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a b s t r a c t

We derive, evaluate and validate comprehensive analytic modeling of the energy flows in parabolic
trough solar thermal power plants. The analytic formulae are straightforward to implement and evaluate,
relating to the heat transfer within and from the solar concentrators (including transients, mainly
overnight heat losses), and the impact of solar field operation on turbine power and efficiency. Prior
numerical simulations used to design solar thermal power systems have either been proprietary or
devoid of a fully-reported source code - hence inaccessible or problematic for widespread use. Also, the
dependence of these simulations on extensive numerical procedures does not provide a transparent
physical picture that grants a clear understanding of how component and system performance vary with
the principal operating and input variables - a drawback overcome by the analytic approach presented
here. Published experimental measurements of sufficient extent to permit meaningful comparisons
between theory and experiment for such solar thermal power plants are exceptionally limited. This
narrow data base is used for model validation on both a monthly and an hourly basis. The analytic model
is then applied to evaluating a solar power plant now being planned for northeast Brazil, also high-
lighting the energy-delivery advantages of low-latitude locations.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Of the roughly 5 GW of operational commercial solar thermal
power plants, about 85% comprise single-axis-tracking parabolic
trough concentrators driving steam turbines [1] (Fig. 1). Almost all
systems use an oil coolant pumped through (a) evacuated receiver
tubes at a variable flow rate that maintains a fixed collector outlet
temperature, followed by (b) a heat exchanger the secondary of
which feeds the power block. Gas-fired backup operates in parallel
with solar so as to ensure the turbine receives a prescribed constant
flow rate of fixed-temperature steam, thereby achieving uninter-
rupted electricity production independent of solar intermittency.
The overwhelming majority of these installations do not employ
thermal storage [1,2].

Systems installed to date have been designed with large-scale
numerical computer simulations that compute all energy flows as
a function of the meteorological and operating variables. Most of
these simulations are proprietary or lacking a full source code -
hence problematic to implement [2]. Other simulations are based
on cumbersome encoded and unalterable numerical procedures
that preclude a clear physical understanding of how each facet of
systemperformance varies with the input and operational variables
[3e8]. Moreover, in addition to their complexity, most available
simulations are rather focused on specific systems.

Ongoing research in this area covers the modeling, design and
evaluation of system components - as well as overall system per-
formance assessments - performed with the types of complex nu-
merical procedures noted above. Recent papers have addressed
pivotal issues that include (1) collector and turbine properties,
sizing, and control strategies [9e14], (2) how short-term and long-
term solar availability affects system yield [15], (3) the influence of
thermal storage [14,15], and even (4) how artificial neural networks
can facilitate system design and evaluation [16].
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Fig. 1. Schematic energy flow diagram for a solar thermal power plant generating AC
electrical power Pe, with parallel gas-fired backup ensuring a specified steam flow rate
to the turbine. Qu is useful thermal power delivery. Ql is heat loss to ambient. Pe is net
electricity generation.

G.A. Salazar et al. / Energy 138 (2017) 1e92
Comparing model predictions against field performance turns
out to have considerable limitations. Published experimental mea-
surements of both solar beam irradiance and detailed solar thermal
power plant performance (including separate monitoring of the
collector field and the turbine block) appear to be surprisingly
uncommon. To our knowledge, verifiable monthly-average figures
for all required measurements are restricted to a single year.
Additionally, hour-by-hour data are limited to a single clear day.
Both come from one particular large-scale installation in Kramer
Junction, CA, US [2,17]. These data provide the basis for our com-
parisons of theory versus experiment.

As for analytic modeling of system performance, a first step was
taken in Ref. [18], but (a) did not relate to transients (most notably
collector nighttime cool-down losses), (b) did not account for the
sizable gap between instantaneous and long-term performance,
and (c) did not accommodate different collector flow strategies.

In overcoming these limitations, the analytic model developed
here (1) offers physical transparency for the main processes
impacting collector and turbine performance (as opposed to the
modeling being tacitly embedded within complicated numerical
simulation procedures, vide infra), (2) can readily be applied to a
variety of solar thermal power systems, and (3) is amenable to
evaluation by any user via straightforward calculations.

The rest of the paper is organized as follows. Section 2 presents
the general method with full details on collector, system and tur-
bine modeling. This includes modeling the optical and thermal
energy flows of the solar collector field, how the state of the steam
produced by the solar field impacts turbine performance, and col-
lector nighttime cool-down losses. Section 3 comprises the results
and discussion: a case study with comparisons of theory vs.
experiment for both solar collector efficiency and overall system
electrical efficiency, plus the design of a solar thermal power plant
currently being planned. Section 4 summarizes our conclusions,
emphasizing the new added value of the analytic modeling for
analyzing and designing solar thermal power plants.

2. General method and modeling

2.1. Modeling collector optical gains

The solar power absorbed by the collectors per absorber area,
Qabs, is

Qabs ¼ Ibn cos qð Þ FS K qð Þ ho Cg ¼ Icoll Cg (1)

where Ibn is the incident normal solar beam irradiance (per aperture
area), q is the solar incidence angle on the aperture [19], FS is the
unshaded fraction of collector aperture (a function of solar geom-
etry and field layout, for which the closed-form expression is pre-
sented in Ref. [20]), and Icoll denotes the collected solar irradiance
per aperture area. In contrast, “collectible” radiation refers just to
the product Ibn cos(q), which is the solar beam irradiance incident
on the aperture. Geometric concentration ratio Cg is typically
~20e25 (defined as the ratio of collector aperture area Acoll to
absorber area Aabs, with Aabs relating to absorber tube circumfer-
ence W times its length L). ho is the collector optical efficiency at
normal incidence, comprising the product of mirror reflectivity,
receiver tube transmittance, receiver coating absorptance, and
receiver intercept factor [19]. K(q) is the incidence angle modifier
[19], which measures how optical gains vary with q relative to their
value at normal incidence (K(0) ≣ 1). K(q) subsumes how the
transmission of the glazing, the absorption of the absorber coating,
and the width of the sun's image projected onto the receiver tube
by the concentrator vary with incidence angle.
2.2. Modeling collector heat transfer

The instantaneous useful thermal power delivery per unit
length (in W/m), as a function of position x along the collectors,
Qu(x) (0 � x � L from entry to exit) is proportional to the difference
between the local absorber temperature Tabs(x) and fluid temper-
ature Tf(x):

QuðxÞ ¼ Wh
�
TabsðxÞ � Tf ðxÞ

�
: (2a)

The convective heat transfer coefficient h between the coolant
and the absorber can be obtained from the dimensionless Nusselt
number Nu

h ¼ k
Di

Nu (2b)

where k is the thermal conductivity of the fluid, and Di is the in-
ternal diameter of the absorber tube (Di ¼ 0.066 m for the example
considered here, with the tube outer diameter being 0.070 m). For
fully-developed turbulent flow (the dimensionless Reynolds num-
ber Re > 10,000) in long tubes (length/diameter > 60), and for the
dimensionless Prandtl number Pr in the range 0.7 < Pr < 160, Nu is
given by the Dittus-Boelter correlation [21].

Nu ¼ 0:023Pr0:4Re0:8: (2c)

Pr¼ n/a¼ m/(r a), where n is the kinematic viscosity of the fluid,
m is the dynamic viscosity, and r is the density. a is the thermal
diffusivity a ¼ k/(r Cp) where Cp is the specific heat of the fluid.
Re ¼ v Di/n, where v is the linear flow velocity. For example, during
solar power generation, and for the physical properties of the col-
lector fluid [22], one obtains Pr ¼ 5.5 and Re ¼ 4.0$105, yielding
h ¼ 1.8$103 W/(K-m2

inner tube). In all our equations for collector
energy balance, h is expressed per unit area of outer tube, i.e.,
modified by the ratio of tube inner-to-outer area, (0.066/
0.070)2 ¼ 0.889.

Equation (2) relates to heat transferwithin the collector. For heat
transfer from the collector to the environment, we base the analysis
on experimental measurements from the evacuated selectively-
coated receiver tube considered here [23]. The data reported in
Ref. [23] also included measurements for non-evacuated, air-filled,
and unglazed receiver tubes, as well as for a different selective
coating, but the relevant results here are those pertaining to the
receiver tubes installed in the solar field for which system perfor-
mance data were available.

A simulation model for evaluating the heat losses for several
configurations of glazed receiver tubes was derived in Ref. [8]. The
results were empirically correlated as third-order polynomials in
the average temperature of the collector coolant [24], and
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compared favorably against the earlier experimental measure-
ments in Ref. [23].

The value of computational models and best-fit non-linear re-
gressions notwithstanding - and given that [23] reports the
measured heat losses for the exact same evacuated receiver tube
installed in the SEGS VI solar power system analyzed below - we
chose to base our analysis on data, and found the heat loss mea-
surements to be well approximated by a quadratic function of the
temperature difference between the local absorber temperature
and the environmental temperature DT ¼ Tabs(x) - Te. Specifically,
the rate of absorber heat loss per unit length Ql is well approxi-
mated by:

Ql ¼ W
�
UoDT þ U1ðDTÞ2

�
(3)

with thermal loss coefficients Uo and U1, and with which one can
define a collector temperature-dependent heat loss coefficientU (in
W/(K-m2

abs)):
Tabsð0Þ ¼ Te þ
�
hþ Uo

2U1

� 
� 1þ

 
1þ

 
4U1ðQabs þ hðT1 � TeÞ

ðhþ UoÞ2
!!0:5!

TabsðLÞ ¼ Te þ
�
hþ Uo

2U1

� 
� 1þ

 
1þ

 
4U1ðQabs þ hðT4 � TeÞ

ðhþ UoÞ2
!!0:5! : (9)
U ¼ 1
W

dQl

dðDTÞ : (4)

Qu(x) (Eq. (2a)) can also be expressed as

QuðxÞ ¼ _mf Cp
dTf ðxÞ
dx

(5)

where _mf is the coolant mass flow rate and Cp its specific heat. In
differential form, Eqs. (2a) and (5) can be recast as

dQuðxÞ
dx

¼ �
"

1
1
h þ 1

U

#"
W
_mf Cp

#
QuðxÞ: (6)

The differential Eq. (6) can be integrated to obtain the implicit
closed-form solution for x as a function of Qu (x ¼ x(Qu)). Then,
evaluating the solution at the collector exit (x ¼ L) yields
_mf Cp ¼ � W L

1
h ln
�
QuðLÞ
Quð0Þ

�
þ 1

Us
ln

 �
Us�ðU2

s �4U1QuðLÞÞ0:5
��

UsþðU2
s �4U1Quð0ÞÞ0:5

��
UsþðU2

s �4U1QuðLÞÞ0:5
��

Us�ðU2
s �4U1Quð0ÞÞ0:5

�
! : (7)
The function Us in Eq. (7) is equal to ½U2
o þ 4U1Qabs�0:5, where

Qabs ¼ ðQuðxÞ þ QlðxÞÞ=W is treated as independent of x.
The useful solar thermal power delivery from the full solar field
Qu (in W) is then

Qu ¼
ZL
0

QuðxÞ dx ¼ _mf CpðT4 � T1Þ: (8)

We emphasize that the collector flow rate is expressed exclu-
sively as a function of Qabs (recall that Us in Eq. (7) is a known
function of Qabs), which in turn has an explicit dependence on the
instantaneous solar beam irradiance and on the environmental
temperature Te.

The collector inlet fluid temperature Tf(x¼ 0) ¼ T1 is established
by the heat exchange process being optimized for maximum effi-
ciency of the solar thermal power plant [18]. The collector outlet
fluid temperature Tf (x¼L) ¼ T4 is ordained by its maximum safe
operating temperature of 391 �C [22], at least for the oil used in
most solar thermal power plants to date [1,2].

The absorber temperature at the collector inlet and outlet can
now be evaluated (details in Ref. [25])
Using Eq. (2a) to solve for Qu at the collector entry (x ¼ 0) and
exit (x¼ L) provides an analytic expression for the collector thermal
flow rate _mf Cp (Eq. (7)).

The collectors are operated such that their fluid thermal flow
rate follows variations in solar radiation so as to maintain constant
pre-determined values of T1 and T4, independent of solar irradiance
(Eq. (7)), provided that irradiance exceeds the collector's turn-on
threshold. The threshold refers to the minimum value of collect-
ible radiation at which the prescribed collector operating outlet
temperature for power generation can be attained.

In reality, steam generation does not end exactly when T4 is not
reached. The combination of standard governing feedback controls
and a solar field response time of the order of minutes under flow
(operating) conditions [6,26] stabilize these transitions, while
ensuring that deviations of T1 and T4 from their pre-set values are
small.
2.3. Modeling collector transients and cool-down losses

The analyses portrayed above relate to steady-state conditions.
Solar beam radiation data are most commonly available only on an



Fig. 2. Temperature-entropy (TeS) diagram for two Rankine cycles (shaded with thick
gray curves, and unshaded with thick black curves) constrained to have the same
superheated steam temperature at the turbine entry, but with different evaporation
temperatures. The thin black line indicates water's coexistence curve.

G.A. Salazar et al. / Energy 138 (2017) 1e94
hourly time scale (rather than, for example, a 1-min basis). How
large an error accrues due to an hour-by-hour steady-state analysis,
as opposed to a rigorous dynamic or transient solution? Indepen-
dent of the answer, there are also transient overnight cool-down
losses every day, which must be evaluated and, as we'll see
below, are non-negligible and can be expressed analytically.

For a given hour or day fraught with interruptions due to scat-
tered clouds, the difference in energy delivery between a proper
transient analysis and the steady-state approximation can be non-
negligible [6,7,26,27]. However, for climates with high direct radi-
ation (hence suitable for solar concentrator power plants), the error
in annual solar energy delivery is less than 1% [27], and hence not
pursued further here. Rather, we focus on deriving the contribution
of nighttime cool-down losses.

Of the assortment of operating strategies proposed for night-
time management of the collectors, the most commonly adopted
one - analyzed here - is permitting the collector coolant to cool, but
heating it (via a heat exchanger) by gas combustion at system start-
up each morning [2].

With no solar input, and hence no collector flow, the average
temperature of the collector coolant Tf varies with time t as

dTf
dt

¼ � L Ql

Cp r V
(10)

where V denotes the coolant volume in the absorber tubes. Ql can
be expressed a function of the difference between Tf and the tem-
perature of the absorber's external wall Tabs,ext

Ql ¼ W
Tf � Tabs;ext

1
h þ twall

kwall

(11)

where 1/h is the thermal resistance from the coolant to the
absorber wall. twall and kwall are the thickness and thermal con-
ductivity of the absorber tube wall, respectively. With
twall ¼ 0.002 m and kwall ¼ 55 W/(m-K) for the example considered
here, 1/h » twall/kwall. During the nighttime no-flow period, 1/h is
approximated as the thermal resistance across a stagnant fluid
layer: 1/h ¼ Di/(2k).

Equating thermal power losses in Eqs. (3) and (11), and writing
Tf - Tabs,ext as (Tf - Te) - (Tabs,ext - Te) in Eq. (11), the second-order
equation in (Tabs,ext - Te) can be expressed in terms of Tf - Te

Tabs;ext � Te ¼ Uo þ h
2 U1

�
� 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4
�
Tf � Te

�
U1 h

ðUo þ hÞ2

vuut 

: (12)

A proper solution for Tf(t) requires accounting for the temper-
ature dependence of r, Cp and k, based on the physical properties of
Terminol VP-1, which are reported in Ref. [22]. Inserting Eqs. (11
and 12) and the coolant's physical properties [22] into Eq. (10)
yields a first-order differential equation that can be solved for Tf(t).
2.4. Additional control issues

Another consideration is how to handle the surplus when the
thermal power from the solar field exceeds the power block's ca-
pacity. Here, we model that excess energy as dumped to the envi-
ronment (via any convenient control). It should be noted, however,
that alternative strategies include (a) allowing the turbine to
operate above its rated capacity, or reducing its temperature by
bypassing the feedwater heater [2], and (b) partial defocusing of all
collectors or total defocusing of some collectors [7].

An additional system energy loss is the parasitic energy for
pumping coolant through the collector field. This represents a case-
specific variable that is not modeled here - further complicated by
parasitics depending not only on the fraction of daytime steam
generation provided by gas backup, but also by whether coolant is
circulated through the collectors not only when collectible radia-
tion is available, but 24 h a day in order to lessen the danger of
thermal shocks to the evacuated receiver tubes and the pumps [2].
We note, however, that parasitics in the installed solar thermal
power plants for which published data are available [2,28] was
~12% of the electrical energy generation. To wit, with a yearly-
average system conversion efficiency of ~14% [2,28], parasitics
represented ~1.7% of the yearly collectible solar radiation.
2.5. Turbine modeling

The aim is to explicitly provide the full scope of analytic
methods used here for modeling the power block, with no pre-
sumption of this section introducing new observations. The
Rankine cycle turbine must be optimized with respect to the
evaporation temperature Tev and the turbine inlet superheated
vapor pressure psh, subject to a given value of superheated steam
temperature Tsh. This is illustrated in the temperature-entropy (T-S)
diagram of Fig. 2, for two Rankine cycles constrained to have the
same superheated steam temperature at the turbine entry, but with
different evaporation temperatures Tev (primed and double-
primed) and corresponding pressures. The condensed water pres-
sure po at temperature To is increased to pressure po

′ or po
00
and

temperature To
′ or To

00
, respectively, by a pump at the condenser

outlet. The pressure at the turbine inlet psh is po
′ or po

00
, corre-

sponding to Tev
′ or Tev

00
.

The delivered electrical power depends on the type of Rankine
cycle and its isentropic efficiency. The examples below are based
on: (a) a standard Rankine cycle in which there is no regeneration,
(b) a constant isentropic efficiency, and (c) negligible heat losses in
the heat exchanger.

The analytic energy balance equations for evaluating turbine
performance have been summarized in Refs. [20,29,30]. They apply
equally well here, and, for economy of presentation, are not reit-
erated. The turbine mechanical work is equal to the enthalpy dif-
ference between the states at temperatures Tsh and To’ or To” in the
T-S diagram shown in Fig. 2, and thereby depends on Tev.



Table 2
Power block parameters.

Power block characteristic Value

Steam condensation temperature 40 �C
Evaporation temperature Tev 310 �C
Superheating temperature Tsh 371 �C
Turbine isentropic efficiency 0.80
Governing performance equations [20,29,30]
Generator efficiency 0.97

Fig. 3. Turbine mechanical work and turbine thermal-to-mechanical efficiency as a
function of Tev.
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3. Results and discussion: a case study

3.1. Collector and turbine characteristics

Despite thousands of MW of installed solar thermal power
systems, published performance data are scarce. Particularly
prominent are the records for the thermal and electrical efficiencies
measured at the Kramer Junction, CA plant (latitude 35�N, with an
annual normal solar beam irradiance of 2.725 MWh/m2) [17]) [28],
specifically the SEGS VI system, installed in 1989, designed for a
peak electrical power delivery of 30 MW, with a measured annual
electrical conversion efficiency of 0.14, defined as annual AC elec-
trical energy generation relative to annual collectible solar beam
radiation. The solar field comprises 188,000 m2 of Luz Corp. LS-2
parabolic trough concentrators, with Solel UVAC evacuated
selectively-coated receivers at their focus (Table 1). The collector
heat transfer fluid is Therminol oil (see Ref. [22] for its thermo-
physical properties). The field is operated such that the oil tem-
perature is 390 �C at the collector field outlet during solar power
generation. The corresponding collector turn-on/off threshold is
~120 W/m2.

The steam turbine has a net capacity of 30.0 MW (at a gross
capacity of 35.0 MW), operating at a pressure of 100.0 bar, with a
full-load turbine efficiency of 0.375 and natural-gas heating backup
to supplement solar input as required. Turbine block characteristics
are listed in Table 2. The dependence of turbine thermal-to-
mechanical efficiency on Tev is plotted in Fig. 3. Turbine tempera-
tures Tev and Tsh are typically chosen for maximum power pro-
duction (i.e., maximum work per cycle). In this example, the
maximum-work point Tev ¼ 310 �C was chosen, for which the
turbine efficiency is 0.39.
3.2. Comparing analytic model predictions against field
measurements

The only extensive data sets published appear to be month-by-
month efficiency results [28]. A complete one-year data set - along
with the corresponding predictions of the analytic model - are
summarized in Fig. 4. Collector efficiency is defined as the ratio of
the monthly energy delivered by the solar field (hourly Qu summed
over a given month) to the total collectible solar beam radiation
(hourly Ibn cos(q) summed over the samemonth). The solar delivery
Qu includes losses due to optical efficiency, incidence-angle
Table 1
Solar concentrator properties [23].

Solar concentrator characteristic

Collector optical efficiency at normal incidence ho

Concentrator mirror aperture (width)
Geometric concentration ratio Cg
Concentrator length L
Number of collectors per row
Number of collector rows

Total concentrator aperture area

Collector inlet fluid temperature
Collector outlet fluid temperature
Single-axis tracking mode
Incidence angle modifier, K(q)
Collector heat-loss coefficient, Uo þ U1(Tabs - Te)

a Basically all parabolic-trough solar thermal power plants use one
axis azimuths, N-S maximizes yearly collectible radiation [19]. For su
of a summer-averaged cos(q) close to unity. Also, as latitude grows
reaches 97% of the collectible radiation of two-axis tracking [19].
modifier and collector heat losses. Overall system electrical effi-
ciency is defined as the total net AC electrical energy delivered Pe,
relative to the total collectible solar beam radiation during that
same period. The RMS differences between the data and the ana-
lytic predictions are 4.0% (absolute) for collector efficiency, and 1.0%
(absolute) for overall system electrical efficiency. For comparison,
computations of the latter (i.e., of month-by-month overall system
electrical efficiency) using a state-of-the-art computer simulation
for this system yielded an RMS difference of 0.7% (absolute) be-
tween measurements and simulated performance [2].

There was only a single day - near summer solstice, at the
Kramer Junction system [28] - with a complete published (but
unannotated) hour-by-hour data set, against which we could
compare model predictions on this far shorter time scale (Fig. 5).
Value

0.733
5.0 m
22.74 (absorber tube outer diameter ¼ 0.07 m)
47.1 m
8
100 (Kramer Junction)
5 (Petrolina)
188,400 m2 (Kramer Junction)
9420 m2 (Petrolina)
308 �C
391 �C
North-south horizontala

K(q) ¼ cos(q) þ 0.02012 q - 0.01030 q2 (q in rad)
Uo ¼ �0.2556 W/(K-m2

abs)
U1 ¼ 0.01817 W(K2-m2

abs)

-axis north-south (N-S) horizontal tracking. Among horizontal-
mmer-peaked electricity demand, N-S has the added advantage
smaller, N-S horizontal approaches polar-axis tracking, which



Fig. 4. Month-by-month measured and predicted solar collector efficiency and overall
electrical system efficiencies in Kramer Junction, CA.
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Two extenuating circumstances should be considered here.
First, no explanationwas provided in the field measurement record
as to why there appears to be an approximately 1-h delay in
starting the gas heating of the collector fluid. Second, no explana-
tion was provided regarding why there was more than a 1-h delay
in starting the operation of the turbine block, namely, why elec-
tricity generation was only started more than 1 h after the collec-
tors were already providing a sufficient quality and flow of steam to
drive the turbine. In addition, no comments were provided about
why solar collector efficiency exhibited a non-negligible dip around
noon, despite the constancy of the solar beam radiation and despite
the measured overall system electrical efficiency remaining con-
stant over the same period.

These ambiguities may be partly related to the fact that the
control strategies implemented by the plant operators were not
reported, and hence cannot be reproduced in the computations. For
example, as can be seen in Fig. 5, sharp variations in collector ef-
ficiency occurred at the beginning and end of the collection period.
This behavior does not follow the solar radiation. Although auto-
mated computerized systems were used in later solar thermal
power plants in Kramer Junction [31], there is no detailed
comprehensive published performance information available.

Such short-term uncertainties have a noticeably smaller impact
on monthly-averaged performance than on hour-by-hour perfor-
mance. Hence, although the differences between experiment and
Fig. 5. Hour-by-hour measurements [28] of solar collector efficiency and overall system elec
near summer solstice at the solar thermal power system in Kramer Junction, CA. Measured
theory may be satisfactory for monthly-integrated performance,
there can be more substantial discrepancies for a particular day on
an hourly basis. This is one possible contributing factor to the
differing degree of agreement between theory and experiment in
Fig. 4 (month-by-month data) and 5 (hour-by-hour data).
3.3. Analytic design calculations for a solar thermal power plant in
Petrolina, Brazil

In this section, the analytic model is used to estimate compo-
nent and system performance for a pilot solar thermal power plant
that is currently being planned for Petrolina, Brazil - a locationwith
lower solar beam radiation than Kramer Junction, but at a far lower
latitude (9.35�S), which bodes well for lower solar-geometry-
related losses (mainly via a higher averaged cos(q) and K(q)). The
collector and turbine parameters were taken to be the same as in
Tables 1 and 2.

Extensive meteorological data were available from the local
weather station [32], with complete uninterrupted data sets for the
years 2011 and 2013, for which the calculations were performed.
With the first pilot installation being planned for a peak electricity
generation of 1.5 MW, the collector area chosen is about 20 times
smaller than that for the Kramer Junction 30 MW plant (see
Table 1).

Results of the analytic model computations for monthly and
yearly performance are itemized in Table 3. The efficiencies (per-
centages) listed in the row summarizing annual total energy are the
ratio of annual energy delivery to yearly collectible radiation. As
expected from sun-earth geometry for the one-axis north-south
horizontal tracking mode [19], the cosine effect for collectible ra-
diation is more prominent around winter solstice (with Petrolina
being in the southern hemisphere, winter solstice is on 21 June)
than summer solstice (21 December).
3.4. Overnight collector cool-down losses

Sample results for the overnight collector cool-down dynamics
derived in Section 2.3 are plotted in Figs. 6e7 for a representative
high-irradiance day in Petrolina, Brazil [32]. The overnight cool-
down period is about 12 h, during which the average coolant
temperature decreases by 252 �C.

Because there is coolant flow during the gas-heating period, the
trical efficiency, and the corresponding predictions of the analytic model, for a clear day
normal solar beam irradiance is also shown.



Table 3
Monthly and annual performance computed with the analytic model, for the planned Petrolina plant. Acoll ¼ 9420 m2.

Month Ibn�Acoll (MWh/day) Ibn�Acoll�cos(q) (MWh/day) Qabs�Aabs (MWh/day) Qu (MWh/day) Pe (MWh/day)

January 40.45 39.16 26.77 19.92 5.69
February 34.78 34.48 24.40 17.74 5.03
March 41.39 41.15 28.94 21.69 6.18
April 37.50 36.12 24.20 17.35 4.91
May 26.98 24.33 15.00 9.40 2.64
June 41.19 35.73 21.34 14.91 4.24
July 40.26 35.48 21.66 14.98 4.25
August 59.52 55.68 36.19 28.37 8.15
September 56.34 55.52 38.33 30.76 8.82
October 54.54 54.34 38.17 30.44 8.72
November 48.75 47.57 33.04 25.72 7.38
December 52.69 50.56 34.53 26.85 7.71
Annual avg. (MWh/day) 44.53 42.51 28.55 21.51 6.14
Annual total (MWh/year) 16,278 15,535 10,429 (67.1%) 7859 (50.5%) 2244 (14.4%)

Fig. 6. Calculated collector flowmf Cp on the left-hand ordinate and calculated average
fluid temperature on the right-hand ordinate along with the measured collectible solar
beam irradiance, for a typical high-irradiance day in Petrolina, Brazil [32].

Fig. 7. Calculated average collector fluid temperature during overnight cooling and
during morning gas-fired activation - a magnification from Fig. 6, but with time zero
taken around sunset when the collector pump is turned off.

Fig. 8. The correlation of monthly electricity delivery with (a) monthly normal-beam
radiation, and (b) monthly absorbed solar radiation as computed with the analytic
model.
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heat-transfer coefficient h between the coolant and the tube's inner
wall is dominated by forced convection. We conservatively adopted
h ¼ 100 W/(K-m2), which is far higher than the corresponding h
during the no-flowcool-downperiod. Then fromEq. (10) - and even
accounting for the temperature dependence of h under forced
convection - to a good approximation, Tabs,ext approaches Tf plus a
small first-order correction in 1/h.

Gas combustion is timed such that the average fluid tempera-
ture reaches its operational inlet value T1 of 308 �C around the same
time that the collectible radiation reaches its turn-on threshold
value of ~120 W/m2. The gas heater is then disengaged, and solar
heating rapidly raises the coolant average fluid temperature to
350 �C (with the collector outlet temperature T4 being raised to
391 �C) for the resumption of solar steam generation (Figs. 6e7).
The solution for the time evolution of Tf requires modification of

Eq. (10) to include the constant rate of gas heating (H, in W)

dTf
dt

¼ H � QlL
Cp r V

: (13)

One can either fix the heat-up time and obtain the gas heating
thermal power needed, or input the thermal power and calculate
the associated heat-up time. In the example here for Petrolina, we
opted for a fixed gas-heating thermal power of 1.25 MW, for which
the heat-up time (from 98 �C to T1 ¼ 308 �C) turns out to be 2130 s.

In Figs. 6e7, gas-fired heating of the collector coolant is acti-
vated slightly after 5 a.m., and timed so that, slightly more than half
an hour after activation, the minimum temperature needed for
steam generation coincides with solar beam irradiance reaching its
nominal turn-on threshold. (In the absence of gas heating, the
collector no-flow transient would result in collector flow only
starting slightly after 8 a.m., with a concomitant loss of collectible
radiation that exceeds the gas consumption - not indicated here for
clarity of presentation.)

For a gas burner efficiency of 80%, the gas calorific value
consumed is then 3.33 GJ, which is 4.3% of the yearly-average daily
absorbed solar power Qabs�Aabs of 77.4 GJ (Table 3). Namely,
nighttime cool-down losses are small, but non-negligible.

Thermal relaxation time is commonly defined as the period for
the difference DT between the absorber temperature and the
environmental temperature to decrease to 1/e z 0.37 of its initial
value (predicated on an approximately exponential decay of DT



Fig. 9. Hourly incidence angle modifier K(q) for representative days of high collectible
radiation at the solstices and equinoxes. (a) Kramer Junction, CA (latitude 35.03�N). (b)
Petrolina, Brazil (9.35�S).
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with time). From the solution graphed in Figs. 6e7, the thermal
relaxation time is 6.7 h, which relates exclusively to no-flow
conditions.
3.5. Correlations for system performance

Correlations are often sought between the monthly electricity
delivery Pe and solar input variables. Prior studies often looked for a
linear relation with the monthly-average normal beam irradiance
Ibn, but found considerable scatter. The reason is that a given value
of daily and monthly-averaged Ibn can be realized via distinct un-
related combinations of solar geometry and atmospheric condi-
tions. The physics of the problem indicates that a far better
relationship should exist with Qabs. The analytic estimates confirm
that this is indeed the case, as shown in Fig. 8.
3.6. Incidence-angle-modifier effects

The energetic advantage of installing such solar concentrators at
lower latitudes is largely reflected in the heightened incidence
angle modifier, with a far less acute seasonal dependence at low
latitudes. This point is highlighted in Fig. 9, where hourly K(q)
values are plotted for the solstices and equinoxes. Field measure-
ments show that the annual-average normal beam irradiance is
80% higher in Kramer Junction [33] than in Petrolina [32]. However,
the annual-average electricity production is only 56% higher, in
large part due to the higher (energy-weighted) K(q) for the same
solar collectors in Petrolina, complemented by a higher annual-
average cos(q). There is also the fringe benefit of a far less pro-
nounced time-of-day and seasonal dependence of power genera-
tion at lower latitudes, which means a smaller difference between
peak and average power production.
4. Conclusions

Analytic modeling not only simplifies the evaluation of the
performance of solar thermal power plants, but also provides a
clear physical picture of how component and system behavior
should vary with key variables such as collector optical and thermal
properties, turbine characteristics, and solar beam input. Adopting
previously published analytic formulae for turbine performance,
and deriving expressions for collector behavior, we have presented
a modeling capability for collector and system performance.
Straightforward summation of those results over time yields
monthly and yearly performance.

In addition, the impact of overnight cool-down, with a collector
relaxation time of 6.7 h under no-flow conditions, has been eval-
uated, and shown to constitute a small but non-negligible fraction
of the total energy balance.

The predictions of the analytic modeling were compared against
the limited data base for field measurements of the monthly and
yearly solar thermal and turbine power delivery from large-scale
solar thermal power plants at a mid-latitude location in southern
California, with favorable agreement. A theory-vs-experiment
comparison was also possible on an hour-by-hour basis, based on
the single day for which a complete data was published, with
reasonable agreement. Armed with such partial validation, we
applied the analytic modeling to performance predictions for an
analogous solar thermal power plant planned for a low-latitude site
in northeast Brazil.

One aspect of this has been evaluating the tradeoffs at low
latitude locations stemming from lower solar beam availability
versus the significant gains deriving from solar geometry (i.e., an
improved averaged cosine of the incidence angle and incidence
angle modifier, with the latter benefitting from higher intercept
factors and lower Fresnel reflection losses off the glazing of the
evacuated-tube receivers).

Since economic scenarios have proven to be ephemeral,
whereas the physics of the problem is immutable, we do not ven-
ture into analyses of financial viability. Nonetheless, the fact that
close to 5 GW of affordable solar thermal power plants of this na-
ture are currently operating would appear to attest to the cost-
effectiveness of such systems, and to justify investigations of the
objective scientific and engineering aspects of system modeling
and design.

Our analytic model permits a rapid and accurate evaluation of
how potential modifications in components, system design and
location impact energy delivery. The analytic nature of the model
provides a physically transparent picture that clearly explains the
major trends for the dependence of system power generation on
the principal collector, turbine and operating variables. Further-
more, the general character of the formulation allows it to be
applied to a variety of solar power systems, in contrast to most
available numerical simulationmodels that are rather focused upon
a particular system and can be quite complex.
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