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Summary

This research proposes an innovative solar thermal plant able to generate

mechanical power through an optimized system of heliostats with Scheffler-type

solar receivers coupled with screw-type steam expanders. Scheffler receivers

appear to perform better than parabolic trough collectors due to the high com-

pactness of the focal receiver, which minimizes convective and radiative heat

losses even at high vaporization temperatures. At the same time, steam screw

expanders are volumetric machines that can be used to produce mechanical

power with satisfactory efficiency also by admitting two-phase mixtures and with

further advantages compared to steam turbines: low working fluid velocities, low

operating pressures, and avoidance of overheating. This study establishes a math-

ematical model to assess the energetic advantages of the planned solar thermal

power system by evaluating the solar-to-electricity efficiency for different off-

design working conditions. For this purpose, a numerical model on the Scheffler

receiver is initially investigated, thus assessing all the energy losses which affect

the heat transfer phase. A thermodynamic model is then developed to evaluate

the energy losses and performance of the screw expander under real working

conditions. Finally, parametric optimization of the solar energy conversion is per-

formed in a wide range of operating conditions by establishing thermodynamic

formulations related to the whole solar electricity generation system. Water con-

densation pressure and vaporization temperature are so optimized with respect

to global energy conversion efficiency which, under the best operating conditions

achieved in this research, rises from 10.9% to 14.4% with increasing solar irradia-

tion intensity. Hence, the combined use of screw expanders and Scheffler

receivers for solar thermal power system application can be a promising technol-

ogy with advantages over parabolic dish concentrators.

Novelty statement

• This research proposes an innovative direct steam solar power plant based

on an SRC, with water utilized as both heat transfer and working fluid,

equipped with Scheffler solar receivers as a thermal source and screw

expanders as work-producing devices.
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• Technical studies and energy assessments of this kind of SEGS at part-load

operation do not exist in scientific literature; after reviewing the literature, it

was determined that volumetric expanders have been rarely combined with

Scheffler receivers for solar thermal power system application.

• In effect, combined use of screw expanders and Scheffler-type solar concentra-

tor in a direct steam solar power system represents a completely new plant

configuration; however, as a promising DSG solar system, at present numeri-

cal model of this new sort of SEGS is lacked in literature and the optimum

operating conditions have yet to be defined. For this reason, the chief objec-

tive of this paper is to define a first parametric optimization of all thermody-

namic variables involved to maximize global efficiency of the proposed solar

thermal power generation system for ordinary working conditions.

KEYWORD S

direct steam generation, Scheffler receivers, solar thermal power generation, steam screw
expander

1 | INTRODUCTION

The combustion of fossil fuels is currently the chief con-
tributor to air pollution and greenhouse gas emissions,
which may be considered strictly responsible for global
warming. Indeed, petroleum-based fossil fuels yet are the
chief source of the global energy supply (around 80%).1,2

Being motivated by such a crucial matter, the purpose of
this new research was to design and optimize an innova-
tive and flexible renewable energy power plant of
reduced size and weight which can satisfy the energy
demand of new municipal areas.

In this regard, although solar energy is typically the most
plentiful and available among other types of renewable
energy resources, solar thermal power system applications
currently encounter several problems due to low energy
density.3 In effect, solar energy must be efficiently collected
in concentrated solar power (CSP) systems to reach
medium-high temperatures of suitable operating fluids com-
bined with appropriate thermodynamic cycles. At present,
low-medium temperature solar plants in real applications
are often based on a Rankine cycle in combination with
organic fluids to ensure high specific energy during the
expansion phase even at reduced pressure levels.4-6 How-
ever, such a solution also involves heat transfer between two
fluids which can entail an exergetic destruction of the acces-
sible thermal power. Moreover, solar thermal power plants
based on organic Rankine cycles (ORCs) are also penalized
by both poor thermodynamic performance at high tempera-
tures and several problems concerning thermal instability,
toxicity, and flammability of organic fluids. Under such con-
ditions, solar energy may be difficult to exploit.7-10

All the environmental disadvantages associated with
the use of organic fluids have thus stimulated the devel-
opment of concentrated solar power (CSP) systems with
direct steam generation (DSG).11,12 Currently, solar elec-
tricity generation systems (SEGSs) with DSG are mainly
based on linear Fresnel reflectors and parabolic trough
collectors (PTCs) which represent a well-known technol-
ogy in exploitation of solar power. Indeed, they supply
almost 85% of the overall capacity of actual solar thermal
power plants.13-15 However, decreases in solar power col-
lection efficiency with increasing vaporization tempera-
tures can be pronounced in PTC receivers due to high
convective and radiative heat losses.16,17 In addition,
since there is considerable variability in solar collector
efficiency in such receivers, under particular weather
conditions the reduction in solar irradiance can harm the
mechanical power supplied by PTC-based power plants.18

Taking all the above aspects into account, this
research proposes a novel direct steam solar power plant
based on a steam Rankine cycle (SRC) which can be eas-
ily used for civil applications due to simple construction,
low cost, and minimal environmental impact. This solar
power system is equipped with Scheffler (SC) solar
receivers as a thermal source and screw expanders (SEs)
as work-producing devices, with water utilized as both
heat transfer and working fluid.

To the best of our knowledge, to date there have been
no energy evaluations or technical studies of this kind of
SEGS at part-load operation; after reviewing the literature,
it was determined that volumetric expanders have been
rarely combined with Scheffler receivers for solar thermal
power system applications.19 In effect, combined use of SEs
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and Scheffler-type solar concentrators in a direct steam
solar power system represents a completely new plant con-
figuration. However, as a promising DSG solar system, a
numerical model of this new sort of SEGS equipped with
Scheffler-type solar receivers and screw-type steam
expanders is currently lacking in the literature and opti-
mum operating conditions have yet to be defined.

For this reason, the chief objective of this study was
to conduct a numerical optimization of the key thermo-
dynamic parameters involved in order to maximize global
efficiency of the proposed solar thermal power generation
system for variable operating conditions. Hence, in this
study, the energy performance of SC receivers and PTCs
is compared, thereby assessing the technical viability of
using such technology when installed in SE-based solar
thermal electricity systems.

The SC solar paraboloid concentrator was introduced
by the engineer Wolfgang Scheffler in 1980 as a unique
fixed focus solar concentration device with the intent of
application in developing nations.20,21 Scheffler's idea
was to create a high-quality reflector that required a
reduced tracking mechanism and a simple structure so
that it could be easily built, maintained, and operated at
reasonable costs all over the world. In effect, SC receivers
are designed to be a low-cost lightweight system: con-
struction of each receiver costs less than €10 000, com-
prising the installation rates.22,23 SC receivers also appear
to perform better than PTCs due to the high compactness
of the focal receiver which minimizes convective and
radiative heat losses even at high vaporization tempera-
tures.24 Moreover, the decrease in solar power collection
efficiency with decreasing solar radiation is less marked
for SC receivers than in PTC receivers.

Although SC receivers were initially investigated for
cooking, sterilization, and distillation applications (reaching
steam temperatures up to 500�C),25,26 some of these experi-
mental results prove that the application field of such
receivers can also be extended to DSG solar thermal power
systems, by producing saturated steam to be expanded in
turbines or volumetric expanders. In particular, in recent
years, the advantages associated with the use of screw
expanders for steam-liquid mixtures at not excessively high
pressure or temperatures have been highlighted.27,28

For this reason, in the proposed SEGS, the dry satu-
rated steam is initially obtained in the SC receiver and
then flows into SEs to provide mechanical power. In this
regard, although the SE-based SRC is currently mainly
used in real applications for geothermal power genera-
tion and waste heat recovery, screw expanders are also
promising for use in solar electricity generation systems,
with several advantages over solar power systems which
adopt steam turbines.29-31 In effect, SEs prove to be more
competitive than dynamic expanders, obtaining

satisfactory heat-to-power conversion efficiencies under
several operating conditions: when the net power is lower
than a few MW, for vapor-liquid mixtures, at low-
medium heat source temperatures, and at low-pressure
ratios.32-35

However, when in real applications the actual pres-
sure ratio rises overly compared to the built-in pressure
ratio of such volumetric machines, the available enthalpy
of high-temperature dry steam cannot be totally extracted
through a sole SE, also entailing off-design working con-
ditions.36 Therefore, to obtain mechanical energy with
acceptable efficiency, even on the working conditions of
great difference between the SE built-in pressure ratio
and the actual pressure ratio, this research assumes an
innovative plant configuration based on two screw
expanders coupled in tandem configuration, such that
each volumetric machine can advantage from lower oper-
ating pressure ratios. That said, in the last few years,
energetic assessments of two SEs combined in series have
been performed for distributed solar thermal power gen-
eration. As described in recent publications, two screw
expanders (coupled in a series) were installed in DSG
power systems equipped with PTCs.2,27,36

However, unlike the above publications, in the pre-
sent study, a new mathematical model for a Scheffler-
type solar receiver coupled to SEs in tandem configura-
tion is presented to investigate the energy assessment of a
novel direct steam solar power plant in a broad range of
fluctuating operating conditions. To the best of our
knowledge, it is the first time that SEs coupled in series
have been combined with Scheffler receivers in place of
PTCs for solar thermal power system application. Thus,
as a favorable solar electricity generation system, overall
research on the off-design working conditions are essen-
tial. In this study, by determining the part-load models
on both the SC receivers and the SEs, it will be possible
to forecast the optimum operating conditions of the
whole solar thermal power system under investigation.

That said, since both steam SEs and SC receivers oper-
ate under off-design operating conditions in several cases
when installed in DSG solar systems, in this paper the ener-
getic performance of the planned solar thermal power sys-
tem is appraised with specific thermodynamic models
under variable weather conditions and in a broad range of
operating conditions. Thanks to such mathematical models,
parametric optimization of the whole solar thermal power
system is carried out via the following steps.

Initially, a thermodynamic model on the SC receiver is
examined and proposed, thus revealing a variation in solar
power collection efficiency with vaporization temperature
and solar irradiance intensity. Through this model, all the
energy losses influencing the heat transfer in the receiver
are assessed (including convection, conduction, and
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radiation losses). Subsequently, a numerical model is devel-
oped to describe the real expansion phase, appraising all the
energy losses affecting energetic efficiency and performance
of the screw expander under real working conditions.
Finally, parametric optimization of the investigated DSG
solar plant is performed with a macro balance approach,
linking thermodynamic formulations fixed for the energetic
appraisal of the whole solar power system with basic algo-
rithms established for the SC receivers and the SE part-load
behavior. For the purposes of parametric optimization of
the designed solar power system under variable operating
situations, these mathematical models are gathered in a
computer package containing a set of MATLAB scripts. The
independent variables of the models adopted for the numer-
ical simulations (solar irradiance intensity, maximum steam
pressure, and minimum steam pressure) are thereby
enhanced with respect to the solar-to-electricity efficiency.

Hence, to maximize overall efficiency, parametric
optimization is performed in a broad range of working
conditions, also depending on season and weather condi-
tions. Evaporation temperature is supposed to be fluctu-
ating from 170�C to 300�C at intervals of 10�C, for
different condensation pressure levels (100, 50, and
10 kPa), while solar irradiance intensity is assumed to
range from 300 to 1000 W/m2.

Knowledge of the impact of all these parameters in
the global efficiency of the proposed solar power plant is
essential for the further phase of the commercialization
of this innovative system. Indeed, the numerical results
attained in this research are investigated in-depth and
may be considered useful for prompt delivery of the chief
procedures for best harnessing of solar energy in low-
medium Scheffler-based direct steam generation power
plants equipped with screw expanders.

2 | NUMERICAL MODELS

2.1 | The Scheffler concentrator

2.1.1 | Scheffler reflector geometry

The surface of the SC reflector consists of a lateral
section of a paraboloid, obtained by means of a generatrix
of a circular section, which determines an elliptical
perimeter of the frame. The focus remains positioned in
front of the reflector and no shadows are projected onto
the parabolic reflector from the receiver.

The section shown in Figure 137 shows the design
methodology for the elliptical edge of the SC reflectors
with respect to the equinox (the angle of solar inclination
is δ¼ 0). It starts from two assigned parameters, the aper-
ture area of the reflector Aap,ref and the focal distance of

the parabola f . Hence, Figure 1 shows the parabola
formed by the central section plane of the paraboloid
from which the SC reflector was designed in the x,yð Þ
plane, with axis y parallel to the solar rays; in this figure,
Aap,ref is the aperture area of the reflector and f is the
focal distance of the parabola. The frame profile of
the reflector on the m,z0ð Þ plane, with z0 parallel to z
and passing from point E1, is also shown in Figure 1.

In this frame of reference, the equation of the parab-
ola with focal distance f and vertex in the origin is given
by Equation (1), while the equation of the section of the
plane with slope β and intercept xi can be written as in
Equation (2):

x2 ¼ 4fy, ð1Þ

y¼ tanβ x� xið Þ: ð2Þ

Let E1 x1,y1ð Þ and E2 x2,y2ð Þ be the intersection points
of the inclined plane and of the parabola, respectively.
The major and minor axis of the elliptical edge of the SC
reflector can be given by Equations (3) and (4),
respectively:

B1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1� x2ð Þ2þ y1� y2ð Þ2

q
, ð3Þ

B2 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
Aap,ref

π

r
: ð4Þ

Furthermore, B2 is also the opening diameter of
the opening circle and, for the specific geometry

FIGURE 1 Geometrical parameters of the SC reflector37
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indicated in Figure 1, B1 can be also expressed as in
Equation (5):

B1 ¼ B2

cosβ
: ð5Þ

By using Equations (1) to (5), the following relation-
ships can be obtained:

x1 ¼ 2 f tanβþB2

2
; y1 ¼

x21
4f

, ð6Þ

x2 ¼ 2 f tanβ�B2

2
; y2 ¼

x22
4f

, ð7Þ

xi ¼ f tanβ� B2
2

16 f tanβ
: ð8Þ

The axis of rotation of the SC reflector for the hourly
location of the sun is perpendicular to the axis of the
parabola and passes through the focus of the parabola,
intercepting the mirror parabola at point P 2f , fð Þ.20
Therefore, the rotation axis equation for time monitoring
is given by Equation (9):

y¼ f : ð9Þ

Equation (1) for the parabola can be generalized to
the following equation that follows the variation of the
solar declination:

x2 ¼ 4f n y� f � f nð Þ½ �: ð10Þ

In Equation (10), f is the focal length of the equinox
parabola and f n is the focal length of the parabola on the

n-th day of the year which is derived by Equation (11),
where δn is the angle of solar declination

38:

f n ¼ f 1� cos
π

2
�δn

� �h i
: ð11Þ

2.1.2 | Determination of the image of
the sun

Figure 2 illustrates the main quantities used to determine
the image of the solar disk reflected on an infinitesimal
area centered at point R of the SC concentrator. To deter-
mine the image of the reflector at the focal plane y¼ f ,
both nonparallel sun's rays and optical errors need to be
accounted for.38 Solar rays trace a cone with an angle 2θs,
with θs ≈ 0.27� on the surface of the Earth.39 The image
on the focal plane perpendicular to the center line of the
reflected ray will ideally assume an amplitude Δr given
by Equation (12), where p is the distance from the
generic point R xR,yRð Þ on the surface of the concentrator
to the focal point F as shown in Figure 240:

Δr xRð Þ¼ 2p xRð Þ � tan θsð Þ: ð12Þ

The image on the focal plane parallel to the aperture
of the receiver cavity is:

wR ¼ Δr xRð Þ
cos π

2�ψ
� � , ð13Þ

Actually, the optical imperfections of the reflector fur-
ther enlarge the image and therefore reduce the perfor-
mance of the system41: if a ray is incident with a cone

FIGURE 2 Reflection of a solar beam cone in the focal section in presence of imperfections (left). Magnification of the focal plane with

the indication of the solar image (right)
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angle of 2θs it will be reflected with a cone angle of 2θe
with θe > θs. Several imperfections affect the collector sys-
tems and contribute to the spread of the beam. To express
the cumulative effect of such errors, based on Gaussian
approximation, the SD ν of all the errors (Equation [14])
includes the following imperfections40:

• errors due to the incorrect inclination of the parabolic
mirror which occurred during manufacture, σstructure;

• tracking errors due to sensors, σsensor;
• errors due to tracking guides not perfectly aligned, σdrive;
• errors due to discrepancies in the mirror alignment of

the receiver, σalign;
• errors due to variations in mirror reflectivity, σrefl;
• errors due to the width of the sun σsun.

σtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2σstructureð Þ2þσ2sensorþσ2driveþσ2alignmentþ 2σreflð Þ2þσ2sun

q
:

ð14Þ

The effective opening of the focal image reflected at
point R will thus be given by the following expression:

Δr xRð Þ¼ 2p xRð Þtan ν
σtot
2

� �
: ð15Þ

Reversing Equation (15) and replacing Equations (12)
and (13) with wR substituted with the actual aperture of
the cavity dap,cav, the expression for the SD ν at point xR
is obtained as in Equation (16):

ν xRð Þ¼ 2
σtot

tan�1 dap,cav sin ψð Þ
2p xRð Þ

� �
: ð16Þ

In this equation, the normal distance p xRð Þ from the
reflector to the focal point can be calculated as in Equa-
tion (17), with yR ¼ x2R=4f .

p¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2Rþ f � yRð Þ2

q
: ð17Þ

2.1.3 | Receiver thermal model

In this study, after the receiver absorbs solar energy from
the reflector, it transfers thermal energy to the working
fluid. The use of a cavity receiver will be considered by
adopting the receiver thermal model examined by Fra-
ser.42,43 In this model, the cavity receiver exploits solar
energy from the reflector through a bundle of cylindrical
tubes and, after being affected by heat losses, it collects
the residual energy in the working fluid, as shown in
Figure 3.

The energy balance of the receiver is written as in
Equation (18), where the net heat available to transfer at
the working fluid through the tubes, Qav, can be consid-
ered as the difference between the heat collected in the
cavity receiver, Qrec, and all heat losses Qloss which
includes convection, conduction, and radiation losses.

Qav ¼Qrec�Qloss

¼Qrec�Qrad,ref �Qrad,emi�Qconv,nat�Qconv,for

�Qconv_cond: ð18Þ

Equation (19) estimates the amount of thermal
energy captured in the cavity receiver, Qrec.

38 In this
equation, Id is the direct irradiation of the sun (W/m2),
Aap,ref is the aperture opening area of the reflector (m2), ρ

FIGURE 3 Scheme of the ensemble of reflector and receiver (left). Magnified view of the receiver following the model proposed by

Fraser (right)42
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(�) is the surface reflection coefficient and φ (�) is the
interception factor. All terms of Equation (19) are
known except the interception factor of the SC collector,
which is given by the ratio between the power inter-
cepted by the receiver Pintercept,tot and the total power
reflected by the collector Preflect,tot, as explained in
Equation (20).

Qrec ¼ Id Aap,ref ρφ, ð19Þ

φ¼ Pintercept,tot

Preflect,tot
¼
Ð E2

E1
I að ÞdaÐ∞

�∞I að Þda : ð20Þ

To compute the integral at the numerator of Equa-
tion (20), it is advisable to determine the contribution of
an element dAs ¼ ds xs dθ of the mirror surface. dAs is
intercepted by the element dx along the x axis (see Fig-
ures 2 and 3) and the element of arc xs dθ of the circum-
ference Cr revolving the paraboloid at the same position
and having limits on the elliptical border of the mirror
(having coordinate �zb along the z axis), thus describing
the shaded area da indicated in Figure 3.44 Since
ds2 ¼ dx2þdy2, by substitution of the equation of the
parabola:

ds¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x

2f

� �2
s

dx: ð21Þ

Coordinates �zb as a function of xs are determined by
intersecting the equation of the circumference Cr with
radius xs and the circumference Cap of the sun intercep-
tion area lying on the plane y¼ ys and having the center
at point xc,ysð Þ and radius r:

x� xcð Þ2þ z2 ¼ r2

x2þ z2 ¼ x2s

(
,

whose solutions are:

xb ¼ x2c þx2s � r2

2 xc
, zb ¼�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2s � x2b

q
:

Let θb ¼ arcsin zb=xsð Þ. The integral at numerator of
Equation (20) is then computed as:

ðE2

E1

I að Þda¼
ðx2
x1

ðþzb

�zb

I að ÞdAs

¼
ðx2
x1

ðþθb

�θb

Idcos ψ=2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ xs

2f

� �2
s

xs dθdx,

ð22Þ

while the integral at denominator of Equation (20) is sim-
ply computed as Preflect,tot ¼ Idπr2.

When SC concentrators are considered, the maximum
error of the polynomial approximation I að Þ can be
assumed as a continuous function.40 The normal distribu-
tion of the focal point radiation is given by Equa-
tion (23),45 where t¼ 1þa ν xsð Þ=2½ ��1. The value of ν xsð Þ
depends on the diameter of the aperture of the receiver
cavity, as expressed by Equation (16). All the coefficients
appearing in the latter equation are reported in Table 1;
this formula is determined when the rest res is considered
negligible.

I xð Þ¼ Id 1� 2ffiffiffiffiffi
2π

p e�
ν xð Þ2
8 b1tþb2t

2þb3t
3þb4t

4þb5t
5

� �þ2 res

� �
:

ð23Þ

The interception factor φ for SC collectors is finally
numerically obtained by replacing the geometric, statisti-
cal, and optical results (which depend on the dimensions
and characteristics of the SC concentrator) in Equa-
tions (20) and (22), and discretizing the integral of Equa-
tion (22), thus obtaining Equation (24):

φ¼

Px2
x1

Pθb
�θb

I xsð Þcos ψ=2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x

2f

� �2r
xsΔxΔθ

Id πr2ð Þ , ð24Þ

Once the energy captured in the cavity is known, it is
possible to estimate the losses of energy Qloss, computing all
the contributions reported in Equation (18). The heat loss
due to the reflected radiation, Qrad,ref , is calculated using
Equation (25), where 1�αeffð Þ is the real reflectance of
the cavity receiver computed from Equation (26) in
which Aap,cav is the aperture opening area of the cavity.

38

Qrad,ref ¼ 1�αeffð ÞQrec, ð25Þ

TABLE 1 Coefficients of the

normal distribution approximation
a b1 b2 b3 b4 b5

0.2316419 0.319381530 �0.356563782 1.781477937 �1.82125978 1.330274429
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αeff ¼ αcav

αcavþ 1�αcavð Þ Aap,cav

Acav

� �
0
@

1
A: ð26Þ

Radiation losses Qrad,emi due to the emitted radiation
are calculated using Equation (27) where Tamb is the ambi-
ent temperature and Tcav is the temperature of the cavity.

Qrad,emi ¼ εeffσ
�Aint,cav T4

cav�T4
amb

� �
: ð27Þ

In this expression, Aint,cav is the internal surface of the
cavity and the coefficient εeff is estimated by assuming
εcav ¼ αcav and then determining the effective emission
factor as suggested in Reference 46:

εeff ¼ 1� εcavð Þ
εcav 1þ 4Lcav

2Rcav

� �þ1

0
@

1
A

�1

: ð28Þ

Convection heat losses play an important role in the
performance of a cavity receiver: they refer to the heat
flow that comes out of the cavity opening due to the
heating of the air inside it which rises by buoyancy or by
pressure exerted by the wind. Convection heat losses are
then divided into two parts: forced and natural convec-
tion losses. The natural convection heat losses for a cavity
receiver, Qconv,nat, can be expressed as in Equation (29).
In this equation Aint,cav is the internal surface of the cav-
ity and hint,nat is the natural convection heat transfer coef-
ficient that is estimated through the Nusselt number.

Qconv,nat ¼ hint,nat Aint,cav Tcav�Tambð Þ: ð29Þ

The Nusselt number is correlated with the geometry
and temperature of the cavity through the relationships
expressed in Equations (30) and (31),47 where dap,cav is
the aperture opening diameter of the cavity, θ is the incli-
nation angle of the cavity and Gr is the Grashof number
for natural convection heat transfer within the cavity
(Equation (32). In Equation (32), g is the gravitational
acceleration while βcav and νcav are, respectively, the iso-
baric compressibility coefficient and the kinematic viscos-
ity of the gas in the cavity receiver.

Nuint,nat ¼ 0:088Gr
1
3

Tcav

Tamb

� �0:18

cos θð Þ2:47 dap,cav
dcav

� �m

,

ð30Þ

m¼�0:982
dap,cav
dcav

� �
þ1:12, ð31Þ

Gr¼ gβcav Tcav�Tambð Þd3cav
ν2cav

: ð32Þ

The forced convection losses can be estimated as the
sum of two contributions, due to lateral wind and front
wind components.48,49 The heat loss coefficient due to
lateral wind Vs, (expressed in W/m2K), is computed as in
Equation (33) and is independent of the orientation of
the receiver opening. The heat transfer coefficient
(W/m2K) due to frontal winds Vf is computed as in
Equation (34), where f θð Þ is calculated in Equation (35).
Thus, the forced convection losses, Qconv,for, for a cavity
receiver can be calculated as in Equation (36):

hforced,side�on ¼ 0:1967V 1:849
s , ð33Þ

hforced,head�on ¼ f θð ÞV1:401
f , ð34Þ

f θð Þ¼ 0:163þ0:749 sin θð Þ�0:502sin 2θð Þþ0:327sin 3θð Þ,
ð35Þ

Qconv,for ¼ hforced,side�onþhforced,head�onð ÞAint,cav Tcav�Tambð Þ:
ð36Þ

Lastly, conduction heat losses are transferred through
the inner walls of the cavity to the external ambient by a
convection mechanism as described in Equation (37),
where the convection heat transfer coefficient, termed
hext,cav, involves both forced and natural convection coef-
ficients, as expressed in Equation (38).47 To compute the
natural and forced convection coefficients (hext,nat and
hext,for) on the external surface of the cavity (Aext,cav)
when oriented vertically, the Nusselt number is calcu-
lated by Equations (39) and (40),50 respectively.

Qconv,cond ¼
Tcav�Tambð Þ
L

kintAint,cav
þ 1

hext,cavAext,cav

, ð37Þ

hext,cav ¼ h3ext,natþh3ext,for
� �1

3, ð38Þ

Nuext,nat ¼ 0:27Re1=4, ð39Þ

Nuext,for ¼ 0:664Re1=2Pr1=3: ð40Þ

The dimensions of the receiver should be chosen so
as to minimize the losses, especially in radiative terms.
For this purpose, starting from the choice of the aperture
radius of the cavity dap,cav ¼ 0:30 m, which ensures a high
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interception factor φ¼ 0:98, the main coefficients of the
terms appearing in Equations (26) and (28) were plotted
as a function of the absorbance factor of cavity αcav for
different values of both cavity length Lcav and dimension
δR (see Figure 3). Figure 4 reports a typical plot for two
different values of δR.

From the analysis of these plots, for αcav ¼ 0:56 as fixed
by experimental measurements for a similar configuration,19

the coefficients of radiative losses are always significant and
appear minimized by reducing the cavity length Lcav, with
no significant effects of the increased cavity aperture diame-
ter dap,cav (for fixed cavity diameter dap ¼ dap,cavþ2δR). It
was concluded that, adopting realistic values of the physi-
cal coefficients, good performance of the Scheffler
reflector-Fraser's cavity receiver is obtained by using the
geometric parameters reported in Table 2.

Finally, the overall solar power collection efficiency
ηSOL of SC receivers can be evaluated in Equation (41) as
the share of solar irradiation Id�Aap,ref efficiently
converted into net thermal power Qav available to

transfer to the working fluid. Hence, such efficiency con-
siders all the possible thermal dispersions and optical
losses of SC receivers as described in this section.

ηSOL ¼
Qav

Id �Aap,ref
: ð41Þ

2.2 | The screw expander: modeling and
evaluation of overall efficiency

In reality, screw expanders are rotary-type power
machines which offer some benefits in comparison with
dynamic expanders: avoidance of overheating and satisfac-
tory efficiency even when admitting working fluid both in
two-phase conditions and at low enthalpy values. Besides,
such volumetric engines can exploit enthalpy in working
fluids with high levels of temperature and pressure, hence
producing mechanical energy without the need of high
fluid velocities. On the other hand, energy conversion in

FIGURE 4 Coefficients of the radiative losses as a function of the geometrical and optical parameters of the receiver's cavity

TABLE 2 Selected physical and geometric values for evaluation of the solar power collection efficiency of the Scheffler reflector-Fraser

cavity receiver system

Physical parameters Value Units Geometric parameters Value Units

Mirror reflectance ρ 0.9 - Capture area Aap,ref 27.6 m2

Cavity absorbance αcav 0.56 - Focal length f 2.1 m

Wind velocity 3 m/s Cavity aperture diameter dap,cav 0.3 m

Optical errors deviation ν 0.012 rad Cavity length Lcav 0.45 m

Latitude 41 deg Cavity diameter dap 0.46 m

Ambient temperature 293 K Cavity wall thickness 0.05 m

Insulation conductivity kins 0.09 W/mK N. of absorber tubes 71 -

Air conductivity 0.029 W/mK Absorber tubes diameter 0.0063 m
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dynamic expanders can be negatively influenced by
dynamic effects caused by excessive working fluid veloci-
ties.2,27,33 Therefore, the risk of severe strains to the rotor
blades resulting from dynamic effects during the expan-
sion process of steam-liquid blends is appreciably lower
for screw expanders than for dynamic expanders.

Under ideal operating conditions and when the actual
expansion ratio rp = p3/p4 is equal to the built-in expan-
sion ratio rp,b = p3/p4b, the theoretical isentropic work
WTi can be calculated as in Equation (42). In this equa-
tion, p3 is the vaporization pressure, p4 is the actual
exhaust pressure, and p4,b is the built-in exhaust pressure.
In effect, under such ideal situations, the expansion
phase of the working fluid follows the isentropic
Equation P�vk = const where k is the isentropic index:

WTi ¼�
ð4
3

vdp¼�
ð4
3

d pvð Þ�pdv½ � ¼ p3v3�p4v4

þ
ð4
3

pdv¼ k
k�1

p3v3 1� r
1�k
k
p

� �
: ð42Þ

Nevertheless, under real operating conditions, there
are several energy losses that can reduce the theoretical
isentropic work output WTi delivered by a steady-flow
screw expander, thus introducing the following three
efficiencies2,29,30:

• ηTh is the theoretical efficiency which represents
energy losses caused by high difference between the
actual expansion ratio rp and the built-in expansion
ratio rp,b of the screw expander;

• ηD is the diagram efficiency which considers both
energy losses from thermodynamic irreversibility and
fluid leakage losses in the clearances between the heli-
cal rotors and machine casing (during admission and
discharge phases);

• ηm is the SE mechanical efficiency that considers energy
losses due to frictions from the helicoid lobed rotors,
thus reducing the net work output.

The SE overall efficiency ηSE considers all these
energy losses, as described in Equation (43).

ηSE ¼ ηTh �ηD �ηm: ð43Þ

A key characteristic in SE design is the built-in vol-
ume fraction rv,b = v4,b/v3 while working expansion ratio
rp can affect thermodynamic performance in real screw
expander operations, as stated elsewhere.30,31,35 The
built-in volume ratio, which is assumed according to flow
characteristics, geometric structure and rotation speed of

the SE, must be kept on small values (generally ranging
between 3 and 5.5 for commercial SEs) to maximize the
induced input mass flow of steam before the high-
pressure port is locked. Under the above operating condi-
tions, the risks of fluid leakage losses are reduced by the
high input mass flow rate. Furthermore, reducing the
built-in volume fraction rv,b leads to less complex and
bulky screw expanders.51

On the other hand, a reduced built-in volume ratio
rv,b sets a low built-in pressure ratio (rp,b = rv,b

k). Thus,
in real power plants, over-expansion operating condi-
tions can occur when the real expansion ratios rp
exceed the fixed built-in pressure fraction rp,b, thus
involving off-design working conditions.27,52 Besides,
under such working situations, the outlet saturated
steam would be discharged at too high a temperature,
without exploiting the whole accessible enthalpy of
expansion.53

Thus, energetic losses caused by ill-matching of the
pressure ratio rp in real operating conditions to the SE
built-in pressure ratio rp,b reduce the theoretical isentro-
pic work WTi, as expressed in Equation (44) by the theo-
retical efficiency ηTh. In this equation, WTd represents the
theoretical diagram work produced when the real expan-
sion pressure p4 deviates from the SE built-in discharge
pressure p4b.

2

ηTh ¼
WTd

WTi
¼

1
k�1p3v3 1� rp,b

1�k
k

� �
þp3v3 1� r

1=k
p,b

rp

 !

k
k�1p3v3 1� r

1�k
k
p

� �

¼
1� r1�k

v,b

� �þ k�1ð Þ 1� rv,b
rp

� �
k 1� r

1�k
k
p

� � : ð44Þ

As described in Equation (45), peak efficiency of the
screw expander ηSE,p is attained when the theoretical effi-
ciency ηTh gets its peak value ηTh,p. Hence, if the maxi-
mum theoretical efficiency ηTh,p is assumed as unitary,
the SE total efficiency ηSE can be calculated as in Equa-
tion (46). Peak isentropic efficiency ηSE,p then involves
energy losses owing to fluid leakage losses, thermody-
namic irreversibility and energy losses caused by
mechanical frictions from the helical rotors.

ηSE,p ¼ ηTh,p �ηD �ηm, ð45Þ

ηSE ¼ ηSE,p �ηTh ¼ ηSE,p �
1� r1�k

v,b

� �þ k�1ð Þ 1� rv,b
rp

� �
k 1� r

1�k
k
p

� � :

ð46Þ
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2.3 | Model validation

The validation process of the mathematical models pro-
posed for the Scheffler-type solar receiver is established
on the basis of the experimental values registered for the
CNRS-PROMES receiver.19,54,55

To perform the numerical validation of the optical-
geometric model, the values of interception factor φ com-
puted by Equation (24) for the Scheffler mirror are com-
pared in Figure 5 with the corresponding experimental
values of a parabolic dish (PD).55 The comparison shows
that larger apertures are required with the Scheffler mir-
ror to reach an equivalent interception factor with respect
to the symmetric parabolic reflector, but with the advan-
tage of moving the receiver away from the moving struc-
ture that allows for a much lighter and economical
mirror and tracking system construction. However, as
shown in Figure 5, the proposed geometric-optical model

shows a good approximation of the WGA500 experimen-
tal results, presenting variations in interception factor
between numerical results and test data always lower
than 10% when the aperture diameter exceeds 0.17.

The experimental results reported for the 10 kW
CNRS-PROMES system,55 which is the most suitable for
validating low-power receivers,42 are also used to perform
the numerical validation of the receiver thermal model
adopted for the Scheffler reflector. The main computed
heat losses achieved from simulation of the thermal
model and the experimental results registered for the cav-
ity receiver CNRS-PROMES system are compared in
Table 3. However, conduction losses are not included in
the comparison because, in the proposed thermal model,
conduction heat losses transferred through the inner
walls of the cavity to the external ambient by convection
mechanism are included in the convection heat losses.19

For this comparison, Table 3 shows, in the first column
(SC1 Mathematical model), the results from simulation of
the thermal model when the receiver cavity is assumed to
have geometric parameters as those fixed in Reference 55.
The second column of Table 3 (SC2 Mathematical model)
shows the numerical results achieved for the selected geo-
metric parameters of the Scheffler reflector under investi-
gation, which are already reported in Table 2. Comparison
is not immediate because of the different purpose of the
two systems, leading to different cavity equilibrium tem-
perature (322�C and 306�C for SC, 850�C for PD). How-
ever, these results show the sensitivity of the model and
the ability to reproduce the correct trends with the varia-
tion of the geometric parameters. Consequently, the values
of solar power collection efficiency computed with the
optical-geometric model and the receiver thermal model,
which will be shown in the next sections, prove consistent
with the experimentally determined efficiencies for
Scheffler concentrators reported elsewhere.22,23,26

Variations in the SE global efficiency with pressure
ratio obtained from the thermodynamic model will be
explored in-depth in the next sections However, the vali-
dation process of the proposed model is performed by

FIGURE 5 Comparison between the computed values of

interception factor vs aperture diameter of the receiver cavity of the

Scheffler system and experimental values obtained for a parabolic

dish55

TABLE 3 Comparison between the experimental results55 and the proposed model

SC1 Mathematical
model (kW)

SC2 Mathematical
model (kW)

PD experimental
results (kW)55

Captured solar power 48.02 48.02 48.02

Intercepted thermal power 35.30 43.64 37.75

Heat loss due to emitted radiation 0.49 5.77 2.39

Heat loss due to reflected radiation 18.17 3.53 1.71

Heat loss due to convection 0.58 0.40 1.98

Net thermal power 16.05 33.66 31.67
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considering the experimental and numerical results
reported in previous scientific publications.33,36,56,57 In
this regard, predicted data are in good agreement with
the experimental results shown in Figure 656; in effect,
numerical results obtained from our simulations show
maximum variations which are always lower than 5%
when compared to the average experimental data regis-
tered for pressure ratios ranging between 3.5 and 6.5.
Besides, the predicted isentropic efficiency values of the
screw expander, for pressure ratios ranging between
8 and 27, are within ±5% also when compared to experi-
mental data reported in Reference 57.

Numerical results obtained from the proposed ther-
modynamic model are in perfect agreement also with the
SE over-expansion model established in Reference 33. In
particular, when the built-in volume ratio rv,b is set to

5, for both models the SE overall isentropic efficiency
declines from 73% to 61% under actual pressure ratios rp
increasing from 9 to 30.

The energy assessment of a DSG solar power system
using PTCs and two SEs in a tandem configuration was
performed in a previous publication for different rv,b com-
binations of SEs.36 For inlet and outlet pressures preven-
tively set at 10 bar and 0.1 bar, the SRC efficiency of
18.49% was reached when the built-in volume ratios rv,b
of the two screw expanders were fixed to 3 and 7. Instead,
in the proposed thermodynamic model, when the built-in
volume ratio is set at 5 for both screw expanders, the SRC
efficiency is 19.33% under similar operating conditions
(ie, rp = 100), thus showing good agreement.

3 | SYSTEM DESCRIPTION AND
GLOBAL ENERGY CONVERSION
EFFICIENCY OF THE SOLAR
THERMAL POWER SYSTEM

The plant design analyzed in this research is based on
two screw expanders (as work-producing devices) in a
tandem configuration in a solar thermal power system
adopting SC receivers as a thermal source, with water
used as both heat transfer and working fluid. The sche-
matic diagram of the DSG solar power plant in question
is shown in Figure 7. In the CSP-SRC plant analyzed in
this study, the expansion process starts in the screw
expander SE1 where the dry saturated steam expands
from 3 to 30 and after, flowing into the second screw
expander (SE2), it continues to expand from 30 to dis-
charge line 4, thereby providing a further rate of mechan-
ical power. After the steam has been exhausted by SE2, it

FIGURE 6 Test results of variations in screw expander

isentropic efficiency with pressure ratio56

FIGURE 7 Plant configuration

of the CSP-SRC plant with DSG

equipped with Scheffler solar

receivers (SC) and screw expanders

(SE1 and SE2)
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flows (from 4 to 1) into condenser C to obtain saturated
liquid which is then pressurized (from 1 to 2) by pump P1
toward the Scheffler receiver (SC). Lastly, the saturated
steam released by the Scheffler receiver is gathered in the
steam separator unit (SS) hence obtaining dry saturated
steam.

As is clear from Figure 7, two steam screw expanders
are combined in tandem configuration to decrease the
operating expansion ratios rp of both SEs, thus wholly
exploiting the accessible enthalpy of expansion that can be
obtained from the high-temperature saturated steam. In
reality, as already examined in the previous sections, the
built-in pressure ratio rp,b of screw expanders may fre-
quently be lower than the operating expansion ratio in a
real DSG solar power plant, hence affecting off-design
operating conditions. In effect, global efficiency of screw
expanders (Equation [46]) gradually declines when the
operating pressure ratio grows overly compared to the set
SE built-in expansion ratio. Hence, by assuming this plant
layout, the whole operating pressure ratio can be shared on
two volumetric machines, such that both screw expanders
benefit from smaller operating pressure ratios rp.

The steam Rankine cycle efficiency ηSRC of the solar
power plant under examination is expressed in Equa-
tion (47). In this equation, the power of the Rankine
cycle PSRC is assumed as the difference between the
power delivered by the SEs (PSE) and the power needed
by the pump (Pp), ηSE represents the SE total efficiency
(exposed in Equation [46]) and Qav is the heat transfer
rate. Clearly, ηp is the pump efficiency, h1 is the water
enthalpy at the pump inlet and h2,is is the isentropic
enthalpy at the pump outlet. Also, h3 is the water
enthalpy at the inlet of the first screw expander SE1 and
h4,is is the isentropic enthalpy of water at the outlet of the
second screw expander SE2. Evidently, the enthalpy
levels of all these state points depend on the particular
steam Rankine cycle.

ηSRC ¼
PSRC

Qav
¼ PSE�PP

Qav
¼ h3�h4,isð Þ �ηSE� h2,is�h1ð Þ=ηp

h3�h2ð Þ :

ð47Þ
In Equation (48), the percentage of solar irradiation

intensity Id�Aap,ref efficiently converted into output power
by the proposed solar power system (PNET = PSRC�ηmec) is
assessed by the solar thermal power efficiency ηG. In the
above equation, ηSOL is the solar power collection effi-
ciency (Equation [41]) and ηmec is the mechanical
efficiency of the DSG power plant under investigation
which also includes generators efficiency. Hence, this
solar-to-electricity efficiency ηG can be assumed as the
global energy conversion efficiency of the planned solar
power plant.

ηG ¼
PNET

Id �Aap,ref
¼ ηSOL �ηSRC �ηmec

¼ Qav

Id �Aap,ref

h3�h4,isð Þ �ηSE,p
1�r1�k

v,bð Þþ k�1ð Þ 1�rv,b
rp

� �
k 1�r

1�k
k

p

� � � h2,is�h1ð Þ
ηp

h3�h2ð Þ

2
6666664

3
7777775
ηmec:

ð48Þ

4 | ANALYSIS OF RESULTS AND
DISCUSSION

4.1 | Model variables

Parametric optimization of the planned DSG solar system
is achieved in a broad range of operating situations, by
linking thermodynamic formulations fixed for the ener-
getic appraisal of the whole power system assumed as a
black-box (as described in Section 3), with algorithms
obtained both for the SC receivers (Section 2.1) and the SE
part-load behavior (Section 2.2). By adopting such numeri-
cal models and having fixed all chief thermodynamic fac-
tors for mathematical simulations (Table 4), the global
energy conversion efficiency ηG of this solar power system
can then be calculated for various combinations of vapori-
zation temperature, condensation pressure, and solar irra-
diation intensity, hence forecasting the optimum operating
conditions. In detail, evaporation temperature is supposed
to be fluctuating from 170�C to 300�C (at intervals of
10�C) while condensation pressure (back pressure p4 of
discharge line) is assumed equal to 10, 50, and 100 kPa,
under different irradiance values from 300 to 1000 W/m2

at intervals of 100 W/m2 (depending on time, season, and
weather conditions). For the purposes of the parametric
optimization established on the planned power system
under fluctuating working conditions, the whole calcula-
tion procedure is implemented in a specific MATLAB
model, such that enthalpy values at each state point were
calculated for each vaporization temperature, when con-
densation pressure p4 is set to 100, 50, and 10 kPa, as
shown in Tables 5 to 7, respectively.

TABLE 4 Fixed thermodynamic parameters

Terms Value

rv,b: SE built-in volume ratio 5

ηp: pump efficiency 0.80

ηSE,p: SE peak efficiency 0.75

k: isentropic index 1.15

ηmec: mechanical efficiency 0.95
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4.2 | Solar collector efficiency

The equilibrium temperature of the cavity is established
by balancing the energy received by the reflector, the
energy lost in the environment and the energy trans-
ferred to the water for steam generation. The useful heat
Qav left in the cavity, calculated in Equation (18), is

transferred to the working fluid through the walls of the
absorber tubes. It is calculated as shown in the following
equation:

Qav ¼ hp,wAp Tcav�Twð Þ, ð49Þ

where:

TABLE 5 Enthalpy values at each state point calculated against vaporization temperatures when condensation pressure is set at 100 kPa

Vaporization
temperature
T3 (�C)

Vaporization
pressure
P3 (MPa)

SE1 inlet
enthalpy
h3 (kJ/kg)

SE2 outlet
enthalpy
h4 (kJ/kg)

Condenser outlet
enthalpy h1 (kJ/kg)

Pump outlet
enthalpy
h2 (kJ/kg)

170 0.79 2767.8 2587.0 419.0 419.7

180 1.00 2777.1 2541.6 419.0 420.0

190 1.25 2785.2 2503.0 419.0 420.2

200 1.55 2791.9 2469.6 419.0 420.5

210 1.90 2797.2 2440.3 419.0 420.9

220 2.31 2800.9 2414.2 419.0 421.3

230 2.79 2802.9 2390.6 419.0 421.8

240 3.34 2803.0 2368.9 419.0 422.4

250 3.97 2801.0 2348.3 419.0 423.1

260 4.68 2796.7 2328.5 419.0 423.8

270 5.49 2789.8 2309.0 419.0 424.6

280 6.40 2780.0 2289.1 419.0 425.6

290 7.43 2766.9 2268.5 419.0 426.7

300 8.57 2749.9 2246.6 419.0 427.8

TABLE 6 Enthalpy values at each state point calculated against vaporization temperatures when condensation pressure is set at 50 kPa

Vaporization
temperature
T3 (�C)

Vaporization
pressure
P3 (MPa)

SE1 inlet
enthalpy
h3 (kJ/kg)

SE2 outlet
enthalpy
h4 (kJ/kg)

Condenser outlet
enthalpy h1 (kJ/kg)

Pump outlet
enthalpy
h2 (kJ/kg)

170 0.79 2767.8 2451.2 340.5 341.3

180 1.00 2777.1 2421.4 340.5 341.5

190 1.25 2785.2 2396.0 340.5 341.8

200 1.55 2791.9 2374.1 340.5 342.1

210 1.90 2797.2 2354.7 340.5 342.4

220 2.31 2800.9 2337.3 340.5 342.9

230 2.79 2802.9 2321.3 340.5 343.4

240 3.34 2803.0 2306.2 340.5 343.9

250 3.97 2801.0 2291.6 340.5 344.6

260 4.68 2796.7 2277.0 340.5 345.3

270 5.49 2789.8 2262.0 340.5 346.1

280 6.40 2780.0 2246.3 340.5 347.1

290 7.43 2766.9 2229.3 340.5 348.1

300 8.57 2749.9 2210.7 340.5 349.3
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• hp,w is the global heat transfer coefficient between the
cavity and the water;

• Ap is the surface extent of the pipes;
• Tw is the temperature of the water.
• Tcav is the temperature of the cavity.

It is here assumed that an appropriate amount of liq-
uid water circulates in the circuit, such that the maxi-
mum fraction of steam in the boiling water xs never
exceeds the 10%, all this to ensure that the conditions of
nucleate boiling occur inside the tubes. As is well known,
this is the best heat exchange condition for boiling water
allowing a heat transfer coefficient inside the tube up to
10 000W/m2K. Considering the high temperature of the
chamber which radiates towards the pipes and the high
conductivity of the pipes themselves, the global heat
transfer coefficient between cavity and water can be pru-
dently assumed equal to 3500W/m2K.

The difference of temperature between the inlet and
outlet of the heat exchanger in the cavity, respectively T in

and Tout, is small: the inlet temperature is the weighted
average of the condensed fraction of vapor used in the SE,
which is at most 10% of the whole amount of water, and
90% of boiling water at the saturation temperature, while
Tout will not exceed the saturation temperature. After a
small portion of the heat exchanger working as economizer,
the boiling point is reestablished and the temperature will
keep constant at the saturation temperature, Tout ¼Tw ¼
Tsat for the fixed pressure. Boiling water will then flow in
almost the entire length of the exchanger. The tempera-
ture Tcav is unknown. Therefore, as initial guess is

assigned at the beginning of the computation to deter-
mine all the heat losses, Qloss, a new value is then com-
puted by solving Equation (49). This value is adopted to
estimate the water flux allowed to keep constant the end
fraction of steam to the assigned xs. Indeed, the available
heat is used to raise the water temperature to boiling point
and then to supply the required latent heat, as expressed in
Equation (50), which can be solved in the unknown _mw.

Qav ¼ _mw cv,w Tsat�Tinð Þþ _mw xs hl: ð50Þ

This procedure is iterative, as the entire computation
need to be repeated with the new values of Tcav and _mw.
A relaxation parameter of 0.8 ensure convergence in very
few iterations. T in was fixed at 0.95 Tsat. Properties of
water steam are computed by linear interpolation of
NIST steam data tables.

Finally, considering the numerical models described
in Section 2.1, which evaluate all the possible thermal
dispersions and optical losses of a SC receiver, the ther-
mal power transferred to the fluid in the concentrator
was calculated by means of a code on the MATLAB pro-
gram. According to Equation (41), in Figure 8 such net
thermal power Qav is compared to the solar radiation
Id�Aap,ref arriving on the receiver, thereby obtaining varia-
tions in collection efficiency ηSOL of SC receivers with
vaporization temperatures (ranging between 170�C and
300�C) under several solar radiation intensities. It is evi-
dent that such solar power collection efficiency ηSOL
always declines with vaporization temperatures T3 in the
solar irradiation range between 300 and 1000W/m2.

TABLE 7 Enthalpy values at each state point calculated against vaporization temperatures when condensation pressure is set at 10 kPa

Vaporization
temperature
T3 (�C)

Vaporization
pressure
P3 (MPa)

SE1 inlet
enthalpy
h3 (kJ/kg)

SE2 outlet
enthalpy
h4 (kJ/kg)

Condenser outlet
enthalpy h1 (kJ/kg)

Pump outlet
enthalpy
h2 (kJ/kg)

170 0.79 2767.8 2284.9 191.8 192.6

180 1.00 2777.1 2276.2 191.8 192.8

190 1.25 2785.2 2268.0 191.8 193.1

200 1.55 2791.9 2260.9 191.8 193.4

210 1.90 2797.2 2254.2 191.8 193.7

220 2.31 2800.9 2247.9 191.8 194.1

230 2.79 2802.9 2241.5 191.8 194.6

240 3.34 2803.0 2234.8 191.8 195.2

250 3.97 2801.0 2227.5 191.8 195.8

260 4.68 2796.7 2219.4 191.8 196.5

270 5.49 2789.8 2210.1 191.8 197.3

280 6.40 2780.0 2199.4 191.8 198.3

290 7.43 2766.9 2186.9 191.8 199.3

300 8.57 2749.9 2172.1 191.8 200.4

IODICE ET AL. 15



To better show the energetic advantages of the proposed
SC receivers, the solar collector efficiencies ηSOL of SC
receivers can be compared with those of common PTC
receivers in the same ranges of evaporation temperature
and solar irradiation intensity. In Figure 9 the PTC solar
power collection efficiencies are assessed against the vapori-
zation temperature under growing solar irradiation inten-
sity. Thus, by comparing the solar collector efficiencies ηSOL
of Figures 8 and 9, SC receivers appear to perform slightly
better due to higher compactness of the focal receiver

compared to the linear collector of PTC receivers, thus min-
imizing the heat exchange area with the environment. In
fact, the efficiency of SC receivers remains sufficiently high
even at high vaporization temperatures, while in the PTCs
the decay in the efficiency ηSOL is more pronounced because
convective and radiative heat losses become more consider-
able with increasing temperature.

In addition, careful analysis of the results shown in
these last two figures reveals that the variability of the
solar collector efficiency with solar radiation is albeit

FIGURE 8 Variations in solar collector efficiency of SC receivers with vaporization temperature and solar irradiation intensity

FIGURE 9 Variations in solar collector efficiency of PTC receivers with vaporization temperature and solar irradiation intensity
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slightly less wide for the SC receivers in comparison with
PTC receivers. This aspect somewhat mitigates the nega-
tive effect that variations in solar irradiance intensity can
have on the mechanical power supplied by solar power
systems adopting SC receivers compared to similar DSG
solar power plant adopting parabolic trough collectors.

4.3 | Screw expander efficiency and
steam Rankine cycle efficiency

In Figure 10, the efficiency ηSE of screw expanders vs evapo-
ration temperature is obtained by using Equation (46)
(which reveals the SE overall efficiency calculated against
the working pressure ratio rp), when the built-in volume
ratio rv,b is equal to 5 (as fixed in Table 4) and under con-
densation pressures p4 fixed to 10, 50, and 100 kPa. As spec-
ified in the previous section, the mismatch of the working
expansion ratio rp with the built-in pressure ratio rp,b entails
two reverse effects which cause poor energetic performance
in screw expander operation: the blowback effect and the
blowdown effect.2,51 For the power plant presented in this
paper, a decline in SE efficiency ηSE is clear in Figure 10
with growing vaporization temperature and when real
exhaust pressure p4 cuts from 100 kPa bar to 10 kPa (over-
expansion working situations, rp > rp,b).

52 Basically, with
declining condensation pressure and growing vaporization
temperature, the resultant working pressure ratio rp pro-
gressively rises compared to rp,b, hence affecting off-design
operating conditions due to the blowback effect.35

Furthermore, on examining Figure 10, a significant
reduction in SE efficiency ηSE is also clear when under-
expansion working situations occur, that is rp < rp,b. In
effect, in such a case (exhaust pressure assumed equal to
100 kPa and declining vaporization temperature), the
resultant working pressure ratio decreases excessively
compared to the built-in pressure ratio rp,b, then involving
off-design working conditions caused by the blowdown
effect.34,35 Indeed, the efficiency of both screw expanders
is known to reach its peak value when the working expan-
sion ratio matches the built-in pressure ratio.35

The heat-to-power conversion efficiency ηSRC
depends on SE efficiency ηSE and actual pressure ratio
rp, as expressed in Equation (47). In Figure 11, the
steam Rankine cycle efficiency ηSRC is computed
against vaporization temperature for exhaust pressure
set to 10, 50, and 100 kPa. Under high condensation
pressures (around 1 bar) and reduced vaporization
temperatures, this efficiency is evidently lower owing
to a reduction both in SE efficiency ηSE (caused by
under-expansion situations) and in obtainable
enthalpy of expansion.27,52

However, when condensation pressure is set to
100 kPa, the efficiency ηSRC always grows with vaporiza-
tion temperature rising from 170�C to 300�C. Therefore,
under this operating condition, growth in the obtainable
enthalpy of expansion with an increasing vaporization
temperature can prevail over a decrease in efficiency of
the steam SEs caused by over-expansion working condi-
tions. By contrast, when condensation pressure is

FIGURE 10 SE efficiency calculated against vaporization temperature under fixed condensation pressures
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assumed equal to 10 kPa, the efficiency ηSRC becomes
nearly constant with vaporization temperatures higher
than 260�C since, in this specific case, a decline in SE
efficiency as vaporization temperature growths (due to
severe over-expansion conditions) equalizes a growth in
the accessible enthalpy of expansion.

4.4 | Solar-to-electricity efficiency

In this subsection, the proposed solar power system is
examined in-depth and is optimized energetically.
Hence, the optimum inlet temperatures T3 which lead
to maximum energetic efficiency are calculated for every
solar irradiation intensity and condensation pressures
p4. For this purpose, it is first crucial to show the impact
of all these parameters on the solar-to-electricity effi-
ciency ηG of the whole solar thermal power plant. Such
global energy conversion efficiency ηG in all possible
operating conditions was calculated according to Equa-
tion (48). Thus, it depends on solar collector efficiency
of the receivers ηSOL, steam Rankine cycle efficiency
ηSRC (also including the screw expander efficiency ηSE)
and mechanical efficiency ηmec which includes frictions
from all the moving parts (alternator plus other
mechanical frictions). Therefore, having fixed the
mechanical efficiency ηmec and the SE built-in volume
ratio as in Table 4, this overall efficiency can be calcu-
lated for various combinations of vaporization

temperature, condensation pressure, and solar irradia-
tion intensity.

Thus, for the planned solar power plant, by assuming
Equation (48), variations in solar-to-electricity efficiency
ηG with solar irradiance and vaporization temperature
are assessed under condensation pressures supposed
equal to 100, 50, and 10 kPa, in Figure 12 to 14, respec-
tively. Hence, the results displayed in these figures give
the exact impact of the optimization parameters on the
global energy conversion efficiency.

When condensation pressure p4 is set at 100 and
50 kPa, Figures 12 and 13, respectively, show that low
evaporation temperatures always produce lower solar-to-
electricity efficiencies ηG in comparison with its maxi-
mum values because a reduction in the steam Rankine
cycle efficiency ηSRC with a decreasing evaporation tem-
perature (as described in Figure 11 under the same con-
densation pressures p4) overcomes a rise in solar collector
efficiency ηSOL. Under these two particular condensation
pressures, in fact, for low vaporization temperatures T3

and for each solar radiation, the solar-to-electricity effi-
ciency ηG is reduced by both a reduction in obtainable
enthalpy of expansion and an increase in energy losses
resulting from excessive under-expansion conditions
(blowdown effect) which can affect reduced thermody-
namic performance in real screw expander operations.52

By contrast, when the condensation pressure is
assumed equal to 10 kPa and for each solar irradiance
intensity, the global efficiencies ηG shown in Figure 14

FIGURE 11 Steam Rankine cycle efficiency computed against vaporization temperature for fixed condensation pressures

18 IODICE ET AL.



reveal a prevalent decreasing trend as vaporization tem-
perature increases. Indeed, Figure 14 shows that low
vaporization temperatures lead to nearly constant or
lightly lower overall energy conversion efficiency ηG in
comparison with its maximum levels due to slightly
lower steam Rankine cycle efficiency with a decreasing

vaporization temperature (as described in Figure 11
when condensation pressure p4 is fixed at 10 kPa).

However, it is manifest in these figures that, for every
condensation pressure level, the solar-to-electricity effi-
ciencies ηG do not have a monotonic growing trend with
evaporation temperature but, after reaching a maximum,

FIGURE 13 Solar-to-electricity efficiency vs vaporization temperature when condensation pressure is fixed at 50 kPa under growing

solar irradiance intensity

FIGURE 12 Solar-to-electricity efficiency vs vaporization temperature when condensation pressure is fixed at 100 kPa under growing

solar irradiance intensity
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they decrease for high vaporization temperature T3. This
is due to decreasing solar collector efficiencies ηSOL with
increasing vaporization temperature (as exposed in
Figure 8) which prevail over increasing Rankine cycle
efficiencies ηSRC. For this reason, it is essential to detect
optimum working conditions of the planned solar power
plant for each level of solar irradiance intensity and con-
densation pressure.

Hence, with respect to each condensation pressure, to
calculate the optimum evaporation temperatures that
maximize the solar-to-electricity efficiencies ηG, the first
derivative of each polynomial equation shown in
Figures 12 to 14 were computed and set to zero. By fol-
lowing the above optimization procedure, which was
developed with a specific MATLAB code based on the
same parametric equations, the optimum vaporization
temperatures T3,op and the ensuing maximum global effi-
ciencies ηG,op were detected for each solar irradiance
intensity and condensation pressure, as presented in Fig-
ures 15 and 16, respectively.

In Figures 15 and 16 it is obvious that, for each level
of condensation pressure, variations in both optimum
vaporization temperatures and resulting maximum
global efficiencies are monotonically growing functions
of solar irradiance intensity Gb (rising from 300 to
1000 W/m2). However, the results presented in
Figure 16 clearly show that this SE-based DSG solar sys-
tem attains its best energy performance for condensa-
tion pressure p4 set to 10 kPa; in effect, the maximum
solar-to-electricity efficiencies are reached when p4 is

equal to 10 kPa for each solar irradiance intensity. In
fact, a growth in the attainable enthalpy of expansion as
condensation pressure decreases from 100 to 10 kPa pre-
vails over reduced efficiency of both screw expanders
when over-expansion operating situations occur.2

Therefore, in Figure 15 it is clear that, under a conden-
sation pressure fixed to 10 kPa, the optimum vaporiza-
tion temperatures T3,op range between 174�C and 232�C
with increasing solar irradiance intensity from 300 to
1000 W/m2, while the corresponding maximum global
energy conversion efficiencies ηG,op increase from 10.9%
to 14.4% in the same solar irradiation range (Figure 16).

To better explain the energetic benefits of SC
receivers when integrated in the proposed DSG power
plant, a similar solar power plant, adopting SE as
power machines and common PTC receivers as a ther-
mal resource, was evaluated under the same working
conditions. Thus, for a plant layout based on PTC
receivers in place of SC receivers and by using the
same parametric analysis, variations in solar-to-
electricity efficiency ηG were calculated in the same
ranges of evaporation temperature and solar irradia-
tion intensity and for the same condensation pressure
levels.2

As a result, if the less performing PTC receivers were
adopted, the trend of the overall efficiency ηG against
vaporization temperature would be very similar to that
of solar power plants based on SC receivers. In particu-
lar, for a condensation pressure level equal to 10 kPa,
the global efficiency should have a prevalent decreasing

FIGURE 14 Solar-to-electricity efficiency vs vaporization temperature when condensation pressure is fixed at 10 kPa under rising solar

irradiance intensity
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trend as vaporization temperatures increase (as also
shown in Figure 14 for Scheffler-based solar thermal
electricity systems). In addition, for condensation pres-
sure levels higher than 10 kPa, such global efficiencies
should present a peak which can occur even at modest
evaporation temperatures when solar irradiation inten-
sities are lower than 600 W/m2 (as also shown in

Figures 12 and 13 for solar power plants based on
Scheffler receivers).

The maximum global energy conversion efficiencies
calculated for the PTC-based power plants were then
compared in Figure 17 with those of the Scheffler-based
solar thermal electricity system proposed in this research
(already shown in Figure 16), in the same range of solar

FIGURE 16 Best solar-to-electricity efficiency calculated against solar irradiance intensity and condensation pressure

FIGURE 15 Optimum vaporization temperature calculated against solar irradiance intensity and condensation pressure
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irradiation intensity and for the same condensation pres-
sure levels. Hence, in this figure it is clear that, for each
level of condensation pressure, the highest efficiencies
obtained by using the proposed Scheffler-based solar
thermal electricity system at medium solar irradiance
intensity (also below 600 W/m2) can even reach the
highest global energy conversion efficiencies achieved in
PTC-based power systems under the maximum solar
radiation (1000 W/m2). This is due to the variability of
the solar collector efficiency with solar radiation and
evaporation temperature which is albeit slightly less wide
for the SC receivers in comparison with PTC receivers
(as already illustrated in Figures 8 and 9), thereby posi-
tively affecting the global solar-to-electricity efficiency of
SC-based power plants.

Consequently, the proposed solar power plant based
on SEs as power machines and SC receivers as a thermal
resource, under the best working conditions established
in this study, can work without reduction in global
energy conversion efficiency in comparison with DSG
solar thermal power systems adopting common parabolic
trough collectors in place of SC receivers and dynamic
expanders in place of SEs.

5 | CONCLUSIONS

This research aimed to develop a plant engineering idea of
a small solar electricity generation system (10-100 kW)

which could be easily used for civil applications due its sim-
ple construction, low cost, and minimal environmental
impact. Basic principles were provided to assess the energy
performance of an innovative CSP-SRC plant with direct
steam generation, equipped with “Scheffler” solar receivers
as a thermal source coupled with steam screw expanders as
power machines. Parametric optimization of the planned
solar power system was then achieved for different operat-
ing conditions of screw expanders with varying thermal
power provided by the solar energy collection system. The
proposed DSG power plant, under the established range of
the optimum working situations, can work with energetic
advantages in comparison with solar thermal power sys-
tems adopting parabolic trough collectors in place of SC
receivers and dynamic expanders in place of SEs. Thus,
power plants based on Scheffler solar receivers coupled with
steam screw expanders can attract rising interest as advan-
tageous sustainable solar power plants. The numerical
results attained in this research are useful to deliver key
procedures for the best harnessing of solar power in low-
medium SE-based direct steam generation power plants
equipped with Scheffler receivers, as well as for the further
phase of the commercialization of this innovative system.

The key results of the energetic investigation
established on the above solar thermal power system can
be summarized as follows:

• SC receivers appeared to perform better than PTC
receivers due to higher compactness of the focal

FIGURE 17 Best solar-to-electricity efficiencies calculated against solar irradiance intensity and condensation pressure: comparison

between Scheffler and PTC receivers
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receiver compared to the linear collector of PTCs. The
efficiency of SC receivers, in effect, remains sufficiently
high even at high vaporization temperatures due to
reduced convective and radiative heat losses. Besides,
SC receivers are less sensitive to variations in solar
irradiation intensity compared to PTC receivers.

• The proposed solar power plant, under the best work-
ing conditions established in this study, can work with-
out reduction in global energy conversion efficiency in
comparison with DSG solar thermal power systems
adopting dynamic expanders in place of screw
expanders.

• For each solar irradiance intensity, the maximum solar-
to-electricity efficiencies are ensured when the conden-
sation pressure is fixed to 10 kPa. Under this operating
condition, the optimum vaporization temperatures T3,op

range between 174�C and 232�C with increasing solar
irradiance intensity from 300 to 1000 W/m2, with the
resulting maximum global energy conversion efficiency
ηG,op which increases from 10.9% to 14.4%.

• For each level of condensation pressure, the highest effi-
ciencies obtained by using the proposed Scheffler-based
solar thermal electricity system at medium solar irradi-
ance intensity can even match the highest global energy
conversion efficiencies achieved in PTC-based power sys-
tems under maximum solar radiation intensity.
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