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A B S T R A C T   

Hundreds of cities worldwide have committed to decarbonizing or becoming carbon neutral by 2030, 2050, or 
even sooner. The challenge is particularly acute for the dense, compact cities of the European Mediterranean 
basin. To maximize their energy self-sufficiency, Mediterranean cities seek to scale up PV production within their 
boundaries and supply themselves from ground-mounted plants in their surroundings. This paper provides an 
alternative approach based on the energy exchange between cities and their metropolitan areas. The potential of 
the approach is demonstrated by the results attained under a less favorable (conservative) scenario: supplying the 
electricity demand of the residential stock exclusively with rooftop PV. Drawing on a combination of spatial 
analysis (based on cadastral and statistical data) and energy simulation (with HOMER), the approach is applied 
to Valencia, Spain’s city and its metropolitan area. Results show that rooftop PV may increase the PV coverage 
rate from 61% (Valencia and its first metropolitan ring) to 79.2% (whole metropolitan area) – or about 30% in 
relative terms. This may encourage Mediterranean cities to develop innovative urban-metropolitan energy ex-
change models, hopefully under the criteria of spatial justice.   

1. Introduction 

Hundreds of cities worldwide have committed to decarbonize or 
become carbon neutral by 2050, 2030, or even sooner, under the lead-
ership of multiple initiatives such as the Covenant of Mayors or the 
platform of global cities C40 incl. Local authorities thus wake up to the 
Jano-faced nature of cities: the territorial unit that most contributes to 
climate change and the hub for the technical and social innovations that 
may nurture the required solutions (Mi et al., 2019, Pincetl, 2017, 
Droege, 2018). The problem is particularly salient for the dense, 
compact cities of the European Mediterranean basin. Given their pop-
ulation density and the spatial density of energy consumption, decar-
bonizing compact Mediterranean cities is the very definition of a ‘wicked 
problem’ in the trajectory towards a net-zero European Union (Cramer 
et al., 2018). To minimize land use and related adverse impacts beyond 
their boundaries, especially in rural areas, strategies to make Mediter-
ranean cities climate-neutral often give a prominent role to the 
large-scale deployment of rooftop photovoltaics (PV) (Ruiz-Campillo, 
Gil, and García Fernández, 2022), (Burger and Luke, 2017). 

Most often, maximizing rooftop PV generation in cities almost 

automatically translates into maximizing two indicators: installed ca-
pacity (PW power, often measured in MW) and PV coverage rate (or the 
share of PV generation compared to the energy/electricity demand of 
the city) (Fakhraian et al., 2021). It is hardly surprising, then, that the 
bulk of the efforts of energy researchers and urban planners has gravi-
tated toward quantifying the maximum potential for PV generation in 
(Mediterranean) cities – and, eventually, the maximum coverage rate 
(Natanian and Auer, 2018), (Hosseini, 2019). Several studies have 
estimated the PV potential fraction of residential electricity consump-
tion in the range of 20-40%, with some outliers in the range of 60-70% 
(for a list of case studies, see (Fakhraian et al., 2021)). This alone speaks 
of the need to approach the problem from new angles, such as the ex-
change of solar energy between cities and their metropolitan areas 
suggested here, which offer a suitable complement to already tested 
solutions, such as renewable-based mini- and micro-grids (Korkas, Baldi, 
Michailidis, and Kosmatopoulos, 2015, Korkas, Baldi, and Kosmato-
poulos, 2018, Korkas, Baldi, Michailidis, and Kosmatopoulos, 2016). 

Unfortunately, studies that quantify the contribution of metropolitan 
areas to the PV potential of their cities are virtually non-existent. But a 
growing number of studies of the PV potential of Mediterranean cities 
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have established the extent of the challenge of maximizing PV self- 
generation within the boundaries of dense, compact cities (Natanian 
and Auer, 2018), (Vulkan, Kloog, Dorman, and Erell, 2018). Elsewhere, 
large-scale studies have also shown a sizeable potential for urban 
rooftop PV. For example, in 2016, NREL estimated that rooftops in 
California could generate an equivalent to 74% of the electricity sold by 
utilities in 2013, with small rooftops hosting about 65% of the overall 
rooftop potential (Gagnon et al., 2016). Methods to assess the PV po-
tential of urban areas can be classified according to two main ap-
proaches: GIS-based and non-GIS-based statistical methods. GIS-based 
methods draw on cartographic data, e.g. cadastral data, often also 
building upon LiDAR and occasionally machine learning, to calculate 
the available rooftop surface in great detail (Gassar and Cha, 2021, Song 
et al., 2018, Ren, Xu, Ma, and Sun, 2022, Bódis et al., 2019). These 
methods are characterized by the need to reach a compromise between 
accuracy and computation time (Gassar and Cha, 2021), (Freitas, Catita, 
Redweik, and Brito, 2015, Margolis et al., 2017, Ramirez Camargo and 
Stoeglehner, 2018, Groppi, de Santoli, Cumo, and Astiaso Garcia, 2018, 
Choi, Suh, and Kim, 2019, Castellanos, Sunter, and Kammen, 2017). In 
Mediterranean cities, this approach was applied in Nador (Lambarki, 
Maanan, and Rhinane, 2020), Istanbul (Yildirim, Büyüksalih, and Şahin, 
2021), and Turin (Bergamasco and Asinari, 2011), although most 
studies date from the eartly- to mid-2010s. More recently, this approach 
has been also applied to Valencia (the case study in this work) 
(Gómez-Navarro, Brazzini, Alfonso-Solar, and Vargas-Salgado, 2021). 
Non-GIS methods often estimate available surfaces by extrapolating 
from a sample of representative building typologies (Horváth, 
Kassai-Szoó, and Csoknyai, 2016), (Fakhraian et al., 2021). Applications 
in the Mediterranean region include Barcelona (Izquierdo, Rodrigues, 
and Fueyo, 2008), (Torres-Rivas, Palumbo, Jiménez, and Boer, 2022) or 
Beirut (Eslami, Najem, Ghanem, and Ahmad, 2021). This method has 
also been tested in Valencia in several studies (Vargas-Salgado, 
Aparisi-Cerdá, Alfonso-Solar, and Gómez-Navarro, 2022, Fuster-Palop 
et al., 2021, Aparisi-Cerdá, Ribó-Pérez, Cuesta-Fernandez, and 
Gómez-Navarro, 2022). However, and to the best of our knowledge, to 
date no study has attempted to explore, let alone quantify, the potential 
of urban-metropolitan exchanges for the self-sufficiency of compact, 
dense Mediterranean cities. 

Against this background, this paper seeks to establish the potential 
that large-scale deployment of rooftop PV in metropolitan areas may 
offer to the energy self-sufficiency of dense, compact Mediterranean 
cities. A literature review has identified a dearth of studies evaluating 
such potential in European cities. Concerning the contribution of 
metropolitan areas to the energy self-sufficiency of their capital cities, 
Mediterranean metropolitan areas offer several advantages. They are 
often less dense and compact than their cities (Munoz, 2003), thus 
providing a better generation-to-available-surface ratio. Also, in Medi-
terranean metropolitan areas, consumption between residential, com-
mercial, and industrial customers is more balanced than in their cities 
(dominated by the residential sector). This is singularly relevant for 
photovoltaic technologies, in which generation is only available during 
daylight hours. Lesser weights of residential patterns, which tend to 
concentrate their consumption in the very early and late hours of the 
day, often outside daylight hours, facilitate more efficient photovoltaic 
systems (Natanian, Aleksandrowicz, and Auer, 2019, Vartholomaios, 
2017, Morganti, Salvati, Coch, and Cecere, 2017). 

In this study, the analysis is restricted to satisfying the electric de-
mand of the residential stock. Increasing the coverage rate of the resi-
dential stock with rooftop-mounted PV is arguably one of the least 
favorable and most demanding scenarios. Therefore, a significant in-
crease in the coverage rate under this scenario provides a promising 
starting point for a future, more complete assessment of the potential of 
urban-metropolitan exchanges. Besides, the approach pursued in this 
article is premised on the translation to city-metropolitan geographies of 
existing models that establish virtual energy exchanges between 
rooftop-constrained urban households and PV generation in rural utility- 

scale, ground-mounted solar plants (Capellán-Pérez, Campos-Celador, 
and Terés-Zubiaga, 2018), (Moura and Brito, 2019). The outline and 
particular characteristics of such city-metropolitan exchange models 
falls beyond the scope of this article. 

Against this background, this article assesses the untapped potential 
of innovative, urban-metropolitan virtual energy exchanges to increase 
the rate of renewable coverage in the city of Valencia. To do so, it es-
timates, with the help of GIS-based methods, the photovoltaic potential 
of rooftops in the residential stock of the metropolitan area. The article 
proceeds as follows. The following section briefly presents the case study 
and introduces a methodology to estimate the PV potential in compact, 
dense metropolitan areas. The metropolitan area of Valencia, Spain, is 
summarized according to the singularities of the territorial units (first 
and second metropolitan ring) under analysis. The third section presents 
the main results obtained with QGIS and HOMER. Two scenarios are 
compared to assess the metropolitan area’s potential contribution to PV 
generation. Scenario 1 includes the city of Valencia and the first ring of 
its metropolitan area. Scenario 2 aggregates the city of Valencia and the 
first and second metropolitan rings. Results are presented in terms of 
three key variables: potential PV installed capacity, electricity genera-
tion, and PV coverage rate. The article concludes by discussing the re-
sults and the policy implications of this work, as well as potential 
avenues for further research(Fig. 1). 

2. Methods 

This section presents the method employed to quantify the PV 
coverage rate of the metropolitan residential stock of Valencia as satis-
fied with rooftop PV. The sequence is as follows: first, the method esti-
mates the exploitable area in the city’s rooftops and the metropolitan 
area. To do so efficiently, the method samples a significant portion of the 
metropolitan municipalities (see Table 1). It also filters out potentially 
misleading spatial polygons in the sample’s cadastral database of the 
municipalities (see Figs. 2 and 3). This analysis produces a conservative 
estimation of the exploitable rooftop area in Valencia and its metro-
politan area (see Tables 6-8. Second, the method simulates PV produc-
tion with the assistance of the HOMER software (see Fig. 4). PV 
production in the first and second metropolitan rings of Valencia, 
combined with an estimation of energy demand (see Fig. 5 and Table 2), 
allows estimating the PV coverage rate (see Tables 9 and 10). The sub-
sections below explain the method in detail. 

2.1. Sample of municipalities in the metropolitan area 

The metropolitan area of Valencia is composed of 57 municipalities – 
41 in the so-called first ring and 15 in the second ring. To diminish 
computing requirements for the GIS analysis, minimizing the number of 
municipalities under study is convenient. The municipalities are thus 
sampled as follows: first, all municipalities in the 1st metropolitan ring 
are ranked by descending population; second, municipalities are added 
to the sample in descending order until at least 70% of the metropolitan 
population is included. This sampling threshold of 70% is derived from 
the Pareto principle, which is widely accepted in economics and engi-
neering. The principle suggests that roughly 20% of causes contribute to 
80% of outcomes or effects. By targeting 70% of the population, we wish 
to capture a significant proportion of the more influential municipal-
ities. Thus, upon analyzing the first ring of the Valencia metropolitan 
area, it becomes evident that 6 municipalities, comprising 15% of the 
total, account for a significant 70.2% of the overall population. There-
fore, we choose to restrict the GIS analysis to a sample of these 6 mu-
nicipalities, expected to exert significant influence on the study’s 
outcomes. For the 2nd ring, a higher variety of urban morphologies and 
building stock, is found. Again, a conservative approach recommends 
including the 15 municipalities of the 2nd ring. Overall, the localities 
sampled for GIS analysis in the 1st and 2nd rings account for 73.7% of 
the overall metropolitan population (see Table 1). It is important to note 
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that by discarding 85% of the municipalities in the 1st ring, our sampling 
tends to underestimate the PV potential of the area. 

Table 1 enumerates the municipalities included in the sample. The 
1st ring includes Valencia, Torrent, Paterna, Mislata, Burjassot, and 

Aldaia. The 2nd ring includes Alginet, Almussafes, Benaguasil, Benifaió, 
Benisanó, Bétera, Carlet, L’Eliana, Llíria, Picassent, Pobla de Vallbona, 
Riba-roja, San Antonio de Benagéber, Sollana, and Vilamarxant. 

It is important to bear in mind that by sampling municipalities, the 
PV potential of the metropolitan area is likely to be underestimated. This 
stems from the fact that the 1st and 2nd rings differ not only in population 
(see Table 1) but, crucially, in the nature of the building stock. Higher 
buildings are more common in the 1st ring than in the 2nd. Final results 
must therefore be evaluated with this caveat in mind. 

2.2. Determination of the exploitable stock of residential buildings 

A thorough analysis of the Spanish official cadastral database reveals 
a number of shortcomings. Spatial polygons of one height are especially 
problematic. Thus, it is not uncommon that large polygons with com-
mercial use are catalogued as residential. Also, spatial polygons of less 
than 20 m2 may correspond to areas unsuitable for PV production, such 
as elevator machinery cabins, courtyards, skylights, or simply fractions 
of the building. To address these two problems, the method filters out 
buildings of less than two heights, and small spatial polygons of less than 
20 m2, notably commercial centers, in the cadastral database. The 
robustness of the filter was contrasted via a manual analysis of a random 
sample of rooftops across one-fourth of the municipalities. No significant 
errors were found. Again, it is essential to remember that filtering out by 
surface contributes to underestimating the PV potential. For the whole 
metropolitan area, the combined effect of both filters discards 8.36 % of 
the estimated rooftop area. The impact of the height filter may be more 
relevant when calculating the PV potential of specific localities, espe-
cially in the 2nd ring. Filtering outbuildings of one height in the 2nd ring 
discards about one-third of the overall rooftop surface. 

Fig. 2 and Fig. 3 illustrate the effect of the 20 m2 filter in Valencia and 
San Antonio de Benagéber, respectively the most and least populated 
municipalities in the sample. 

2.3. Estimation of residential rooftop area and actual area for 
exploitation 

With the help of QGIS software, cadastral data has been processed for 
each municipality in the sample to estimate the surface available in 

Fig. 1. Sampled municipalities in the metropolitan area of Valencia. Source: Own elaboration based on (Capellán-Pérez, Campos-Celador, and Terés-Zubiaga, 2018).  

Table 1 
Population by municipality (with Pareto-like analysis) in the first and second 
ring of the metropolitan area of Valencia. Source: Instituto Nacional de Esta-
dística (Generalitat Valenciana), (‘Instituto Nacional de Estadística. (National 
Statistics Institute) 2022).   

Municipality Population 
(2021) 

As a % of the metropolitan 
area 

First 
ring    

1 Valencia 789,744 52.3% 
2 Torrent 84,025 5.6% 
3 Paterna 71,361 4.7% 
4 Mislata 44,320 2.9% 
5 Burjassot 38,712 2.6% 
6 Aldaia 32,313 2.1% 
7 Other (35 

municipalities) 
449,878 29.8%  

6 sampled 
municipalities 

1,060,475 70.2%  

Total 1,510,353 100.0% 
Second ring 
1 Alginet 13,057 6.6% 
2 Almussafes 8,189 4.1% 
3 Benaguasil 10,728 5.4% 
4 Benifaió 12,119 6.1% 
5 Benisanó 2,136 1.1% 
6 Bétera 20,292 10.2% 
7 Carlet 15,366 7.8% 
8 L’Eliana 16,549 8.3% 
9 Llíria 22,441 11.3% 
10 Picassent 19,385 9.8% 
11 Pobla de Vallbona 19,540 9.9% 
12 Riba-roja 19,938 10.1% 
13 San Antonio de 

Benagéber 
5,330 2.7% 

14 Sollana 4,889 2.5% 
15 Vilamarxant 8,257 4.2%  

Total 198,216 100.0%  
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Fig. 2. Graphic illustration of the effects of filtering out spatial polygons of less than one height and less than 20 m2 in the city of Valencia. Note the effect of the filter 
in the lower residential buildings in the center and the light shafts in higher buildings. Source: Own elaboration with QGIS. 

Fig. 3. Graphic illustration of the effects of filtering out spatial polygons of less than one height and less than 20 m2 in one municipality of the 2nd ring (San Antonio 
de Benagéber). Note the significant number of buildings discarded. Source: Own elaboration with QGIS. 
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residential rooftops for PV production. As estimated from the residential 
polygons of more than one height in the cadastre database, the area of all 
the buildings is added up. The result is the available area in residential 
rooftops in each municipality, disaggregated by building height (from 2 
to 9+ heights). This level of disaggregation is relevant, as electricity 
demand differs by building height. For each municipality, the number of 
buildings and households per height has been obtained from official data 
from Instituto Nacional de Estadística. 

The actual rooftop area for PV exploitation is estimated by applying a 
factor of 50% to the residential rooftop area. This factor is in line with 

other estimates for Valencia and a review of relevant studies 
(Gómez-Navarro, Brazzini, Alfonso-Solar, and Vargas-Salgado, 2021). 

2.4. Simulations 

A scheme of required inputs and obtained outputs is shown in Fig. 4. 
The main inputs needed are solar resources, peak power to be installed 
(estimated employing QGIS) on the roof, and energy demand. On the 
other hand, produced energy and information about the economic 
analysis are obtained (LCOE, NPC, Payback, etc.) 

Fig. 4. Schematic overview used for developing this work - inputs and outputs of HOMER Software.  

Fig. 5. Average energy demand: a) daily profile for one household b) daily profile first ring c) daily profile second ring. d) daily profile first + second ring. Source: 
adapted from (Dades estadístiques de la ciutat de València - València 2022), (Consulta los perfiles de consumo (TBD) | Red Eléctrica 2022), and (HOMER, ‘HOMER 
Pro’ 2022). 
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2.4.1. Energy demand 
The energy consumption is obtained from the statistical office of the 

Valencia council (Dades estadístiques de la ciutat de València - València 
2022). This statistical data allows calculating the average annual elec-
tricity consumption per residential household and for the first and the 
second rings in Valencia. The resulting Fig. is 2,730 kWh/year. To obtain 
the hourly electricity demand profile (for the 8,760 values in one entire 
year), first, a typical curve for a Spanish household is obtained from the 
Spanish power system operator (Consulta los perfiles de consumo (TBD) 
| Red Eléctrica 2022). The curve is scaled using the 2,730 kWh/year 
previously calculated (Fig. 5). Finally, the total electricity demand 
profile is obtained by multiplying this profile by the total number of 
households. 

To estimate the yearly energy demand the Eqs. (1) to (3) are used: 

E1st ring y =
∑i=8760

i=1
E1st ring hi = Ehouse y⋅N1string (1)  

E2nd ring y =
∑i=8760

i=1
E2nd ring hi = Ehouse y⋅N2nd ring (2)  

E1st ring+2nd ring y =
∑i=8760

i=1
E1st ring+2nd ring hi = Ehouse y⋅N1st ring+2nd ring (3) 

The yearly profile of the Energy consumption per hour is obtained 
using the Eqs. (4) to (7): 

Ehouse h i = Ci⋅Ehouse y (4)  

E1st ring h i = Ci⋅E1st ring y (5)  

E2nd ring h i = Ci⋅E2nd ring y (6)  

E1st ring+2nd ring h i = Ci⋅E1st ring+2nd ring y (7) 

Where 
Ehouse_y is the energy consumption of an average house for one year. It 

is equal to 2,730 kWh/year 
E1st_ring_y is the energy consumption of the first ring during one year 
E2nd_ring_y is the energy consumption second ring during one year 
E1st+2nd_ring_y is the energy consumption of the first and the second 

ring during one year 
Eh_i is the energy consumed in the hour i 
N1st_ring is the number of households in the first ring, it is equal to 

522,055 
N2nd_ring is the number of households in the second ring, it is equal to 

85,245 
N1st_ring+2nd_ring is the number of households in the first and second 

ring, it is equal to 607,300 
i is the hour of the year. Its value goes from 1 to 8760. 
Ci is the coefficient for every hour of the year. It represents the 

fraction of the annual consumption for each hour of the year. It is taken 
from (‘Instituto Nacional de Estadística. (National Statistics Institute) 

2022) (power system operator in Spain). 

2.4.2. Estimation of Peak power 
The peak power installed in the usable surface is an input for the 

simulation, used to obtain the energy produced by the PV system. The 
Peak Power is estimated by Eq. (8), obtained from (Gómez-Navarro, 
Brazzini, Alfonso-Solar, and Vargas-Salgado, 2021). 

PPeak =
SRoof ⋅FS⋅PVsurf

1000
(8) 

Where: 
PPeak is the peak power of the PV system in kW. 
Sroof is the surface available on the rooftop in m2. This value is esti-

mated from QGIS. 
FS is the surface factor (dimensionless value ranged from 0 to 1) 
PVsurf is the peak power able to be installed on the useful rooftop 

surface in W/m2 

2.4.3. Electricity price 
The power tariff has been estimated using the maximum value of 

demand power. The power rate is shown in Table 3 

1.4.4. Solar resource 
The global irradiation for the Valencia region is shown in Fig. 6; it 

represents a Typical Meteorological Year (TMY) (average hourly data for 
ten years). This information was taken from the PVGIS database (PVGIS 
2022). 

2.4.5. PV system components and cost 
The PV panels were selected by comparing different alternatives 

available in the market. Due to the room limitations for setting up PV 
systems in an urban environment and its cost per kWp, panels with an 
efficiency bigger than 20% have been selected. To reduce the cost per 
kWp and increase efficiency, most PV panels use Passivated Emitter and 
Rear Cell (PERC) and half-cut technologies, being the peak power bigger 
than 350 W. The panel selected is the Vertex TSM-DE18M of 500 W. Its 
cost is 0.35 €/W VAT included. The PV panel datasheet is shown in 
Table 4. 

The cost and type of the inverter depends on the size of the PV system 
and the kind of grid where the installation will be connected (single 
phase of three-phase). The inverter datasheet is shown in Table 5. 

In European project ProSumE (ProSumE, ‘ProSumE’ 2022) it has 
been estimated the installation cost (It only includes labor cost) of 
companies dedicated to solar photovoltaic installations in Valencia 
(Fig. 7). 

2.4.6. Other assumptions 
The estimated photovoltaic system used derating factor is 0.9. The 

derating factor considers the soiling of the panels, wiring losses, shading, 
snow cover, aging, etc, so a derating factor of 0.9 indicates 10% losses. 
Since calculation losses due to temperature have been estimated by 
HOMER using hourly temperature data, this factor does not include such 
temperature-related losses. On the other hand, another assumption is 
the percentage of surface to be used to estimate the peak power able to 
be installed on the usable rooftop. To calculate the usable surface, this 
study follows the method used in (Gómez-Navarro, Brazzini, 
Alfonso-Solar, and Vargas-Salgado, 2021), which estimated that 
Valencia City could exploit 50% of the available rooftop surface (Fs = 0, 
5). Detailed information can be found in the report mentioned. Finally, 
taking into account PV panel dimensions and characteristics (in 
Table 4), optimal panel tilt (35◦ faced to the south according to PVGIS 
(PVGIS 2022) for Valencia), and applying the Winter Solstice classical 
trigonometric method (Castellano, Gázquez Parra, Valls-Guirado, and 
Manzano-Agugliaro, 2015), it was obtained the peak power able to be 
installed on the useful rooftop surface (PVsurf) is 100 W/m2. 

Table 2 
Total energy demand per kind of residential building (both rings)  

Number of 
floors 

kWh/year/ 
building 

kWh/day/ 
building 

GWh/year/all the 
buildings 

2 3,735 10.2 174,8 
3 7,079 19.4 84,2 
4 23,380 64.1 121,1 
5 32,764 89.8 230,0 
6 41,646 114.1 302,1 
7 54,391 149.0 154,2 
8 60,884 166.8 363,8 
9+ 95,740 262.3 225,9 
Total 18,538 50.8 1,656,1  
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2.5. Energy balance 

In the energy balance it is compared the addition of electricity pro-
duced by the PV system and the electricity going from the grid to load (as 
PV and Grid are all the employed electricity sources), with the addition 
of electricity consumption (Load) and exported electricity from the PV 
system to the grid. This energy balance is represented by Eq. 9 and 
similar balane are applied in previous research (Korkas, Baldi, Michai-
lidis, and Kosmatopoulos, 2016), (Vargas-Salgado, Aparisi-Cerdá, 
Alfonso-Solar, and Gómez-Navarro, 2022), to describe the interactions 
inside a grid-connected photovoltaic-equipped microgrid. 

EPV + EGrid to load = ELoad + EPV to grid (9) 

Where: 
EPV is the photovoltaic electricity generation 
EGrid_to_load is the electricity taken from the grid and going to load 
ELoad is the electricity demand (coming from the grid or the PV 

system) 
EPV_to_grid is the electricity going from the PV system to the grid 

(exported electricity) 
On the other hand, no renewable fraction fren is estimated through 

Eq. 10, obtained from (HOMER, ‘HOMER Pro’ 2022). 

fren = 1 −
Enonren

Etot
(10) 

Where: 
Enoren is the energy produced by non-renewable sources 
Etot is the total energy production 

3. Results 

This section presents the results: rooftop area available for PV 
exploitation, potential PV power generation, photovoltaic system 
coverage, and gains from the addition of energy exchange with metro-
politan rings. Results are presented according to two energy exchange 
scenarios between geographical units. Scenario 1 includes the city of 

Table 3 
Electricity, sellback, and average demand price for the three periods. Adapted from (Red Electrica ESIOS 2022) (From Jun 2021 to Feb 2022)  

Rate Electricity Price Sellback Rate Demand Rate Applicable 
€/kWh €/kWh €/kW/month  

P3 Off peak 0.197 0.153 0.12 Jan-Dec Weekdays 00:00-08:00 Jan-Dec Weekends 00:00-24:00 
P2 Standard 0.247 0.168 2.78 Jan-Dec Weekdays 08:00-10:00, 14:00-18:00, 22:00-24:00 
P1 Peak 0.287 0.175 2.78 Jan-Dec Weekdays 10:00-14:00, 18:00-22:00  

Fig. 6. Global Horizontal Radiation in kWh/m2/day for every studied case. Source: Adapted from Homer ® with data from (PVGIS 2022).  

Table 4 
Datasheet of the selected PV panels for all the cases. Source: (TECHNOSUN 
2022)  

Parameter Abbreviation Value Units 

Peak Power Ppeak 500 W 
MPP Voltage VMPP 42.8 V 
MPP Current IMPP 11.69 A 
OC Voltage VOC 51.7 V 
SC Current ISC 12.28 A 
Efficiency ɳ 20.7 % 
Dimensions  2187 × 1102 × 35 mm 
Area  2.41 m2 

Cost (VAT included)  172 €  

Table 5 
Datasheet of the selected grid-tied inverters for every case. Source: (TECH-
NOSUN 2022) and (SMA 2022).  

Brand SolaX SMA  

Model X1 Boost 4.2 STP25000TL  
Number of inverters 1 4  
INPUT (DC)    
Max. PV array power 5,200 45,000 W 
Maximum DC Voltage 600 1,000 V 
Maximum input Current 12* 33* A 
Maximum SC Current 12.8* 43* A 
MPPT voltage range 70-580 390-800 V 
No MPPT/Max strings per MPPT 2/1 2/3  
OUTPUT AC    
Phases 1 3  
Nominal AC power 4,200 25000 VA 
Euro efficiency 97 98.1 % 
Cost 688 2,566 €  
* per MPPT tracker 
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Valencia and the first ring of its metropolitan area (to be precise, the 
sample of municipalities accounting for about 70% of the population). 
Scenario 2 includes the city of Valencia and its metropolitan area’s first 
and second. 

The main result of the analysis is that the exchange of rooftop- 
mounted PV energy between the city of València and its metropolitan 
area (1st and 2nd ring) increases the coverage of residential load from 
60.7% to 79.2%, or about 30% in relative terms, by adding 443.2 GWh/ 
year of PV generation. The following sub-sections explain this result. 

3.1. Rooftop area available for PV exploitation 

Table 6 estimates the residential rooftop area available for PV 
exploitation. Based on publicly available cadastral data, the area has 
been estimated with the GIS software QGIS. To facilitate the compari-
son, Table 6 presents the estimation based on both available rooftop 
areas per building and household. 

The rooftop area shows considerable variation between the first and 
second metropolitan ring, given, to a large extent, to the differences in 
the residential stock – higher buildings with more households in the first 
ring and lower buildings with fewer households in the second ring. As an 
illustration, the rooftop area per household in the 2nd ring is about 50% 
or more superior to the 1st ring. 

3.1.1. Scenario 1: First metropolitan ring 
Table 7 estimates the available rooftop area per building and 

household in Scenario 1 (exchange between València city and the 1st 

metropolitan ring). Results show that, counterintuitively, available 
rooftop area per building increases with building height while, intui-
tively, rooftop area per household decreases. 

3.1.2. Scenario 2: Second metropolitan ring 
Table 8 presents the estimation of available rooftop area per building 

and per household in Scenario 2 (exchange of energy between València 
city and the 2nd metropolitan ring). Again, obtained results show an 
increase in the available rooftop area per building with height and a 
decrease in the available area per household. 

3.1.3. Comparison between Scenario 1 and Scenario 2 
As expected, the higher availability of rooftop area per household in 

the 2nd metropolitan ring shows that the latter is better suited to rooftop 
PV than the 1st metropolitan ring. The available surface per household 
in the 2nd ring ranges from 14.8% to 72% higher than in the 1st 
metropolitan ring. Additionally, it is important to notice that in the 1st 
ring the percentage of buildings with 2 floors is only 21.9%; however, 
this percentage for the 2nd ring is 60.6%. 

This effect helps to counterweigh the impact of the lower number of 

Fig. 7. PV system labor cost vs peak power. Adapted from (Vargas-Salgado, Aparisi-Cerdá, Alfonso-Solar, and Gómez-Navarro, 2022).  

Table 6 
Rooftop area per household in the 1st and 2nd ring. Source: Adapted from 
cadastral and statistical data employing QGIS.   

1st ring 2nd ring 2nd vs 1st ring 

Number of 
floors 

Rooftop area per 
household (m2) 

Rooftop area per 
household (m2) 

Relative increase in 2nd 
ring (as % of 1st ring 
rea) 

2 80.5 92.4 14.8% 
3 52.3 62.1 18.7% 
4 25.4 42.2 66.1% 
5 21.0 30.9 47.1% 
6 18.6 28.6 53.8% 
7 15.1 22.3 47.7% 
8 12.1 19.3 59.5% 
9+ 9.3 16.0 72.0%  

Table 7 
Available rooftop area per type of height of building in the 1st ring. Source: 
Adapted from cadastral and INE data employing QGIS.  

Number of 
floors 

Total rooftop 
surface - Sroof 

(m2) 

Residential 
buildings 

Households Rooftop area 
per household 
(m2) 

2 2,311,704 17,087 28,730 80.5 
3 785,669 4,405 15,020 52.3 
4 812,174 3,650 32,030 25.4 
5 1,523,745 6,120 72,585 21.0 
6 1,938,430 6,893 104,465 18.6 
7 821,289 2,737 54,260 15.1 
8 1,608,658 5,939 132,535 12.1 
9+ 764,819 2,341 82,430 9.3 
Total 10,566,488 49,172 522,055   

Table 8 
Available rooftop area per type of height of building in the 2nd ring. Source: 
Adapted from cadastral and INE data employing QGIS.  

Number of 
floors 

Total rooftop 
surface - Sroof 

(m2) 

Residential 
buildings 

Households Rooftop area per 
household (m2) 

2 3,271,388 29,733 35,390 92.4 
3 985,106 7,491 15,860 62.1 
4 522,358 1,531 12,390 42.2 
5 362,750 899 11,745 30.9 
6 179,950 359 6,285 28.6 
7 50,875 98 2,285 22.3 
8 16,703 36 865 19.3 
9+ 6,799 19 425 16.0 
Total 5,395,929 40,166 85,245   
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buildings – i.e., less potential installations – in the 2nd ring (49,172 vs 
40,166 buildings in the 1st and 2nd ring, respectively, or 18.3% less 
buildings in the 2nd ring). 

3.2. PV rooftop potential 

This section presents the energy balance, estimating the rooftop PV 
potential in the 1st and 2nd rings under a grid-tied PV system scheme. 
Also, it presents an estimation of the rooftop PV potential for the 
ensemble of the metropolitan area (Valencia city and 1st and 2nd rings). 
Finally, information about the energy demand covered by the PV system 
is given. 

3.2.1. Scenario 1: First metropolitan ring 
Table 11 shows the calculation results for the 1st metropolitan ring 

(València city plus five sampled municipalities). As expected, the PV 
system’s coverage varies considerably with the height of buildings. 
Buildings of lower height can potentially provide a higher percentage of 
the load. Table 4 shows the results of the analysis. Thus, buildings of 2 
floors are estimated to be able to provide 82% of the load with PV sys-
tems and can export about 1.98 MWh per MWh of load, so they are net 
generators. The opposite occurs for buildings of 9 heights or more, for 
which PV systems can provide 28% of their load without exporting 
because all the generation is self-consumed. 

To compare the obtained results, it contrasted obtained results for 
the city of Valencia with the estimation of rooftop available surface and 
PV generation in (Gómez-Navarro, Brazzini, Alfonso-Solar, and 
Vargas-Salgado, 2021). Once differences in methods are considered (the 
most relevant being the consideration of commercial and 
non-residential buildings in (Torres-Rivas, Palumbo, Jiménez, and Boer, 
2022)), both estimates are of the same magnitude. 

Table 10 presents the energy results for the 1st metropolitan ring. 
The PV coverage rate for the ensemble of the city of València and the 6 
municipalities in the sample amounts to 60.9%. The estimates are ob-
tained as follows: a) energy demand. from data and assumptions in 
Section 2.5; b) PV energy production, from the extrapolation of an 
average residential building as in Table 9; and PV coverage rate, as the 
ratio b/a. 

3.2.2. Scenario 2: Second metropolitan ring 
Table 11 shows the analysis of PV potential per the building height 

for the 2nd metropolitan ring (15 municipalities). Results show 
considerable improvement in the percentage of load that PV systems can 
cover. It is estimated that buildings of 2 floors in the 2nd ring can provide 
84% of their energy demand with PV systems (and can export about 2.31 
MWh per MWh of load), while, on the other end, the same figure for 
buildings of 9 heights amounts to 43% (with reduced exports, only 0.12 
MWh per MWh of load). 

Table 12 presents the energy results for the 2nd metropolitan ring. 
The PV coverage rate for the ensemble of the city of València and the 6 
municipalities in the sample amounts to 190.7%. The estimates are 
obtained as follows: a) energy demand. from data and assumptions in 
Section 2.5; b) PV energy production, from the extrapolation of an 
average residential building as in Table 11; and PV coverage rate, as the 
ratio b/a. 

A direct implication of Tables 10 and 12 is that it is also possible, 
from Scenarios 1 and 2, to estimate the PV coverage rate for the whole 
metropolitan area (Valencia, 1st ring and 2nd ring). Table 13 presents 
such figures. The PV coverage rate in Table 13 thus represents the per-
centage of electricity demand in the residential stock of the whole 
metropolitan area that PV generation can be expected to fulfill under the 
assumption of this study. The main result in Table 13 is an estimated PV 
coverage rate of 79.2% for the whole metropolitan area. This implies 
that the exchange of rooftop-mounted PV energy between the city of 
València and its metropolitan area (1st and 2nd ring) increases the 
coverage of residential load from 60.7% to 79.2%, or about 30% in 
relative terms, by adding 443.2 GWh/year of PV generation.(Fig. 8) 

4. Discussion 

This study has found that energy exchanges between the city of 
Valencia and its metropolitan ring could represent a potential increase 
in the PV coverage rate o from 60.9% (1st ring alone) to 79.2% 
(ensemble of 1st and 2nd ring) – or about 30% in relative terms. Addi-
tionally, the analysis per building with a different number of floors 
shows that, on average, for more than four floors potential PV genera-
tion is lower than the load, thus setting an upper limit for net self- 
sufficiency in Valencia. 

At the same time, the authors are aware of significant limitations in 
their results. First and foremost, the study has been confined to the 
satisfaction of residential demand. This stems partly from 

Table 9 
Energy balance for an average residential building, by the height of the building in the 1st ring. Source: Adapted from HOMER results.  

Number of floors 2 3 4 5 6 7 8 9+

PV generation - EPV (MWh) 11.2 14.6 18.2 20.4 23.2 24.6 22.2 26.8 
From grid - EGrid_to_load (MWh) 2.5 5.1 14.2 19.7 25.6 34.7 41.0 69.6          

Load - ELoad (MWh) 4.6 9.3 23.9 32.3 41.3 54.1 60.8 96.0 
To grid EPV_to_grid (MWh) 9.0 10.4 8.5 7.7 7.4 5.3 2.4 0.4          

Percentages         
PV generation - EPV 81.9% 74.1% 56.2% 50.9% 47.5% 41.5% 35.1% 27.8% 
From grid - EGrid_to_load 18.1% 25.9% 43.8% 49.1% 52.5% 58.5% 64.9% 72.2%          

Load - ELoad 33.7% 47.1% 73.8% 80.7% 84.7% 91.1% 96.2% 99.6% 
To grid EPV_to_grid 66.3% 52.9% 26.2% 19.3% 15.3% 8.9% 3.8% 0.4%          

PV coverage rate 243.0% 157.1% 76.2% 63.0% 56.1% 45.6% 36.5% 27.9% 
Renewable fraction 81.9% 74.1% 56.2% 50.9% 47.5% 41.5% 35.1% 27.8%  

Table 10 
Electrical demand coverage by the height of all the building in the 1st ring. 
Source: Adapted from HOMER results  

Height of the 
building 

Energy demand 
(GWh/year) 

PV Energy production 
(GWh/year) 

PV coverage 
rate 

2 78.3 190.7 243.4% 
3 41.0 64.3 157.1% 
4 87.3 66.5 76.1% 
5 197.9 124.6 62.9% 
6 284.9 159.5 56.0% 
7 148.0 67.4 45.5% 
8 361.4 131.6 36.4% 
9+ 224.8 62.6 27.9% 
Total 1,423.6 867.2 60.9%  

I. Cuesta-Fernández et al.                                                                                                                                                                                                                     



Sustainable Cities and Society 97 (2023) 104727

10

methodological considerations – i.e., the difficulties associated with 
estimating industrial electricity hourly demand in large geographical 
units such as metropolitan areas – but also from the explorative nature of 

the performed analysis. A second key limitation concerns the omissions 
and incorrection in the datasets. Throughout the analysis, important 
errors were detected in the cadastral database, e.g. height of spatial 
polygons. To address this issue, the methodology has been consistent in 
its choices in the direction of underestimating the PV potential. The 
overall result is a conservative estimate of the PV coverage rate. A third 
limitation is that residential electricity consumption has been estimated 
with present figures, without consideration of its possible evolution in 
the next decades in parallel to the deployment of rooftop PV. As it is self- 
evident, this assumption has a significant effect in estimating the per-
centage of demand PV can potentially cover. Lastly, the analysis is 
limited to the satisfaction of electricity demand with solar PV, thus 
leaving aside non-electrical energy consumption in households. As the 
electrification of European economies is likely to make progress in the 
next decades, the results of this study will become more relevant. At this 
point, it is very adventurous to estimate whether or not the foreseeable 
electrification of European economies will counterweight the reductions 
in demand due to higher efficiency and more austere habits. In either 
case, the calculations will need to be adjusted accordingly. 

5. Conclusion 

This study set out to quantify how much PV rooftops in metropolitan 
areas can contribute to addressing the ‘wicked’ problem of energy self- 
sufficiency in dense, compact Mediterranean cities. The question has 
been explored in a case study, the city of Valencia and its metropolitan 
area, and more specifically, in the less-favorable case of the coverage 
rate of the residential stock. The study has compared the PV potential of 
the city and its first ring of metropolitan municipalities with the 2nd 

outer ring and the 1st and 2nd ring ensemble. Results show a significant 
potential for the PV coverage rate of the electric demand of the resi-
dential stock. 

Future methodological improvements may include a higher degree of 

Table 11 
Energy balance for an average residential building, by the height of the building in the 2nd ring. Source: Adapted from HOMER results.  

Number of floors 2 3 4 5 6 7 8 9+

PV generation - EPV (MWh) 9.0 10.9 28.1 33.2 41.3 42.7 38.1 29.4 
From grid - EGrid_to_load (MWh) 1.7 3.1 12.4 20.6 27.9 38.3 40.4 38.8 
Load - ELoad (MWh) 3.3 5.8 22.1 35.6 47.7 63.6 65.5 61.0 
To grid EPV_to_grid (MWh) 7.5 4.3 16.8 18.2 21.4 17.5 13.0 7.2 
Percentages         
PV generation - EPV 83.9% 77.6% 69.4% 61.7% 59.7% 52.7% 48.6% 43.1% 
From grid - EGrid_to_load 16.1% 22.4% 30.6% 38.3% 40.3% 47.3% 51.4% 56.9% 
Load - ELoad 30.2% 57.4% 56.9% 66.2% 69.1% 78.4% 83.5% 89.5% 
To grid EPV_to_grid 69.8% 42.6% 43.1% 33.8% 30.9% 21.6% 16.5% 10.5% 
PV coverage rate 278.2% 188.0% 127.3% 93.2% 86.4% 67.2% 58.2% 48.2% 
Renewable fraction 83.9% 77.6% 69.4% 61.7% 59.7% 52.7% 48.6% 43.1%  

Table 12 
Electrical demand coverage by the height of the building in the 2nd ring. Source: 
Adapted from HOMER results  

Height of the 
building 

Energy demand 
(GWh/year) 

PV Energy production 
(GWh/year) 

PV coverage 
rate 

2 96.5 268.4 278.1% 
3 43.3 81.1 187.6% 
4 33.8 43.0 127.2% 
5 32.0 29.8 93.1% 
6 17.1 14.8 86.3% 
7 6.2 4.2 67.1% 
8 2.4 1.4 58.1% 
9+ 1.2 0.6 48.2% 
Total 232.5 443.2 190.7%  

Table 13 
Electrical demand coverage by the height of the building in the 1nd +2nd ring. 
Source: Adapted from HOMER results  

Height of the 
building 

Energy demand 
(GWh/year) 

PV Energy production 
(GWh/year) 

PV coverage 
rate 

2 174.9 461.1 263.7% 
3 84.2 144.5 171.6% 
4 121.1 109.7 90.6% 
5 230.0 154.4 67.1% 
6 302.0 173.8 57.5% 
7 154.2 71.7 46.5% 
8 363.8 133.4 36.7% 
9+ 225.9 63.1 27.9% 
Total 1,656.1 1,311.5 79.2%  

Fig. 8. Energy balance carried out in the simulations.  
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automation in estimating the exploitable rooftop surface for the sake of 
replicability and scalability. Another development line would include 
introducing shared consumption and energy community models, testing 
alternative datasets, and extending the analysis beyond the residential 
domain. A more comprehensive model would also include the full range 
of categories of electricity consumption and the full range of electricity 
sources available in metropolitan areas. Last but not least, exceeding the 
techno-economic analysis and progressing towards assessing the market 
uptake of the PV solutions hypothesized in this study would yield more 
relevant results for energy planning and policymaking in general. Other 
schemes generator-consumer, such as P2P must be analysed to improve 
the study. 

Results of the methodology applied to the Valencia metropolitan 
area suggest that European cities would do well to expand their planning 
beyond their administrative boundaries. This may hold especially true 
for dense, compact Mediterranean cities, where the availability of 
rooftop space for PV generation is limited. In this case, city planners 
could reflect upon how to introduce metropolitan energy planning in 
their planning programs, notably the Sustainable Energy and Climate 
Action Plans (SECAP). More broadly, should dense, compact Mediter-
ranean cities fail to achieve 100% energy autarky in the coming decades, 
as it seems likely, this must not necessarily translate into an imperative 
to ‘colonize’ rural areas with utility-scale ground-mounted PV plants. 
Cities may also seek complementary strategies, such as curtailing elec-
tricity demand as well as resorting to small- and medium-scale PV 
generation in anthropized, barren tracts of land, hopefully thus avoiding 
greater evils. 
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Torres-Rivas, A., Palumbo, M., Jiménez, L., & Boer, D. (2022). Self-consumption 
possibilities by rooftop PV and building retrofit requirements for a regional building 
stock: The case of Catalonia. Solar Energy, 238, 150–161. https://doi.org/10.1016/j. 
solener.2022.04.036 
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