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2 production
3

4 S. Ravelli, G. Franchini, A. Perdichizzi 
5 Department of Engineering and Applied Sciences, University of Bergamo, 5 Marconi Street, Dalmine 
6 24044, Italy

7 Abstract
8 The present paper deals with the performance prediction of Concentrated Solar Power plants integrated 
9 with cooling energy production. The plant configuration is based on a typical steam Rankine cycle (rated 

10 62.1 MWe). The thermal input is provided by two different solar fields: i) Parabolic Trough Collectors and 
11 ii) Central Receiver System with heliostats reflecting on the tower top. In the former case, both north-south 
12 and east-west oriented collectors are investigated and compared in the study. A Thermal Energy Storage 
13 system allows driving the power block 24-hour per day also in periods with low solar irradiation. A steam 
14 flow rate extracted from the turbine low stages feeds a set of two-stage absorption chillers, and the produced 
15 chilled water is supplied to a district cooling network. A computer code integrating the commercial software 
16 Thermoflex and Trnsys has been developed to model and to simulate over 1-year period the solar field and 
17 the power block.
18 The power plant is supposed to operate in island mode, having to meet power and cooling demand for a 
19 population of about 50,000 inhabitants in the Saudi desert region. Solar fields and storage system were sized 
20 according to a techno-economic optimization algorithm for the minimization of the investment costs. The 
21 simulation results show the beneficial effect of the combined power and cooling production in terms of peak 
22 load shaving. Compared to the troughs, solar tower exhibits a higher efficiency, thus requiring a lower 
23 aperture area and lower investment costs. The techno-economic analysis shows that the axis orientation has 
24 a strong impact on the trough collectors and that east-west oriented devices perform better for the 
25 investigated load-following application.
26

27 Keywords: Absorption Chiller; Central Receiver System; Combined Cooling and Power; Concentrating 
28 Solar Power; Parabolic Trough; Steam Rankine Cycle.
29

30 Nomenclature
31 Aa aperture area (m2)
32 ABS absorption chiller
33 Ca cost per unit area (USD/m2)
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34 Cv cost per unit volume (USD/m3)
35 CCHP combined cooling heating power
36 COP coefficient of performance
37 CRS central receiver system
38 CSP concentrated solar power
39 Ecoll collected heat (MWh)
40 Ed energy deficit (MWh)
41 Edem heat demand (MWh)
42 Erad incident solar energy (MWh)
43 EC economizer
44 EV evaporator
45 DNI direct normal irradiation (W/m2)
46 HTF heat transfer fluid
47 HX heat exchanger
48 Ib beam radiation (W/m2)
49 K incident angle modifier
50 LCOE levelized cost of electricity (USD/kWh)
51 LP  low pressure
52 MED multi-effect distillation
53 p penalty factor (USD/MWh)
54 pcond condenser pressure (bar)
55 Pchill electric chiller power consumption (MW)
56 Pdem power demand (MW)
57 Pres residual power demand (MW)
58 PTC parabolic trough collector
59 PV photovoltaics
60 Qabs absorption chiller cooling power (MW)
61 Qcoll collected thermal power (MW)
62 Qcool cooling demand (MW)
63 Qdem thermal power demand (MW)
64 Qrad incident solar radiation (MW)
65 RH re-heat
66 SH super-heater
67 Tamb ambient temperature (K)
68 Tav average temperature (K)
69 Tsky sky temperature (K)
70 TES thermal energy storage
71 Vt tank volume (m3)
72 Vwind wind speed (m/s)
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73  emissivity (-)
74 opt optical efficiency (-)
75 PTC parabolic trough overall efficiency (-)
76

77 1. Introduction
78 The interest in CSP technologies has been growing over the past ten years. A number of new plants have 
79 been brought on line since 2006 as a result of declining investment costs and LCOE, as well as new support 
80 policies. Nevertheless, CSP must compete against PV technology, which is undergoing large price reductions 
81 over the last few years [1]. The debate of whether CSP or PV power plants will prevail is topical. Besides 
82 pricing, CSP faces other challenges like inability to exploit diffuse radiation, criticisms related to heat 
83 rejection and water consumption (in water-driven heat rejection systems), and long lead-time for plant 
84 construction.
85 However, a key benefit of CSP over PV is that CSP plants can more easily provide ancillary services and 
86 provide dispatchable power on-demand using long-term storage [2,3]. This point makes CSP plant highly 
87 flexible and ideal especially for remote locations, where electric power must be imported via expensive 
88 transmission infrastructures. According with IEA report [4], off-grid or remote-grid CSP systems comprise 
89 around 10% of the overall CSP capacity.
90 Beyond electricity generation for remote or weakly interconnected grids, CSP plants can provide process 
91 heat for final uses or for feeding thermally driven chillers (CCHP). In a Rankine cycle power plant, a steam 
92 flow rate can be extracted from the low-pressure steam turbine and be supplied to absorption chillers; the 
93 generated chilled water is then delivered to a district cooling system. This option allows replacing 
94 conventional electric chillers leading to a significant peak power reduction on the grid and a general 
95 flattening of the electric load pattern [5]. This is a way to increase virtually the solar-to-electric efficiency of 
96 CSP plants (because the power demand on the grid decreases and this is equivalent to a power extra-
97 production), thus improving their competitiveness. 
98 Worldwide, many electric companies faced rapid growth in electricity demand peaks in the last years. The 
99 main reason is a rise in the use of air conditioning units. Absorption chillers, by shifting cooling from an 

100 electric to a thermal load, are able to reduce demand charges throughout the year and summer peak loads. 
101 Moreover, despite a lower coefficient of performance (COP) as compared to mechanical chillers, they can 
102 substantially reduce operating costs because they are fed by low-grade waste heat [6]. In the open literature, 
103 some papers focus on the investigation of solar driven CCHP systems, but most of them deal with small-
104 scale engines [7,8].
105 The integration of desalination systems in CSP plants is another way to increase the overall efficiency. In 
106 particular, thermal desalination techniques permit to reuse the low-grade energy released to the atmosphere. 
107 The combination of multi-effect distillation (MED) with concentrated solar power plants is considered one 
108 the most promising options, for a combined freshwater and power production in CSP plants close to the sea 
109 [9,10].
110 The purpose of this study is to demonstrate that a solar-driven Rankine cycle with a thermal storage can 



ACCEPTED MANUSCRIPT
4

111 be flexibly operated to match both electric and cooling demand over a one-year period. Four CSP 
112 technologies are on the market: parabolic troughs, linear Fresnel reflectors, solar towers and dish/engine 
113 systems. Among these options, parabolic troughs and more recently towers have been installed in 
114 commercially operating plants [11]. The most used plant configuration involves indirect steam generation 
115 by means of a thermal fluid circulating in the solar field. Conventional HTFs used in solar power plants are 
116 synthetic oil and molten salt. The former is by far the most common solution in spite of temperature 
117 limitation (about 400°C) as well as flammability and toxicity features. The latter can reach much higher 
118 temperatures (over 600°C), allowing for steam temperature increase up to 550°C, with a significant benefit 
119 for the steam cycle efficiency. Moreover, molten salt is less expensive and more environmentally benign 
120 than the other HTFs. The main drawback of molten salt is the high freezing point (about 250°C), together 
121 with the requirement of stainless steel materials because of corrosion issues. A third solution is Direct Steam 
122 Generation (DSG): water evaporates and the resulting steam is superheated in the solar loop without needing 
123 a heat exchanger between solar field and power block. DSG technology has been experimentally investigated 
124 for years and is now operating commercially (PS10 and PS20 tower plants in Seville, Puerto Errado 2 Fresnel 
125 plant in Murcia region, TSE-1 PTC plant in Thailand, Khi Solar One in South Africa, Ivanpah project in 
126 California) [12].
127 The thermal energy storage (TES) plays an important role in improving the performance and reliability of 
128 solar thermal power plants. It allows to mitigate the effects of fluctuations in solar intensity and to extend 
129 (or to shift) the operation of the plant. Thus, the plant can operate much more flexibly and the mismatch 
130 between the power generated by the Sun and the electricity demand profile can be reduced. The most 
131 common TES solution for solar thermal power plants is a two-tank storage system. The indirect system uses 
132 different fluids as storage medium (molten salt) and HTF (thermal oil), whilst in the CSP plants with direct 
133 storage the HTF (molten salt) also serves as storage medium. This concept (with higher cost savings) was 
134 successfully demonstrated both in PTC plant (13.8 MWe SEGS I plant; 120 MWht storage capacity) and 
135 tower plant (10 MWe Solar Two; 105 MWht storage capacity) [13]. 
136 Despite a large number of studies investigating single CSP technologies, only a few works make a 
137 comparison between different solar fields based on PTCs and CRS, respectively. Solar collector efficiency 
138 is strongly related to site latitude and meteorological conditions (DNI, ambient temperature) [14]. Generally 
139 speaking, PTCs can collect a larger amount of incident radiation in summer months than heliostats with 
140 identical aperture area, but their efficiency tends to dramatically decay in winter [15]. Comparing the results 
141 from parabolic trough and tower plants, the latter typically provide a higher uniformity in the electricity 
142 production, due to a more constant thermal collection capability all over the year. However, because of the 
143 larger spacing needed by the heliostats, the energy density is lower than for the PTC plants [16]. Furthermore, 
144 PTC axis orientation can affect the energy delivery. In fact, the thermal energy collected by a solar field with 
145 troughs whose axis is north-south oriented may vary a lot during the year. Conversely, the thermal energy 
146 delivered by PTCs with east-west axis orientation does not vary so much from summer to winter. 
147 Nevertheless, the yearly thermal output of a PTC with tracking axis oriented north-south is greater [17,18]. 
148 This is why current solar thermal power plants operating with a maximum-load logic all use north-south 
149 oriented collectors [19].
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150 In a previous preliminary work [20], the authors demonstrated that the integration of CSP plants and 
151 cooling production is beneficial to increase the global efficiency. Starting from that concept of combined 
152 cooling and power plant, the authors developed an all-new modeling procedure for simulating parabolic 
153 troughs and solar towers, including the thermal energy storage management for a load following strategy. 
154 Moreover, in the present paper a multi-variable optimization procedure has been developed to determine the 
155 optimal size for each solar field (aperture area) and for the storage system (hot and cold tank volume). The 
156 present investigation aims to explore and compare the performance of a fully solar-driven plant for three 
157 different CSP solutions: i) PTCs with north-south axis orientation, ii) PTCs with east-west axis orientation, 
158 and iii) CRS. The paper presents also an economic sensitivity analysis, aiming to discussing the impact of 
159 the budget costs on the simulation results.
160

161

162 2. Design conditions and assumptions
163 The modeling assumptions are reported in this section, for both the CSP plant configurations (PTC and 
164 CRS). Attention is focused separately to the power block (including absorption chillers) and the solar field.
165  
166 2.1  Electric and cooling load 
167 The power system is assumed to operate in island mode and it was sized for a community of about 50,000 
168 inhabitants. Daily patterns of power and cooling demand were derived from data supplied by power utilities 
169 operating in the Gulf area and are defined for a one-year period. Figure 1 shows the total power load (yellow) 
170 and the fraction of power consumption due to chillers (cyan) for a typical summer and winter day. The power 
171 demand undergoes large variations between summer and winter, and between day and night hours. The 
172 power needs for electric chillers range from 15% in winter to 45% of the total demand in summer. A detailed 
173 description of the considered electric and cooling load is given in [5].
174 The combined power and cooling production into a CSP plant produces as effect a more flattened power 
175 load. Absorption chillers allow displacing a portion of the cooling load, making possible a significant 
176 reduction of the power demand, especially in the hours with the highest cooling request. Moreover, a 
177 correctly sized thermal storage permits to reduce the aperture area of the solar collector field and to avoid 
178 the use of back-up systems.
179
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180 Fig. 1. Electric load (Pdem) and chiller power consumption (Pchill).
181

182 2.2. Power block
183 Figure 2 shows the power plant configuration. It is the typical scheme of a steam Rankine cycle, with air 
184 condenser, a set of feed-water heaters and a deaerator. A fraction of the steam flow rate is extracted upstream 
185 of the LP turbine to drive four double-stage absorption chillers, each one with nominal cooling capacity 20.7 
186 MW and COP 1.31. The chilled water is supposed to be supplied to a district cooling system. The solar heat 
187 is the only thermal input: no auxiliary heaters are considered. A detailed description of the power block is 
188 presented in [20]. Primary thermal design parameters are from [21], whilst Table 1 summarizes the design 
189 conditions.
190 Thanks to the cooling energy provided by the absorption chillers, the electricity requirement is 
191 significantly lowered, as documented in the paragraph 4 “Simulation results”. The power output (62.1 MW 
192 at design conditions) is high enough to meet the power demand on the electrical grid.
193

194
195 Fig. 2.  Schematic of the investigated CSP plant.
196

197

198

199
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200 Table 1
201 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) 24.9
Net electric power (MW) 62.1
Thermal efficiency (%) 32.3

202

203

204 2.3.  Solar field
205 PTC and CRS have been considered as solar fields. With regard to the PTC axis alignment, it is well 
206 known that the north-south orientation allows for a higher solar energy collection on annual basis; 
207 nevertheless, for this investigation the east-west orientation has been considered as well because it can be 
208 suitable for the load-following strategy of the present case study. For each solar configuration, a two-tank 
209 molten salt direct storage system is implemented in the modeling [22]. HTF (molten salt mixture, 60% 
210 NaNO3 40% KNO3 ) coming from solar field fills the hot tank; then it is withdrawn to transfer heat to the 
211 steam generator. A cold tank finally collects molten salt exiting heat exchangers and acts as a buffer. It has 
212 to be reminded that the CSP plant is designed to operate in island mode; hence, TES and solar field must 
213 cover hour by hour the heat demand of the Rankine cycle.
214

215 3.  Methods and tools
216 The simulations have been carried out according to Meteonorm climate data related to Riyadh (Saudi 
217 Arabia). Figure 3 shows ambient temperature and DNI for a typical day in summer and a typical day in 
218 winter. It has to be pointed out that the daily profiles of solar radiation are not theoretically calculated 
219 according to Sun position, but are measured including cloud, pollution and dust effects. The annual DNI 
220 amounts to 2 337 kWh/m2.
221



ACCEPTED MANUSCRIPT
8

222
223 Fig. 3. Meteorological conditions.
224

225  
226 Fig. 4. Beam radiation captured by 1-axis tracking systems.
227

228 With regard to the influence of the PTC axis orientation on the incident beam radiation, Figure 4 shows 
229 the direct solar irradiance that 1-axis tracking systems north-south and east-west oriented can capture for the 
230 two representative days. In summer, the north-south orientation allows for collecting a larger amount of 
231 beam radiation, mainly when the solar azimuth angle is high (in the morning and in the afternoon). On the 
232 contrary, the east-west oriented solar devices, tracking the Sun along its altitude, can intercept a significantly 
233 higher solar radiation in the central hours of a winter day.
234 The simulations were carried out for a one-year period on hourly basis. With regard to the computer model, 
235 firstly it has to be underlined that in every modeling activity the selection of the level of investigation is a 
236 crucial point. The present work targeted a compromise between a detailed analysis and an evaluation of the 
237 overall performance. Thermoflex® has been used to simulate the power block, whilst the solar fields and the 
238 absorption chillers were modeled and simulated in Trnsys® environment, including TESS® libraries. The 
239 PTC solar field consists in a number of loops depending on the required total aperture area. Each loop has 8 
240 solar collector assemblies (SCA) with total length per SCA 115 m. The trough overall efficiency under actual 
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241 operating conditions was evaluated as follows:
242

243  (1)𝜂𝑃𝑇𝐶 =  𝜂𝑜𝑝𝑡 ∙ 𝐾 ‒ (𝐴 + 𝐶 ∙ 𝑉𝑤𝑖𝑛𝑑) ∙
(𝑇𝑎𝑣 ‒ 𝑇𝑎𝑚𝑏)

𝐼𝑏
‒ 𝜀 ∙ 𝐵 ∙

(𝑇 4
𝑎𝑣 ‒ 𝑇 4

𝑠𝑘𝑦)
𝐼𝑏

 

244

245 where Tav, Tamb and Tsky are the HTF average temperature, the dry-bulb ambient temperature and the effective 
246 sky temperature for long wave radiation calculations, respectively, Vwind is the wind speed, ε is the absorber 
247 emissivity and Ib is the direct solar irradiance. The coefficients A, B and C were computed to fit the thermal 
248 efficiency curve of Schott PTR70 receivers under standard conditions [23]. The optical efficiency opt (0.77) 
249 takes into account mirror reflectivity, glass transmissivity and receiver tube absorptivity. The incident angle 
250 modifier K is related to the effect of the non-perpendicularity of solar radiation and it is a function of the 
251 incidence angle.
252 Trnsys® was also used to model the heliostat solar field (120 m2 heliostat surface) and the tower receiver. 
253 Several codes based on ray-tracing software are available in the literature for the design and the optimization 
254 of the heliostat layout [24,25]. Most of them focus on the analysis of the single mirror performance, whilst 
255 the level of investigation of the present work requires an overall efficiency of the solar field under variable 
256 operating conditions. So, the heliostat field performance was evaluated by means of an efficiency map 
257 derived from the System Advisor Model (SAM) developed by the National Renewable Energy laboratory 
258 (NREL) [26]. In detail, SAM was preliminary used to generate optimized heliostat layouts for power plant 
259 ranging from 5 to 200 MWe under Riyadh climate conditions. For each size and for each azimuth and altitude 
260 combination a field efficiency has been calculated. The resulting efficiency map is shown in graphical way 
261 in Fig. 5. The overall heliostat field efficiency (including mirror reflectivity, cosine loss, spillage and 
262 atmospheric attenuation) is dependent on the plant size (affecting the heliostat layout and the tower height) 
263 and on the solar zenith angle, whilst the azimuth angle has a minor impact on the field efficiency. The solar 
264 receiver at the tower top was simulated as a simple black body absorber, with thermal losses computed on a 
265 receiver area of 25 m2.
266

267
268 Fig. 5. Efficiency map of the heliostat field.
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269

270 Moving to the simulation algorithm, firstly an iterative procedure within Thermoflex® provides hour-by-
271 hour the HTF flow rates ensuring that the Rankine cycle power output equals the current requirement on the 
272 electrical grid. The power block is simulated to match both power and cooling demand all the time, 
273 coherently with the island operation mode. Then, Trnsys® takes the computed HTF flow rates as input for 
274 the solar field and the TES system. PTCs and CRS provide the required molten salt flow rate just to feed the 
275 power cycle through the heat exchangers HX1 and HX2.
276 Concerning the power block, it has to be pointed out that the steam turbine is called to operate most of the 
277 time in off-design conditions. The steam flow rate at turbine outlet may differ significantly from design 
278 condition since LP turbine flow is always adjusted to match both electrical and cooling demands. Therefore 
279 the turbine Thermoflex® model included both admission control valves and exhaust losses to simulate the 
280 turbine off-design behavior accurately.
281 The off-design operation of absorption chillers has been considered according to the performance maps 
282 provided by the manufacturers. Figure 6 shows the cooling capacity and the heat input (both are indicated as 
283 percentage of the nominal cooling capacity) and the coefficient of performance for the considered two-stage 
284 lithium-bromide absorption chiller at partial load.
285

286
287 Fig. 6. Two-stage absorption chiller performance map [5].
288

289 To select the right size of solar field and storage tanks, an optimization procedure interacting with Trnsys® 
290 model and based on GenOpt® tool [27] was used. Figure 7 shows the interaction of the simulation tools. As 
291 mentioned before, firstly Thermoflex® evaluates hour-by-hour the heat input demand to meet both power 
292 and cooling demand. Then, Trnsys® simulates the solar field including TES system, which supplies the 
293 required HTF flow rate. The storage system charges and discharges according to the HTF flow rate required 
294 by the power block. GenOpt® interacts with Trnsys® by replacing the values of the decision variables 
295 according to the Hooke-Jeeves pattern search algorithm. Table 3 reports the optimization variables, the range 
296 within which they are optimized, the initial step size, and the starting point.
297

298
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299
300 Fig. 7. Optimization algorithm.
301

302 Table 3
303 Optimization Variables

Range Initial step size Initial value
Aperture area (m2) 800,000-2,500,000 100,000 1,500,000
Tank volume (m3) 20,000-60,000 10,000 40,000

304

305 On the base of annual Trnsys® simulations, GenOpt® determines the optimal values for aperture area and 
306 storage tank volume, minimizing the budget cost. The budget cost (C) is a cost estimation limited to the solar 
307 devices and the storage system; it is calculated starting from the cost per unit of aperture area for PTC and 
308 CRS respectively, and the cost per unit of stored energy for the TES system reported in Table 4. The authors 
309 are aware that the costs of CSP components undergo rapid variations depending on the technology 
310 development. For this investigation, the values reported in Table 4 were derived from [26] and [28] as 
311 representative of current investment costs. Nevertheless, in the last paragraph a sensitivity analysis on the 
312 budget costs will be presented, in order to extend the paper results to other different economic scenarios. 
313

314 Table 4
315 Budget costs

PTC CRS
Ca (USD/m2) 250 300
Cv (USD/kWh) 30 30

316

317 The optimization objective function (C) is calculated as follows:
318
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319  (2)𝐶 = 𝐶𝑎 × 𝐴𝑎 + 𝐶𝑣 × 𝑉𝑡 + 𝑝 × 𝐸𝑑

320

321 where p is a penalty factor (1015 USD/MWh) and Ed is the annual thermal energy deficit occurring 
322 whenever the hot storage tank is empty. The last term in the equation permits to neglect all solutions that do 
323 not respect the constraint of meeting power and cooling demand without fossil backup.
324

325 4.  Simulation results
326 Firstly, the results of the optimization procedure are shown. Table 5 indicates the optimal values of 
327 aperture area and tank volume computed by GenOpt® for the three investigated solar configurations. It is 
328 worth highlighting that for the considered power and cooling demand CRS technology requires a 
329 significantly lower aperture area than PTCs (-38%), and that east-west orientation allows to reduce the 
330 required trough surface (-5%), although the yearly solar radiation collected by a PTC north-south oriented is 
331 higher. These results are consistent with the seasonal performance discussed in the next sections. Likewise, 
332 north-south oriented PTCs need a higher storage capacity (+35%), due to the high performance variation 
333 between summer and winter, as documented later on.
334

335 Table 5
336 Optimal design parameters

PTC north-south PTC east-west CRS
Aa (m2) 1,815,000 1,722,800 1,041,360
Vt (m3) 49,800 37,000 35,600

337

338 4.1. Daily simulation results

339 The simulation of the CSP plants has been performed over a one-year period to evaluate the annual yield. 
340 First, results will focus on two representative summer and winter days. Then, monthly and annual simulation 
341 outputs will be presented to discuss potential and limitations of the investigated solar fields.
342 Figure 8 shows the cooling demand (gray) and the cooling energy provided by the absorption chillers 
343 (light blue) for the two selected days. In summer, the absorption chillers cannot meet the peak demand: 
344 backup electric chillers (rated 50 MW cooling capacity) are supposed to fill the gap. Nevertheless, the 
345 number of operating hours for these units covering the peaks is very low. The COP of electric chillers is 
346 considered variable with ambient temperature in the range between 2.5 (at Tamb = 42°C) and 5 (at Tamb = 
347 24°C). During the winter day, when the cooling demand is low, a limited steam flow rate is extracted to drive 
348 the absorption chillers, leaving the remaining flow rate expanding in the LP turbine section.
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349
350 Fig. 8.  Cooling load curves.
351

352 The impact on the electrical grid due to the chilled energy supplied by absorption chillers via district 
353 cooling network is shown in Fig. 9. The original power demand (light area) is lowered down to the residual 
354 electric demand, Pres. The energy savings is in the range 10-30 MWe in summer and 2-5 MWe in winter, 
355 according to the cooling demand curves previously discussed.
356  

357
358 Fig. 9. Power demand in the scenario of integrated district cooling.
359

360 Hour by hour, the CSP plant adjusts the total steam flow rate and the steam extraction in order to meet the 
361 current power demand, Pres, and the cooling demand, Qabs. The adjustment of the steam flow rate and the 
362 ambient temperature variation affect also the condenser performance. The pressure level in the condenser 
363 varies as shown in Fig. 10; when ambient temperature approaches 45°C, the air-cooled condenser operates 
364 at 0.23 bar, whilst steam condensation takes place close to 0.05 bar in the winter day. This is a combined 
365 effect of the cold temperatures and the low steam flow rate at part load.
366 In winter, the cycle efficiency, evaluated as the ratio of the net power output to the solar heat, approaches 
367 35% thanks to the low ambient temperatures. On the contrary, hot temperatures in summer penalize the air 
368 condenser performance, leading to an efficiency in the range between 28% and 23%. The steam extraction 
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369 for driving the absorption chillers produces a further performance penalty when the cooling demand is high.
370

371
372 Fig. 10.  Condenser pressure and cycle efficiency.
373

374 With regard to the solar field performance, Figs. 11, 12 and 13 show the results for the parabolic trough 
375 cases north-south and east-west oriented, and the solar tower case, respectively. Every plot reports the solar 
376 radiation entering the aperture area (Qrad), the collected heat (Qcoll), the heat delivered to the power block 
377 (Qdem) and the filling level of the hot storage tank. The PTC configuration with a north-south orientation 
378 (Fig. 11) undergoes a strong variation in the collector efficiency between summer and winter: the peak Qcoll 
379 in winter is roughly half that in summer (500 MW vs. 1050 MW). In the daytime, the collected heat exceeds 
380 the heat requirement of the power plant. The surplus allows charging the hot storage tank. In summer when 
381 the tank is full (from 10h to 18h), a number of troughs must be defocused [29], whilst in the winter day the 
382 daily heat surplus is negligible. 
383 With east-west axis orientation (Fig.12), the peak Qcoll in winter is about 72% of that in summer, 
384 corresponding to moderate variations between warm and cold seasons. Moreover, the need of defocusing is 
385 much lower, as documented by the shorter period with full storage tank in the summer day (from 12h to 17h). 
386 For a given season, the comparison between the collected heat profiles with different axis orientation shows 
387 that the thermal output from the north-south collectors is higher in summer (+53%), whereas in winter the 
388 daily thermal outputs are similar (3130 MWh/day vs. 3630 MWh/day). Nevertheless, the east-west oriented 
389 configuration exhibits a bell-shaped daily pattern that is beneficial for the load following strategy.
390  The same simulation output analysis was performed for the solar field configuration based on the solar 
391 tower with heliostat field. It has to be reminded that the optimization algorithm determined a lower aperture 
392 area for the CRS case. This leads to a lower solar input Qrad to fulfill the heat demand, as documented in Fig. 
393 13. Thanks to the 2-axis tracking system, the CRS exhibits a flat curve of the collected heat, with a peak of 
394 around 600 MW both for the summer and winter day.
395
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396
397 Fig. 11. Solar field daily simulation results (PTC configuration, north-south orientation).
398

399
400 Fig. 12. Solar field daily simulation results (PTC configuration, east-west orientation).
401

402
403 Fig. 13. Solar field daily simulation results (CRS configuration).
404

405 The behavior of the investigated solar fields is evaluated in more details in Fig. 14, where the solar-to-
406 thermal efficiency is reported. In summer, parabolic troughs exhibit a very high efficiency (64%), whatever 
407 the axis orientation. East-west alignment has a penalty in efficiency in the early morning and late afternoon, 
408 when solar elevation is low. The efficiency of both north-south and east-west oriented PTC significantly 
409 decays in winter because of the cosine effect and lower ambient temperatures. The solar-to-thermal 
410 efficiency for CRS configuration is slightly lower in summer (59% vs. 64% in the central hours of the day), 
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411 but significantly higher in winter (57% vs. 42%). This is due to the benefits of a 2-axis tracking system and 
412 to the reduced receiver area allowing for a minimization of thermal losses.
413

414
415 Fig. 14.  Solar-to-Thermal Efficiency (%).
416

417 4.2.  Monthly and yearly performance 

418 Figs. 15-17 report on monthly basis the amount of the available solar energy (based on the DNI, Erad), the 
419 heat potentially collected without defocusing (Ecoll) and the actual collected heat corresponding to the power 
420 block thermal energy demand (Edem), for the three CSP solutions. Different results were found depending on 
421 the solar field. 
422 North-south oriented parabolic troughs (see Fig. 15) exhibit a relevant excess in the collected heat for a 
423 long period (from spring until late autumn) thus requiring the defocusing of several troughs (927 GWh annual 
424 overproduction). The large PTC aperture area responsible of the overproduction in the hottest months is 
425 necessary to meet the heat demand in winter when the trough efficiency is low. East-west oriented parabolic 
426 troughs (see Fig. 16) perform similarly in winter months, whilst they produce excess energy from March to 
427 October to a lesser extent than PTC with north-south orientation (423 GWh annual overproduction). An even 
428 better situation can be observed for solar tower configuration (Fig. 17); all over the year, even in summer 
429 months, CRS is capturing almost exactly the thermal energy (Edem) required by the steam cycle, and only a 
430 moderate thermal dumping occurs in the hottest months (336 GWh annual overproduction). This behavior 
431 is strictly related to the heliostat field efficiency previously discussed. 
432
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433
434 Fig. 15.  Monthly results for north-south oriented PTCs.
435

436
437 Fig. 16.  Monthly results for east-west oriented PTCs.
438

439
440 Fig. 17.  Monthly results for CRS configuration.
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441

442 Table 6 reports the annual energy balance, which evaluates the overall performance of the investigated 
443 configurations. The heat demand is the same for all considered solar fields. To drive the power cycle, the 
444 CRS requires the lowest amount of solar energy on annual basis, and exhibits the minimum of unallocated 
445 surplus (23.4%). On the opposite, PTC with north-south orientation represents the worst case, with 45.7% 
446 annual overproduction since the collector field must be oversized to cover the heat demand in winter. The 
447 solution with east-west oriented PTCs takes advantage of a limited defocused energy (27.7% on annual basis) 
448 but suffers for the lowest average efficiency. 
449

450 Table 6
451 PTC vs. CRS configurations: annual performance.

PTC north-south PTC east-west 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%

452

453

454 5.  Economic sensitivity analysis
455 In order to evaluate the impact of the costs per unit (reported in Table 4) on the simulation results, a 
456 sensitivity analysis has been carried out. The cost per unit area of solar field was varied in the range 175-300 
457 USD/m2 for PTCs, and 225-350 USD/m2 for CRS, whilst the cost for TES (not dependent on the solar field 
458 technology) was kept constant (30 USD/kWh). The optimization algorithm was run and GenOpt® determined 
459 the optimal values for aperture area and storage tank volume, minimizing the total budget cost (C). Fig. 18 
460 shows the results of the sensitivity analysis. Filled symbols are referred to the budget cost reported in Table 
461 4, whilst hollow symbols are related to the range of costs per unit area mentioned before. All total budget 
462 costs are normalized to the base CRS cost, as reference. CRS appears to be the best performing configuration 
463 for a wide range of cost per unit area ratio, thanks to the lower aperture area required to meet the power and 
464 cooling demand. For the PTC cases, the higher is the cost of solar field, the higher is the benefit of the east-
465 west orientation for the considered load profile.
466 The charts in Fig. 19 report the variation of the optimal values for aperture area and tank volume, 
467 respectively. When the cost of solar field increases, the optimization algorithm finds out an optimum 
468 corresponding to a reduced aperture area and an increased storage volume for PTC cases. This trend is more 
469 remarkable for the east-west orientation. The optimum for CRS, on the contrary, appears substantially 
470 insensitive to the cost per unit area.
471
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472
473 Fig. 18.  Budget cost sensitivity analysis.
474

475
476 Fig. 19.  Optimal values (solar field aperture area and tank volume).
477

478 6.  Conclusions
479 The present work presented the simulation of a combined power and cooling plant driven by concentrated 
480 solar devices. The power block is based on a steam Rankine cycle, with steam extraction to feed double-
481 effect absorption chillers. The CSP plant was designed to operate in “island mode” according with a load-
482 following logic. Simulations were carried out for the climate conditions of a desert area in the Saudi region. 
483 Three different CSP technologies have been compared: north-south and east-west oriented PTCs, and CRS. 
484 The beneficial effect of the combined power and cooling production has been documented for a CSP plant 
485 operating in island mode; the absorption chillers fed by low-grade steam allowed reducing significantly the 
486 power demand on the electrical grid, with a relevant peak shaving effect in summer. Concerning the solar 
487 field, for the resulting power demand PTC technology requires a larger aperture area than CRS to meet the 
488 Rankine cycle heat input. This is due to the combined power and cooling production, leading to a more flat 
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489 energy demand that matches better the tower yield throughout the year. Therefore, the defocusing of some 
490 devices cannot be avoided in summer months but it can be reduced by choosing east-west oriented collectors 
491 instead of those aligned on a north-south axis. CRS provided the lowest thermal energy surplus and the 
492 collected heat slightly exceeds the power plant demand. The economic analysis showed that CRS is the solar 
493 field configuration allowing budget cost minimization, in spite of a higher cost per unit area; this is due to 
494 the reduced aperture area required to meet the power block heat demand. Simulation results showed that for 
495 a CSP plant operated with load-following strategy CRS is the best performing option. 
496
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563 Figure captions
564 Fig. 1. Electric load (Pdem) and chiller power consumption (Pchill).
565 Fig. 2. Schematic of the investigated CSP plant.
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566 Fig. 3. Meteorological conditions.
567 Fig. 4. Beam radiation captured by 1-axis tracking systems.
568 Fig. 5. Efficiency map of the heliostat field.
569 Fig. 6. Two-stage absorption chiller performance map.
570 Fig. 7. Optimization algorithm.
571 Fig. 8. Cooling load curves.
572 Fig. 9. Power demand in the scenario of integrated district cooling.
573 Fig. 10. Condenser pressure and cycle efficiency.
574 Fig. 11. Solar field daily simulation results (PTC configuration, north-south orientation).
575 Fig. 12. Solar field daily simulation results (PTC configuration, east-west orientation).
576 Fig. 13. Solar field daily simulation results (CRS configuration).
577 Fig. 14. Solar-to-Thermal Efficiency (%).
578 Fig. 15. Monthly results for north-south oriented PTC.
579 Fig. 16. Monthly results for east-west oriented PTC.
580 Fig. 17. Monthly results for CRS configuration.
581 Fig. 18. Budget cost sensitivity analysis.
582 Fig. 19. Optimal values (solar field aperture area and tank volume).
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1 Highlights
2 A solar driven Rankine cycle, with cooling production, was simulated in island mode.
3 Parabolic troughs and heliostat field with central receiver were assessed.
4 North-south aligned parabolic troughs required the largest aperture area.
5 Heliostats, with the lowest aperture area, provided the lowest thermal energy surplus.
6 Heliostats with central receiver are the best solution in load-following operation.
7


