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E. González-González *, J. Martín-Jiménez , M. Sánchez-Aparicio , S. Del Pozo , S. Lagüela 
Department of Cartographic and Land Engineering, University of Salamanca, Calle Hornos Caleros, 50, Ávila 05003, Spain   

A R T I C L E  I N F O   

Keywords: 
Photovoltaic energy 
Solar potential 
Roofs 
Solar model 
Tilt 
Solar zoning 

A B S T R A C T   

One of the main factors for the determination of the energy yield of photovoltaic (PV) systems is the incoming 
solar irradiation, which is a function of (i) the spatial configuration of the PV panels with respect to the Sun for 
(ii) each location. The aim of this work is to determine the PV potential in the Iberian Peninsula, attending to the 
two main criteria. Regarding (i), different methods for the estimation of the optimal PV tilt angle in the Iberian 
Peninsula, and how this parameter influences the PV production, are analysed. With respect to (ii), a climate 
zoning is proposed for the Iberian Peninsula, to be used as reference for the estimation of solar radiation for each 
location. The study is performed using experimental data from capital cities of the Iberian Peninsula (Spain and 
Portugal). In addition, the annual PV production was compared for several tilt angle configurations in order to 
estimate the energy losses per unit angle with respect to the energy produced with the optimal tilt angle. Results 
show that the tilt angle can be fixed as 34◦ for all the Iberian Peninsula, being the annual PV production losses 
lower than 1%. Differences lower than 1% were obtained between the different approaches existing in literature 
to calculate the optimal tilt angle, showing that although the tilt angle is a key parameter that influences the PV 
energy production, its variation must be significant in order to have an impact on production losses.   

Introduction 

Energy poverty is a manifestation of the economic scarcity and social 
exclusion concerns [1–4]. The increase in energy-poor citizens exacer
bates the problem and thus awareness is raising among citizens globally 
[5,6]. Proof of this awareness is the inclusion of the energy availability 
problem in the Sustainable Development Goals of the United Nations 
Development Program [7]. According to this program, Goal number 7 
refers to “Affordable and Clean Energy”, with the main aim of ensuring 
access to affordable, reliable, sustainable and modern energy as key to 
solve the energy poverty worldwide. However, there are more goals 
impacted by the energy issue, such as Goal number 11 (Sustainable 
Cities and Communities) and Goal number 12 (Responsible Consump
tion and Production). 

Renewable energy resources have shown to be the alternative to
wards the reduction of the energy poverty and the sustainability of the 
energy supply [8,9]. One of the strengths of the renewable energy re
sources is their spatial availability [10], which enables their exploitation 
at large-scale, in energy farms [11], but also at small-scale, in such way 
that the consumers can supply their own energy demand [12]. Self- 

consumption appears as the solution to energy poverty, since it can 
reduce the energy prices [13,14], and also to the lack of energy 
connection by isolated populations: in the Canary Islands (Spain) water 
and energy were supplied with water and hydrogen resources [15], 
while isolated rural areas search for the total energy supply with 
different combinations of renewable energy resources [16,17]. 

Among all renewable energy resources, the solar energy stands as the 
most adequate for its use at small-scale, thanks to the adaptability of the 
technology to be installed in different locations close to the user, such as 
building roofs [18]. Recent studies suggest that the EU rooftops could 
potentially produce up to 24.4% of electricity demand with PV [19]. 
Thus, this framework facilitates the inclusion of PV systems in urban 
buildings allowing self-consumption either individual or shared [20], 
reducing greenhouse gases emissions, and improving energy efficiency 
and sustainability. 

Enabling residents of multi apartment buildings to commonly use 
electricity generated by a PV system (collective self-consumption) is a 
relatively new development [21]. In the Spanish context, Shared PV 
systems have been recently regulated [22], facilitating the integration of 
PV installations on shared rooftops in apartment buildings owned by 
different neighbours. The summation of energy demands from different 

* Corresponding author. 
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users, within a radius of 500 m distance, as is the case of Spain, results in 
a maximization of the self-consumption of the energy generated, with 
very little over-production and almost no energy fed into the grid. Ac
cording to [23], maximizing self-consumption from PV systems will be 
the most effective way to reduce energy poverty in households across 
most regions of the world, since self-consumption reduces the effect of 
the regulations and prices in the electricity market on the users. The aim 
of this paper is to analyse the performance of PV installations with 
different configurations (tilt angles), providing a range of tilt angles that 
optimize the production, especially thinking in those installations where 
the space available for solar panels is not enough to cover all the de
mand, as in shared PV systems. 

Although PV systems have become much cheaper in recent years 
[24], it is important to know how much energy production is expected 
from the different possible PV configurations in order to consider all the 
aspects of influence in the decision of the design of the installation: 
economic advantages, energy efficiency and performance [25]. 
Regarding materials and efficiency, the coverage of PV modules has 
been improved based on plasmonics, which increase the absorption in 
PV modules due to the considerable reduction in the physical thickness 
of the absorber layers [26]. However, power ratings in PV modules are 
usually tested under standard conditions that involve perpendicular 
incident light, although the real angles of incidence differ from being 
perpendicular to the surface of the PV panel, which results in a decrease 
in the real performance of the panels due to the reflection effect mainly 
induced by the air-glass interface. This phenomenon has been studied in 
different works, such as [27,28]. 

Thus, depending on the spatial configuration of PV systems there will 
be a great variation in the generation of electricity. If the PV panels are 
coplanar to the roof surface, tilt and azimuth angles are not usually 
optimal. In this regard, the location is the basis for the determination of 
the annual PV energy production since it determines the angles of 
incidence of the Sun throughout the year. 

In the case that supports are used to install the PV panels with the 
optimal tilt and azimuth angles, energy production can be generally 
maximized or optimized to the interest of the users so that production is 
maximum in the time frames where the user has the greatest demand or 
in the hours with higher prices for electricity. An example of optimiza
tion with azimuth angles in Spain is the South orientation for maximum 
annual production (maximum production rates at midday), while West- 
East orientation of the PV panels will have lower peak production but 
more extended during the day (earliest beginning and latest end of the 
production). 

Estimating the losses of production due to the variation of the angles 
with respect to the optimal ones is essential to evaluate the economic 
feasibility and productive capacity of PV systems. This paper calculates 
the optimal PV tilt angles for the Iberian Peninsula and estimates the 
energy losses due to tilt angle variations with respect to the optimal. 

In addition, this study leads to the determination of a map of solar 
climate zones, that can be used as a reference to know the maximum 
energy demand that can be supplied by solar PV panels in each point of 
the Iberian Peninsula, divided in provinces and districts in Spain and 
Portugal, respectively. 

Some organizations have developed software tools to estimate the PV 
energy production [29], such as PvGis [30] created by the European 
Commission, PvWatts [31] developed by the National Renewable En
ergy Laboratory (NREL) of the US, and RETScreen [32] from the Gov
ernment of Canada. The works presented through this article have been 
performed using PvGis estimation utility as it appears to be the most 
accurate for small variations in real data and for the chosen study area 
[33]. 

State of the art of the solar energy yield optimization 

The solar energy production of PV panels depends on several pa
rameters. Among them, their spatial configuration, defined by the lati
tude, azimuth and tilt angle, is the basis in the energy yield of the PV 
system [34–36]. In this regard, there are different studies that deal with 
energy PV production by means of the optimal tilt angle and the best PV 
configuration. For example, according to [37], the optimal PV tilt angle 
varies between 0◦ and 65◦ throughout the year in Turkey, being the 
optimal angle of 0◦ in June and 65◦ in December. Other researchers have 
done similar studies for each season of the year, as the works reported by 
[38] developed in Madinah, Saudi Arabia. 

Regarding maximum energy PV production, some studies have 
quantified the increase of energy performance in about 30.79% for a PV 
panel with double axis sun-tracking system with respect to a fixed PV 
system [39,40]. When the use of tracking systems is not possible, the 
performance of the PV system can be optimized with respect to a fixed 
system as well. The analysis of the performance of tracking systems 
demonstrates that adjusting tilt angles six times per year could harvest 
99.5% of the solar radiation compared to a PV system with daily 
tracking and panel adjustment in Saudi Arabia location [41]. 

Since the current framework of distributed energy generation with 
renewable sources impulses Building Integrated PhotoVoltaic (BIPV) 
installations in urban areas, the study of the energy yield of PV systems 
installed on building rooftops is essential. In this frame, the azimuth and 
the tilt angle of the roofs do not usually match the optimal for PV system. 
Thus, evaluating losses in production is necessary in order to determine 
the economic feasibility as well as the production capability of the PV 
installation [42,43]. However, an advantage of PV systems integrated in 
building roofs is the reduction of cooling energy demand in warm days 
thanks to the shadow produced by the panels covering the roof surface 
[44]. 

Finally, it should be noted that dusty environments could lead to PV 
energy losses. The decrease in PV production due to soiling could be up 
to 10% for a slightly dirty panel and up to 40% for a very dirty panel. In 
this sense, this production decrease would be reduced with slanted 
panels instead of horizontal panels [45–47]. 

Tilt angle-latitude relationship 

If the focus is brought to the optimal PV spatial configuration in 
order to maximize the annual energy performance, the optimal azimuth 
angle depends on the Hemisphere in which the case study is located. For 
the North Hemisphere, southward orientation is the optimal, while for 
the South Hemisphere, optimization is obtained with northward orien
tations [48]. Once the azimuth angle is established, the optimal tilt angle 
to maximize annual PV energy production depends on the latitude of the 
case study. 

Different investigations have been performed in order to determine 
the optimal tilt angle for a known latitude. Thus, considering the tilt 
angle equal to the latitude of the PV system location in order to validate 
the reliability of a BIPV (Eq. (1)), [49] demonstrated that the 

Nomenclature 

Em average monthly energy production [kW·h] 
Hm average monthly sum of global irradiation per square 

meter [kW·h/m2] 
N north 
W west 

Greek letters 
α azimuth angle [◦]. 
β tilt angle [◦]. 
βopt optimal tilt angle [◦]. 
βopt-PVGIS optimal tilt angle [◦] calculated by PvGis. 
ɸ latitude [◦].  
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performance of PV systems is almost the same (98.5%) than that ob
tained with the estimated optimal angle for a range of latitudes from 
0◦ to 85◦ in the North Hemisphere. Other studies stated that the optimal 
angle is the one obtained after subtracting 10◦ from the latitude (Eq. (2)) 
[50] for latitudes starting from 36◦ to 46◦, while others added some 
constants to increase the accuracy in the relation between latitude and 
optimal tilt angle. In this way, [51] stated that the optimal tilt angle is 
the result of multiplying 0.69 to latitude and then adding 3.7◦ (Eq. (3)); 
where dust accumulation in the surfaces of the panels can be reduced 
increasing 10◦ for low latitudes ((Eq. (4)), being the loses less than 1% 
for deviations of the optimal tilt angle close to 10◦ [52]. More infor
mation about each equation can be found in the corresponding refer
ences. It should be noted that if the target is to maximize the PV 
production at a specific season instead of considering the entire year, the 
result is different. Thus, when maximizing the PV production for 
wintertime, the tilt angle should be higher than the angle obtained for 
maximizing PV production for the whole year. The opposite happens in 
the case of maximizing the PV production in summertime: the optimal 
tilt angle should be lower than the value obtained when maximizing 
production for the whole year. Some studies suggested a fixed value to 
vary the optimal annual tilt angle between ±15◦ [53], or ±20◦ [54], for 
the aim of maximizing the PV production in winter or summer. 

In order to consider the different approaches existing in the litera
ture, the following methodologies (M1-M4) have been analysed to 
obtain reliable conclusions about the optimum tilt angle of PV panels:  

M1: βopt = |ɸ|                                                                                 (1)  

M2: βopt = |ɸ| − 10                                                                         (2)  

M3: βopt = 3.7 + 0.69 ⋅ |ɸ|                                                                (3)  

M4: βopt = 3.7 + 0.69 ⋅ (|ɸ| + 10)                                                      (4) 

being ɸ the latitude in degrees and βopt the optimal tilt angle in degrees. 
All these methodologies focus on an optimal annual PV production 

for fixed PV systems. Fig. 1 shows how latitude variations affect the 
optimal PV tilt angle for the four methods analysed. Despite the different 
results obtained depending on the methodology applied, a common 
tendency is observed in which the optimal PV tilt angle has a direct 
correlation with latitude. 

Climate zoning 

Climate zoning is performed for several reasons, from providing 
guidelines for energy efficiency in buildings to performing Urban Heat 
Island analysis [55]. Regarding solar photovoltaic (PV) installations, the 
existence of climate zones can serve as a guide for the design of PV in
stallations regarding the determination of both the best locations and 
the optimal tilt angle. 

Climate maps are based on climatic parameters such as temperature, 
precipitation rate and solar irradiation. General climate maps are based 
on heating degree-days, temperature, and precipitation rate, while 
climate maps used for building sciences mainly use degree-days (heating 
and cooling) and moisture. 

Regarding the computation of solar potential, the climate map 
required is based on the parameter of solar irradiation. In this case, the 
number of climate zones depends on the focus of the map: global irra
diation or direct irradiation; and on the solar energy model used for the 
computation of the energy ratios. Thus, for example, global climate 
maps present Spain divided in two or three climate zones [56], while 
specific climate maps in the Iberian Peninsula classify the terrain in 5 or 
more zones [57] (Fig. 2). 

Regarding solar energy models, their resolution also affects the map 
that can be generated. For example, comparing the two most common 
energy models, PvGis [30] and PVWatts [31], the first tool is made by 
the European Commission and calculates solar irradiation from satellite 

Fig. 1. Evolution of the optimal tilt angle with latitude, for the four method
ologies analysed. 

Fig. 2. Maps of solar climate zones in Spain: (a) annual global irradiation (kWh/m2day); (b) annual direct irradiation (kWh/m2day).  

Fig. 3. Solar trajectories for 45◦ N latitude.  
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data, climate reanalysis and historical data from 566 ground meteoro
logical stations located in the European subcontinent [58]. However, 
PVWatts is developed by the USA National Renewable Energy Labora
tory (NREL), and relies on a database covering the Americas, the Indian 
subcontinent and parts of Central Asia [59]. For this reason, when using 
PVWatts for studies in the European subcontinent, the irradiation value 
computed is the same for all the locations within a province. 

Considerations 

Solar trajectory 

The maximum yield production of a PV system is obtained when the 
panel is facing the sunlight beams perpendicularly. During the day and 
along the year, the azimuth angle and the solar height vary periodically. 
The optimal tilt angle is not always the same neither through the year 
nor through the day. The longer the beams are perpendicular to the 
panel the better PV performance is achieved. Fig. 3 shows the different 
angles of the Sun trajectory over time for different times of the day and 
for different seasons for a latitude of 45◦ N. In order to receive the 
maximum irradiation, tracking systems could be used to adjust angle 
values through the day to optimize the panel position. 

When the PV installation lacks a tracking system, optimal azimuth 
and tilt angles must be calculated for each location to compute the 
production with fixed PV panels. Regarding azimuth, South orientation 
is considered optimal for the North Hemisphere, and North orientation is 
the optimal for the South hemisphere. For both cases, the maximum 
energy production is obtained at the central time of the day. 

In some cases, when the production is prioritized either at the 
beginning or the end of the day, the azimuth angle is variated to the East 
or to the West to maximize incoming radiation (and consequently, en
ergy production) at the first or the last hours, respectively. The pro
duction curve is moved to the sunrise or sunset depending on the 
azimuth angle variation. 

Maximum production losses due to PV orientation and tilt angle 

In Spain, the Technical Edification Code (CTE) - HE section no. 5 [60] 
determines the methodology for the computation of production losses 
due to different PV spatial configurations. This methodology is based on 
the losses chart represented by Fig. 4, which is applicable for 41◦

latitude. 
According to this regulation, South orientation (0◦) is considered as 

reference and Eq. (5) is the mathematical statement for estimating the 

PV production losses. 

PV production losses (%) = 100∙[1.2∙10− 4∙
(
β − βopt

)2
] (5)  

being β the tilt angle configured in degrees and βopt the optimal tilt angle 
in degrees. 

The CTE regulation in section no. 5 also establishes the maximum PV 
loss allowed (Table 1), that depends on the type of the PV system: 
general, superimposed or integrated. “Architectural integration” refers 
to the PV panels that have the double mission of being an architectural 
part of the building at the same time as an energy installation, 
substituting other construction elements such as cladding or envelope. 
“Superposition” refers to the PV panels that are placed parallel to the 
building envelope, not substituting the construction elements that form 
the envelope: for example, PV panels installed on the tiles of the roof. 
Last, “general” defines all PV installations that are neither integrated nor 
superposed, as can be PV panels supported by inclined structures. 

Assuming the general case, the maximum percentage of PV produc
tion losses due to the PV azimuth and tilt angle with respect to the 
optimal production is 10%. This value has been considered as error 
threshold in this study for the Iberian Peninsula, because it is the most 
restrictive value. 

Methodology 

Analysis of optimal tilt for PV installations 

The determination of the optimal tilt angle for PV installations in the 
Iberian Peninsula is performed through the computation of the optimal 
tilt angle for all the capital cities as representative locations of the 
provinces or districts, with a homogeneous spatial distribution. The 
computation of the energy production for each tilt angle, used to 
determine the tilt angle that results in the maximum production, is 
performed with PvGis [30]. The PV azimuth angle considered for all 
cases was 0◦ (South orientation). 

The first step of the analysis was determining the optimal tilt angle of 
each location, according to the different methodologies under study. In 
addition to the optimal tilt angles defined with Eqs. (1)–(4) (also 
denoted as M1–M4), the optimal tilt angle (slope of the PV modules that 
gives the highest energy output for the whole year if the slope and azi
muth angles stay fixed) provided by PvGis is considered as M6 (Eq. (7)) 
[58]. Since the average optimal tilt angle for all locations was 34◦, this 
value was added to the analysis as fifth methodology, denoted as M5 
(Eq. (6)). Thus:  

M5: βopt = 34◦ (6)  

M6: βopt = βopt-PVGIS                                                                        (7) 

Once all the methodologies involved were defined and the value of 
optimal tilt angle was calculated from each of them, the PV production 
for all locations (the capital cities) was computed. 

The next analysis was to estimate the influence of the variation of the 
tilt angle in the PV energy production. With this aim, the PV production 
is estimated, for each location, for tilt angles from 0◦ to 90◦ with 5◦ steps. 

The PV potential for all tilt angles was calculated with the proper 
query to the PvGis tool, as this tool is considered as reference in this 
study. These queries were performed through the PvGis Application 

Fig. 4. PV production losses for a position 41◦ latitude.  

Table 1 
Maximum percentage of production losses allowed for photovoltaic panels in 
Spain according to the CTE [60].  

TYPE OF SYSTEM AZIMUTH AND TILT SHADOWS TOTAL 

General 10% 10% 15% 
Superposition 20% 15% 30% 
Architectural Integration 40% 20% 50%  
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Table 2 
Average monthly solar energy production for PvGis optimal tilt angle per location.  

Location Latitude Longitude Optimal tilt 
angle (M6) 

*Hm 
[kW·h/m2] 

Optimal tilt 
angle (M1) 

Optimal tilt 
angle (M2) 

Optimal tilt 
angle (M3) 

Optimal tilt 
angle (M4) 

Optimal tilt 
angle (M5) 

Vitoria-Gasteiz  42.846 − 2.668 35◦ 133 43◦ 33◦ 33◦ 40◦ 34◦

Albacete  38.998 − 1.860 34◦ 166 39◦ 29◦ 31◦ 38◦ 34◦

Alicante  38.345 − 0.481 35◦ 173 38◦ 28◦ 30◦ 37◦ 34◦

Almería  36.840 − 2.468 33◦ 188 37◦ 27◦ 29◦ 36◦ 34◦

Ávila  40.656 − 4.700 34◦ 158 41◦ 31◦ 32◦ 39◦ 34◦

Badajoz  38.879 − 6.970 33◦ 173 39◦ 29◦ 31◦ 37◦ 34◦

Barcelona  41.388 2.170 38◦ 172 41◦ 31◦ 32◦ 39◦ 34◦

Burgos  42.341 − 3.700 33◦ 146 42◦ 32◦ 33◦ 40◦ 34◦

Cáceres  39.476 − 6.371 33◦ 171 39◦ 29◦ 31◦ 38◦ 34◦

Cádiz  36.530 − 6.293 32◦ 181 37◦ 27◦ 29◦ 36◦ 34◦

Castellón de la 
Plana  

39.986 − 0.038 36◦ 171 40◦ 30◦ 31◦ 38◦ 34◦

Ciudad Real  38.986 − 3.927 33◦ 169 39◦ 29◦ 31◦ 38◦ 34◦

Córdoba  37.885 − 4.779 33◦ 174 38◦ 28◦ 30◦ 37◦ 34◦

Coruña (A)  43.371 − 8.396 34◦ 127 43◦ 33◦ 34◦ 41◦ 34◦

Cuenca  40.072 − 2.134 34◦ 161 40◦ 30◦ 31◦ 38◦ 34◦

Girona  41.982 2.824 38◦ 160 42◦ 32◦ 33◦ 40◦ 34◦

Granada  37.176 − 3.598 33◦ 180 37◦ 27◦ 29◦ 36◦ 34◦

Guadalajara  40.630 − 3.166 35◦ 164 41◦ 31◦ 32◦ 39◦ 34◦

Donostia-San 
Sebastián  

43.321 − 1.984 36◦ 126 43◦ 33◦ 34◦ 40◦ 34◦

Huelva  37.257 − 6.950 33◦ 188 37◦ 27◦ 29◦ 36◦ 34◦

Huesca  42.140 − 0.409 37◦ 167 42◦ 32◦ 33◦ 40◦ 34◦

Jaén  37.766 − 3.790 32◦ 174 38◦ 28◦ 30◦ 37◦ 34◦

León  42.600 − 5.572 36◦ 163 43◦ 33◦ 33◦ 40◦ 34◦

Lleida  41.614 0.626 36◦ 165 42◦ 32◦ 32◦ 39◦ 34◦

Logroño  42.466 − 2.450 35◦ 143 42◦ 32◦ 33◦ 40◦ 34◦

Lugo  43.012 − 7.556 34◦ 137 43◦ 33◦ 33◦ 40◦ 34◦

Madrid  40.417 − 3.700 35◦ 170 40◦ 30◦ 32◦ 38◦ 34◦

Málaga  36.720 − 4.420 33◦ 181 37◦ 27◦ 29◦ 36◦ 34◦

Murcia  37.983 − 1.130 34◦ 173 38◦ 28◦ 30◦ 37◦ 34◦

Pamplona  42.817 − 1.647 35◦ 142 43◦ 33◦ 33◦ 40◦ 34◦

Ourense  42.340 − 7.865 34◦ 151 42◦ 32◦ 33◦ 40◦ 34◦

Oviedo  43.360 − 5.845 38◦ 135 43◦ 33◦ 34◦ 41◦ 34◦

Palencia  42.012 − 4.531 34◦ 157 42◦ 32◦ 33◦ 40◦ 34◦

Pontevedra  42.434 − 8.648 35◦ 152 42◦ 32◦ 33◦ 40◦ 34◦

Salamanca  40.965 − 5.663 33◦ 160 41◦ 31◦ 32◦ 39◦ 34◦

Santander  43.461 − 3.808 36◦ 126 43◦ 33◦ 34◦ 41◦ 34◦

Segovia  40.949 − 4.119 33◦ 153 41◦ 31◦ 32◦ 39◦ 34◦

Sevilla  37.383 − 5.996 32◦ 178 37◦ 27◦ 29◦ 36◦ 34◦

Soria  41.764 − 2.465 36◦ 160 42◦ 32◦ 33◦ 39◦ 34◦

Tarragona  41.119 1.245 37◦ 171 41◦ 31◦ 32◦ 39◦ 34◦

Teruel  40.344 − 1.107 35◦ 159 40◦ 30◦ 32◦ 38◦ 34◦

Toledo  39.857 − 4.024 35◦ 169 40◦ 30◦ 31◦ 38◦ 34◦

Valencia  39.470 − 0.377 36◦ 172 39◦ 29◦ 31◦ 38◦ 34◦

Valladolid  41.653 − 4.728 33◦ 157 42◦ 32◦ 32◦ 39◦ 34◦

Bilbao  43.257 − 2.923 35◦ 124 43◦ 33◦ 34◦ 40◦ 34◦

Zamora  41.504 − 5.744 34◦ 161 42◦ 32◦ 32◦ 39◦ 34◦

Zaragoza  41.656 − 0.877 36◦ 164 42◦ 32◦ 32◦ 39◦ 34◦

Lisboa  38.722 − 9.139 32◦ 165 39◦ 29◦ 30◦ 37◦ 34◦

Leiria  39.750 − 8.808 34◦ 163 40◦ 30◦ 31◦ 38◦ 34◦

Santarém  39.236 − 8.685 33◦ 170 39◦ 29◦ 31◦ 38◦ 34◦

Setúbal  38.525 − 8.894 34◦ 182 39◦ 29◦ 30◦ 37◦ 34◦

Beja  38.015 − 7.863 33◦ 177 38◦ 28◦ 30◦ 37◦ 34◦

Faro  37.019 − 7.930 33◦ 193 37◦ 27◦ 29◦ 36◦ 34◦

Évora  38.571 − 7.914 33◦ 175 39◦ 29◦ 30◦ 37◦ 34◦

Portalegre  39.297 − 7.428 33◦ 169 39◦ 29◦ 31◦ 38◦ 34◦

Castelo Branco  39.823 − 7.497 33◦ 172 40◦ 30◦ 31◦ 38◦ 34◦

Guarda  40.539 − 7.265 33◦ 165 41◦ 31◦ 32◦ 39◦ 34◦

Coimbra  40.203 − 8.410 34◦ 160 40◦ 30◦ 31◦ 38◦ 34◦

Aveiro  40.641 − 8.654 35◦ 164 41◦ 31◦ 32◦ 39◦ 34◦

Viseu  40.657 − 7.912 34◦ 163 41◦ 31◦ 32◦ 39◦ 34◦

Bragança  41.806 − 6.757 34◦ 163 42◦ 32◦ 33◦ 39◦ 34◦

Vila Real  41.301 − 7.742 33◦ 158 41◦ 31◦ 32◦ 39◦ 34◦

Porto  41.158 − 8.629 35◦ 159 41◦ 31◦ 32◦ 39◦ 34◦

Braga  41.545 − 8.427 35◦ 155 42◦ 32◦ 32◦ 39◦ 34◦

Viana do Castelo  41.692 − 8.834 35◦ 158 42◦ 32◦ 32◦ 39◦ 34◦

*Hm: Average monthly sum of global irradiation per square meter [kW·h/m2]. 
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Program Interface (API). This API request uses as input data the location 
and azimuth and tilt angles desired. The web-based tool outputs the PV 
energy production (monthly data output, denoted as Hm) applying the 
solar model implemented in PvGis [30]. The results, in comma- 
separated values (CSV) format, were collected in a macro programmed 
in Visual Basic for Applications (VBA) to be sorted in a spreadsheet. The 

analysis and mapping of the result plots were performed within the 
framework of this spreadsheet. 

Computation of total solar radiation 

From the monthly PV potential computed for the optimal tilt angle 

Table 3 
Annual production losses for all locations respect to variations in tilt angle.  

Location Tilt Angle 

0◦ 5◦ 10◦ 15◦ 20◦ 25◦ 30◦ 35◦ 40◦ 45◦ 50◦ 55◦ 60◦ 65◦ 70◦ 75◦ 80◦ 85◦ 90◦

Albacete 13% 10% 7% 4% 2% 1% 1% 0% 1% 2% 4% 5% 8% 11% 16% 20% 25% 30% 36% 
Alicante 14% 10% 7% 5% 3% 1% 1% 0% 1% 2% 3% 5% 8% 12% 16% 20% 25% 30% 36% 
Almería 13% 10% 7% 4% 3% 1% 1% 0% 1% 2% 4% 6% 9% 12% 16% 21% 26% 31% 37% 
Aveiro 14% 10% 7% 5% 3% 1% 1% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Ávila 13% 9% 6% 4% 3% 1% 0% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 35% 
Badajoz 12% 9% 6% 3% 2% 1% 0% 0% 1% 2% 3% 6% 9% 12% 16% 21% 25% 31% 37% 
Barcelona 16% 12% 9% 6% 3% 2% 1% 0% 0% 1% 2% 3% 6% 9% 13% 17% 22% 27% 32% 
Beja 12% 9% 6% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 12% 16% 21% 25% 31% 37% 
Bilbao 13% 10% 6% 4% 2% 1% 0% 0% 0% 1% 2% 4% 6% 10% 13% 17% 22% 26% 32% 
Braga 14% 10% 7% 5% 3% 1% 0% 0% 0% 1% 3% 5% 7% 10% 14% 18% 23% 28% 34% 
Bragança 13% 10% 7% 5% 2% 1% 1% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Burgos 12% 8% 5% 3% 2% 1% 0% 0% 1% 1% 3% 5% 8% 12% 15% 19% 24% 29% 35% 
Cáceres 13% 9% 6% 4% 2% 1% 1% 0% 1% 2% 4% 6% 9% 12% 16% 20% 25% 30% 36% 
Cádiz 12% 9% 6% 3% 2% 1% 0% 0% 1% 2% 4% 6% 9% 13% 17% 22% 27% 32% 38% 
Castellón de la Plana 15% 11% 8% 5% 3% 1% 1% 0% 0% 1% 2% 4% 7% 10% 14% 18% 23% 28% 33% 
Castelo Branco 13% 9% 6% 4% 2% 1% 0% 0% 0% 1% 3% 5% 8% 12% 16% 20% 25% 30% 36% 
Ciudad Real 12% 9% 7% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 12% 16% 21% 25% 31% 36% 
Coimbra 13% 9% 7% 4% 3% 1% 0% 0% 0% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Córdoba 12% 9% 6% 4% 2% 1% 0% 0% 1% 2% 3% 6% 9% 13% 16% 21% 26% 31% 37% 
Coruña (A) 11% 8% 6% 3% 2% 1% 0% 0% 0% 1% 2% 5% 7% 10% 13% 17% 22% 27% 32% 
Cuenca 14% 10% 7% 5% 2% 1% 1% 1% 1% 2% 3% 6% 8% 11% 15% 19% 24% 29% 35% 
Donostia-San Sebastián 13% 10% 7% 5% 3% 2% 1% 0% 1% 2% 2% 5% 7% 10% 13% 17% 21% 26% 31% 
Évora 13% 9% 6% 4% 2% 1% 0% 0% 1% 2% 3% 6% 9% 12% 16% 21% 25% 31% 36% 
Faro 13% 10% 7% 4% 3% 1% 1% 0% 1% 2% 4% 6% 9% 12% 17% 21% 26% 32% 37% 
Girona 16% 13% 9% 6% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 13% 16% 21% 26% 31% 
Granada 13% 9% 6% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 12% 17% 21% 26% 31% 37% 
Guadalajara 13% 10% 7% 5% 2% 1% 1% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Guarda 13% 10% 7% 4% 2% 1% 0% 0% 1% 2% 4% 5% 8% 12% 16% 20% 25% 30% 36% 
Huelva 13% 10% 7% 4% 2% 1% 1% 0% 1% 2% 4% 6% 9% 12% 16% 21% 26% 31% 37% 
Huesca 16% 11% 8% 5% 4% 2% 1% 0% 0% 1% 2% 4% 7% 10% 13% 17% 22% 27% 32% 
Jaén 12% 9% 6% 3% 2% 1% 0% 0% 1% 2% 3% 6% 9% 12% 16% 21% 25% 31% 37% 
Leiria 13% 9% 7% 4% 2% 1% 0% 0% 0% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
León 15% 11% 8% 6% 3% 2% 1% 0% 1% 1% 2% 5% 7% 10% 14% 18% 23% 28% 34% 
Lisboa 12% 8% 5% 3% 2% 1% 0% 0% 1% 2% 4% 5% 8% 12% 16% 21% 25% 31% 36% 
Lleida 15% 11% 8% 5% 3% 1% 1% 0% 0% 1% 2% 4% 7% 10% 14% 18% 22% 28% 33% 
Logroño 13% 9% 6% 4% 2% 1% 0% 0% 0% 1% 3% 4% 7% 10% 14% 18% 22% 27% 33% 
Lugo 12% 9% 7% 4% 3% 1% 1% 1% 1% 2% 4% 6% 8% 12% 15% 19% 24% 29% 34% 
Madrid 14% 11% 7% 5% 3% 1% 0% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 35% 
Málaga 13% 9% 7% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 13% 17% 21% 26% 31% 38% 
Murcia 13% 10% 7% 4% 2% 1% 0% 0% 1% 2% 3% 6% 8% 12% 16% 20% 25% 30% 36% 
Ourense 13% 9% 7% 4% 2% 1% 0% 0% 0% 1% 3% 5% 7% 11% 15% 19% 23% 28% 34% 
Oviedo 15% 11% 8% 5% 3% 1% 1% 0% 0% 1% 1% 4% 6% 8% 12% 16% 20% 24% 30% 
Palencia 13% 10% 7% 4% 3% 1% 0% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Pamplona 13% 9% 6% 4% 2% 1% 0% 0% 0% 1% 3% 4% 7% 11% 14% 18% 23% 27% 33% 
Pontevedra 14% 10% 7% 5% 3% 1% 1% 0% 0% 1% 3% 5% 7% 11% 14% 18% 23% 28% 34% 
Portalegre 12% 9% 6% 4% 2% 1% 0% 0% 1% 1% 3% 5% 8% 12% 16% 20% 25% 30% 36% 
Porto 13% 10% 7% 4% 3% 1% 0% 0% 0% 1% 3% 4% 8% 11% 14% 19% 23% 28% 34% 
Salamanca 13% 9% 6% 4% 2% 1% 0% 0% 1% 1% 3% 6% 8% 11% 16% 19% 24% 29% 35% 
Santander 13% 10% 7% 5% 3% 2% 1% 0% 0% 1% 2% 4% 7% 10% 13% 17% 21% 26% 31% 
Santarém 12% 9% 6% 4% 2% 1% 0% 0% 1% 2% 4% 5% 8% 12% 16% 20% 25% 31% 36% 
Segovia 12% 9% 6% 4% 2% 1% 0% 0% 1% 1% 3% 5% 8% 12% 16% 20% 24% 29% 35% 
Setúbal 13% 9% 7% 4% 2% 1% 0% 0% 0% 1% 3% 5% 8% 12% 15% 20% 25% 30% 36% 
Sevilla 12% 9% 6% 4% 2% 1% 0% 0% 1% 2% 4% 6% 9% 12% 16% 21% 26% 31% 37% 
Soria 14% 11% 8% 5% 3% 1% 1% 0% 0% 1% 3% 4% 7% 10% 14% 18% 23% 28% 33% 
Tarragona 16% 12% 8% 5% 3% 2% 1% 0% 0% 1% 2% 4% 6% 9% 13% 17% 22% 27% 32% 
Teruel 14% 10% 8% 5% 3% 1% 1% 1% 1% 2% 3% 5% 8% 11% 14% 19% 24% 29% 34% 
Toledo 14% 10% 7% 4% 2% 1% 0% 0% 0% 1% 3% 5% 8% 11% 15% 19% 24% 30% 35% 
Valencia 14% 10% 8% 5% 2% 1% 0% 0% 0% 1% 2% 4% 7% 10% 14% 18% 23% 28% 34% 
Valladolid 13% 10% 6% 4% 3% 1% 0% 0% 1% 2% 3% 6% 8% 11% 15% 20% 24% 29% 35% 
Viana do Castelo 14% 10% 7% 4% 3% 1% 0% 0% 0% 1% 3% 4% 8% 11% 14% 18% 23% 28% 34% 
Vila Real 12% 9% 6% 4% 2% 1% 0% 0% 0% 1% 3% 5% 8% 11% 15% 20% 25% 30% 35% 
Viseu 13% 10% 7% 4% 2% 1% 0% 0% 1% 1% 3% 5% 8% 11% 15% 19% 24% 29% 34% 
Vitoria-Gasteiz 12% 9% 6% 4% 2% 1% 0% 0% 0% 2% 2% 5% 8% 11% 14% 18% 23% 28% 33% 
Zamora 12% 9% 6% 4% 2% 1% 0% 0% 1% 1% 3% 6% 8% 11% 16% 19% 24% 30% 35% 
Zaragoza 15% 11% 7% 5% 3% 1% 0% 0% 0% 1% 2% 4% 7% 10% 13% 18% 23% 27% 33%  
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(M6) and South orientation, the Equivalent Sun Hours (ESH) are esti
mated, per representative location in the Iberian Peninsula. The location 
of reference for each administrative area is the capital city. That is, one 
request is made per capital city, regarding the monthly PV potential, and 
the values from the most favorable and least favorable months are 
considered for the classification of each area in the corresponding solar 
climate zone. 

Results 

With all the data computed, the optimal PV tilt angle was sorted for 
each location as well as its annual production that will be considered as 
reference value for further studies. Table 2 shows the production results 
for all locations under study, considering a PV installation with South 
orientation (0◦) and the optimal tilt angle calculated by PvGis (M6). The 
optimal tilt angles according to methodologies M1 to M5, are also shown 
in the table. 

Latitude vs optimal tilt angle 

Fig. 5 shows the optimal PV tilt angle value for all the locations under 
study obtained with PvGis. Despite the existence of different tilt values 
for the same latitude, the tendency line shows that the more the latitude, 
the higher the tilt angle. The trend line equation has been calculated as 
Eq. (8): 

β = 0.462∙�E¸+ 15.639 (8)  

where β is the tilt angle and ɸ is the latitude, both in degrees. 
The discrepancy observed between similar latitudes that present 

different values of optimal tilt angle could be caused by the fact that 
PvGis considers more parameters to obtain the optimal tilt angle than 
the other methods, such as historical cloudy index and terrain shadows. 
This shows that, although the latitude is the most influential parameter 
regarding optimal tilt angle, the other parameters considered also play a 
role in its definition. 

Determination of solar climate zones 

As a result of the maximum and minimum solar radiation received 
monthly in each location of the Iberian Peninsula, the territory can be 
divided in six solar climate zones, according to the classification estab
lished in the Spanish CTE:  

- Zone 1: from 1186.8 to 1319.0 kJ/m2  

- Zone 2: from 1319.0 to 1451.3 kJ/m2  

- Zone 3: from 1451.3 to 1583.5 kJ/m2  

- Zone 4: from 1583.5 to 1715.8 kJ/m2  

- Zone 5: from 1715.8 to 1848.0 kJ/m2  

- Zone 6: minimum potential higher than 1848.0 kJ/m2 

According to these values and using the solar radiation values 
computed per location with PvGis tool, a new proposal of map of solar 
climate zones of the Iberian Peninsula can be made, Fig. 6. 

Discussion 

Optimal tilt angle in the Iberian Peninsula 

Figure shows the annual energy production losses for different tilt 
angles ranging from 0◦ to 90◦ with 5◦ steps, for all locations listed in 
Table 2. Results were compared to the curve of the CTE equation (Eq. 
(5)), considering 34◦ as optimal PV tilt angle and 0◦ as optimal azimuth 
angle. 

Considering as threshold value the 10% (Fig. 7 – green dashed line) 
of maximum losses allowed in the “General case” of the CTE [60], the PV 
tilt angle can range between 10◦ and 60◦ in the Iberian Peninsula. 

In the same way and taking into account that the optimal tilt angle 
varies if the maximum production is aimed for the whole year or only 
seasonally (maximum energy production in winter, or maximum energy 
production in summer). Fig. 8 shows the curves for the annual and 
seasonal losses for different tilt angles. The average PV production loss 
per city and that obtained from the CTE equation were represented, 
considering as optimal PV tilt angles 34◦ for maximizing production 
over a year. Winter seasonal production implies an increase in the 
optimal tilt angle of 21◦ (55◦) and for the summer, the seasonal pro
duction tilt angle is decreased 14◦ (20◦). 

As a result of this comparison, it was observed that the CTE meth
odology (defined in Eq. (5)) results in a parabolic curve almost identical 
to the curve resulting from the mean of the values of energy production 
losses computed specifically from data of the cities; that is, considering 
34◦ as the optimal tilt angle for annual production in the Iberian 
Peninsula. 

Winter and summer seasonal optimal tilt angles have been obtained 
with the data extracted from the tilt analysis from 0◦ to 90◦ with 5◦ steps, 
considering as summer months: April, May, June, July, August and 
September, and as winter months: January, February, March, October, 
November and December. Thus, the optimal tilt angle is the average 
optimal tilt angle for all locations (maximum irradiation). If a maximum 
loss of 10% is allowed, the optimal tilt angle range is from 10◦ to 60◦

considering annual production; from 0◦ to 45◦ in summer; and from 30◦

to 80◦ in winter. Fig. 9 shows the optimal tilt angles computed for 
different locations, as representatives for the rest of the Iberian 
Peninsula. 

Fig. 5. Relationship between the latitude and the optimal PV tilt angle.  

Fig. 6. Map of solar climate zones of the Iberian Peninsula.  
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Comparison of methodologies to estimate the optimal annual tilt angle 

Comparing the production values obtained for each methodology 
and the production losses caused by the tilt angle with respect to the 
optimal production (Table 2), Fig. 9 shows the production losses for all 
locations in the Iberian Peninsula. Separated maps have been generated 
in order to classify which methodology is more accurate.  

a) Fixed Optimal Tilt Angle (M5: β = 34◦) 

Fig. 10(a) shows the energy losses with respect to the maximum 
annual performance for a fixed PV system with tilt angle (β) equal to the 
average of the optimal tilt angles calculated (34◦). It is observed that the 

Fig. 7. Annual production losses with respect to variations in tilt angle. Although they cannot be seen, all tilt angles have been tested for all locations. In the 
following Table 3 all values are shown. 

Fig. 8. Comparison of annual and seasonal production losses per tilt angle 
according to the computation of the PvGis tool (dashed line) and the CTE Eq. 
(5) (continuous line). 

Fig. 9. Seasonal solar radiation values for different tilt angles.  
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performance is almost 100% (0% losses) for all the locations of the 
Iberian Peninsula.  

b) M1 (tilt angle β = |ɸ|) 

Fig. 10(b) shows the energy losses with respect to the maximum 
annual performance for a fixed PV system with tilt angle (β) equal to 
latitude (ɸ), It can be seen that the maximum losses are located in the 
north of Iberian Peninsula, reaching its maximum at 0.9% for the city of 
Bilbao.  

c) M2 (tilt angle β = |ɸ| − 10) 

Fig. 10 (c) shows the energy losses regarding the maximum annual 
performance for a fixed PV system with tilt angle (β) equal to latitude (ɸ 
− 10), It can be appreciated that the losses are lower than in M1, 
especially in the North locations, being the maximum loss value 0.7% for 
the cities of Girona, Logroño, Aveiro and Albacete.  

d) M3 (tilt angle β = 3.7 + 0.69 ⋅ |ɸ|) 

Fig. 10(d) presents the energy losses in reference to the maximum 
annual performance for a fixed PV system with tilt angle calculated as a 
result of methodology 3. The losses are a bit lower than in the meth
odology 2, being the maximum value 0.7% for the cities of Girona, 
Logroño and Aveiro.  

e) M4 (tilt angle β = 3.7 + 0.69 ⋅ (|ɸ| − 10)) 

Fig. 10(e) shows the energy losses with respect to the maximum 
annual performance for a fixed PV system with tilt angle calculated as a 
result of methodology 4. It can be appreciated that the losses are higher 
than in methodology 3, especially in the Northern locations, and similar 
to the results of methodology 2, being the maximum loss value 0.8% for 
the cities of Santander and San Sebastián. 

Once the different expressions to calculate the optimal tilt angle are 
compared, the results show that the estimated annual production does 
not present great variations for each methodology, since the maximum 
production losses are always below 1% (the highest loss is 0.9% in M1), 

being the best methodology M5 (β = 34◦), followed by M3 (β = 3.7 +
0.69 ⋅ |ɸ|). 

Comparison of production for seasonal optimal tilt angles with the 
production for annual optimal tilt angle 

Considering the seasonal optimal tilt angles for winter (55◦) and 
summer (20◦) as mentioned in section above, the following Fig. 11 
shows the energy gain for a two angles configuration PV system with 
respect to a fixed PV system with the same annual angle (34◦). 

The mean gains in energy production are 4%, with a clear division in 
the northeast-southwest direction. 

Comparison of updated climate zones with the standard 

Solar production values (Hm) computed per city with PvGis have 
been used to calculate the mean monthly production (Em) and the 
annual and seasonal (winter and summer) reference equivalent hours 
(Figs. 12–14, respectively). Reference equivalent hours are used to 
classify each province/district in 5 groups, the same number as in the 
CTE [60], with equitable production ranges, so that the difference 

Fig. 10. Energy losses with respect to the reference production (M6), as computed with: (a) M5; (b) M1; (c) M2; (d) M3; (e) M4.  

Fig. 11. Energy gain obtained with installations with two tilt angles (winter/ 
summer) with respect to the annual reference production. 
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between maximum and minimum production values is equal for all 
groups. 

Conclusions 

After analysing the results, it can be concluded that for the Iberian 
Peninsula the optimal PV tilt angle can be established in 34◦ when 
maximizing the annual production is the target, since this is the tilt angle 
with lowest losses in the annual analysis. PV systems have annual pro
duction losses of less than 0.1% regarding that obtained for each optimal 
tilt angle. Considering that the Spanish national regulations for build
ings set the maximum production loss due to tilt and azimuth angles 
allowed of 10%, the range for a yearly fixed tilt angle could be from 10◦

up to 60◦ in the Iberian Peninsula. However, when maximizing the 
seasonal PV production, the optimal tilt angles are 20◦ for summertime 
and 55◦ for wintertime, − 14◦ and +21◦ regarding the optimal annual tilt 
angle, respectively, being both values within the range established by 
the CTE. 

Comparing the different approaches existing in literature to calculate 
the optimal tilt angle, differences lower than 1% were obtained between 

them. Thus, although the tilt angle is a key parameter that influences the 
PV energy production, its variation must be significant in order to have 
an impact on production losses. 

When the PV systems are installed coplanar to the roof surfaces, tilt 
and orientation angles are not usually optimal. In these cases, the eco
nomic feasibility of the support installation depends on both the pro
duction losses and the support system installation costs. In this line, PV 
systems with not tilt angle fixed supports could be analysed, in order to 
modify this angle through the year, increasing the energy production 
from 2.8% up to 4.8% (two seasonal tilt angles configuration). 

Finally, future works will deal with (i) the performance of an analysis 
of the azimuth angle similar to the present study about the tilt angle, (ii) 
the combination of the results of this study with those in [18] will make 
possible the classification of all the roofs of a city by their PV perfor
mance, and (iii) the energy gain considering four different seasonal tilt 
angles (Winter, Spring, Summer, Autumn). 
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