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Abstract

The present paper deals with the performance prediction of Concentrated Solar Power plants integrated
with cooling energy production. The plant configuration is based on a typical steam Rankine cycle (rated
62.1 MW,). The thermal input is provided by two different solar fields: i) Parabolic Trough Collectors and
i1) Central Receiver System with heliostats reflecting on the tower top. In the former case, both north-south
and east-west oriented collectors are investigated and compared in the study. A Thermal Energy Storage
system allows driving the power block 24-hour per day also in periods with low solar irradiation. A steam
flow rate extracted from the turbine low stages feeds a set of two-stage absorption chillers, and the produced
chilled water is supplied to a district cooling network. A computer code integrating the commercial software
Thermoflex and Trnsys has been developed to model and to simulate over 1-year period the solar field and
the power block.

The power plant is supposed to operate in island mode, having to meet power and cooling demand for a
population of about 50,000 inhabitants in the Saudi desert region. Solar fields and storage system were sized
according to a techno-economic optimization algorithm for the minimization of the investment costs. The
simulation results show the beneficial effect of the combined power and cooling production in terms of peak
load shaving. Compared to the troughs, solar tower exhibits a higher efficiency, thus requiring a lower
aperture area and lower investment costs. The techno-economic analysis shows that the axis orientation has
a strong impact on the trough collectors and that east-west oriented devices perform better for the

investigated load-following application.

Keywords: Absorption Chiller; Central Receiver System; Combined Cooling and Power; Concentrating

Solar Power; Parabolic Trough; Steam Rankine Cycle.

Nomenclature

Aa aperture area (m?)

ABS absorption chiller

C, cost per unit area (USD/m?)
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DNI
HTF
HX
I

LCOE

Tamb
Tav

TES
Vi

Vwind

cost per unit volume (USD/m?)
combined cooling heating power
coefficient of performance
central receiver system
concentrated solar power
collected heat (MWh)

energy deficit (MWh)

heat demand (MWh)

incident solar energy (MWh)
economizer

evaporator

direct normal irradiation (W/m?)
heat transfer fluid

heat exchanger

beam radiation (W/m?)

incident angle modifier
levelized cost of electricity (USD/kWh)
low pressure

multi-effect distillation

penalty factor (USD/MWh)
condenser pressure (bar)

electric chiller power consumption (MW)
power demand (MW)

residual power demand (MW)
parabolic trough collector
photovoltaics

absorption chiller cooling power (MW)
collected thermal power (MW)
cooling demand (MW)

thermal power demand (MW)
incident solar radiation (MW)
re-heat

super-heater

ambient temperature (K)
average temperature (K)

sky temperature (K)

thermal energy storage

tank volume (m?)

wind speed (m/s)
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Hopt optical efficiency (-)

nere parabolic trough overall efficiency (-)

1. Introduction

The interest in CSP technologies has been growing over the past ten years. A number of new plants have
been brought on line since 2006 as a result of declining investment costs and LCOE, as well as new support
policies. Nevertheless, CSP must compete against PV technology, which is undergoing large price reductions
over the last few years [1]. The debate of whether CSP or PV power plants will prevail is topical. Besides
pricing, CSP faces other challenges like inability to exploit diffuse radiation, criticisms related to heat
rejection and water consumption (in water-driven heat rejection systems), and long lead-time for plant
construction.

However, a key benefit of CSP over PV is that CSP plants can more easily provide ancillary services and
provide dispatchable power on-demand using long-term storage [2,3]. This point makes CSP plant highly
flexible and ideal especially for remote locations, where electric power must be imported via expensive
transmission infrastructures. According with IEA report [4], off-grid or remote-grid CSP systems comprise
around 10% of the overall CSP capacity.

Beyond electricity generation for remote or weakly interconnected grids, CSP plants can provide process
heat for final uses or for feeding thermally driven chillers (CCHP). In a Rankine cycle power plant, a steam
flow rate can be extracted from the low-pressure steam turbine and be supplied to absorption chillers; the
generated chilled water is then delivered to a district cooling system. This option allows replacing
conventional electric chillers leading to a significant peak power reduction on the grid and a general
flattening of the electric load pattern [5]. This is a way to increase virtually the solar-to-electric efficiency of
CSP plants (because the power demand on the grid decreases and this is equivalent to a power extra-
production), thus improving their competitiveness.

Worldwide, many electric companies faced rapid growth in electricity demand peaks in the last years. The
main reason is a rise in the use of air conditioning units. Absorption chillers, by shifting cooling from an
electric to a thermal load, are able to reduce demand charges throughout the year and summer peak loads.
Moreover, despite a lower coefficient of performance (COP) as compared to mechanical chillers, they can
substantially reduce operating costs because they are fed by low-grade waste heat [6]. In the open literature,
some papers focus on the investigation of solar driven CCHP systems, but most of them deal with small-
scale engines [7,8].

The integration of desalination systems in CSP plants is another way to increase the overall efficiency. In
particular, thermal desalination techniques permit to reuse the low-grade energy released to the atmosphere.
The combination of multi-effect distillation (MED) with concentrated solar power plants is considered one
the most promising options, for a combined freshwater and power production in CSP plants close to the sea
[9,10].

The purpose of this study is to demonstrate that a solar-driven Rankine cycle with a thermal storage can
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be flexibly operated to match both electric and cooling demand over a one-year period. Four CSP
technologies are on the market: parabolic troughs, linear Fresnel reflectors, solar towers and dish/engine
systems. Among these options, parabolic troughs and more recently towers have been installed in
commercially operating plants [11]. The most used plant configuration involves indirect steam generation
by means of a thermal fluid circulating in the solar field. Conventional HTFs used in solar power plants are
synthetic oil and molten salt. The former is by far the most common solution in spite of temperature
limitation (about 400°C) as well as flammability and toxicity features. The latter can reach much higher
temperatures (over 600°C), allowing for steam temperature increase up to 550°C, with a significant benefit
for the steam cycle efficiency. Moreover, molten salt is less expensive and more environmentally benign
than the other HTFs. The main drawback of molten salt is the high freezing point (about 250°C), together
with the requirement of stainless steel materials because of corrosion issues. A third solution is Direct Steam
Generation (DSG): water evaporates and the resulting steam is superheated in the solar loop without needing
a heat exchanger between solar field and power block. DSG technology has been experimentally investigated
for years and 1s now operating commercially (PS10 and PS20 tower plants in Seville, Puerto Errado 2 Fresnel
plant in Murcia region, TSE-1 PTC plant in Thailand, Khi Solar One in South Africa, Ivanpah project in
California) [12].

The thermal energy storage (TES) plays an important role in improving the performance and reliability of
solar thermal power plants. It allows to mitigate the effects of fluctuations in solar intensity and to extend
(or to shift) the operation of the plant. Thus, the plant can operate much more flexibly and the mismatch
between the power generated by the Sun and the electricity demand profile can be reduced. The most
common TES solution for solar thermal power plants is a two-tank storage system. The indirect system uses
different fluids as storage medium (molten salt) and HTF (thermal oil), whilst in the CSP plants with direct
storage the HTF (molten salt) also serves as storage medium. This concept (with higher cost savings) was
successfully demonstrated both in PTC plant (13.8 MW, SEGS I plant; 120 MWh, storage capacity) and
tower plant (10 MW, Solar Two; 105 MWh, storage capacity) [13].

Despite a large number of studies investigating single CSP technologies, only a few works make a
comparison between different solar fields based on PTCs and CRS, respectively. Solar collector efficiency
is strongly related to site latitude and meteorological conditions (DNI, ambient temperature) [14]. Generally
speaking, PTCs can collect a larger amount of incident radiation in summer months than heliostats with
identical aperture area, but their efficiency tends to dramatically decay in winter [15]. Comparing the results
from parabolic trough and tower plants, the latter typically provide a higher uniformity in the electricity
production, due to a more constant thermal collection capability all over the year. However, because of the
larger spacing needed by the heliostats, the energy density is lower than for the PTC plants [16]. Furthermore,
PTC axis orientation can affect the energy delivery. In fact, the thermal energy collected by a solar field with
troughs whose axis is north-south oriented may vary a lot during the year. Conversely, the thermal energy
delivered by PTCs with east-west axis orientation does not vary so much from summer to winter.
Nevertheless, the yearly thermal output of a PTC with tracking axis oriented north-south is greater [17,18].
This is why current solar thermal power plants operating with a maximum-load logic all use north-south

oriented collectors [19].
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In a previous preliminary work [20], the authors demonstrated that the integration of CSP plants and
cooling production is beneficial to increase the global efficiency. Starting from that concept of combined
cooling and power plant, the authors developed an all-new modeling procedure for simulating parabolic
troughs and solar towers, including the thermal energy storage management for a load following strategy.
Moreover, in the present paper a multi-variable optimization procedure has been developed to determine the
optimal size for each solar field (aperture area) and for the storage system (hot and cold tank volume). The
present investigation aims to explore and compare the performance of a fully solar-driven plant for three
different CSP solutions: 1) PTCs with north-south axis orientation, ii) PTCs with east-west axis orientation,
and 1iii) CRS. The paper presents also an economic sensitivity analysis, aiming to discussing the impact of

the budget costs on the simulation results.

2. Design conditions and assumptions
The modeling assumptions are reported in this section, for both the CSP plant configurations (PTC and

CRS). Attention is focused separately to the power block (including absorption chillers) and the solar field.

2.1 Electric and cooling load

The power system is assumed to operate in island mode and it was sized for a community of about 50,000
inhabitants. Daily patterns of power and cooling demand were derived from data supplied by power utilities
operating in the Gulf area and are defined for a one-year period. Figure 1 shows the total power load (yellow)
and the fraction of power consumption due to chillers (cyan) for a typical summer and winter day. The power
demand undergoes large variations between summer and winter, and between day and night hours. The
power needs for electric chillers range from 15% in winter to 45% of the total demand in summer. A detailed
description of the considered electric and cooling load is given in [5].

The combined power and cooling production into a CSP plant produces as effect a more flattened power
load. Absorption chillers allow displacing a portion of the cooling load, making possible a significant
reduction of the power demand, especially in the hours with the highest cooling request. Moreover, a
correctly sized thermal storage permits to reduce the aperture area of the solar collector field and to avoid

the use of back-up systems.
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Fig. 1. Electric load (Py.,,) and chiller power consumption (L)

2.2. Power block

Figure 2 shows the power plant configuration. It is the typical scheme of a steam Rankine cycle, with air
condenser, a set of feed-water heaters and a deaerator. A fraction of the steam flow rate is extracted upstream
of the LP turbine to drive four double-stage absorption chillers, each one with nominal cooling capacity 20.7
MW and COP 1.31. The chilled water is supposed to be supplied to a district cooling system. The solar heat
is the only thermal input: no auxiliary heaters are considered. A detailed description of the power block is
presented in [20]. Primary thermal design parameters are from [21], whilst Table 1 summarizes the design
conditions.

Thanks to the cooling energy provided by the absorption chillers, the electricity requirement is
significantly lowered, as documented in the paragraph 4 “Simulation results”. The power output (62.1 MW

at design conditions) is high enough to meet the power demand on the electrical grid.

—®— .@RH
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Fig. 2. Schematic of the investigated CSP plant.
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Table 1

Rankine Cycle parameters at ISO conditions.

Turbine inlet temperature (°C) 540
Turbine inlet pressure (bar) 100
Steam mass flow at turbine inlet (kg/s) 67.6
Reheat temperature (°C) 500
Average turbine efficiency (%) 86
Extraction pressure (bar) 8
Condenser pressure (bar) 0.06
SH+EV+EC thermal power (MW) 167.0
RH thermal power (MW) 249
Net electric power (MW) 62.1
Thermal efficiency (%) 323
2.3. Solar field

PTC and CRS have been considered as solar fields. With regard to the PTC axis alignment, it is well
known that the north-south orientation allows for a higher solar energy collection on annual basis;
nevertheless, for this investigation the east-west orientation has been considered as well because it can be
suitable for the load-following strategy of the present case study. For each solar configuration, a two-tank
molten salt direct storage system is implemented in the modeling [22]. HTF (molten salt mixture, 60%
NaNOj 40% KNO; ) coming from solar field fills the hot tank; then it is withdrawn to transfer heat to the
steam generator. A cold tank finally collects molten salt exiting heat exchangers and acts as a buffer. It has
to be reminded that the CSP plant is designed to operate in island mode; hence, TES and solar field must

cover hour by hour the heat demand of the Rankine cycle.

3. Methods and tools

The simulations have been carried out according to Meteonorm climate data related to Riyadh (Saudi
Arabia). Figure 3 shows ambient temperature and DNI for a typical day in summer and a typical day in
winter. It has to be pointed out that the daily profiles of solar radiation are not theoretically calculated

according to Sun position, but are measured including cloud, pollution and dust effects. The annual DNI
amounts to 2 337 kWh/m?.
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Fig. 4. Beam radiation captured by 1-axis tracking systems.

With regard to the influence of the PTC axis orientation on the incident beam radiation, Figure 4 shows
the direct solar irradiance that 1-axis tracking systems north-south and east-west oriented can capture for the
two representative days. In summer, the north-south orientation allows for collecting a larger amount of
beam radiation, mainly when the solar azimuth angle is high (in the morning and in the afternoon). On the
contrary, the east-west oriented solar devices, tracking the Sun along its altitude, can intercept a significantly
higher solar radiation in the central hours of a winter day.

The simulations were carried out for a one-year period on hourly basis. With regard to the computer model,
firstly it has to be underlined that in every modeling activity the selection of the level of investigation is a
crucial point. The present work targeted a compromise between a detailed analysis and an evaluation of the
overall performance. Thermoflex® has been used to simulate the power block, whilst the solar fields and the
absorption chillers were modeled and simulated in Trnsys® environment, including TESS® libraries. The
PTC solar field consists in a number of loops depending on the required total aperture area. Each loop has 8
solar collector assemblies (SCA) with total length per SCA 115 m. The trough overall efficiency under actual
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operating conditions was evaluated as follows:

(Tau - Tam ) (T:v_ Ts4 )
I—b_g.B.I—ky (1)

Npre = nopt K- (A tC Vwind) | b
where T, T, and Ty, are the HTF average temperature, the dry-bulb ambient temperature and the effective
sky temperature for long wave radiation calculations, respectively, V.4 is the wind speed, ¢ is the absorber
emissivity and /, is the direct solar irradiance. The coefficients A, B and C were computed to fit the thermal
efficiency curve of Schott PTR70 receivers under standard conditions [23]. The optical efficiency 7,,, (0.77)
takes into account mirror reflectivity, glass transmissivity and receiver tube absorptivity. The incident angle
modifier K is related to the effect of the non-perpendicularity of solar radiation and it is a function of the
incidence angle.

Trnsys® was also used to model the heliostat solar field (120 m? heliostat surface) and the tower receiver.
Several codes based on ray-tracing software are available in the literature for the design and the optimization
of the heliostat layout [24,25]. Most of them focus on the analysis of the single mirror performance, whilst
the level of investigation of the present work requires an overall efficiency of the solar field under variable
operating conditions. So, the heliostat field performance was evaluated by means of an efficiency map
derived from the System Advisor Model (SAM) developed by the National Renewable Energy laboratory
(NREL) [26]. In detail, SAM was preliminary used to generate optimized heliostat layouts for power plant
ranging from 5 to 200 MW, under Riyadh climate conditions. For each size and for each azimuth and altitude
combination a field efficiency has been calculated. The resulting efficiency map is shown in graphical way
in Fig. 5. The overall heliostat field efficiency (including mirror reflectivity, cosine loss, spillage and
atmospheric attenuation) is dependent on the plant size (affecting the heliostat layout and the tower height)
and on the solar zenith angle, whilst the azimuth angle has a minor impact on the field efficiency. The solar
receiver at the tower top was simulated as a simple black body absorber, with thermal losses computed on a

receiver area of 25 m?2.

Efficiency

2 °

Size (Mw)

Fig. 5. Efficiency map of the heliostat field.
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Moving to the simulation algorithm, firstly an iterative procedure within Thermoflex® provides hour-by-
hour the HTF flow rates ensuring that the Rankine cycle power output equals the current requirement on the
electrical grid. The power block is simulated to match both power and cooling demand all the time,
coherently with the island operation mode. Then, Trnsys® takes the computed HTF flow rates as input for
the solar field and the TES system. PTCs and CRS provide the required molten salt flow rate just to feed the
power cycle through the heat exchangers HX1 and HX2.

Concerning the power block, it has to be pointed out that the steam turbine is called to operate most of the
time in off-design conditions. The steam flow rate at turbine outlet may differ significantly from design
condition since LP turbine flow is always adjusted to match both electrical and cooling demands. Therefore
the turbine Thermoflex® model included both admission control valves and exhaust losses to simulate the
turbine off-design behavior accurately.

The off-design operation of absorption chillers has been considered according to the performance maps
provided by the manufacturers. Figure 6 shows the cooling capacity and the heat input (both are indicated as
percentage of the nominal cooling capacity) and the coefficient of performance for the considered two-stage

lithium-bromide absorption chiller at partial load.
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Fig. 6. Two-stage absorption chiller performance map [5].

To select the right size of solar field and storage tanks, an optimization procedure interacting with Trnsys®
model and based on GenOpt® tool [27] was used. Figure 7 shows the interaction of the simulation tools. As
mentioned before, firstly Thermoflex® evaluates hour-by-hour the heat input demand to meet both power
and cooling demand. Then, Trnsys® simulates the solar field including TES system, which supplies the
required HTF flow rate. The storage system charges and discharges according to the HTF flow rate required
by the power block. GenOpt® interacts with Trnsys® by replacing the values of the decision variables
according to the Hooke-Jeeves pattern search algorithm. Table 3 reports the optimization variables, the range

within which they are optimized, the initial step size, and the starting point.
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Fig. 7. Optimization algorithm.

Table 3
Optimization Variables
Range Initial step size Initial value
Aperture area (m?) 800,000-2,500,000 100,000 1,500,000
Tank volume (m?) 20,000-60,000 10,000 40,000

On the base of annual Trnsys® simulations, GenOpt® determines the optimal values for aperture area and
storage tank volume, minimizing the budget cost. The budget cost (C) is a cost estimation limited to the solar
devices and the storage system,; it is calculated starting from the cost per unit of aperture area for PTC and
CRS respectively, and the cost per unit of stored energy for the TES system reported in Table 4. The authors
are aware that the costs of CSP components undergo rapid variations depending on the technology
development. For this investigation, the values reported in Table 4 were derived from [26] and [28] as
representative of current investment costs. Nevertheless, in the last paragraph a sensitivity analysis on the

budget costs will be presented, in order to extend the paper results to other different economic scenarios.

Table 4
Budget costs
PTC CRS
C. (USD/m?) 250 300
C, (USD/kWh) 30 30

The optimization objective function (C) is calculated as follows:
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C=C,xA,+C,xV,+pxE, )

where p is a penalty factor (10> USD/MWh) and E, is the annual thermal energy deficit occurring
whenever the hot storage tank is empty. The last term in the equation permits to neglect all solutions that do

not respect the constraint of meeting power and cooling demand without fossil backup.

4. Simulation results

Firstly, the results of the optimization procedure are shown. Table 5 indicates the optimal values of
aperture area and tank volume computed by GenOpt® for the three investigated solar configurations. It is
worth highlighting that for the considered power and cooling demand CRS technology requires a
significantly lower aperture area than PTCs (-38%), and that east-west orientation allows to reduce the
required trough surface (-5%), although the yearly solar radiation collected by a PTC north-south oriented is
higher. These results are consistent with the seasonal performance discussed in the next sections. Likewise,
north-south oriented PTCs need a higher storage capacity (+35%), due to the high performance variation

between summer and winter, as documented later on.

Table 5
Optimal design parameters
PTC north-south PTC east-west CRS
A, (m?) 1,815,000 1,722,800 1,041,360
Vi (m?) 49,800 37,000 35,600

4.1. Daily simulation results

The simulation of the CSP plants has been performed over a one-year period to evaluate the annual yield.
First, results will focus on two representative summer and winter days. Then, monthly and annual simulation
outputs will be presented to discuss potential and limitations of the investigated solar fields.

Figure 8 shows the cooling demand (gray) and the cooling energy provided by the absorption chillers
(light blue) for the two selected days. In summer, the absorption chillers cannot meet the peak demand:
backup electric chillers (rated 50 MW cooling capacity) are supposed to fill the gap. Nevertheless, the
number of operating hours for these units covering the peaks is very low. The COP of electric chillers is
considered variable with ambient temperature in the range between 2.5 (at 7, = 42°C) and 5 (at T, =
24°C). During the winter day, when the cooling demand is low, a limited steam flow rate is extracted to drive

the absorption chillers, leaving the remaining flow rate expanding in the LP turbine section.
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The impact on the electrical grid due to the chilled energy supplied by absorption chillers via district

cooling network is shown in Fig. 9. The original power demand (light area) is lowered down to the residual

electric demand, P,.;. The energy savings is in the range 10-30 MW, in summer and 2-5 MW, in winter,

according to the cooling demand curves previously discussed.
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Fig. 9. Power demand in the scenario of integrated district cooling.

24

Hour by hour, the CSP plant adjusts the total steam flow rate and the steam extraction in order to meet the

current power demand, P,., and the cooling demand, Q. The adjustment of the steam flow rate and the

ambient temperature variation affect also the condenser performance. The pressure level in the condenser

varies as shown in Fig. 10; when ambient temperature approaches 45°C, the air-cooled condenser operates

at 0.23 bar, whilst steam condensation takes place close to 0.05 bar in the winter day. This is a combined

effect of the cold temperatures and the low steam flow rate at part load.

In winter, the cycle efficiency, evaluated as the ratio of the net power output to the solar heat, approaches

35% thanks to the low ambient temperatures. On the contrary, hot temperatures in summer penalize the air

condenser performance, leading to an efficiency in the range between 28% and 23%. The steam extraction



369
370

371
372

373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

14

for driving the absorption chillers produces a further performance penalty when the cooling demand is high.
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Fig. 10. Condenser pressure and cycle efficiency.

With regard to the solar field performance, Figs. 11, 12 and 13 show the results for the parabolic trough
cases north-south and east-west oriented, and the solar tower case, respectively. Every plot reports the solar
radiation entering the aperture area (Q,.s), the collected heat (Q..;), the heat delivered to the power block
(Quem) and the filling level of the hot storage tank. The PTC configuration with a north-south orientation
(Fig. 11) undergoes a strong variation in the collector efficiency between summer and winter: the peak Q..
in winter is roughly half that in summer (500 MW vs. 1050 MW). In the daytime, the collected heat exceeds
the heat requirement of the power plant. The surplus allows charging the hot storage tank. In summer when
the tank is full (from 10" to 18"), a number of troughs must be defocused [29], whilst in the winter day the
daily heat surplus is negligible.

With east-west axis orientation (Fig.12), the peak Q.,; in winter is about 72% of that in summer,
corresponding to moderate variations between warm and cold seasons. Moreover, the need of defocusing is
much lower, as documented by the shorter period with full storage tank in the summer day (from 12" to 17").
For a given season, the comparison between the collected heat profiles with different axis orientation shows
that the thermal output from the north-south collectors is higher in summer (+53%), whereas in winter the
daily thermal outputs are similar (3130 MWh/day vs. 3630 MWh/day). Nevertheless, the east-west oriented
configuration exhibits a bell-shaped daily pattern that is beneficial for the load following strategy.

The same simulation output analysis was performed for the solar field configuration based on the solar
tower with heliostat field. It has to be reminded that the optimization algorithm determined a lower aperture
area for the CRS case. This leads to a lower solar input Q,,, to fulfill the heat demand, as documented in Fig.
13. Thanks to the 2-axis tracking system, the CRS exhibits a flat curve of the collected heat, with a peak of
around 600 MW both for the summer and winter day.
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The behavior of the investigated solar fields is evaluated in more details in Fig. 14, where the solar-to-

thermal efficiency is reported. In summer, parabolic troughs exhibit a very high efficiency (64%), whatever

the axis orientation. East-west alignment has a penalty in efficiency in the early morning and late afternoon,

when solar elevation is low. The efficiency of both north-south and east-west oriented PTC significantly

decays in winter because of the cosine effect and lower ambient temperatures. The solar-to-thermal

efficiency for CRS configuration is slightly lower in summer (59% vs. 64% in the central hours of the day),
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but significantly higher in winter (57% vs. 42%). This is due to the benefits of a 2-axis tracking system and

to the reduced receiver area allowing for a minimization of thermal losses.

[os)
o
o
(=}

=70 g0
ey R=t— ¢ —#—F=p_ o
= | Gt *TH %)
€ 60 /l/;fpfc/'7°\o‘-:: N H 60 ——0—g
2., o N\ * -3 - ~
- S
g /4 N & Ve N
= ¥ =
g 40 ® g 40 S
] ] e o
230 230 L
= L
220 220
- 1)
(1} [ o A
S 10 / 5 10 \
wv v
0 e—e—e—0—0—0—0—1¢ *—0—0—0—0—0—0 0O e—e—0—0—0—0—0—0—06—— S 0—0—0—0—0—0
0 4 8 12 16 20 24 0 4 8 12 16 20 24

h

-m-PTC.NS summer -+-PTC.EW summer

Fig. 14. Solar-to-Thermal Efficiency (%).

-#-CRS summer -m-PTC.NS winter  -+-PTC.EW winter -e-CRS winter

4.2. Monthly and yearly performance
Figs. 15-17 report on monthly basis the amount of the available solar energy (based on the DNI, £,,,), the

heat potentially collected without defocusing (E.,;) and the actual collected heat corresponding to the power
block thermal energy demand (E,,,), for the three CSP solutions. Different results were found depending on
the solar field.

North-south oriented parabolic troughs (see Fig. 15) exhibit a relevant excess in the collected heat for a
long period (from spring until late autumn) thus requiring the defocusing of several troughs (927 GWh annual
overproduction). The large PTC aperture area responsible of the overproduction in the hottest months is
necessary to meet the heat demand in winter when the trough efficiency is low. East-west oriented parabolic
troughs (see Fig. 16) perform similarly in winter months, whilst they produce excess energy from March to
October to a lesser extent than PTC with north-south orientation (423 GWh annual overproduction). An even
better situation can be observed for solar tower configuration (Fig. 17); all over the year, even in summer
months, CRS is capturing almost exactly the thermal energy (£,.,,) required by the steam cycle, and only a
moderate thermal dumping occurs in the hottest months (336 GWh annual overproduction). This behavior

is strictly related to the heliostat field efficiency previously discussed.
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Table 6 reports the annual energy balance, which evaluates the overall performance of the investigated
configurations. The heat demand is the same for all considered solar fields. To drive the power cycle, the
CRS requires the lowest amount of solar energy on annual basis, and exhibits the minimum of unallocated
surplus (23.4%). On the opposite, PTC with north-south orientation represents the worst case, with 45.7%
annual overproduction since the collector field must be oversized to cover the heat demand in winter. The
solution with east-west oriented PTCs takes advantage of a limited defocused energy (27.7% on annual basis)

but suffers for the lowest average efficiency.

Table 6
PTC vs. CRS configurations: annual performance.
PTC 1orth-south PTC castwest CRS
Captured solar energy (GWh) 3857.4 3056.7 2734.1
Collected heat (GWh) 2029.7 1523.9 1436.8
Heat demand (GWh) 1090.7
Energy surplus (%) 45.7% 27.7% 23.4%
Average efficiency (%) 52.6% 49.9% 52.6%

5. Economic sensitivity analysis

In order to evaluate the impact of the costs per unit (reported in Table 4) on the simulation results, a
sensitivity analysis has been carried out. The cost per unit area of solar field was varied in the range 175-300
USD/m? for PTCs, and 225-350 USD/m? for CRS, whilst the cost for TES (not dependent on the solar field
technology) was kept constant (30 USD/kWh). The optimization algorithm was run and GenOpt® determined
the optimal values for aperture area and storage tank volume, minimizing the total budget cost (C). Fig. 18
shows the results of the sensitivity analysis. Filled symbols are referred to the budget cost reported in Table
4, whilst hollow symbols are related to the range of costs per unit area mentioned before. All total budget
costs are normalized to the base CRS cost, as reference. CRS appears to be the best performing configuration
for a wide range of cost per unit area ratio, thanks to the lower aperture area required to meet the power and
cooling demand. For the PTC cases, the higher is the cost of solar field, the higher is the benefit of the east-
west orientation for the considered load profile.

The charts in Fig. 19 report the variation of the optimal values for aperture area and tank volume,
respectively. When the cost of solar field increases, the optimization algorithm finds out an optimum
corresponding to a reduced aperture area and an increased storage volume for PTC cases. This trend is more
remarkable for the east-west orientation. The optimum for CRS, on the contrary, appears substantially

insensitive to the cost per unit area.
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6. Conclusions
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The present work presented the simulation of a combined power and cooling plant driven by concentrated

solar devices. The power block is based on a steam Rankine cycle, with steam extraction to feed double-

effect absorption chillers. The CSP plant was designed to operate in “island mode” according with a load-

following logic. Simulations were carried out for the climate conditions of a desert area in the Saudi region.

Three different CSP technologies have been compared: north-south and east-west oriented PTCs, and CRS.

The beneficial effect of the combined power and cooling production has been documented for a CSP plant

operating in island mode; the absorption chillers fed by low-grade steam allowed reducing significantly the

power demand on the electrical grid, with a relevant peak shaving effect in summer. Concerning the solar

field, for the resulting power demand PTC technology requires a larger aperture area than CRS to meet the

Rankine cycle heat input. This is due to the combined power and cooling production, leading to a more flat
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energy demand that matches better the tower yield throughout the year. Therefore, the defocusing of some
devices cannot be avoided in summer months but it can be reduced by choosing east-west oriented collectors
instead of those aligned on a north-south axis. CRS provided the lowest thermal energy surplus and the
collected heat slightly exceeds the power plant demand. The economic analysis showed that CRS is the solar
field configuration allowing budget cost minimization, in spite of a higher cost per unit area; this is due to
the reduced aperture area required to meet the power block heat demand. Simulation results showed that for
a CSP plant operated with load-following strategy CRS is the best performing option.
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Figure captions
Fig. 1. Electric load (Pg.,) and chiller power consumption (P;;).

Fig. 2. Schematic of the investigated CSP plant.
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Highlights

A solar driven Rankine cycle, with cooling production, was simulated in island mode.
Parabolic troughs and heliostat field with central receiver were assessed.

North-south aligned parabolic troughs required the largest aperture area.

Heliostats, with the lowest aperture area, provided the lowest thermal energy surplus.

Heliostats with central receiver are the best solution in load-following operation.



