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Abstract

We present further work on our Trnsys modeling of a combined cycle
Concentrated Solar Thermal power plant. The model presented in the first
report produced average daylight power of around 5 MW .

We have now run the model for a full year, and adjusted control strate-
gies and thermal storage based on the winter months of weakest sunshine.
We also adjusted the control strategy so that the gas cycle and combustion
chamber ran for a constant time period each day, rather than switching on
and off triggered by solar flux levels in the morning and evening.

We also did careful checking of both the gas and steam cycles to ensure
that the model parameters and generated power were in sensible ranges,
and that they matched other third party model parameters for similar steam
and gas turbine power cycles.

Finally we scaled all parameters up by a factor of 20x to model a plant
that had an average year round capacity of 81 MW Electric and a peak ca-
pacity of 158 MW. We also added a blower to the concrete thermal storage
to account for the parasitic losses incurred when the thermal storage was
being discharged.

1 The model

This plant model is based on the SUNSPOT concept proposed by Prof D Kroger.
[Kro08]. It is modeled in TRNSYS [Kea05], a modeling system designed for
thermal modeling of buildings, but now also widely used in the CSP industry[BMC08]
, [QZY08]. The initial model on Figure 1 on page 2 consists of a field of 200 he-
liostats of size 100 m?each. These focus onto an air receiver. Air is compressed
to 15 bar and fed through the receiver at 75 tons/hr when the solar flux onto
the receiver reaches 1x10” kJ/hr or roughly 3 MW thermal. After the receiver
there is a combustion chamber that raises the air temperature to 1100 C. This
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Figure 1: Plant Schematic

hot air is then fed through a turbine and exhausts from the turbine at roughly
500 C. This exhaust air is then split (depending on steam demand) between a
Heat Recovery Steam Generator (HRSG) and a thermal storage consisting of
1000 tons of thermal concrete with pipes running down its length. We initially
tried to use the thermal store composed of a rock bed, but problems with this
model led us to use the concrete heat store. Substantial work has been done
at Stellenbosch on modeling a rock bed storage [AKF09] , and it would be a
useful piece of future work to incorporate a rock bed storage into the model

During the day (when we have the compressor running) the raw gas tur-
bine power was roughly 10 MW and the turbine electrical output about 4MW.
The other 6MW was used to drive the compressor, and was lost in electrical
inefficiency in the generator. The dip in the electrical power output is presum-
ably due to the slightly different thermodynamic properties of the gas (pure air
at noon, more combustion products in the morning and evening).

The HRSG and thermal store is controlled by a steam demand pattern which
we set empirically. We requested 20 tons/hr of hot air into the HRSG through-
out the day, with a ramp up to 75 tons/hr during Eskom’s peak load period.
The ramp up from 20 to 75 tons/hr occurred over the hour from 15h00 to
16h00, and the ramp down back to 20 ton/hr occurred between 20h00 and
21h00. This pattern is easily configurable for any demand pattern or pric-
ing model that a grid operator might demand. When there is hot gas flow-



ing from the turbine exhaust, the thermal control decides whether to charge
the thermal store or provide gas directly to the HRSG based on the steam de-
mand. The thermal store can either be in charge mode or discharge mode,
it cannot do both simultaneously. This model includes a water condenser,
mainly because there was not an air condenser component in the STEC li-
braries. This might be a useful addition to the libraries to write such a com-
ponent. Based on South African conditions, we would probably want to move
to an air condenser[Kro03], which would save water, but at a slight decrease in
efficiency.

2 Results for a full year

2.1 Air Compressor controlled by solar flux

We ran the initial 5 MW model for a full year. Initially we started the air
compressor when the solar flux reached a threshold level (1x107 kJ /hr), and
switched it off again in the evening when it fell below the threshold again.
Firstly we examine performance after the system has charged up the thermal
storage (1000 tons of thermal concrete) for 20 days, and examine the temper-
atures and flow rates of the steam cycle at dates around 20 and 21 January.
In Figure 2 on page 4 and Figure 3 on page 4 we see the storage charge and
discharge during summer. We see that the steam generator hot gas flow con-
tinues throughout the night, and the temperature of the hot end of the storage
as shown in Figure 4 on page 5 never drops below the cut off value (which
we set at 350 C). The temperature of the cold end of the thermal store is also
plotted and appears at the bottom of the graph. We also note that the air cycle
and combustion chamber run for about 10 hours per day (dotted line in Figure
2 on page 4).

In Figure 6 on page 6 to Figure 9 on page 7 we see the same graphs for
two days in mid winter. Firstly we note that the air cycle only runs for about
just under eight hours. The storage gets completely depleted and the steam
generator “runs out of steam” during the early morning hours. We could try
increasing the size of the storage, but there is just not enough heat input into
the system to drive the steam generation during the long winter nights.

The corresponding power graphs for summer are shown in Figure 10 on
page 8 and for mid winter are shown in Figure 11 on page 8. In these graphs
the dotted line is the the gas turbine gross output power (before powering the
compressor). The dashed line the is gas turbine electric output power and the
solid line is the combined gas and steam electric output power. Note that even
at the peak of power production, the electric power from the steam cycle is
less than half the power from the gas turbine. In these graphs we also note the
fall off in electric power around hour 4348 (a mid winter night).

We did attempt to double the size of the thermal store to avoid this power
fall off, and this did give us an extra three hours of running in the mid winter
nights, as seen in Figure 12 on page 9 but it was still not enough to prevent
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Figure 2: Jan Air flow rates after 20 days. Solar Switch
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Figure 3: Jan Steam generator demand and flow. Solar Switch
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Figure 4: Jan Temperatures of Turbine and Storage. Solar Switch
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Figure 5: Jan Temperature of Steam Generator air. Solar Switch



8 T
air
— — charge
T —— discharge |
6 |
£.| S S ]
g I ! | l
< 1 |
o i |
- . | L
= 4r 1 ] | E
2 ! : 1 |
@ 1 l‘ I I
g3 f' | i l 1
1 | \ |
2 ] | 1 |
1 ] |
i ‘ :
! | ] |
1f ! i | 1
i |
L ] |
j il ; .
0 Il Il r Il Il Il ’ Il IN Il
4320 4325 4330 4335 4340 4345 4350 4355 4360 4365

time Hr

Figure 6: Flow rates from Storage in midwinter. Solar Switch
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Figure 7: Midwinter Steam generator demand and Flow. Solar Switch
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Figure 8: Midwinter Temperatures of Turbine and Storage. Solar Switch
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] Period | Whole year | Jan [ July |
Average Elect Power MW 2.82 3.25 | 2.36
Average Efficiency % 41 40 41
Solar fraction % 49 54 40
Steam Fraction % 24 24 24

Table 1: Efficiencies for system switched on solar flux

power loss in the early morning hours. We then concluded that the total input
power into the system in winter (solar and fuel for the combustion chamber)
was insufficient to power the plant as required for a whole day. After this
we went to a model where the combustion chamber and air compressor were
switched on at a constant time each day, and the power input to the system
stayed roughly constant through summer and winter, the only thing that var-
ied between the seasons was the solar fraction.

The steam generator hot gas temperatures for a full year are shown in Fig-
ure 13 on page 10 , where we can clearly see the bottoming out during the
winter months. In fact bottoming out starts around hour 2500 (mid April) and
continues till hour 6000 (August).

The average efficiency and solar fraction for this solar switched configura-
tion was 41% and 49% respectively, as shown in Table 1 on page 9
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Figure 13: Steam generator Hot Gas Temperatures Whole Year. Solar Switch

2.2 Air Compressor controlled by time switch

In this configuration, the air compressor and combustion chamber were switched
on at the same time each day, summer and winter. This enables other compo-
nents in the plant to be correctly sized, as the total energy into the system day
by day remains the same throughout the year. The air flow ramps up during
5h45 to 6h00 from 0 to 75 tons/hr, and ramps down again from 18h45 to 19h00.
The initial charging of the thermal storage in shown in Figure 14 on page 11
and Figure 15 on page 11. From this graph we can see that when charging a
completely cold thermal store, only on the first night do we loose steam capa-
bility, and steady state is reached after roughly 5 days.

Graphs of the flow rates for this constant time system in midsummer and
midwinter are shown in Figure 16 on page 12 to Figure 23 on page 15 respec-
tively. These should be compared to Figure 2 on page 4 and Figure 6 on page
6which show the same variables, but the system switched on and off by solar
flux.

With this extra energy input, we noticed that the thermal storage was not
getting depleted during the evenings, and increased the off peak steam de-
mand, first to 30 tons/hr, then to 40 tons/hour to try to extract maximum elec-
trical energy from the system. These efficiencies are shown in Table 2 on page
17. Although there was a marginal increase in power for an off peak steam
demand of 40 ton/hr, we noticed that at this demand, the thermal storage was
depleted each night, so we again ran out of steam during the night. Thus it

10
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Figure 16: Air flow rates from Storage in midsummer. Time Switch
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Figure 18: Temperature of turbine and storage midsummer. Time Switch
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Figure 20: Air flow rates from Storage in midwinter. Time Switch
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Figure 22: Temperature of turbine and storage midwinter. Time Switch
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Figure 23: Steam Generator Temp midwinter. Time Switch
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Figure 24: Gas Turbine and combined Electric Power Mid Winter.Time Switch

seems that an off peak steam demand of 30 ton/hr is roughly optimum for this
plant size and control strategy. The remainder of this discussion and modeling
was done with an off peak steam demand of 30 ton/hr.

The power graphs for this constant time case for midwinter are shown in
Figure 24 on page 16. The graph for midsummer is very nearly identical. This
similarity between summer and winter is clearly seen in the whole year plot of
Figure 25 on page 17, especially when it is compared to Figure 13 on page 10
(switched on solar flux).

The steam fraction (percentage of output power generated by the steam
plant) was constant throughout the year and varied from 22% for the 20 Ton/Hr
case to 24% for the 40 ton/hr case.

3 Checking of model against known 3rd party mod-
els

3.1 Heliostat - air receiver and turbine

We initially checked this against the individual STEC models for a heliostat
field with an air receiver with a gas turbine, and the separate STEC model for
a steam cycle.

16
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Figure 25: Steam generator Hot Gas Temperatures Whole Year. Time Switch

Year Jan Jul Peak
solar fraction % 37% 47% 25%
steam off peak air Pow | Eff | Pow | Eff | Pow | Eff | Pow
20T /hr 394 | 41% | 3.90 | 41% | 3.98 | 42% | 6.60
30T /hr 4.06 | 43% | 4.02 | 42% | 4.10 | 44% | 6.80
40T /hr 4.07 | 43% | 4.03 | 42% | 4.11 | 44% | 7.12
x20 600T /hr 81 | 44% | 80 |44% | 82 | 45% | 158

Table 2: Power (MW) and efficiencies for constant time system

| Parameter | STEC Model [ SUNSPOT Model |
Heliostats number 150 200
Heliostats area 100 100
Weather model BARST84.DAT | Upington.DAT
Peak power onto receiver (noon) 3.5*107kJ/hr 5*107k]J/hr
electrical Power (noon) 2.05*107k] /hr 2.0*107kJ/hr
Compression ratio 15 15
Compressor mass flow 75 ton/hr 75 ton/hr
Combustion chamber exit temp 1100 1100
Turbine exhaust temp after silencer 498 492

Table 3: Comparison of air receiver model

17



3.1.1 Conclusion

The air receiver match was a good one as shown in Table 3 on page 17, the
main difference being that there was more incident solar power available in
Upington, and so less fuel was burnt in the combustion chamber.

3.2 Steam Cycle

The original STEC model for steam generation had different input parameters
as shown in Table 4 on page 19 to those available from the gas turbine exhaust
in our model, so we iteratively adjusted parameters till we had a good working
set. Initially we just added the existing exhaust gas from our air turbine model
to the existing STEC steam turbine model. This model was designed for a
higher hot air flow rate. (Compare column 2 and Column 3 in Table 4 on page
19 .) This had the effect of producing a reasonable output power, but with
steam pressure only half of what was expected.

These combined cycle plants often run at a steam pressure of 100 bar [KRHS09]
, and this initial model only produced a steam pressure of 47 bar. This was
caused by the turbines being too large for the heat input, so steam pressure
could never build up properly. Another factor indicated a mismatched HRSG
was the fact that the pinch point was nearly zero. Pinch point is defined as the
hot gas exhaust temperature leaving the evaporator, and the steam tempera-
ture leaving the evaporator. For most steam plants this is between 8 and 15
C.

In column 4 of the table we halved the steam flow rates through the turbines
and halved the heat heat transfer capacity of the heat exchangers and this had
the effect of bringing the steam pressure up to expected levels, although with a
slight decrease in power output. (Buying a turbine of twice the needed capacity
is probably not the most economical way to increase power output). The pinch
point here was 6.5 C which is more reasonable.

3.2.1 Conclusion

After adjusting the model to the maximum available heat flow, we got good
agreement, and power output in the expected range. We also checked the
steam cycle against a model in a combined cycle book,[KRHS09] and it was
within expected ranges.

4 Scale up to 100 MW Plant size

Next we scaled all flow rates in the plant up by a factor of 20 to get a plant in
the 100 MW range. At this stage we also added a blower to model the parasitic
losses caused by the discharge of the thermal store. The results of this run are
also summarized in Table 2 on page 17 . The mean power over the whole year

18



Parameter STEC Model Sunspot model Sunspot model
(steady state) (4pm peak) (4pm peak) steam
identical params to flow rates halved
STEC model
Hot side input flow 130 ton/hr 75 ton/hr 75 ton/hr
Hot side input temp 574 497 497
Condensing Temp 35 35 35
T De-aerator water out 151 126 147
T preheat cold side out 207 178 204
T econ cold side out 306 261.3 304
T evap cold side out 311 261.2 303.6
T evap hot side out 316 261.6 310.2
Pinch Point 5 0.4 (no pinch point) 6.5
T superh cold side out 500 437 438
Steam Press superh bar 100 47 90
Total steam power out 17.03 / 4.73 790 /219 7.17 / 1.99
10°k] /hr /MW (pressure better but
power worse)
economizer HTC 390 390 195
(kJ/hr.K) *1000
evaporator HTC 495 495 248
(kJ/hr.K) *1000

Table 4: Steam model comparison
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] Number heliostats \ 4000 \

Heliostat area each 100 m2
Combustion chamber exit temp 1100
Combustion chamber air flow | 1500 ton/hr
CcOmpressor pressure 15 bar
Peak power electric 117 MW
Peak turbine shaft power 280 MW

Table 5: Solar Field and gas turbine Plant Parameters for 100 MW Plant

] Mass thermal concrete \ 20,000 ton ‘
Length 100 m
Total cross section area pipes 20 m?

Table 6: Thermal Storage Plant Parameters for 100 MW Plant

was 81 MW, and the peak power 158 MW. Average efficiency (output power di-
vided by combined solar and fuel input) during the whole year was 44%. For a
dedicated combined cycle plant, efficiencies are of the order of 57% [KRHS09].
The difference between our Sunspot model and a dedicated plant can be ex-
plained by the fact that our steam cycle is running at a sub-optimum (keep
alive) mode for much of the day, and is only running at full design capacity
during peak hours. (16h00 to 20h00). On the other hand we are consuming
no fuel at all during the night time hours. Our efficiency on just the fossil fuel
burned is 70%, so the solar input allows us to exceed the efficiency of any pure
fossil fuel plant.

The control and design strategy that will result in the most economical lev-
elised cost of electricity will depend on the ratios of capital cost for equipment,
interest rates, expected plant lifetimes and fuel costs.

The average power used by the storage blower over the whole year was 0.6
MW and the peak blower power consumption was 1.9 MW

5 Plant Parameters

The parameters for the 100 MW nominal plant are shown in Table 5 on page
20, Table 6 on page 20 and Table 7 on page 21. The number of receivers (4000)
might be too large for a single tower, and a distributed tower system might
be needed. There are other approaches[Fre09] , notably the Google funded
company eSolar, which use smaller (1m?) mirrors and multiple towers which
might lead to lower capital cost.
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] Hot side flow rate | 1500 ton/hr (peak 16h to 20h) 600 ton/hr (other) |

Steam/water flow rate (peak) 180 ton/hr
Preheater (heated with steam) HTC 1860 MJ /hr.K
Economizer HTC 4000 MJ/hr.K
Evaporator HTC 5000 MJ/hr.K
Super heater HTC 1860 MJ /hr.K
Steam turbine 1 Pressure drop 100 bar-20 bar peak Elect 15.4 MW
Steam turbine 2 Pressure drop 20 bar-5 bar peak Elect 9.5 MW
Steam turbine 3 Pressure drop 5 bar-0.05 bar peak Elect 15.8 MW
Condenser cool water inlet 20 ton/hr

Table 7: Heat recovery steam generator and steam turbines for 100 MW Plant

6 Problems

We tried several times to generate a steam model from scratch, but abandoned
due to the time taken, and many small undocumented gotchas in the model
components. For example the steam bypass indicator on the turbines must be
initially set to 1 (not its default setting) for the turbines to generate steam pres-
sure and output power. Another anomaly we found was the variable used to
indicate the dryness of the steam. We expected this to vary between 0 (sat-
urated or wet steam) and 1 (fully superheated steam). However unless this
variable is set to 2 for fully superheated steam, the turbines do not generate
power as expected.

7 Conclusions and Suggestions for Further Work

We have constructed a usable model in TRNSYS of a combined cycle solar
power plant with a central receiver. We have tested it with different control
strategies over a whole year. We concluded that it was necessary to run the
auxiliary combustion chamber for a constant time each day throughout the
year to enable us to properly size the thermal storage and steam cycle.

It would be useful to have more work done on two components in the
model, and one additional control strategy:

e Rock bed storage component
¢ Air Condenser component

¢ An additional control strategy that could be tried is to just run the steam
cycle at night (ramping it up as the air cycle ramps down), instead of
switching it on at 16h00, and getting the peak steam sitting on top of the
peak air cycle power (see for example Figure 24 on page 16 )

21



References

[AKF09]

[BMCO08]

[Fre09]

[Kea05]

[Kro03]

[Kro08]
[KRHS09]

[QZY08]

K.G. Allen, D.G. Kroger, and T.P. Fluri. Thermal Energy Storage
in a Rock Bed. In Proceedings of the ISES Solar World Congress 2009,
pages 864-875. International Solar Energy Society, Freiburg, Ger-
many, 2009.

N. Blair, M. Mehos, and C. Christensen. Sensitivity of Concentrating
Solar Power trough performance, cost, and financing with the Solar
Advisor Model. 2008.

S. Fredman. Concentrating Solar Power Baseload renewable Power:
The Convenient Truth. In Proceedings of the ISES Solar World Congress
2009, pages 1232-1234. International Solar Energy Society, Freiburg,
Germany, 2009.

S.A. Klein and et al. TRNSYS A Transient System Simulation Program
User Manual. Solar Energy Laboratory, Univ. of Wisconsin-Madison,
2005.

D.G. Kroger. Air-cooled heat exchangers and cooling towers. Pennwell
Corp, 2003.

D.G. Kroger. Personal Communication, 2008.

R. Kehlhofer, B. Rukes, FE. Hannemann, and F. Stirnimann.
Combined-cycle gas & steam turbine power plants. Pennwell Books,
2009.

H. Qu, J. Zhao, and X. Yu. Simulation of Parabolic Trough. Solar
Power Generating System for Typical Chinese Sites. In Zhongguo
Dianji Gongcheng Xuebao(Proceedings of the Chinese Society of Electrical
Engineering), volume 28, pages 87-93. Electric Power Research In-
stitute(China), Qinghe Xiaoying Donglu 15, Beijing, 100085, China,,
2008.

22



