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9 • We developed an online service (Controller) dedicated to solar energy plants real-time monitoring
10 • We developed an online service (Planner) that supports the planning of new solar energy plants
11 • The services are based on the elaboration of satellite optical imagery in near real-time
12 • The validation with respect to in-situ measured hourly AC power data for three test solar plants shows a good accuracy: the overall Normalized Bias (NB) is
13 −0.41%, the overall Normalized Mean Absolute Error (NMAE) is 4.90% , the Normalized Root Mean Square Error (NRMSE) is 7.66%, the overall Correlation
14 Coefficient (CC) is 0.9538
15 • The maximum value of the Normalized Absolute Error (NAE) is about 30% and occurs for time periods with highly variable meteorological conditions
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8
9 Available online xxxx

10 Keywords:
11 Satellite optical imagery
12 Web tools
13 Near real-time performance analysis
14 Planning support
15 Solar energy plants

16We present innovative web tools, developed also in the frame of the FP7 ENDORSE (ENergy DOwnstReam
17SErvices) project, for the performance analysis and the support in planning of solar energy plants (PV, CSP,
18CPV). These services are based on the combination between the detailed physicalmodel of each part of the plants
19and the near real-time satellite remote sensing of incident solar irradiance.
20Starting from the solar Global Horizontal Irradiance (GHI) data provided by theMonitoring Atmospheric Compo-
21sition and Climate (GMES-MACC) Core Service and based on the elaboration of Meteosat Second Generation
22(MSG) satellite optical imagery, the Global Tilted Irradiance (GTI) or the Beam Normal Irradiance (BNI) incident
23on plant's solar PV panels (or solar receivers for CSP or CPV) is calculated. Combining these parameters with the
24model of the solar power plant, using also air temperature values, we can assess in near-real-time the daily evo-
25lution of the alternate current (AC) power produced by the plant.We are therefore able to compare this satellite-
26based AC power yield with the actually measured one and, consequently, to readily detect any possible
27malfunctions and to evaluate the performances of the plant (so-called “Controller” service). Besides, the same
28method can be applied to satellite-based averaged environmental data (solar irradiance and air temperature)
29in order to provide a Return on Investment analysis in support to the planning of new solar energy plants (so-
30called “Planner” service).
31This method has been successfully applied to three test solar plants (in North, Centre and South Italy respective-
32ly) and it has been validated by comparing satellite-based and in-situmeasured hourly AC power data for several
33months in 2013 and 2014. The results show a good accuracy: the overall Normalized Bias (NB) is −0.41%, the
34overall Normalized Mean Absolute Error (NMAE) is 4.90%, the Normalized Root Mean Square Error (NRMSE) is
357.66% and the overall Correlation Coefficient (CC) is 0.9538. The maximum value of the Normalized Absolute
36Error (NAE) is about 30% and occurs for time periods with highly variable meteorological conditions.
37© 2014 Published by Elsevier Inc.

3839

40

41

42 Introduction

43 Context

44 One of the major global challenges in the near future is how to pro-
45 vide energy in abundance, and to be able to provide this energy from
46 sources with a limited impact on the environment. The electricity
47 consumption in the European Union has been estimated to rise by 50%
48 from 2000 to 2020 (Eicker, 2003) and the exploitation of renewable
49 energy in an efficient as possible way is fundamental to face the energy
50 demand avoiding a strong increase of air pollution.

51An effective and tangible approach to solve the energy production
52problem, used in Italy and in other countries, involves an improvement
53of the use of the solar energy solution. This could be also favoured by the
54introduction of specific laws. The solar energy production potentialities
55are well known, but they have begun to be fully developed only in re-
56cent years. Given the large variability, non-easily predictable, of the
57solar source, the planning and installation of new power plants require
58a careful a priori analysis. Therefore, the presence of services able to pro-
59vide an accurate estimation of available energy sources is extremely im-
60portant for the investors, that are given the possibility to evaluate the
61repayment plan when planning new plants. A service providing this
62kind of information can use standard techniques, such as in-situ
63measurements of the solar energy available in a certain location, but
64this kind of approach can be significantly expensive. On the contrary,
65cost reductions can be the strength of alternative approaches, such as
66planning support systems using data remotely sensed by satellites
67(Mueller et al., 2009).

Environmental Impact Assessment Review xxx (2014) xxx–xxx

⁎ Corresponding author. Tel.: +39 0586 505016.
E-mail addresses: marco.morelli1@unimi.it (M. Morelli), andrea.masini@flyby.it

(A. Masini), fabrizio.ruffini@i-em.eu (F. Ruffini), marco.potenza@unimi.it
(M.A.C. Potenza).

EIR-05931; No of Pages 6

http://dx.doi.org/10.1016/j.eiar.2014.10.003
0195-9255/© 2014 Published by Elsevier Inc.

Contents lists available at ScienceDirect

Environmental Impact Assessment Review

j ourna l homepage: www.e lsev ie r .com/ locate /e ia r

Please cite this article as: Morelli M, et al, Web tools concerning performance analysis and planning support for solar energy plants starting from
remotely sensed optical images, Environ Impact Asses Rev (2014), http://dx.doi.org/10.1016/j.eiar.2014.10.003

http://dx.doi.org/10.1016/j.eiar.2014.10.003
mailto:marco.morelli1@unimi.it
mailto:andrea.masini@flyby.it
mailto:fabrizio.ruffini@i-em.eu
mailto:marco.potenza@unimi.it
Unlabelled image
http://dx.doi.org/10.1016/j.eiar.2014.10.003
Unlabelled image
http://www.sciencedirect.com/science/journal/01959255
www.elsevier.com/locate/eiar
http://dx.doi.org/10.1016/j.eiar.2014.10.003
Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"began "

Original text:
Inserted Text
" "

Query text:
Inserted Text
"Please confirm that given names and surnames have been identified correctly."

Query text:
Inserted Text
"Highlights should consist of only 125 characters per bullet point, including spaces. However, the Highlights provided for this item exceed the maximum requirement. Kindly provide replacement Highlights that conform to the requirement for us to proceed. For more information, please see the Guide for Authors."

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"surname"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

68 Furthermore,when the energy plant begins its activity, a service able
69 tomonitor theproductivity of the plant so to improve it and increase the
70 efficiency is necessary for cost reductions. An effective and low-cost ap-
71 proach is to use a service able to compare the power actual produced
72 with the power predicted by amodel. Themodel uses data from satellite
73 to evaluate the environmental parameters needed to calculate the
74 expected power production in well-functioning conditions.

75 “Planner” and “Controller” web tools

76 In order to face the problems related to planning and monitoring of
77 solar energy plants described before, we developed two innovative web
78 tools based on Earth Observation (EO) optical imagery: the “Planner”
79 and the “Controller” services.
80 Both the services start from temporal series of solar GHI provided by
81 the MACC Core Service, that is calculated fromMeteosat Second Gener-
82 ation (MSG) optical imagery by means of the Heliosat-2 algorithm
83 (Cano et al., 1986) and the ESRA model for clear-sky solar irradiance
84 (Rigollier, 2000).
85 The “Planner” service consists of a web-GIS map showing average
86 solar irradiance (Beam Normal Irradiance for CSP or CPV plants; Global
87 Horizontal Irradiance for PV plants) and average air temperature, both
88 obtained from historical satellite optical imagery archive (air tempera-
89 ture data lacks are filled by a spatial interpolation of the data provided
90 by the meteorological stations of the Italian AirForce). The service
91 shows the monthly averaged expected energy yield starting from site
92 selection and planned plant technical features, providing also an esti-
93 mate of the Return on Investment (break-even point and cumulative
94 cash-flow).
95 The “Controller” service, instead, is in practice of an active solar plant
96 production monitoring web-service that, starting from the near real-
97 time calculation of the expected energy yield based on satellite-based
98 incident solar irradiance, can provide a malfunctioning daily detection
99 with an embedded email/SMS alerting system.
100 These services are currently available for PV, CSP and CPV plants. The
101 spatial coverage comprises Italy, North-Africa andQatar but it's going to
102 be extended also to other regions (such as Brazil).

103Methods

104Both the “Planner” and the “Controller”web services are based on a
105similar scheme (as shown in Fig. 1): satellite-based irradiance data and
106air temperature data are set as inputs to a detailed physical model of the
107solar energy plant (PV, CPV or CSP) and of the inverters to calculate the
108expected AC power yield. The solar irradiance data have 4 km spatial
109resolution (in Italy) and 15 minute time resolution (following the
110MSG satellite resolution), whilst the air temperature data could have
111the same resolution if obtained fromMSG or 30 kmof spatial resolution
112and 3-hourly temporal resolution if obtained from Italian AirForce
113measured data.
114The same scheme can be applied in the frame of the “Planner” ser-
115vice by using environmental data retrieved from historical long time-
116series of satellite imagery, whilst in the “Controller” service case the
117satellite-based data are elaborated in near real-time (i.e. with a maxi-
118mum 24 hour delay and 15-min temporal resolution) to calculate the
119plant's performances for monitoring purposes. The plant's modelling
120part of the method, of course, is different depending on the type of
121solar energy plant of interest.
122The interfaces of both services are based onweb-GIS standards (such
123as GeoTIFF) and data are elaborated using also the PostgreSQL database
124with PostGIS extension.

125CSP plants

126A thermodynamic solar plant uses the direct solar radiation by
127reflecting it towards a concentrating point where a fluid is heated. The
128radiation intensity is hence a fundamental parameter for the plant
129planning and for its financial evaluation, but it is also a critical informa-
130tion in the operational mode of the plant, since it allows an accurate
131analysis of the plant performances.
132The model has been developed in the frame of the FP7-ENDORSE
133project (Morelli et al., 2012) adapting existing approaches both for
134the modelling of the irradiance incident in the one-axis sun-
135tracking solar receivers (Perez et al., 1990) and for the performance
136analysis of CSP parabolic-trough plants (Qu et al., 2010; Powell and
137Edgar, 2012).

Fig. 1. General scheme of the “Controller” and “Planner” services dedicated to solar energy plants.
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138 The main parameters involved in the model are:

139 • the temperature and the flow rate of the heat-transfer fluid;
140 • the direct solar irradiance incident on the plane normal to sun rays
141 (BNI) at ground level;
142 • the air temperature.

143 The algorithm (described schematically in Fig. 2) analyses the
144 balance between the power absorbed by the fluid and the overall
145 power losses, so the outputs of the whole modelling will be the
146 following:

147 • The fluid temperature;
148 • The absorbed power;
149 • The power losses
150 • The instantaneous efficiency.

151 Other important aspects in the model are:

152 • Mirrors' optical characteristics (shape, reflecting properties);
153 • The film applied to the surface of the heat-concentrating pipe.

154PV and CPV plants

155The PV plants are typically composed by:

156• Photovoltaic modules;
157• Inverters.

158The CPV plants are similar to the PV plants with the addition of:

159• Reflecting mirrors or lenses concentrating the solar radiation on
160photovoltaic modules;
161• Sun-tracking system to correctly orientate the reflecting mirrors.

162In the case of these systems the environmental variable that mainly
163affects plant's performances is the solar irradiance absorbed by each PV
164module, that is proportional to the Global Tilted Irradiance incident on
165its plane.
166Concentrating photovoltaic systems, instead, are usually divided into
167three categories: low, medium and high concentrations, based on the
168ratio between the effective area of the surface absorbing the solar radia-
169tion and the area of themoduleswhere the radiation is concentrated. The
170photovoltaic systems with low concentration are the most used ones.

Fig. 2. Scheme of the model of parabolic-trough Concentrated Solar Power (CSP) plants used in the developed services.

Fig. 3. Scheme of the model of Concentrating Photovoltaic (CPV) plants or Photovoltaic (PV) plants (avoiding the first part dedicated to concentrating system modelling) used in the
developed services.

3M. Morelli et al. / Environmental Impact Assessment Review xxx (2014) xxx–xxx

Please cite this article as: Morelli M, et al, Web tools concerning performance analysis and planning support for solar energy plants starting from
remotely sensed optical images, Environ Impact Asses Rev (2014), http://dx.doi.org/10.1016/j.eiar.2014.10.003

image of Fig.�2
image of Fig.�3
http://dx.doi.org/10.1016/j.eiar.2014.10.003
Original text:
Inserted Text
" "

Original text:
Inserted Text
"analyzes "

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"concentration"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

171 Similar to the CSP systems, the only solar radiation components that
172 can be concentrated is the component direct incident on the plane nor-
173 mal to sun rays (BNI); the knowledge of this quantity is fundamental for
174 planning and for financial evaluation of the costs, but is also a critical
175 information in the operational mode of the plant, since it allows an
176 accurate analysis of the plant performances.
177 The other two important aspects in the CPV plants are:

178 • the mirrors' shape;
179 • the photovoltaic modules.

180 Our modelling technique (schematically shown in Fig. 3) firstly
181 models the Global Tilted Irradiance incident on the PV modules (PV
182 case) or the Beam Normal Irradiance incident on the reflecting mirrors
183 (CPV case) is following the approach described by (Perez et al., 1990)
184 as above.

185Then the solar energy plant is modelled in order to calculate the AC
186power yield. The PV modules used in the CPV plants are typically the
187same as the ones used in traditional PV systems and they have been
188modelled using an equivalent circuit with a (photovoltaic) current gen-
189erator, connected in series with a resistance and in parallel with a diode
190and another resistance. This opto-electronic model of each PV cell has
191been taken from De Soto et al. (2006), whilst the modelling part
192concerning with the concentrating mirrors in the CPV case has been
193taken from Butler et al. (2012).

194Results and discussion

195We compared the hourly AC power (i.e. the hourly averaged AC
196power produced by the solar energy plant) calculated using the
197satellite-based methodology presented above and the in-situ measured
198one for three PV solar energy plants, respectively located in Veneto

Fig. 4. Scatter plot comparing the hourly AC power produced by three different PV plants as calculated by the satellite-based method and as obtained from in-situ measured data.
Source data are referred to a 4.86 kWp plant in Veneto (North Italy), a 3.89 kWp plant in Lazio (Centre Italy) and a 20.0 kWp plant in Sicily (South Italy). The considered periods are
November 2013, January 2014, March 2014, May 2014, July 2014 and September 2014, for a total of 5383 time instants that range from 05:00 UTC to 20:00 UTC.

Fig. 5. Comparison between the behaviour of the satellite-based hourly AC power and the
in-situ measured one. Data are referred to a single month (September 2014) for the PV
plant in Veneto.

Fig. 6. An example of the behaviour of the NMAE resulting from the comparison between
satellite-based and in-situmeasured hourly AC power. Data are referred to a single month
(September 2014) for the PV plant in Veneto.
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199 (North Italy), in Lazio (Centre Italy) and in Sicily (South Italy). We
200 considered the hourly AC power data from 05:00 UTC to 20:00 UTC
201 for November 2013, January 2014, March 2014, May 2014, July 2014
202 and September 2014 (considering all-seasons data). Since we have
203 some lack of data, we considered a total of 5383 time instants.
204 The results obtained are shown in the scatter plot graph presented in
205 Fig. 4. In Figs. 5 and 6 the results for onemonth for theVeneto plant have
206 been reported, showing the comparison between the monthly behav-
207 iours of satellite-based and in-situ measured hourly AC power data
208 (Fig. 5) and the related behaviour of the NMAE (Fig. 6) respectively.
209 The results show a good accuracy: the overall Normalized Bias (NB)
210 is −0.41%, the overall Normalized Mean Absolute Error (NMAE) is
211 4.90%, and the Normalized Root Mean Square Error (NRMSE) is 7.66%.
212 “Normalized” means that the statistical quantities reported here have
213 been normalized with respect to the nominal power of each plant, i.e.
214 4.86 kWp, 3.98 kWpand 20.0 kWp respectively. The overall Correlation
215 Coefficient (CC) is 0.9538. The maximum value of the Normalized
216 Absolute Error (NAE) is about 30% and occurs for time periods with
217 highly variable meteorological conditions.
218 The services are currently available online (an example of the web
219 interface is shown in Fig. 7) and, in particular for PV plants, they have
220 been already used satisfactorily by several customers (e.g. Enel Green
221 Power, Martifer Solar, Global Power Service) in the last years.

222 Conclusions

223 The downstream services presented herein can be really useful for a
224 great number of end-users like solar energy designers, building de-
225 signers and solar energy plant installers and designers. Indeed the ex-
226 ploitation of satellite-based data could represent an optimal solution
227 with lower costs and an only slightly lower accuracy with respect to so-
228 lutions based on in-situ solar irradiance sensors (Forero et al., 2006;
229 Papageorgas et al., 2013), avoiding also possible problems related to
230 unpredictable malfunctions or dirtiness of sensors.

231In particular the “PV-Planner” and “PV-Controller” services plants
232have been widely used and satisfied the end-users, whilst the web
233services dedicated to CSP and CPV are currently being provided in pre-
234market versions and will be launched on the market most probably in
2352015.
236Almost half hundred power plants in Europe have been constructed
237with the assistance of the PV-Planner (that in year 2011 has been used
238by more than 50,000 users) and currently more than 300 solar energy
239plants in Italy, Greece and South-Africa are being monitored by the
240PV-Controller system.
241We found a great interest for these services, especially from the solar
242energy installers and designers, and we received generally good feed-
243backs. We received also a few suggestions for developing them further
244and to improve their usefulness.
245The performances of these services could be further increased:

246• improving the accuracy of the satellite-based irradiance data, in par-
247ticular in highly variable meteorological conditions (e.g. forecasting
248the short-term cloud motion);
249• including a ground albedo map with high accuracy and high spatial
250resolution;
251• integrating a near-real-time map of air temperature (at surface) with
252high spatial and high temporal resolutions;
253• knowing the intensity of each spectral component of the incoming
254solar radiation to modelling better the irradiance actually absorbed
255by the energy plant's solar panels/receivers.
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Fig. 7. An example of the web interface (dashboard) of the “Controller” service.
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263 data for east Sicily and the Italian AirForce (Aeronautica Italiana) for pro-
264 viding the air temperature data for the other regions covered by the
265 service.

266 References

267 Butler BA, van Dyk EE, OkulloW, Munji MK, Booysen P. Characterization of a low concen-
268 trator photovoltaics module. Physica B 2012;407:1501–4.
269 Cano D, Monget JM, Albuisson M, Guillard H, Regas N, Wald L. A method for the determi-
270 nation of the global solar radiation from meteorological satellite data. Sol Energy
271 1986;37:31–9.
272 De Soto W, Klein SA, BeckmanWA. Improvement and validation of a model for photovol-
273 taic array performance. Sol Energy 2006;80:78–88.
274 Eicker U. Solar technologies for buildings. Chichester (UK): John Wiley & Son Ltd; 2003.
275 Forero N, Hernandez J, Gordillo G. Development of a monitoring system for a PV solar
276 plant. Energy Convers Manag 2006;47:2329–36.
277 Morelli M, Masini A, Potenza MAC. A new method for the performance analysis of a
278 Concentrating Solar Power energy plant using remotely sensed optical images.
279 Proceedings of “ATMOS 2012 – Advances in Atmospheric Science and Applications” –
280 Bruges (Belgium) 2012: ESA SP-708; 2012.
281 Mueller RW, Matsoukas C, Gratzki A, Behr HD, Hollmann R. The CM-SAF operational
282 scheme for the satellite based retrieval of solar surface irradiance — a LUT based
283 eigenvector hybrid approach. Remote Sens Environ 2009;113:1012–24.
284 Papageorgas P, Piromalis D, Antonakoglou K, Vokas G, Tseles D, Arvanitis KG. Smart Solar
285 Panels: in-situ monitoring of photovoltaic panels based on wired and wireless sensor
286 networks. Energy Procedia 2013;36:535–45.
287 Perez R, Ineichen P, Seals R, Michalsky J, Stuart R. Modeling daylight availability and irra-
288 diance components from direct and global irradiance. Sol Energy 1990;44:271–89.
289 Powell KM, Edgar TF. Modeling and control of a solar thermal power plant with thermal
290 energy storage. Chem Eng Sci 2012;71:138–45.
291 Qu M, Yin H, Archer DH. Experimental and model based performance analysis of a linear
292 parabolic trough solar collector in a high temperature solar cooling and heating
293 system. Sol Energy Eng 2010;132:021004.1–021004.12.
294 Rigollier C, Bauer O, Wald L. On the clear sky model of the 4th European Solar Radiation
295 Atlas with respect to the Heliosat method. Sol Energy 2000;68:33–48.

296Dr. Marco Morelli received the Laurea degree (M.S.) in Physics from the University of
297Pisa (Italy) in 2011. Since 2011 he is doing research activities at Flyby S.r.l. (Livorno,
298Italy) in the fields of satellite remote sensing and renewable energy plants modelling.
299He worked in the frame of the FP7-MACC project, being the author of the deliverable
300D_R-RAD_3.1_1, and he has been the Project Manager for Flyby in the FP7-ENDORSE pro-
301ject, being the author of several deliverables and the leader of one of the five work pack-
302ages, the WP4 “Products Development”. He is currently attending Ph.D. studies at the
303Physics Department of the University of Milano (Milano, Italy) with a particular interest
304on atmospheric radiative transfer modelling and its applications.
305
306Dr. Andrea Masini received his Laurea (M.S.) degree in Telecommunications Engineering
307and his Ph.D. degree in remote sensing from the University of Pisa (Pisa, Italy) in 2004 and
3082008, respectively. He is now working as the head of the remote sensing department at
309Flyby S.r.l (Livorno, Italy). His current research interests concern image processing, in par-
310ticular environmental monitoring from remotely sensed images, pattern recognition and
311information fusion. He has been the Project Manager of several international and national
312projects. He is the author or co-author of more than 20 scientific papers in journals and
313conferences.
314
315Dr. Fabrizio Ruffini received his Master's Degree (Laurea specialistica in Scienze Fisiche)
316inMarch 2009 at theUniversity of Pisa (Pisa, Italy). Dr. Ruffini defended his Ph.D. thesis on
317“First evidence of B0s→pipi decaymodes at CDF II” in June, 2013, at theUniversity of Siena
318(Siena, Italy). The results of the thesis were published in Phys. Rev. Lett. 108, 211803
319(2012). Since 2013 he is working at i-EM S.r.l. (Livorno, Italy) in the fields of data mining
320and data fusion for renewable energy plant models. Also, he was the teaching assistant of
321the course Laboratory of Physics III on digital and analogical electronics for the undergrad-
322uate degree course in Physics of the University of Pisa, in the academic years 2011–2012
323and 2010–2011.
324
325Marco Alberto Carlo Potenza Department of Physics, University of Milano, Via Celoria 16,
32620133 — Milano, Italy. Dr. Marco A.C. Potenza, Ph.D., is currently an Assistant Professor at
327the Physics Department of the University of Milano (Milano, Italy). His research activities
328concern with instrumental optics, light scattering for metrological applications, image
329analysis, and holography. He has also experiences of statistical optics, non-linear optics
330and X-ray optics.
331

332

6 M. Morelli et al. / Environmental Impact Assessment Review xxx (2014) xxx–xxx

Please cite this article as: Morelli M, et al, Web tools concerning performance analysis and planning support for solar energy plants starting from
remotely sensed optical images, Environ Impact Asses Rev (2014), http://dx.doi.org/10.1016/j.eiar.2014.10.003

http://dx.doi.org/10.1016/j.eiar.2014.10.003
Original text:
Inserted Text
"M"

Original text:
Inserted Text
"A"

Original text:
Inserted Text
"MAC."

Original text:
Inserted Text
"""

Original text:
Inserted Text
" - "

Original text:
Inserted Text
"" – "

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"""

Original text:
Inserted Text
"plants "

Original text:
Inserted Text
" - "

Original text:
Inserted Text
"experience "


