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ABSTRACT

A detailed performance model of the 30 MWe SEGS
VI parabolic trough plant was created in the TRNSYS
simulation environment using the Solar Thermal Electric
Component model library. Both solar and power cycle
performance were modeled, but natural gasfired hybrid
operation was not. Good agreement between model
predictions and plant measurements was found, with errors
usually less than 10%, and transient effects such as startup,
shutdown, and cloud response were adequately modeled.
While the model could be improved, it demonstrates the
capability to perform detailed analysis and is useful for
such things as evaluating proposed trough storage systems.

TRNSYS AND THE STEC LIBRARY

The TRNSY S simulation environment (Solar Energy
Laboratory, 2000) was selected for use in modeling solar
thermal power systems for a number of reasons, including
modularity, flexibility, and ease of use. Commercialy
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modeling different configurations such as standard solar
plants or combined fossil-solar (hybrid) designs. The
STEC library components are typically detailed steady-
state models formulated in thermodynamic quantities such
as temperature, pressure, and enthalpy. This high level of
modeling detail can be valuable in many cases. For
example, the ability of a solar steam generation system to
handle startup transients could be analyzed. Of current
interest is the evaluation of thermocline storage concepts
for trough power plants. To evaluate these concepts, their
performance and operational issues associated with startup,
shutdown, and cloud transients must be studied on an
annual basis.

While annual system performance can be modeled in
TRNSYS using these detailed state property components, it
is also possible to create less complex component models
based on a simple energy balance formulation. This would
result in a similar model to SOLERGY (Stoddard et al.,
1987), but would be more easily adaptable to different

available power cycle modeling codes have many standard configurations such as hybrid plants. SOLERGY is a
components, but frequently limit the user’s ability to create public-domain software tool frequently used for annual
new components, tend to be quite expensive, and are notsolar plant performance analysis. The ability in TRNSYS
capable of modeling annual performance using weather file to create and share with others new component and system
data as input. The latest update of TRNSYS, Version 15, models also helps provide consistency in modeling efforts
was used for this work. It has a number of improvements undertaken by different organizations around the world,
to the graphical user interface that were found to be very and makes their results more comparable.
useful. Four other parabolic trough power plant models, none
A library of Solar Thermal Electric Component in the public domain, should be mentioned. The Luz
(STEC) models for both solar and conventional power System Performance Model (Kearney and Gilon, 1988)
cycle elements was created for TRNSYS (Pitz-Paal and was used in the design of the SEGS plants and is generally
Jones, 1998). The component models are linked togetherless detailed than the TRNSYS model. KJC Operating
to form the desired system, thereby permitting flexibility in Company has improved the Luz model for use in
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evaluating plant performance. The FLAGSOL model
(Price et a., 1995) is also derived from the Luz model. It
has a less detailed simulation of the power cycle than the
TRNSY S model and does not provide cycle process data.
These models are not modular like the TRNSY S model.
The EASY simulation environment was also used for
trough plant simulation and will be discussed later.

KJCOC AND THE SEGS PLANTS

KJC Operating Company (KJCOC) operates 5 of the 9
parabolic trough power plants located in the Mojave desert
of California (see Figure 1) that have a total rated capacity
of 354 MW. KJCOC has many years of experience
operating the five 30-MW plants, and has been able to
improve peak output and annua performance while
reducing operating and maintenance costs over the years
(Cohen et al., 1999).

The SEGS VI plant was chosen for modeling because
it has been well characterized and there was high
confidence in the quality of the data collected. The SEGS
plants are permitted (by their power purchase contracts
with the local utility) to use natural gas to supply up to
25% of the annual thermal input, but this feature was not
included in thisfirst model. Oneissue is that the SEGS VI
plant’s operating conditions change in a complicated way
in gas fired mode. Additionally, the logic used to
determine the amount and timing of fossil burning is

interface with the SEGS VI model. TRNSYS has the
capability to display only part of the system model by
assigning components to different, user-definable layers in
a similar manner to computer-aided design (CAD)
software. Multiple components can also be assigned a
single icon called a “macro” to simplify the graphical
display, as is the case with the high- and low-pressure
turbines and feed water heaters in Figure 3. The lines
connecting the components represent the flow of
information. For example, the line between the trough
field component and the expansion vessel connects the
trough field output quantities of temperature and flow rate
to the equivalent expansion vessel inputs.

In addition to turning off certain layers of the
TRNSYS project shown in Figure 3, some of the
connections have been deleted to make the diagram more
readable. The methodology for displaying and editing
connections in TRNSYS could be improved and made
more user friendly. The current methodology results in a
very confusing diagram for a complicated system like the
SEGS VI model.

1. Parabolic Trough Field

The parabolic trough field model is similar to that of
Lippke (1995), and is based on experimental measurements
of the SEGS LS-2 trough collector performance (Dudley et
al.,, 1994). The SEGS VI operators manually control the

dependent upon many factors, is typically evaluated by flow rate of the Therminol VP-1 synthetic-oil heat transfer
skilled human judgement, and so is difficult to implement
on the computer. Consequently, days with solar-only
operation were used
predictions.

for comparison with model

trough plantsin the California desert.

THE SEGS VI MODEL
This SEGS VI model differs from a previous Lippke

fluid (HTF) through the field of parabolic trough
collectors. Normally, they adjust flow to maintain a
roughly constant outlet field temperature, and this behavior
was modeled. The required mass flow rate of HTF to
achieve a user-defined outlet temperature Tout is
calculated from a first-law energy balance on the field

M = Qnet
Wl ) o
where,
Qnet = Qabs - Qpipe
)

and the absorbed power is described by
Qabs = | [A gperture [ﬁLMS(A +B/2(AT; +AT0)] +
3
C(ATi +4T,) | 5 (aT; -AT,)
21 21(aT; +4T,) . (3)
The coefficients A, B, C and D are empirical factors

model using the EASY simulation environment (1995) in describing the performance of the collector. The factor L is
that publicly available software tools were used and the incident angle modifier, M considers end losses and S
additional complexity was added to more accurately model considers shading of parallel rows. Evaluation of these
transient behavior. As will be seen, the steady-state parameters is described by Lippke (1995); andAT, are
formulation of the models, coupled with the 5-minute time the differences between collector inlet and outlet
step is sufficient to simulate the plant behavior during the temperature and ambient temperature, and | is the direct

transients studied. Figu_re 2 shows a schematic of the 5rmal isolation.Qpipeaccounts for losses in the piping.
SEGS VI process flow. Figure 3 shows the TRNSYS user

Copyright © 2001 by ASME



—
~. LEGEND ‘i
[——— N
\\ s CONDENSATE AND N
FEEDWATER A
\ A\ \\.3 SUPERHEATED STEAM ¥z
revsre, REHEAT STEAS iz
A COOLING WATER
i<~
. ‘()
\ memesouen X
NN
srsmeD AR ;\\\\\\\-:“\ ‘,;,//},‘
\ N 772,
N N e <
N NI
Wi — \\\\\\\\\\\\\\‘\\: Bvpass |\
Fowes e N
HTF EXPANSION VESSEL :
\
\
N
»
\
4 avpass NI 4
A VAN A
2 2 N 2
([ ]|} VNI %
N 7

Hp. Lp
EXTRACTIONS  EXTRACTIONS

coou . v

NS

., cooLING
TOWER
‘COOLING WATER SUPPLY

[rreramon ]

SOLAR STEAH

GENERATOR HXOTA
v e i e I
3 G] ol

CONDENSATE  AREUECTORSAND  GLANDSTEAN
G Pups VACOMPUMP  CONDENSER  §

S \
N \_w
N N

S PP AT P P I P P I P TP T I I PP INF I IS I TP T ST I T T T s

N

ATTTTITTITITIRIRRTRRIRRRL LR R R R R N LA

g

P 3
FEEDWATER | FEEOWATER
‘| HEATER

HHs

#3HE

e .
Mbtﬂ— E—Hb ' -1.._&
[T S T

Elu Frd Epware Vaaml  Jpkis-l Sl BT Frectensl Spkior

]

. L T =
lI:—-—l'_l - i

Ergpuaniin

O mackivaiin

|
1 H tacids
;o -
II LF Tesins HI Tacksias
| e
I Erorsminan
| 1 .
| - = T
|‘ Coradsruws Mump LF Fprersler Sanies-1 | 5
| !
| g . o
- Y 1
II b sl H Fridi o Homdei ] ol
|
- -
|
II -
I L Fedeulor Hanler Froode ales Py
|

Figure3. The SEGSVI TRNSY S mode.
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When the SEGS VI plant is shut down overnight, the operational limitations of a minimum 16.2 bar (235 psi)
steam generation system is “bottled-up,” locking the warm steam pressure and 222 (40°F) superheat are imposed.
HTF inside. The next time the solar field is operated, the When these conditions are not met, steam is diverted
HTF is re-circulated through the field via a bypass loop around the turbine to the condenser via a bypass circuit and
until its temperature rises to the level of the oil stored in fractional splitter. During startup or shutdown, the fraction
the steam generation system—a value that varies with sent to the turbine varies linearly between zero and one
seasonal and daily weather and is influenced by gas-fired over the ramp period. A throttling valve in the bypass loop
operation. In the model, when the field outlet temperature provides the equivalent pressure drop as the turbine would
exceeds 26 (500F), a typical value for solar-only  provide under the same conditions.
operation, flow is directed to the steam generation system
and steam production starts. 4, Feed Water Heaters

The HTF undergoes significant volume changes over a The feed water heaters are heat exchangers that
day due to changing average temperature. To condense steam extracted from the turbine to heat feed
accommodate this effect at SEGS VI, an expansion vesselwater before it enters the economizer, thereby increasing
is located between the field and the steam generationthe Rankine cycle efficiency. Two TRNSYS components
system. A “Type 4” storage tank component, part of the were used to model the feed water heaters, the preheater
standard TRNSYS library (Solar Energy Laboratory, and the subcooler. The preheater model assumes water of

2000), is used to model the expansion vessel. constant heat capacity on the cold side and condensing
steam on the hot side. It determines the required steam
2. Steam Generation System mass flow rate that would keep the water level in the heat

The evaporator generates saturated steam andexchanger constant using the effectiveness method to
demands feed water flow from the feed water pump. The calculate heat transfer. The subcooler is a simple 1-phase
single-phase economizer, superheater and reheater modelfieat exchanger based on the standard TRNSYS “Type 5”
use inlet conditions of temperature, pressure, and flow rate component with the added ability to scale the overall heat
of the hot and cold side as input quantities to the model. transfer as a function of the cold side flow rate.

The transferred heat is evaluated using the effectiveness

method in both cases. The overall heat transfer coefficient 5. Dear eator

UA can be scaled with the cold side mass flow rate using a The deareator is a type of feed water heater where
power law. Also, the reference pressure loss may be scaledsteam is mixed with subcooled condensate to produce

using a power law with the cold-side flow rate. saturated water at the outlet. This helps purge oxygen
from the feed water, controlling corrosion. Conservation
3. Turbine of energy and mass are used to calculate the required steam

SEGS VI has both high- and low-pressure turbine flow rate from a turbine extraction to achieve this process.
stages, with reheat of the steam occurring between the
stages. Each turbine stage model is assembled using two6. Condenser
generic sub-models: one for a turbine stage and one for the Steam exiting the turbine is condensed so that it can be
steam extraction. The turbine stage evaluates the enthalpypumped through the steam generation system.
at the stage outlet from the inlet conditions using an inner Additionally, condensed extraction steam exiting from the
turbine efficiency that can be specified by the user as a feed water heaters is directed to the condenser to be reused.
function of the flow rate with a third order polynomial. The The condenser model assumes a constant temperature
pressure at the turbine inlet is evaluated from the pressuredifference between the condensate and the cooling water as
at the outlet using Stoidola's law. Mechanical losses are well as a constant rise in cooling water temperature.
incorporated with a coefficient of mechanical efficiency. Therefore, the condensing pressure depends only on the
The turbine extraction works as an adjustable splitter that condensate inlet temperature.
receives a flow demand signal, normally from a feed water
heater. RESULTS

To better model turbine startup and shutdown The goal was to create a detailed model that accurately
transients, a turbine controller and a bypass loop were predicted SEGS VI plant behavior on short time scales (i.e.
added. An approach based on the go/no-go strategy inminutes) and through transients.  Consequently, the
SOLERGY (Stoddard et al., 1987) was used to define TRNSYS model predictions are compared here with
turbine ramp up and synchronization delays for hot, warm, measured plant data on a daily, rather than monthly or
and cold starts. A turbine ramp down period was added to annual basis. Results are shown for sunny and cloudy days
approximate the operator’'s ability to extend operation by in 1991 with solar-only operation. Figures 4 and 5 show
carefully balancing the two competing requirements of the weather conditions at KJC on July 18, 1991 and
steam superheat and minimum pressure. The real turbineSeptember 19, 1991.
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Figure 5. Weather conditions on 9/19/91.

The solar collection results are presented first,
followed by the power cycle results. Figures 6 and 7 show
the measured and predicted HTF temperatures for the two
days at both the inlet and outlet of the trough field. At
SEGS VI, the operators manually control the HTF flow
rate to achieve the desired field outlet temperature, leading
to the dight variations during steady-state seen in the
figures. The model uses feedback to exactly achieve the
set point temperature of 38°C for 7/18/91 and 375°C for
9/19/91 when sufficient incident power exists. The good
match between measured and predicted outlet temperatures
indicates this approach is sufficient to model the operator
behavior both in sunny and cloudy conditions. The
temporal mismatch in outlet temperatures seen in Figure 6
suggests the thermal capacitance of the system is not
precisely modeled. The dlight mismatch on the cloudy day
islikely due to the same phenomenon, but also could result
from the DNI measurement being taken at 1-2 discrete
locations while the field covers a wide area (because
clouds could affect the two differently). The early morning
HTF temperatures assumed in the model are closer to
measured values on 7/18/91 than on 9/19/91.

IS
a
=}

—&-Tin Measured

N
o
<}

1" |~=~Tout Measured | e e m——— |
—4—Tin Predicted
Tout Predicted | 7

w
a
=}

|
|
r
s |
9 | | |
o 300 4 | | |
j
o | | |
° ! !
5250’77777777777 oo r T m T
@ | | | | | | | | |
2 200 4 | | | | | | | |
£ | | | | | | | | | |
e I I I I I I | | | |
L150 =~ =~ —r - r + + + + i ittt alti
T | | | | | | | | | |
| | | | | | | | | |
100 + | | | | | | | | | |
| | | | | | | | | |
504 ——L__L_ L L L L L L L__L__
| | I | | | | | | | |
| | | | | | | | | | |
0 t t t t t t t t t t t
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)
Figure 6. M easured and predicted HTF temperatures
at theinlet and oulet of thetrough field on 7/18/91.

450 T T T

—&-Tin Measured

1" |-==Tout Measured

—4—Tin Predicted
Tout Prs‘zdicted"

N
o
<}

w

a

=}
T

HTF Temperature (Deg. C)
= = N N w
o (o o u o
o o o o o

@
=}

o

0 2‘ 4‘1 6 é 1‘0 - 1‘2(h) 1‘4 1‘6 1‘8 2‘0 2‘2 24
Figure 7. Measured and predicted HTF temperatures
at theinlet and oulet of the trough field on 9/19/91.

Figures 8 and 9 show overall good agreement between
the measured and predicted HTF flow rates for both days.
On both mornings (around 8:00 on 7/18/91 and 10:30 on
9/19/91), the operators increased the HTF flow rate during
startup more than the model predicted. This special
operational approach permits the starting the turbine more
quickly by building steam pressure first, then achieving the
required superheat. The turbines at SEGS VI and VII
benefit from this special procedure, while the SEGS I11-V
plants do not need such careful operation during startup.

The current plant operating procedure of maintaining a
minimum HTF flow rate of 144,000 kg/hr at all times is
modeled, but this operating procedure was not always used
in 1991. The higher measured flow rate from 7:00 to 8:00
on 9/19/91 was due to the operators aggressively pursuing
energy collection. The model increased HTF flow above
the minimum value for only a few minutes before 8:00,
when absorbed energy was predicted to exceed losses. The
operators are able to view the sky and better estimate the
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future weather than the model, which only uses the current

turbine is larger than was measured. This is due to the

time step’s values. It appears in this case, the weather didspecial operating procedure discussed previously, where
not respond as the operators hoped, and they had to delayhe operators increase HTF flow to build steam pressure

solar collection until later.
Shifting to the power cycle, we see in Figures 10

before starting the turbine. Figure 11 shows the steam
pressures on 9/19/91, where predictions closely match

through 13 the measured and predicted steam temperatureestimates, even during the turbine synchronization. It

and steam pressure at the inlet and outlet of the high-

appears that both startup and steady turbine behavior is

pressure turbine for the two days studied. Generally, there well modeled at part-load on 9/19/91, but requires some
is good agreement between measured and predicted valuesadjustment for full-load conditions on 7/18/91. Revised

In particular, the predicted values appear to accurately
model the timing.
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Figure 9. Measured and predicted HTF flow rateon
9/19/91.

Figure 10 shows that the steam outlet pressures
generally match predictions on the clear day, but the
predicted inlet pressures are about 8 bar (10%) below
measured values. The drop in inlet pressure at 8:20
corresponds with the synchronization of the turbine to the
grid, and the production of electricity. While still far
above the minimum 16.2 bar pressure required for
operation, the turbine synchronization is predicted to occur
at a substantial 17 bar lower than measured. Furthermore
the predicted drop in pressure after synchronizing the

and potentially more complicated startup criteria may be
needed.

On 7/18/91, the predicted temperatures (Figure 12) are

about 15-30C above measured values at both the
beginning and end of the day. On 9/19/91 with
intermittent clouds (Figurel3), the predicted turbine outlet
temperatures are about°8)higher than measured, while
the inlet temperature predictions are about 1TGE1Bigh.
It appears both the pressure loss and inner efficiency
equations would benefit from more tuning based on many
operating conditions. The low-pressure turbine results are
not shown in the interest of brevity.
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Figures 14 and 15 show the gross power output results
and Figures 16 and 17 show the parasitic power results for
both days studied. On 7/18/91, the gross power predictions
closely match measured values, while there is an over
prediction on 9/18/91. The opposite trend is seen with
plant parasitic power, where the prediction on the sunny
day (7/18/91) differs substantially from the measured
values, while there is good agreement on the day with
intermittent clouds (9/19/91). Figures 18 and 19 summarize
the daily total results from the previous 4 figures, and
illustrate this effect clearly. Tuning the turbine model to
get better temperature and pressure predictions should also
improve the accuracy of gross power production
predictions.

As seen in Figure 16, the clear day parasitic power
predictions match well in the morning, but have greater
error in the afternoon when the ambient temperature is
higher. Further work is needed to determine if this is
causation, or simply correlation.
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CONCLUSIONS

The model provides detailed state-property predictions
for both the solar field and the conventional power cycle at
the SEGS VI plant during solar-only operation. There was

good agreement, usually less than 10% difference, between
the model predictions and plant data for both a clear day
and for a day with intermittent clouds. Some predictions
matched better on the sunny day, while others were better
on the cloudy day. Further tuning, particularly of the
turbine model, should improve accuracy. Adding thermal
capacitance to the model and improving operationa
controls may also increase accuracy. However, the model
aready demonstrates that it provides thermodynamic
property information with reasonably good accuracy, as is
sometimes required for detailed systems analysis. For
example, this model could be used as the basis for
evaluating the annual performance and operational issues
of proposed trough thermocline storage concepts, including
the effects of startup, shutdown, and cloud transients.
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