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Abstract

This paper discusses a Modelica library of switching
moving boundary models for two-phase flow heat ex-
changers: evaporators and condensers. The equation-
based object-oriented modeling paradigm has been
considered by means of designing basic models ap-
plying the conservation laws for each flow state: sub-
cooled liquid, two-phase flow and superheated vapor.
Evaporator and condenser models have been devel-
oped by interconnecting the basic models and includ-
ing mechanisms to switch between different configu-
rations: general, flooded and dry evaporators and con-
densers. Finally, simulation results are presented by
an integrity and stability test case.

Keywords: Moving boundary model; switching;
two-phase flow; evaporator; condenser

1 Introduction

Heat exchangers play a very important role in indus-
try; the modeling and control of these elements is
a key part in the process plant control. Two of the
most common discretization approaches used in fluid
dynamic modeling are the finite-volume distributed-
parameter method [21] and the moving-boundary
lumped-parameter method [8]. Dynamic modeling is
always a challenging task in which the trade-off be-
tween accuracy and speed must be evaluated depend-
ing on the purpose of the model. Moving boundary
models are low-order and much faster models than fi-
nite volume models; additionally they can describe the
dynamic behavior of evaporators and condensers with
high accuracy [1]. In the context of real-time simu-
lation, dynamic system optimization and model-based

control, where fast computation is required, the mov-
ing boundary method seems to be appropriate.

The moving boundary method divides the evapora-
tor/condenser in different regions, also called Control
Volumes (CVs), depending on the fluid phase. In each
CV, the lumped thermodynamic properties are aver-
aged; the barrier is not fixed and it may move between
adjacent CVs. The main idea is to dynamically track
the lengths of the different regions [16].

The three basic flow states are: subcooled liq-
uid (SC), two-phase flow (TP) consisting of vapor
and liquid present simultaneously in the same vol-
ume, and superheated vapor (SH) as represented in
Fig. 1. Considering these three basic flow states, com-
pound configurations can be created. Fig. 2 shows
these configurations: general, flooded and dry evap-
orators/condensers.

A state-of-the-art study in moving boundary mod-
els for two-phase flow heat exchangers was previ-
ously presented in [2] together with a new switching
flooded evaporator model. This paper extends previ-
ous work by new switching moving boundary models
for general/dry evaporators and general/flooded/dry
condensers. To the knowledge of the authors, there
are three papers related to moving boundary models
developed using Modelica [17, 27, 13]. The novelty
of this paper is that a strictly object-oriented design is
followed.

(a) (b) (c)

Figure 1: Basic flow states
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(a) General evaporator (b) Flooded evaporator (c) Dry evaporator

(d) General condenser (e) Flooded condenser (f) Dry condenser

Figure 2: Evaporator and condenser configurations

2 Mathematical modeling

This section first describes the assumptions made in
the development of the mathematical models, after
that the governing equations in their general form are
listed, the one-dimensional CV concept is then intro-
duced, and finally the basic and compound models are
explained together with some additional equations re-
quired to complete the models.

2.1 Assumptions

With the aim of developing a low-order model that re-
flects the principal dynamics, a number of assump-
tions have been made: horizontal orientation; one-
dimensional case; constant pipe cross-sectional area;
time-dependent uniform pressure along the evapora-
tor; homogeneous two-phase flow; average properties
and time-dependent uniform heat flux per unit length
in each CV; negligible gravitational forces; negligi-
ble changes in the kinetic energy; negligible viscous
stress; heat conduction and radiation in the fluid and
heat conduction in the pipe wall are also neglected.

2.2 Governing equations

The straightforward way to derive the model equations
is from the time-dependent equations for conservation
laws. Considering the assumptions presented in the
previous section, the differential formulation for the
conservation of mass and energy in the fluid are repre-
sented by Eqs. 1 and 2, respectively [18]. Eq. 3 [18]
defines the conservation of energy in the pipe wall and
Table 1 summarizes the nomenclature.

∂Aρ

∂ t
+

∂ ṁ
∂ z

= 0, (1)

∂Aρu
∂ t

+
∂ ṁh
∂ z

= q̇i, (2)

Awρwcp,w
∂Tw

∂ t
= q̇o− q̇i. (3)

Var. Description Units
t Time [s]
z Spatial coordinate [m]
A Cross-sectional area [m2]
cp Isobaric specific heat capacity [J/(K·kg)]
ṁ Mass flow rate [kg/s]
x Vapor quality [-]
p Pressure [Pa]
Q̇ Heat flow rate [W]
q̇ Heat flux [W/m2]
γ Void fraction [-]
γ̄ Mean void fraction [-]
h Specific enthalpy [J/kg]
h̄ Mean specific enthalpy [J/kg]
h′ h of saturated liquid [J/kg]
h′′ h of saturated vapor [J/kg]
ρ Density [kg/m3]
ρ̄ Mean density [kg/m3]
ρ ′ Density of saturated liquid [kg/m3]
ρ ′′ Density of saturated vapor [kg/m3]
T Temperature [K]
T̄ Mean temperature [K]
ε Pipe roughness [m]
Subs. Description Subs. Description
a Inlet to CV b Outlet to CV
sc Subcooled t p Two-phase
sh Superheated w Pipe wall
i Inner to CV o Outer to CV

Table 1: Nomenclature

2.3 One-dimensional Control Volume

The moving boundary method is based on the divi-
sion of the heat exchanger in different CVs. Fig. 3
represents a CV; the lumped thermodynamic proper-
ties in the CV are averaged and they are uniform but
time-dependent (h̄, T̄ , ρ̄); the pressure (p) is not de-
noted by a mean value, because there is only one
time-dependent pressure value for the entire evapo-
rator. The cross-sectional areas (A,Aw) are constant.
Each CV has three interfaces or boundaries. One is ad-
jacent to the pipe wall where the thermodynamic prop-
erties are also considered in its mean values (T̄w, ρ̄w).
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Figure 3: Control Volume (CV)

The other two interfaces connect to adjacent CVs or
the inlet or outlet boundaries of the heat exchanger. In
Fig. 3 the flow direction is defined by the arrow, so
the inlet flow thermodynamic properties correspond to
the a subscript variables (ρa,ha, ṁa), whereas the out-
let flow thermodynamic properties are defined by the
b subscript variables (ρb,hb, ṁb).

2.4 Basic Volume Models

The derivation of the mass and energy balance equa-
tions for the CV models is not presented due to
space limitation. From the-state-of-the-art study in
two-phase flow moving boundary models useful in-
formation was obtained [2]. The derivation of the
model is analogous to the developed in [16, 17] but
not neglecting the mean void fraction time derivative
(dγ̄/dt), where a new calculation method has been in-
troduced. Additionally, the thermodynamic properties
at the boundaries are not fixed to any particular value,
by means of considering the density or specific en-
thalpy of saturated liquid/vapor, so the basic volume
models can be used in any evaporator/condenser.

2.4.1 One-phase Flow Volume Model

The mass and energy balance equations for the sub-
cooled liquid and superheated vapor CV models are
described by Eqs. 4 and 5 where the subscript cv can
be substituted by sc or sh to consider the particular CV.

A
(

zcv
dρ̄cv

dt
+ ρ̄cv

dzcv

dt

)
+ρaA

dza

dt
−ρbA

dzb

dt

= ṁa− ṁb.

(4)

A
(

ρ̄cvh̄cv
dzcv

dt
+ ρ̄cv

dh̄cv

dt
zcv +

dρ̄cv

dt
h̄cvzcv

)
−Azcv

d p
dt

+Aρaha
dza

dt
−Aρbhb

dzb

dt
= ṁaha− ṁbhb + q̇i,cvzcv.

(5)

2.4.2 Two-phase Flow Volume Model

The mass and energy balance equations for the two-
phase flow CV model are described by Eqs. 6 and 7.
The way the mean void fraction and its time derivative
are calculated is described in [2].

A
(

dzt p

dt
(γ̄ρ

′′+(1− γ̄)ρ ′)+ zt p

(
dγ̄

dt
(ρ ′′−ρ

′)+

γ̄
dρ ′′

d p
d p
dt

+(1− γ̄)
dρ ′

d p
d p
dt

))
+ρaA

dza

dt
−ρbA

dzb

dt

= ṁa− ṁb.

(6)

A
(

dzt p

dt
(γ̄ρ

′′h′′+(1− γ̄)ρ ′h′)+ zt p

(
dγ̄

dt

(
ρ
′′h′′ −

ρ
′h′
)
+ γ̄

dρ ′′

d p
d p
dt

h′′+ γ̄ρ
′′ dh′′

d p
d p
dt

+(1− γ̄)
dρ ′

d p
d p
dt

h′

+(1− γ̄)ρ ′
dh′

d p
d p
dt

))
−Azt p

d p
dt

+Aρaha
dza

dt
−

Aρbhb
dzb

dt
= ṁaha− ṁbhb + q̇i,t pzt p.

(7)

2.5 Heat Exchanger Models

When modeling the compound models (not only one
CV model), additional equations are required besides
the CV governing equations; these equations depend
on the kind of heat exchanger and relate the outlet CV
specific enthalpies with the values at saturation condi-
tions.

2.5.1 Evaporator

If a general or flooded evaporator is considered (cf.
Figs. 2(a) and 2(b)), Eq. 9(a) is required for the sub-
cooled liquid CV, and also the initial value for hb must
be set to h′.

An easy way to accomplish this is to only intro-
duce Eq. 8. However, there is a problem with that
approach if switching moving boundaries models are
considered.

hb = h′. (8)

Suppose that a flooded evaporator is being modeled,
where the outlet fluid is two-phase flow; hb for the
subcooled liquid CV is not a state variable because
it depends on pressure, and therefore Eq. 8 is valid
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and hb is an algebraic variable. However, if the out-
let fluid turns into subcooled liquid due to a change
in the model inputs, Eq. 8 is no longer valid and hb is
a state variable. Such a model is called a variable-
structure model. In a variable-structure model the
number/type of equations or variables can change, on
the other hand a static-structure model implies that the
number of equations as well as the number of alge-
braic and state variables remains the same. Variable-
structure models are not currently supported by most
modeling and simulations tools (including Modelica
tools). Whereas there exist some modeling languages
and tools that support variable-structure models, none
of the existing variable-structure modeling tools sup-
ports the handling of higher-index systems [28]. For
that reason, Modelica is still our preferred modeling
language, but it must be taken into account that only
static-structure models can be simulated.

For this reason, the number of equations must re-
main the same in all different configurations of our
model, and hb for the different CVs must always be
a state variable so its value cannot be fixed to any al-
gebraic variable and neither can ha, because it is con-
nected to hb from the CV to the left, except for the
case of the first CV where the ha value can be freely
establish.

If a general or dry-expansion evaporator is consid-
ered (cf. Figs. 2(a) and 2(c)), Eq. 9(b) is required for
the two-phase flow CV, and also the initial value for hb
must be set to h′′.

2.5.2 Condenser

If a general or flooded condenser is considered (cf.
Figs. 2(d) and 2(e)), Eq. 9(a) is required for the two-
phase flow CV, and also the initial value for hb must
be set to h′. If a general or dry condenser is considered
(cf. Figs. 2(d) and 2(f)), Eq. 9(b) is required for the
superheated vapor CV, and also the initial value for hb
must be set to h′′.

dhb

dt
=

dh′

dt
(a),

dhb

dt
=

dh′′

dt
(b). (9)

2.6 Pipe Wall Model

The energy balance equation for each pipe wall CV is
described by Eq. 10. This equation is derived in [27],
where Tw,a and Tw,b are the wall temperature values at
the interfaces. This approach is closer to the practical
situation as it remains continuous and smooth during

the switching between different configurations.

Awρwcp,w

(
dT̄w

dt
+

T̄w−Tw,b

zab

dzb

dt
+

Tw,a− T̄w

zab

dza

dt

)
= q̇o− q̇i.

(10)

2.7 Additional Equations

Some additional equations are required in order to
complete the heat exchanger model. These equations
are not detailed here due to space limitations but they
can be easily found in the literature [16]. The remain-
ing equations are: the heat flow rates between the pipe
wall and the ambient and between the pipe wall and
the fluid and the geometric constraints, i.e., the total
heat exchanger length and the pipe geometry. The pipe
geometry considered in this manuscript has been the
cylindrical geometry.

2.8 Switching

Switching from one configuration to another implies
the disappearance of an existing CV or the appear-
ance of a new one, e.g. when switching from a general
evaporator to a flooded evaporator or vice versa. This
section elaborates how such transitions are captured
by the model. Additional equations for the new CV
may be required. When the CV is active, its govern-
ing equations correspond to the equations described in
Sections 2.4.1 or 2.4.2 depending on the fluid phase;
however a different set of equations is required to de-
scribed the CV in its inactive state. This is also ex-
plained in this section. It is assumed that the appear-
ance or disappearance of a CV can only occur at the
end of the heat exchanger.

2.8.1 Disappearance of a Control Volume

A CV disappears (becomes inactive) when Eq. 11(a)
becomes true, where zmin denotes a threshold that
specifies the minimum length of an active CV. This
value cannot be zero in order to avoid structural sin-
gularities, therefore the CV length must be greater that
zero. The default value for this parameter has been set
to 10−6 m.

2.8.2 Control Volume in an Inactive State

When any of the CVs is inactive, the mass and en-
ergy balance equations (Eqs. 4 and 5 or Eqs. 6 and 7
depending on the CV fluid phase) are substituted by
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Eqs. 11(b) and 11(c), respectively. These equations
guarantee that the CV is inactive and does not act on
the fluid.

zcv < zmin (a), ṁa = ṁb (b),

dha

dt
=

dhb

dt
(c),

dzcv

dt
= 0 (d).

(11)

Moreover, Eq. 9(a) or 9(b) must be substituted by
Eq. 11(d) depending on the inactive CV and on the
kind of heat exchanger considered.

2.8.3 Appearance of a Control Volume

The event triggering the appearance of a CV depends
on the particular CV and also on the kind of heat ex-
changer.

Evaporator. The superheated vapor CV appears (cf.
Figs. 2(a) and 2(c)) when the vapor quality in the two-
phase flow CV becomes greater than 1.0, Eq. 12(a).
The two-phase flow CV appears (cf. Figs. 2(a) and
2(b)) when the outlet specific enthalpy in the sub-
cooled liquid CV becomes greater than the specific en-
thalpy of saturated liquid, Eq. 12(b).

Condenser. The subcooled liquid CV appears (cf.
Figs. 2(d) and 2(e)) when the outlet specific enthalpy
in the two-phase flow CV is lower than the specific
enthalpy of saturated liquid, Eq. 12(c). The two-phase
flow CV appears (cf. Figs. 2(d) and 2(f)) when the
outlet specific enthalpy in the superheated vapor CV
becomes lower than the specific enthalpy of saturated
vapor, Eq. 12(d).

x > 1 (a), hb > h′ (b),

hb < h′ (c), hb < h′′ (d).
(12)

3 Description of the Library

This section describes the Modelica library that imple-
ments the mathematical models previously described,
the MBMs (Moving Boundary Models) library.

3.1 Library Structure and Interfaces

Fig. 4(a) shows the main packages that make up
the MBMs library, and Fig. 4(b) shows the Compo-
nents.Water.MBM package in expanded view, where
the basic and compound models can be seen. The

(a) Packages (b) Components

Figure 4: The MBMs library

former do not support switching, whereas the latter
do. Modelica Fluid and Modelica Thermal ports have
been used throughout in order to define the interfaces
in the MBMs library. This guarantees that the MBMs
library is compatible with any component from the
Modelica standard library 3.2 [20] or from third-party
components that also make use of these interfaces.

3.2 Partial Base Classes

The most remarkable partial base classes in the MBMs
library are: the Volume class, the MultipleVolume
class, the HeatTransferCorrelation class and the Fric-
tionFactor class.

3.2.1 Volume Class

The Volume class defines the fluid and heat ports, the
medium, some additional thermodynamic properties,
as well as the state and geometry of the CV. This class
is the base class for the basic volume models. The
volume class also includes a heat transfer correlation
(HTC) and a friction factor model (FFM).

3.2.2 MultipleVolume Class

The MultipleVolume class defines two or three CVs
that can be redeclared in classes that inherit from it.
The CVs are connected through the fluid connectors,
and this is the base class for all heat exchangers. We
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(a) Icon (b) Component diagram

Figure 5: MultipleVolume base class (3 CVs)

followed strictly an object-oriented design for heat ex-
changers. Figs. 5(a) and 5(b) show the icon and com-
ponent diagram of the 3 CVs MultipleVolume class.

3.2.3 Heat Transfer Correlations and Friction
Factor Models

There are two base classes for heat transfer correla-
tions (HTCs) and friction factor models (FFMs). The
user can inherit from them to define new HTCs or
FFMs. FFMs have been implemented because the
Petukhov and Gnielinski HTCs require a friction fac-
tor which can be caculated from those FFMs, further-
more there are plans for extending the library with
pressure loss. A HTC can be restricted to only one
particular fluid phase (one-phase or two-phase) or to
only one particular process (evaporation or condensa-
tion), if required. Moreover, there are some HTCs for
evaporation and FFMs for smooth and rough pipes, al-
ways considering turbulent flow, already implemented
in the library. They are summarized in Table 2. The
implemented HTCs and FFMs have been also adapted
to switching in order to avoid discontinuities and nu-
merical problems during the simulation. The HTCs
and FFMs have been validated against an independent
implementation [26]. The HTC and FFM can be se-
lected in each CV through the GUI. A test case for the
implemented two-phase flow HTCs is shown in Fig. 6.

3.3 Volume Components

Fig. 7 shows the icons of the subcooled liquid, two-
phase flow and superheated vapor models. These mod-
els inherit from the Volume class and add their partic-
ular equations, although the subcooled liquid and the
superheated vapor models inherit from an intermedi-
ate class in the hierarchy, the OnePhaseVolume class,
because both models share the same equations.

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

3
x 10

4

Steam quality (−)

H
e
a
t 
tr

a
n
s
fe

r 
c
o
e
ff
ic

ie
n
t 
(W

/(
m

2
K

))

 

 

Chen (1966)

Shah (1982)

Kandlikar (1990)

Gungor−Winterton (1986)

Goebel (1998)

Figure 6: Comparison of two-phase flow HTCs (p = 3
MPa, Q̇ = 5,827 Kw, ṁ = 0.6 kg/s, ε = 3 ·10−5 m)

Heat Transfer Correlations Fluid phase
Ideal any
Constant any
[9] Dittus-Boelter (1930) One-phase
[3] Chen (1966) Two-phase
[22] Petukhov (1970) One-phase
[11] Gnielinski (1976) One-phase
[25] Shah (1982) Two-phase
[14] Gungor-Winterton (1986) Two-phase
[19] Kandlikar (1990) Two-phase
[12] Goebel (1998) Two-phase
Fanning Friction Factor Model Kind of pipe
None -
Constant any
[5] Colebrook (1939) any
[4] Chen (1979) any
Explicit simplified Chen (1979) any
[24] Karman-Prandtl (1930) Rough
[7] Denn (1980) Smooth
[15] Haaland (1983) any

Table 2: HTCs for evaporation and fanning FFMs im-
plemented in the MBMs library

(a) (b) (c)

Figure 7: Volume components
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(a) (b)

(c) (d)

(e) (f)

Figure 8: Evaporator components

3.4 Heat Exchanger Components

Redeclaring the partial Volume classes in the Multi-
pleVolume (2 or 3 CVs) class with the volume com-
ponents: subcooled liquid, two-phase flow and super-
heated vapor models, evaporators and condenser can
be defined.

3.4.1 Evaporator Components

Fig. 8 shows the general, flooded and dry-expansion
evaporator models. The figures on the left represent
the icons whereas the figures on the right are the com-
ponent diagrams, where the partial Volume classes
have been redeclared appropriately.

3.4.2 Condenser Components

For condensers, the situation is the same, but changing
the order of the interconnected basic volumes models.
Fig. 9 shows the general, flooded and dry condenser
icons and component diagrams.

(a) (b)

(c) (d)

(e) (f)

Figure 9: Condenser components

3.5 Pipe Wall Component

The pipe wall component includes the pipe wall model
previously introduced in Section 2.6 adapted to sup-
port switching. The pipe wall component together
with the Volume class depend on the geometry. The
geometry is a partial class. Different geometries can
be implemented by inheriting from the geometry class;
the library already includes a cylindrical geometry
model. Moreover, the pipe wall component inherits
from a partial wall class, so different wall models can
be implemented and used.

3.6 The initialization problem

The initialization problem is always a cumbersome
task and it is especially difficult when considering in-
active CVs in the initialization. For that reason, the
initialization has been taken into account in the de-
sign of the MBMs library; the initialization options
can be establish through the GUI in the initialization
tab of evaporators and condensers. Fig. 10 shows the
initialization options for a switching general evapora-
tor. Here, it can be specified, which CVs are inactive
in the initialization, the initial inlet pressure can be set
as well as the initial outlet temperature (this value is
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Figure 10: Initialization options for general evapora-
tors

only required when the outlet fluid is two-phase flow),
and it can be specified whether the inlet specific en-
thalpy time derivative is available. Sometimes when
considering experimental data as input, this thermody-
namic property may not be available and cannot be es-
timated, in which case the inlet specific enthalpy time
derivative is set to zero.

4 Simulation

This section shows the simulation of the mathematical
models previously introduced and implemented in the
MBMs library. The medium in these simulations is the
two-phase flow water-steam mixture from the Model-
ica Media library [20]. Dymola 2013 [6] has been the
Modelica tool used for these simulations. The numer-
ical solver used has been DASSL [23] and the relative
tolerance has been set to 10−6. All of the developed
models have been thoroughly tested in integrity and
stability tests, however due to space limitation only a
few can be presented in this article. A simulation test
for a switching flooded evaporator was presented in
[2].

4.1 Model Integrity

The simulation results must be verified and the govern-
ing equations of the model must be validated both in
steady-state and in transient predictions. To this end,
the mathematical model and library implementation
results were compared to those of an independently de-
veloped finite volume model and code from the Mod-
elica Fluid library [10] that belongs to the Modelica
Standard Library 3.2. The Modelica Fluid library has
been meticulously designed and tested and is widely
used in the Modelica community.

Fig. 11 shows the outlet temperature for a test
case considering a switching moving boundary gen-
eral evaporator model from the MBMs library (dashed
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Figure 11: Integrity and stability test

Model CPU-Time (s) State events
MBM 0.87 104
FVM 3 CVs 2.34 45
FVM 10 CVs 6.93 124
FVM 20 CVs 21.4 228
FVM 50 CVs 103 551

Table 3: Simulation statistics

blue line) and finite volume models from the Model-
ica Fluid library considering different numbers of CVs
(3,10,20,50). It can be seen that the simulation results
obtained with the MBMs library are in good agree-
ment with those from the Modelica Fluid library and
that the MBMs library model runs considerably faster
(cf. Table 3), because the finite volume model requires
at least 20 CVs to yield acceptably accurate results.

4.2 Model Stability

Model stability, especially the switching stability, was
checked by holding certain inputs constant during the
simulation while varying sinusoidally others to force
repeated switching. Variations in the heat flow rate,
mass flow rate, inlet specific enthalpy and outlet pres-
sure have been tested. Fig. 11 shows the outlet tem-
perature in a switching general evaporator when vary-
ing sinusoidally the inlet heat flow rate over the pipe
(cf. Fig. 12). The outlet fluid phase changes from sub-
cooled liquid to two-phase flow (constant temperature)
to superheated vapor. Fig. 13 shows the CV lengths
in the moving boundary model where it can be ob-
served, which CVs are inactive during the simulation
(CVs with zero length), the length of the evaporator is
500 m.
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Figure 12: Heat flow rate over the pipe
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Figure 13: Control volume lengths

5 Conclusions

This paper details mathematical moving boundary
models for heat exchangers, considering basic CVs
and compound models: general, flooded and dry evap-
orators and condensers, independent of the two-phase
flow medium. The pipe wall model is also shown. It
is independent of the geometry, particularized for a
cylindrical geometry in this paper. The switching cri-
teria was also introduced allowing the disappearance
of the CVs at the end of the heat exchanger. A new
equation-based object-oriented Modelica library, the
MBMs library, implementing all of the detailed mod-
els has been presented. This library provides models
of different HTCs and FFMs. It also tackles the initial-
ization problem, which is specially tough in the case
of moving boundary models. The mathematical mod-
els and the MBMs library have been tested thoroughly
using integrity and stability tests.

6 Future work

The MBMs library is currently still in its beta version,
and some of the following open tasks will be consid-
ered for future library extensions: pressure drop in
each CV and disappearance of CVs at the beginning
of the heat exchanger. It is planned to use and vali-
date the switching condenser models in the modeling
of a double effect absorption heat pump in the ambit of
the POWER project. The switching evaporator models
are intended to be also validated in the HIBIOSOLEO
project for the development of a direct steam genera-
tion linear Fresnel solar thermal power plant.
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