter days, can be seen in Yan et al. (2010); Guo et al.
(2017), and the references therein. Mathematical models
developed with commercial software, such as RELAP5
and Modelica, were also explored in the context of DSG
systems, as presented in Eck and Hirsch (2007); Serrano-
Aguilera et al. (2017). Although these articles show good
quantitative results, the models become very complex for
controller design because of their nonlinearities, boundary
conditions and couplings.

This work proposes a simplified first principle dynamic
model based on PDEs and ordinary differential equations
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for DSG systems operating in recirculation mode. The
model takes into account the thermohydraulic charac-
teristics of the system and predicts the most important
variables, such as temperature, pressure, steam quality,
and velocity, that influence the performance of any DSG
plant. The multiphase flow along the preheating and su-
perheating stages is described by a simplified version of the
HEM formulation, where the static momentum balance
for the mixture is imposed. As we shall see, this allows
us to reduce the multiphase flow dynamic equations into
a set of two PDEs that describe thermal energy inside
the tubes along with static relationships of steam velocity
and pressure. The dynamics of the plant’s water/vapor
separator is modeled by two ODEs which describe the wa-
ter/steam volume and pressure inside the separator. The
coupling between the equations is given through suitable
boundary conditions and the resulting PDE-ODE system
can be implemented with robust, simple, and fast numer-
ical approaches. The proposed model is validated with
the experimental data described in Zarza et al. (2006).
Additionally, numerical simulations for the plant operating
in closed-loop over a day are presented.

The rest of the paper is organized as follows. In Section 2
we describe the DSG solar plant and its control problem.
The mathematical model and its reduction are presented
in Section 3. Simulation results of the proposed model
under real data disturbances are shown in Section 4.
Finally, the concluding remarks and directions of future
works are given in Section 5.

2. SYSTEM DESCRIPTION

The recirculation DSG parabolic trough collector solar
plant considered in this work is depicted in Figure 1. Ba-
sically, the system consists of a solar field, a water/steam
separator and an attemperator. The solar collector field is
assembled by several parabolic trough collectors. A water-
steam separator is installed at the end of the evaporator
section of the collector loop so that the water is recir-
culated to the collector loop inlet. The excess water in
the evaporator section guarantees good wetting of the
absorber tubes and makes stratification impossible. The
steam produced is separated from the water by the sep-
arator and fed into the inlet of the superheating section.
The spray attemperator is installed at the inlet of the last
collector assembly to control the temperature of the outlet
steam. The section of collector row between the separator
and the spray attemperator is defined as the primary
superheater and the section after the spray attemperator
is named as the secondary superheater.

For the proper and safe operation of the system, variables
must be regulated around their operating points. In DSP
plants, the main control objective is to maintain the outlet
steam at a constant temperature of the solar field despite
solar radiation variations and inlet water conditions. The
main control loops are Valenzuela et al. (2005):

• Water/steam separator liquid level control loop: the
feed flow is adjusted to maintain the level around a
nominal value avoiding high or low levels inside the
tank. Variations in solar radiation highly affect this
loop, since the steam production and the tank level
vary when the radiation changes.

• Outlet steam temperature control loop: The outlet
steam temperature of the superheater is adjusted by
water injection in the inlet of the last collector (see
Figure 1).

3. MATHEMATICAL MODELING

In this section, we propose a mathematical model of the
recirculation DSG plant. Each of the subsystems of the
plant, namely, the preheater, the first and secondary su-
perheaters, the spray attemperator, and the water/steam
separator will be modeled by a set of differential equations
coupled by suitable boundary conditions. The subindex
i ∈ {ph, ws, ps, ss} will be used to represent the variables
corresponding to the preheater, water/steam separator,
primary superheater, and secondary superheater, respec-
tively.

3.1 Energy balance of the absorber tube

The solar plant concentrates direct solar irradiation onto
the wall of absorber tube through the glass envelope and
the evaluated space. Thus, applying the energy balance in
the tube walls, we obtain the following equation for its
temperature dynamics:

ρat,iCat,iAat
∂Tat,i

∂t
(t, z) = Qsol(t)−Qamb,i(t, z)−

Qf,i(t, z), (1)

where t ∈ [0, ∞) is the time and z ∈ [Lj−1, Lj ] is the
space, with j ∈ {1, 2, 3, 4}. The density, specific heat
and temperature of the absorber tube are given by ρat,i,
Cat,i and Tat,i, respectively. The cross-sectional area is
Aat and the terms Qsol,i, Qf,i and Qamb,i represent the
solar radiation absorbed, the heat transfer with the water
flowing into the absorber and the heat transfer to the
atmosphere, respectively. In this work, the thermal losses
of the EuroTrough collector using a UVAC absorber are
considered (Lupfert et al., 2003):

Qsol(t) = ηGI(t), (2)

Qf,i(t, z) = πdici(Tat,i(t, z)− Ti(t, z)), (3)

Qamb,i(t, z) = A+B(Tat,i(t, z)− Tamb(t))+

C(Tat,i(t, z)− Tamb(t))
2, (4)

where I is the solar irradiation Tamb is the ambient
temperature and Ti is the fluid temperature. The collector
efficiency and the collector aperture are given by η and
G, respectively. The inner tube diameter is di, whereas
ci is heat transfer coefficient, and A, B and C are fitting
parameters. Importantly, the solar radiation and ambient
temperature are assumed to be measured variables.

The expressions for the computation of ci in (3) will be
given in the next section after the dynamic model of the
multiphase flow inside the absorber tube is presented.

Finally, the initial condition of (1) is given by

Tat,i(0, z) = Tat,i,0(z), (5)

where Tat,i,0 ∈ C1(Lj−1, Lj), for j ∈ {1, . . . , 4} is a given
function.

3.2 Four-equation model for the water flow

In this work, the water flow inside the absorber tube is
modeled with the classical four-equation formulation:

2024 IFAC ADCHEM
July 14-17, 2024. Toronto, Canada

63



Fig. 1. A schematic diagram of the PTC plant.

∂αG,iρG,i

∂t
(t, z) +

∂αG,iρG,ivi
∂z

(t, z) = 0, (6)

∂αLρL,i

∂t
(t, z) +

∂αL,iρL,ivi
∂z

(t, z) = 0, (7)

∂Pi

∂z
(t, z) = Si(t, z), (8)

Aiρi(t, z)
∂Hi

∂t
(t, z) +mi(t, z)

∂Hi

∂z
(t, z) = Qf,i(t, z), (9)

where αj,i, ρj,i are the volume fraction and density of
phase j ∈ {G,L} (gas or liquid), respectively, whereas ρi,
vi, mi, Pi, and Hi are the density, velocity, mass flow rate,
pressure and enthalpy of the mixture. The momentum
source term, Si, is given by

Si(t, z) = −Aiρi(t, z)g sin (θ(z))−
fi(t, z)mi(t, z)

2

2Aiρi(t, z)di
,

(10)

in which g is the acceleration of gravity and fi is the
friction term, which can be computed using the Colebrook
equation.

In the formulation (6)-(9), the two-phase flow is assumed
as a homogeneous mixture in thermal equilibrium, where
no relative velocity is considered between both phases. As
a consequence, the following relations are valid:

αL,i(t, z) + αG,i(t, z) = 1, (11)

xi(t, z) =
Hi(t, z)−HL,i(t, z)

HG,i(t, z)−HL,i(t, z)
, (12)

ρi(t, z) = αG,i(t, z)ρG,i(t, z) + αL,i(t, z)ρL,i(t, z), (13)

Hi(t, z) = xi(t, z)HG,i(t, z) + (1− xi(t, z))HL,i(t, z).
(14)

The thermodynamic properties of (6)-(14) can be obtained
from the corresponding thermodynamic state equations for
water, e.g., IAPWS-IF97 formulation, which depends on
pressure and enthalpy.

In order to obtain a well-posed problem for the PDE
system (6)-(9), initial and boundary conditions must be
imposed. For the initial condition, we consider that

αG,i(0, z) = α0,i(z), Pi(0, z) = P0,i(z),

vi(0, z) = v0,i(z), Hi(0, z) = H0,i(z), (15)

where α0,i, P0,i, v0,i, H0,i ∈ C1((Lj−1, Lj)), for j ∈
{1, . . . , 4}, are given.

The boundary conditions of the solar plant are more del-
icate, as the coupling between subsystems and exogenous
variables must be taken into account so that the dynamic
behavior of the model is correct. Next, we will present the
boundary conditions used in this work.

Preheating section: in this case, the boundary conditions
are

mph(t, 0) = U1(t) +mr(t), Pph(t, L1) = Pws(t),

Hph(t, 0) =
U(t)HL,in(t) +mr(t)HL,ms(t)

U1(t) +mr(t)
, (16)

where U1 is the prescribed mass flow rate at the inlet of
the solar field (control variable), mr is the recirculation
mass flow rate, HL,in is the inlet enthalpy, and Pws is the
water/steam separator pressure.

Primary superheater section: this subsystem is connected
with the water/steam separator and the secondary super-
heater. Thus, its boundary conditions are

mps(t, L2) = mG,ms(t), Hps(t, L2) = HG,ms(t),

Pps(t, L3) = Pss(t, L3), (17)

where mG,ms is the separator outlet steam mass flow rate,
HG,ms is the steam enthalpy in the separator and Pss is
the pressure at the secondary superheater.

Secondary superheater section: this part of the system is
coupled with the spray attemperator, the primary super-
heater, and the final separator. Therefore, the boundary
conditions are given by

mss(t, L3) = mps(t, L3) + U2(t), Pss(t, L4) = Pfs(t),

Hss(t, L3) =
mps(t, L3)Hps(t, L3) + U2(t)HL,sa(t)

mps(t, L3) + U2(t)
, (18)

where U2 is the prescribed mass flow rate at spray attem-
perator (control variable), HL,sa is the enthalpy of water
at the spray attemperator, and Pfs is the pressure at the
final separator.

Explicit Pressure Profile

Integrating (8) along the space z ∈ [Li−1, Li], for i ∈
{1, . . . , 4}, and plugging the corresponding boundary con-
dition we get

Pi(t, z) = PLi
(t) +

∫ z

Li

Si(t, ξ)dξ. (19)
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where PLi
stands for the pressure boundary condition of

the i-th subsystem (see (16), (17) and (18)).

Note that this expression is implicit, since Si is dependent
on vi which is in turn dependent on ρG,i. To avoid
this complication a simplification should be used, e.g.
by assuming mi(t, z) uniform in space and equal to its
boundary condition when calculating the pressure profile,
that is, mi(t, z) = mLi

(t), where mLi
is mass flow rate

boundary condition of the i-th subsystem (see (16), (17)
and (18)). Then,

Si(z) ≈ −ρ̄i(z)

(
g sin (θ(z)) +

fim
2
Li

2di

)
, (20)

with ρ̄i(z) = ρ̄L,iαL,i(z)+ ρ̄G,iαG,i(z), i.e. a mean approxi-
mate liquid and gas density is used. This makes the source
term Si explicit in αG,i and in the boundary condition
mLi .

Explicit Velocity Profile

We get from (7), assuming that ρL,i is constant and using
the relation αL,i + αG,i = 1,

∂αG,i

∂t
+ vi

∂αG,i

∂z
= αL,i

∂vi
∂z

. (21)

Note that an explicit expression for αL,i
∂vi

∂z can be ob-
tained by applying the chain rule into (6), which in turn,
allows as to rewrite (21) as

∂αG,i

∂t
+ vi

∂αG,i

∂z
= −αG,iαL,i

ρG,i

(
∂ρG,i

∂t
+ vi

∂ρG,i

∂z

)
.

(22)

Define

EG,i = −αG,iαL,i

ρG,i

(
∂ρG,i

∂t
+ vi

∂ρG,i

∂z

)
. (23)

Then, (21) can be simplified to

∂vi
∂z

=
EG,i

αL,i
. (24)

Next, we use the isentropic bulk modulus property, allow-
ing us to relate gas phase density to pressure, and then
(23) can be rewritten to

EG,i = −αG,iαL,i

γPi

(
∂Pi

∂t
+ vi

∂Pi

∂z

)
. (25)

For deriving the velocity, we neglect the ∂Pi

∂t term from
(25). Then, inserting (25) without the transient pressure
term into (24), recalling 8,

∂vi
∂z

= −αG,i

γPi
viSi,

and consequently, by defining the integral

Iv,i(z) =

∫ z

Li−1

α(θ)

γPi(θ)
Si(θ)dθ,

the distributed velocity is obtained as

vi(t, z) = e−Iv(z)vi(t, Li−1). (26)

3.3 Mathematical model of the water/steam separator

The behavior of this subsystem is captured by mass
and energy balances. The separator is of the horizontal

cylindrical type with flat sides. A key property of our
modeling approach is that all parts of the water/steam
separator which are in contact with the saturated liquid-
vapor mixture will be in thermal equilibrium. Thus, the
energy stored in steam and water is released or absorbed
very rapidly when the pressure changes. The rapid release
of energy ensures that different parts of the separator
change their temperature in the same way. For this reason,
the dynamics can be captured by models of low order. In
this work, this is done using a lumped parameter model
by means of an ODE system.

Applying the mass conservation into the separator we have

d

dt
(VL,ms(t)ρL,ms(t)+VG,ms(t)ρG,ms(t)) = mph(t, L1)−

mr(t)−mG,ms(t), (27)

whereas the energy conservation equation reads

dEws

dt
(t) = mph(t, L1)Hph(t, L1)−mG,msHG,ms(t)−

mr(t)HL,ms(t), (28)

with

Ews(t) = VL,ws(t)ρL,ws(t)HL,ws(t)+

VG,ws(t)ρG,ws(t)HG,ws(t) +MwsCp,wsTws(t),

Vws(t) = VL,ws(t) + VG,ws(t).

With (27)-(28) and considering saturated liquid-vapor
mixture in thermal equilibrium, we get that the wa-
ter/steam separator pressure equation can be derived as

dPws

dt
(t) =

(
Ein(t)− Er(t)− Eout(t)−

N1(t)(mph(t, L1)−mr(t)−mG,ms(t))

)
×

1

VG,ms(t)D1(t) + VL,ms(t)D2(t) +D3(t)
, (29)

where

Ein(t) = mph(t, L1)Hph(t, L1), Er(t) = mr(t)HL,ws(t),

Eout(t) = mG,ws(t)HG,ws(t), r(t) = HG,ws(t)−HL,ws(t),

N1(t) =
ρG,ws(t)HG,ws(t)− ρL,ws(t)HL,ws(t)

ρG,ws(t)− ρL,ws(t)
,

D1(t) = ρG,ws(t)
∂HG,ws

∂Pws
(t)+

r(t)ρL,ws(t)

ρG,ws(t)− ρL,ws(t)

∂ρG,ws

∂Pws
(t),

D2(t) = ρL,ws(t)
∂HL,ws

∂Pws
(t)+

r(t)ρG,ws(t)

ρG,ws(t)− ρL,ws(t)

∂ρL,ws

∂Pws
(t),

D3(t) = MwsCp,ws
∂Tws

∂Pws
(t).

Finally, the water level of the separator can be obtained
by applying a mass balance for the water volume control
in the separator:

d

dt
(ρL,ms(t)VL,ms(t)) = mph(t, L1)(1− xph(t, L1))−mr(t).

(30)
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Note that the water volume inside the tank depends on
the water level, i.e.,

VL,ws = Lws

(
r2ws cos

−1

(
rws − hL,ws

rws

)
−

(rws − hL,ws)
√

2rwshL,ms − h2
L,ws

)
where hL,ws is the water level inside the separator. Then,
(30) can be rewritten to

dhL,ws

dt
(t) =

mph(t, L1)(1− xws(t, L1))−mr(t)

ρL,ws(t)
dVL,ws

dhL,ws
(t)

, (31)

with

dVL,ws

dhL,ws
= Lws

[√
hL,ws(2rws − hL,ws)+

r2ws√
hL,ws(2rws − hL,ws)

− (rws − hL,ws)
2√

hL,ws(2rws − hL,ws)

]
.

Equations (29) and (31) fully describe the dynamics of the
water/steam separator together with the initial conditions

Pws(0) = Pws,0, hL,ws(0) = hL,ws,0, (32)

where Pws,0 and hL,ws,0 are given constants.

4. SIMULATION RESULTS

In this section, the simulation results of the proposed
model are presented for two different scenarios. The first
one is to highlight its accuracy with other results in
literature, while the second numerical scenario illustrates
the feasibility of the model to a typical day of a DSG solar
plant operating in a closed-loop framework.

4.1 Static validation

In this numerical scenario, a single loop of INDITEP
project Zarza et al. (2006) is simulated. The loop is
comprised of 10 collectors and operates in recirculation
mode. The steam/water separator is set between the
8th and 9th collectors for recirculation while an injector
is set between the 9th and 10th collectors to prevent
overheating. The reader interested on other technical data
and environmental and working conditions is referred to
Zarza et al. (2006). The model calibration was performed
by comparison of the real data with the static simulation
responses obtained using estimated parameter, such as
collector efficiency, heat transfer coefficients and friction
losses. A good agreement between the present simulation
results and data from Zarza et al. (2006) can be seen in
Figure 2.

4.2 Dynamic simulation

The solar radiation and ambient temperature data were
borrowed from the SONDA project (INPE, 2018) and
correspond to the location of Cachoeira Paulista, in São
Paulo, Brazil, with latitude 22◦ 41′ 22, 65′′ S and longitude
45◦ 00′ 22, 28′′ O, and 574 m altitude. The rest of
the parameters of the plant were the same as the ones
presented in Section 4.1. Two PI controllers with bumpless
and anti-windup techniques have been also designed and
implemented for the plant for the liquid level control in the
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Fig. 2. Validation of the proposed model by data of the
INDITEP project Zarza et al. (2006).

separator, and the regulation of the outlet temperature,
respectively. For the gains of the controllers, simplified
transfer functions have been investigated for the operating
point and the PI controller parameters have been designed.

In Figure 3 it is depicted the water outlet temperature
in the preheater (top graphic), the pressure drop and
outlet void fraction in the preheater (middle graphic), and
drum water level and preheater inlet flow rate (bottom
graphic). During the first hour of this numerical scenario,
the water in the preheater was kept recirculating in the
solar field until its saturation temperature was reached
and steam started to be generated in the plant. Note that
the outlet temperature (top graphic of Figure 3) increases
from t = 11 h to t = 11.7 h, then basically stays constant
along the rest of the day. Once the plant has started to
generate steam, the PI water level controller kicks in and
water begins to be injected into the preheater (see the
bottom graphic of Figure 3). The control system was able
to track the water level reference throughout the entire day
(bottom graphic of Figure 3) in spite of the solar radiation
and ambient temperature disturbances. The maximum
reference error value is around 0.012 m, which can be seen
in the third graph of Figure 3 between the time instants
t = 12 h and t = 13 h.

The variables associated with the superheater are shown
in Figure 4. As can be seen in the top graphic of Figure 4,
the PI controller was able to maintain the outlet steam
temperature around the desired reference. During the
strong transients of solar radiation (between t = 12 h
and t = 14.5 h) the maximum error value of around 7 ◦C
and the control signal (bottom graphic of Figure 4) was
smooth along the entire day. Finally, the pressure drop in

2024 IFAC ADCHEM
July 14-17, 2024. Toronto, Canada

66



11 12 13 14 15 16 17 18

0

50

100

150

200

250

11 12 13 14 15 16 17 18

0

0.2

0.4

0.6

0.8

1

0

1

2

3

4

11 12 13 14 15 16 17 18

0.5

0.75

1

1.25

1.5

0.1

0.6

1.1

1.6

2.1

Fig. 3. Simulation results of the proposed model. From
top to bottom the graphics show: preheater outlet
temperature, ambient temperature, steam quality,
solar irradiation, separator water level and inlet mass
flow rate.

the superheater can be observed in the middle graphic of
Figure 4.
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Fig. 4. Simulation results of the proposed model. From
top to bottom the graphics show: preheater outlet
temperature, ambient temperature, steam quality,
solar irradiation, separator water level and inlet mass
flow rate.

The model can be used to determine variables that cannot
be measured such as the void fraction, vapor quality and
heat losses in different sections of the plant. Data obtained
from simulations show that the average void fraction inside
the preheater is 0.6, whereas the vapor quality is 0.26.
The average energy efficiency of this part of the plant is
63.2 % and the steam production has an average value of
0.18 kg/s. Regarding the superheater, the average energy
efficiency was 55.4 % for this particular numerical scenario.

5. CONCLUSIONS

In this paper, we introduce a new simplified model for
characterizing a collector field operating in recirculation
mode with DSG technology. The model builds upon the
homogeneous equilibrium model, incorporating simplifi-
cations such as a no-pressure-wave model and a quasi-
steady pressure and velocity profile. To ensure that the
new model preserves essential characteristics related to
the original model, a static validation was conducted using
real data. Future works may delve into the application of

the proposed model from a control strategies perspective,
particularly in non-linear predictive control. Another di-
rection to pursue is to extend the model to other DSG
topologies.
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