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Abstract

This study addresses the task of identifying optimum locations for solar and wind power plants so that the wind-plus-
solar power generation meets certain conditions of efficiency and stability, thus allowing to overcome the downside
that the natural variability of these renewable resources represents. The method was based on a simulated annealing
algorithm and applied over the Iberian Peninsula, a region whose commitment to renewable energy is growing
relatively fast. Obtained results are encouraging since a number of different sensitivity experiments support the
spatio-temporal complementarity between solar and wind power, at least at the monthly time-scale, in this region.
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1. Introduction

Investments on renewable energy installations are justified in both environmental and economic terms.
On the one hand, climate change risks claim for mitigation strategies aimed at reducing CO, emissions [1]
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(a) Intraannual complementarity (b) Interannual complementarity
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Fig. 1. (a) Annual cycles of energy demand (black, left y-axis) and wind (green) and solar (orange) power generation normalized by
the installed power of each technology (right y-axis) in Spain. Solid lines depict mean values averaged for the last five years (two
years, 2010 and 2011, in the case of solar power since monthly data of solar power are not available for longer) and dashed lines

depict the annual cycles corresponding to these last five or two years in each case. (b) Annual values of wind (green, left y-axis) and

solar (orange, right y-axis) power generation normalized by the installed power of each technology in each year in Spain. Data
source: www.ree.es.

such as the so-called 20-20-20 target set by the European Union that commits to a 20% increase in
renewable by 2020 compared with 1990 levels. On the other hand, renewable energies promote local
employment and reduce the costly import of non-renewable energy resources [2,3]. Portugal and Spain are
particularly sensitive to these concerns, having strongly funded wind farms during the last decades and
more recently also solar plants [4,5].

Both wind and solar are weather and climate-dependent resources, thus presenting a natural temporal
variability at time scales ranging from minutes-hours to seasons and years [6,7,8,9,10]. This fluctuating
nature represents a major issue for the development of renewables since could lead to blackouts and thus
implies the necessity of backup power systems. Besides, intermittent production creates negative externals
that translate into grid integration costs [11,12]. The balancing and backup costs derived from this feature
reduce the competitiveness of these energies as current power system operation is running a supply on
demand system that is expected to be absolutely reliable. Hence, the challenge of identifying the ideal
share of the different renewables guaranteeing a high efficiency (adjusted to the energy demand) without
much temporal variations, as well as the best spatial location of the renewable energy plants for a
particular country/region in that sense, needs to be addressed through comprehensive resource evaluation
and holistic approaches [7,13,14,15,16,17].

The annual cycle of energy demand in Spain presents maxima in winter and summer, and neither the
wind nor the solar power generation annual cycle alone adjusts to such annual profile (Fig la).
Nevertheless, since the former is maximum in winter and the latter in summer, a combination of both
could better match the energy demand curve. Moreover, we are relatively confident that this wind-plus-
solar energy production could be reasonably constant in time, i.e. without too much variability from one
year to another, given that the annual series of the energy production from both resources correlate
negatively (Fig 1b).

Encouraged by this detected potential complementarity, the objective of this study is to develop and
test a method to identify the optimal spatial distribution of wind and solar power plants across the Iberian
Peninsula (IP) so that the combined wind-plus-solar yield meets the condition of minimum temporal
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variability (in particular, at the monthly time-scale) under the constraint of a certain efficiency (i.e.
achievement of a notably percentage of the energy demand).

Data employed are described in Section 2, the method in Section 3 and the results in Section 4. The
main conclusions are drawn in Section 5.

2. Data
2.1. Raw wind and solar radiation data

The raw data consist of hourly series for the period 1959-2007 of incoming surface short-wave
radiation (G) and wind speed (v), this later being available at several altitudes. These series are provided
over a regular spatial grid covering the whole IP (including the Balearic Islands) with a horizontal
resolution of 10 km. They were obtained from a hindcast regional climate simulation performed with the
mesoscale model MM5 [18] driven by the ERA40 reanalysis [19] until 2002 (the last year that ERA40
spans) and by analysis data from the European Centre for Medium Range Weather Forecast (ECMWF)
afterwards. Previous tests and works based on this simulation have shown its reliability for the purpose of
this study [9,20].

2.2. Conversion of the raw data into wind and solar power

In order to convert the raw series of G and v into series of solar and wind power we have followed the
set of rules proposed by [16] (Eqs. 1 and 2 respectively). The conversion is done at the original hourly
resolution of the raw series. After, the resulting series were monthly averaged. This is particularly
relevant in the case of the wind power since the relationship expressed in Eq. 2 is instantaneous and may
not work at longer time-scales (e.g. monthly).

sp=—Y9_.p, (1)
GSTC
0 if v<v,
3 3
v —v .
—= if v, Sv<w,
WP =< vy, —v; ()
1 if vy<v<y,
0 if vzvy,

In Eq. 1 Ggyc denotes the incoming surface short-wave radiation at standard conditions (Ggrc = 1000
W/m?) and Py is the performance ratio accounting for system losses (typically 0.75). In Eq. 2 v; denotes
the cut-in speed (taken as 4 m/s), vy the rated speed (12 m/s) and v, the cut-off speed (25 m/s) of the
turbine. These specifications correspond to one of the most common commercial turbines being used in
Iberia, the model G87 from the Gamesa Corporation (www.gamesa.es), whose power rated is 2 MW and
both the rotor diameter and the tower height are 87 m. Hence, the wind speed data were retrieved from the
fourth vertical sigma level of the simulated database (sigma is the vertical variable employed in MMS5)



S. Jerez et al. / Energy Procedia 40 (2013) 48 — 57

whose altitude across the domain is around 100 meters, the closest to the turbine height.

Egs. 1 and 2 provide normalized values, i.e. power generation per unit of power installed, thus ranging
from O to 1. In order to quantify the power generated per grid cell, we will consider that each grid cell can
have either solar or wind plants occupying 1/4 of its area (which is 100 km?). Based on the specifications
of [16], this consideration results on solar (wind) plants with 1250 (135) MW of installed capacity in each
grid cell.

3. Methodology

The monthly series of solar and wind power from each grid cell are the inputs for the optimization

algorithm applied in this work. In addition, the following parameters should be specified:

e Maximum number of grid cells to be chosen for having solar (wind) plants, NS,,.. (NW )

e Minimum number of grid cells to be chosen for having solar (wind) plants, NS,.;, (NW i)

o Total number of grid cells to be chosen for having either solar or wind plants, N<NS,, ..+ NW 0.
e Minimum mean power production required from the set of N installations, P,,;,

Then the algorithm, based on simulated annealing [21], identifies NS grid cells for having solar plants
and NI grid cells for having wind plants (overlapping is allowed, i.e. we can have both solar and wind
plants in the same cell), with NS,,;,<NS<NS,..c, NW,ii<SNWSNW,,.. and NS+NW=N, so that the sum of the
total solar power production in the NS cells, SP, plus the total wind power production in the NW cells,
WP, denoted as P (P=SP+WP), verifies that:

(1) Fz F min

(2) o(P) is minimum among all the possible combinations of grid cells that could have been chosen for
having solar and/or wind plants.

with P and o(P) being the mean and the standard deviation of the P series.

We have used the optimization algorithm in three different modes:

a) S mode: the former conditions (1) and (2) are verified considering only solar plants (this is achieved
by imposing NW,,,,=0),

b) W mode: analogous to the S mode but considering only wind plants (NS,,,,=0),

¢) SW mode: the algorithm is totally free when looking for the optimum choice of grid cells and the
optimum combination of both powers (NS,,,,=NW,,..=N).

This provides a framework to compare the results obtained in each mode.

Moreover, from a methodological perspective we have adopted two fairly different approaches when
applying the algorithm. First we have considered all the grid cells over the IP and the Balearic Islands
(5538) and looked for the optimum solar and wind power locations for each month separately (Section
4.1). Hence, we used the optimization algorithm to minimize the interannual variability of the monthly
power production series. Although the locations selected by the algorithm for solar and wind power plants
will differ from one month to another, which is not particularly useful, this approach highlights the
maximum potential of the method. Second, we have attempted a more realistic approach by (1)
preselecting those grid cells whose mean values of the solar and wind power series stands above the
median (a total of 2769 grid cells in each case), and (2) considering the entire year of solar and wind
power monthly series without splitting these by months (Section 4.2). This second approach will provide
a unique distribution for the solar and wind installations across the IP, while the interannual variability of
the monthly power production series will not be as low as in the first approach.

Finally, we have considered different stages of renewable energy penetration by taking N varying in
200, 400, 600, 800 and 1000 installations, and monthly values for P,,;, varying in 20%, 40%, 60%, 80%
and 100% of the mean energy demand of each month (black line in Fig 1a).
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(a) S mode - solar inst. (Pmin=40%ED) (b) W mode - wind inst. (Pmin=40%ED)

(c) SW mode - solar inst. (Pmin=40%£D)  (d) SW mode - wind inst. (Pmin=40%ED)
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Fig. 2. Grid cells selected by the optimization algorithm for the installation of solar (orange) and wind (green) power plants in order
to minimize the variability of the monthly production series of January ensuring a minimum mean production (P,;,) of at least 40%
of the mean energy demand (ED) in January. The algorithm was applied in (a) the S mode, (b) the W mode and (c,d) the SW mode.
N varies in 200, 400, 600, 800 and 1000 number of installations (see color palette). The non-selected locations remain shaded in
gray. White areas were not considered.

4. Results
4.1. Idealistic approach

First, the algorithm was applied for the monthly series of solar and wind power of each month
separately and considering all the grid cells in the IP. As an example, Fig 2 shows the distribution of solar
and wind power plants that minimizes the interannual variability of the monthly production series of
January ensuring a mean power production of at least 40% of the mean energy demand in this month.
Beyond the spatial distribution achieved (that will vary when considering a different month), it is worth
noting its stability in the three modes despite the different values of N, and also despite the value of P,
(not shown). This tendency to congregate the winning sectors in clusters stands also for the rest of
months.

Mantaining the former example, Fig 3 shows explicitly the gain achieved in terms of reduction of 6(P)
from the wind-plus-solar approach in comparison to either the only-wind or the only-solar approaches.
Since the SP and WP series obtained in the SW mode (dashed lines) are strongly anticorrelated, the P
series in the SW mode (blue solid line) depict a much more constant temporal evolution than the P series
obtained in both the S and the W modes (orange and green solid lines, respectively). Interestingly, the SP
series from the S mode and the WP series from the W mode are also clearly anticorrelated, which
supports the overwhelmed interannual complementarity between both resources across the IP, as it was
also appreciable in Fig 1b. Indeed, this complementarity has been largely attributed to the opposite
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Fig. 3.Power generation series in January obtained from the locations shown in Fig 2 for N=600 installations. The orange lines
depict solar power generation in the S mode (solid line) or the SW mode (dashed line). The green lines depict wind power
generation in the W mode (solid line) or the SW mode (dashed line). The blue line depicts solar-plus-wind power generation in the
SW mode (it is the sum of the dashed orange and green lines).
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Fig. 4. o(P) versus P as they are obtained from various executions of the optimization algorithm in the S mode (orange), the W
mode (green) and the SW mode (blue) for N varying in 200, 400, 600, 800 and 1000 installations (indicated by the color intensity)
and P,,, varying in 20%, 40%, 60%, 80% and 100% of the mean energy demand (ED) in January (indicated by the bubbles size),

with the inputs being the monthly solar and wind power series of January of all the grid cells over the IP.

response of both resources to main large-scale circulation modes driven the Iberian climate such as the
North Atlantic Oscillation, the East Atlantic and the Scandinavian patterns [9,10]. It should be also noted
the different value of P obtained in each mode (beelines in Fig 3). This will be recalled later.

By plotting 6(P) versus P for all the N- P,,;, pairs considered (Fig 4), we ascertain the advantage of the
SW mode in comparison to both the S and the W modes for all the tested cases. As expected, higher
values of P implies higher values of 6(P), being this relationship quite linear in Fig 4 and showing the
smallest slope for the SW mode (i.e. for the same increment in P, o(P) increases less in the SW mode
than in the S mode, and less in this latter than in the W mode). Note that for some cases the solutions
overlap. This occurs when the minimum o(P) has already associated a high value of P.

For the sake of brevity, the results shown in Figs 2 to 4 for January are not provided for the rest of
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(a) 'Idealistic’ approach (N=600 inst., Prn=40%ED) (b) 'Realistic’ approach (N=600 inst., Pn=40%ED)
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Fig. 5. Standard deviation of the total production (P) series that result from (a) the idealistic and (b) the realistic execution of the
optimization algorithm in the S mode (orange), the W mode (green) and the SW mode (blue) for N=600 installations and P,,,;=40%
of the mean energy demand in each month. Solid boxes depict o(P) being referred to the left y-axis. Empty boxes depict
(o(P)/P)-100 being referred to the right y-axis.

months, although the same analysis has been done for all of them. However, in order to show that the
variance of P is valuably reduced in the SW mode compared to the single-power approaches in all
months, Fig 5a depicts the values of o(P) (left y-axis) and 6(P) normalized by P (right y-axis) obtained in
the three modes for each month. In absolute (relative) terms, the variance of the P series shows maxima in
winter in the W (S) mode. In the rest of the cases, the variance is generally larger in the transitional
seasons (spring and autumn). In all months, in both absolute and relative terms, the variance of the P
series obtained in the SW mode is the smallest, with the only exceptions of the normalized 6(P) in July
and August, which is smallest in the S mode. Besides, small variations throughout the year of both o(P)
and normalized o(P) can be observed in the SW mode, in contrast with the pronounced seasonal
variations obtained in the S and W modes. As a reference, the variance of the production series from the
optimum combination of solar and wind power plants identified by the algorithm in this experiment
remains below the 5% of the mean production in all months.

4.2. Realistic approach

In this Section we identify single sets of locations that minimize the variability of the complete series
(i.e. without splitting them by months). For these runs of the algorithm we have discarded those locations
having mean solar or wind power production values below the 50" percentile computed for the whole IP
and the Balearic Islands, thus adopting a more realistic and conservative approach as planers and private
investors will tend to dismiss less productive regions. As Fig 2, Fig 6 shows the selected locations for the
various values of N and for P,,;, equals to the 40% of the mean energy demand in each month (in gray are
the areas that, although passing the filter of the 50" percentile in mean production, were not selected).
The S mode places the solar power plants along the south and east Iberian coastlines. The W mode selects
the Ebro river valley (in the north-east of the IP), coastal areas in the south-west and some mountain
ranges in the north-west. In the SW mode, the greatest load falls on the wind power, with the spatial
distribution of wind plants being very similar to that obtained in the W mode, while few locations are
selected for having solar power installations. This indicates the good complementarity among different
regions within the IP of the wind power alone. However, it should be noted that in the most demanding
cases (i.e. small N and high P,,;,) the W mode does not provide solutions. As it was also outstanding in
the results from the idealistic runs of the previous Section, the spatial patterns in Fig 6 are relatively
invariant under changes in the specifications of N and P,,;,.
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(a) s mode - solar inst. (Pmin=40%ED) (b) W mode - wind inst. (Pmin=40%ED)

(c) SW mode - solar inst. (Pmin=40%ED)  (d) SW mode - wind inst. (Pmin=40%ED)
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Fig. 6. Grid cells selected by the optimization algorithm for the installation of solar (orange) and wind (green) power plants in order
to minimize the variability of the monthly production series (including all months from January to December) ensuring a minimum
mean production (P,,;,) of at least 40% of the mean energy demand (ED) in each month. The algorithm was applied in (a) the S
mode, (b) the W mode and (c,d) the SW mode. N varies in 200, 400, 600, 800 and 1000 number of installations (see color palette).
The non-selected locations remain shaded in gray. White areas were not considered.

Finally, we have evaluated the interannual variability of the resulting monthly P series (Fig 5b).
Qualitatively, the results are very similar to those obtained with the idealistic runs (Fig 5a), with the
variance of the monthly P series being overall higher in the winter half of the year. The wind-plus-solar
combination reduces not only the variance of the series for all months (that, in the shown case, ranges
between 5 and 10% of P) but also such seasonality. Note that the S mode shows the worst performance as
it provides the highest values of o(P), although this changes radically when the variance is expressed in
relative terms since it provides also the highest values of P (recall the last comment on Fig 3). From this
perspective it would seem that the S mode surpasses the SW mode, but this is just because the SW mode
adjusts better to P,; and because what we have implemented in the algorithm is the condition of
minimum o(P), not of minimum o(P)/P. Actually, the SW mode would provide the same solution than
either the S or the W mode in case it was the best attending to the condition imposed.

5. Conclusions

The Iberian Peninsula shows a strong potential in terms of complementarity between solar and wind
power. Here we faced the challenge of identifying optimum spatial distributions for solar and wind plants
in order to guarantee a certain energy generation but ensuring the minimum inter-annual and seasonal
temporal variations. For this purpose we have customized a simulated annealing algorithm and applied it
using solar and wind power series provided in a homogeneous grid covering the whole Iberian Peninsula
with 10 km resolution.
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Several experiments, considering different stages of penetration of the renewable energies and
different efficiency conditions, were performed. The results demonstrate the capability of the method,
being able to profitably reduce the interannual variability of the monthly power generation series that
result from an optimum wind-plus-solar power system, also enhancing its stability throughout the year, in
comparison to the single-source approaches.

The algorithm has been implemented so that it is highly flexible and accepts the inclusion of different
types of restrictions, conditions or assumptions, e.g. changes in the predefined values of P,,,, to take into
account already existing installations, the exclusion of particular areas such as national parks, etc. In
particular, in the case of Iberian Peninsula, to take into consideration the large amount of existing wind
power farms [8,9] in future assessments would be very interesting from a practical point of view.

Moreover, although the method has been applied here for the Iberian Peninsula using monthly values
of power generation, the algorithm is perfectly adaptable to other time-scales and other regions. By
demonstrating the plausibility of the proposal and given their economical and environmental relevance,
our results encourage further research focused on, for instance, finer time-scales (e.g. daily) and/or wider
regions (e.g. Europe or USA).
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