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ARTICLE INFO ABSTRACT
Keywords: European Union policies are encouraging the implementation of renewable energies to reduce fossil fuels de-
Rooftop photovoltaic pendency. This is further motivated by the effects of global warming and the relevant temperature rise in large

Distributed generation
Renewable energy
Building retrofit

cities. Thus, it is increasingly important to analyze the large-scale potential of solar energy, making use of the
roof availability for renewable energy generation in cities. Furthermore, it is important to couple this analysis
with the energy demand of the buildings analyzing the self-consumption possibilities and help in the decision-
making process in regional investments. The proposed methodology estimates and matches the roof potential
for electricity generation by PV and the building’s energy demand, including the building characteristics as a
novelty. As a result, we calculate the self-consumption possibilities and the retrofit requirements of a selected
housing stock. Our methodology starts with the quantification and classification of the residential stock. This
includes the characterization of the types of dwellings in the regional residential stock, taking into account the
size of the municipalities. Then the energy demand of the dwellings, depending on the characteristics of the
buildings and the roof generation potential, is compared. Catalonia region (Spain), including the city of Bar-
celona is studied to show the contributions of this methodology to the energy transition. Results indicate that
between 8 and 30% of the residential electricity demand of the municipalities can be covered by rooftop PV.
Important energy retrofits (reductions of 80% of the energy demand) are required to approach the feasibility of
self-consumption. Nevertheless, there is a limited potential impact in larger cities due to the reduced available
roof area per habitant.

electricity generated with rooftop PV installations. This change also
provides the benefits of electrifying heating demand combining the use
of PV and heat pumps, which improves the sector’s efficiency (Larson
et al., 2020). In this work, we propose a novel methodology that ana-
lyses the effect of building retrofit and coverage of top-roof with PV to
evaluate the self-consumption possibilities at the municipality and
regional levels.

The extensive implementation of solar energy networks for the
heating and cooling of buildings has several advantages. On the one
hand, it contributes to the diversification of energy generation sources,
increasing renewable energy generation, and the possibility of self-
consumption of the generated electricity in the same building reduces
the demand during peak hours. On the other hand, it enhances the ef-
ficiency of the grid, as energy losses due to transport are reduced. To
carry out this implementation, Nault et al. (Nault et al., 2015) identified
simple metrics that can perform as indicators to evaluate energy aspects

1. Introduction

It is estimated that 50% of the total energy consumption in the EU is
used in heating and cooling buildings, while less than 10% of such en-
ergy is produced using renewable sources (EUR-Lex). There is evident
potential for the development of distributed renewable energy produc-
tion. European Union policies encourage the implementation of
renewable energies to reduce fossil fuel dependency (Eurostat) to reach
the goals of greenhouse gas emissions for 2050 (International Energy
Agency, 2050; Union). This change has become a necessity due to global
warming effects as the increase of temperatures, especially in the cities.
Those top-level regulations also impact local policies (ICAEN), cities
strategies (EUCF), and consumers’ perceptions. The decentralized elec-
tricity generation can contribute to the new paradigm, where consumers
have a central role, reducing their energy demand and providing
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Nomenclature

Municipalities with less than 101 inhabitants

Aa Available roof area

Ar Total roof area

B Municipalities between 101 and 500 inhabitants
BSk Cold semi-arid climate

Building Surface Building surface for a cluster (m?)

C Municipalities between 501 and 1000 inhabitants

Cf Facility coefficient

Cfa Humid subtropical climate

Cfb Temperate oceanic climate

Cs Shadowing coefficient

Csa Hot-summer Mediterranean climate

D Municipalities between 1001 and 2000 inhabitants

Dfb Warm-summer humid continental climate

E Municipalities between 2001 and 5000 inhabitants

Energy Demand Energy demand for the different building’s cluster
(kWh/m?)

F Municipalities between 5001 and 10,000 inhabitants

G Municipalities between 10,001 and 20,000 inhabitants

GIS Geographical information system

H Municipalities between 20,001 and 50,000 inhabitants

DHW Domestic hot water

I Municipalities between 50,001 and 100,000 inhabitants
j Set of clusters

J Municipalities between 100,001 and 500,000 inhabitants
K Municipalities with more than 500,000 inhabitants

N. Buildings Number of buildings for cluster

L Low

m Set of municipalities

E PV module efficiency

PR Performance ratio

PV Solar photovoltaic

RBT Representative building typologies
Rad Annual solar radiation (kWh/m?)
RC Roof coefficient

Roof Coef. Building roof coefficient for the different buildings’
cluster

Total Demand Municipality total energy demand (kWh)

TotalElectricityproduction Municipality total electricity generation
(kWh)

Total Roof Municipality total roof (m?)

Total Surface Municipality total building surface (m?)

for neighborhoods. They classified solar potential methods into three
categories: (1) geometry-based metrics, (2) external solar and geometry-
based metrics, and (3) full climate and geometry-based metrics. For each
metric, two kinds of performance criteria are identified: passive solar
and active solar. Then, these metrics are applied to two case studies: an
area with different urban planning options and a planning with different
parameter options, showing the necessity to revise during the early
design phase and integrate simple metrics with the aim to reduce the
computational demand in early stages.

Most of the attempts made to evaluate the available roof area (and
the consequent solar potential) follow a bottom-up strategy. This
approach consists of analyzing in detail a comprehensive urban area to
determine the ratio of the total roof area available and then extrapolate
the results to a larger territory. Following this approach, Izquierdo et al.
(2008) used cartographic maps to sample areas of 450 m x 450 m to
estimate the available roof area (Aa) of urban areas in Spain. They
defined the Aa as the total roof area (Ar) modified by two coefficients
ranging from 0 to 1 (Cs and Cf) that accounted for the effect of shadows
from other buildings and for the areas occupied by competing uses,
respectively. Then, they classified urban areas into Representative
Building Typologies (RBT). RBT were a function of population density
and building density, which were both divided into quartiles (low,
medium, high and very high). Ar per area unit, Cs and Cf were extrap-
olated from the sampling, assuming that they were characteristic to each
RBT. Their results showed that Spain’s total available roof area is 517 +
183 km? and 14.0 + 4.5 m?/habitant (confidence level of 95%). Results
agree with the values previously published by the IEA (393.7 km?)
(Kjellsson, 2002) and Greenpeace (595 km?) (Greenpeace, 2005). The
authors also reported that Catalonia is the region in Spain with the
highest potential, with about 100 km? of available roof area.

Hofierka and Kanuk (Hofierka and Kanuk, 2009) proposed a three-
step methodology to assess the photovoltaic potential in a neighbor or
mid-sized town. Their methodology includes (1) the creation of a 3D
model of the city and its implementation in a geographical information
systems (GIS) database; (2) the modeling of solar radiation; and (3) the
calculation of potential energy production. They applied their method-
ology to a town in Slovakia. To extrapolate the results obtained, the
authors divided the urban area into four zones according to the pre-
dominant building typologies: residential houses (767.5 buildings/
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ka), blocks of apartments (230.2 buildings/kmz), industrial areas
(258.2 buildings/kmz) and other facilities (212.0 buildings/kmz). Their
results show that the ratio of the available roof area concerning the total
and roof area (Aa/Ar) varies from 0.35 to 0.75 among the zones. The
authors point out that higher photovoltaic potential and lower connec-
tion and maintenance costs should be expected in zones with higher
buildings, such as blocks of flats or facilities.

Li et al. (2015) evaluated the effect of building aspect ratio, orien-
tation and density (dependent on building height and floor occupation)
on solar potential. Their analysis was not restricted to roofs but also
included buildings’ facades. They considered the “exploitable solar ra-
diation”, that is, the radiation above the minimum threshold from which
solar technologies are feasible. The authors modeled an urban
arrangement of nine pavilion dwellings to estimate the total building
surface with “exploitable solar radiation” and then applied a corrective
factor (0.75) that accounted for any other aspect restricting the available
area (such as areas occupied by competing uses). Their results show that
solar potential in roofs can be reduced by 60% at high-density config-
urations. The concept of “exploitable solar radiation” is also used by
Santos et al. (2014), who exclude surfaces with solar irradiation lower
than 800 kWh/(m2y). Moreover, the authors also consider the size of the
roof area and exclude those roofs of less than 24 m?, as solar technolo-
gies will not be economically viable.

More recently, Mainzer et al. (Mainzer et al., 2014) proposed a
methodology that combines the solar potential evaluation with the en-
ergy demand of the residential sector. They combine a standard load
profile for the domestic demand with the roof building’s surface and
solar technical potential with GIS, enabling them to evaluate self-
consumption possibilities for municipalities or regions.

On the other hand, there is a wide literature on building retrofit,
including building case studies or building simulation models, and
evaluating different technologies, measures or the implementation of
new materials to a wide range of different buildings profiles. Those
studies have proved to be an efficient tool for building retrofit. Examples
include insulation materials (Carreras et al., 2015), the use of biobased
materials (Torres-Rivas et al., 2018), the applicability of thermal energy
storage (Tulus et al., 2016) or models with multiple combinations
(Krarti et al., 2020). Furthermore, building stock analysis has been
carried out in different investigations, analyzing mainly the energy
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1. Stock quantification

Identification:

Key stock characteristics

(year of construction, n° of floors,
building type,...)

Clustering:

Building profiles for the different
cluster

i.e. 1900 Single-family house, 2 floors

N\ 4
2.a. Building 2.b. Solar
performance potential

Roof surface
Building surface
PV roof potential
®
Electricity consumption|| ’f% Electricity generation

J
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¥

3. Stock analysis

Municipality
self-
consumption

Regional self-
consumption

\

Energy efficiency
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/

Fig. 1. Methodological scheme. 1 building stock quantification and distribution in the different municipalities; (2) Energy consumption and demand calculations by
building typology. The energy generation includes the PV rooftop potential and the solar radiation; (3) Stock analysis, including building retrofit analysis and roof

surface evaluation.

consumption but also the economic cost or the CO5 emissions. Aksoezen
et al. (2015) analyze the city of Basel, Switzerland, identifying that
morphology of buildings and measured energy performance are key
factors in the renovation of the building stock. Mastrucci et al. (2014)
proposed a methodology that combines GIS with energy consumption
and energy savings for heating in Rotterdam, Netherlands, applying
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different retrofit measures (insulation, windows and the renovation of
the heating and ventilation system). They suggest that a wide range of
savings (ranging from 4% to 70%) can be obtained for heating demand,
depending on dwelling type and age. Furthermore, Krarti et al. (2020)
followed a bottom-up approach to build a stock from three different
simulated buildings. They analyzed the effect of building retrofit in a
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household, analyzing the energy consumption but also the peak de-
mand, achieving 61% and 56% reduction, respectively.

According to the bibliography, a wide range of computational
models have been developed for PV building integration, but they do not
consider the energy performance of the envelope or with building
constructive characteristics. On the other hand, housing stock models
that implement building typology and the construction system do not
include roof surface availability and PV integration.

This research aims to provide a methodology that analyzes the
feasibility of self-consumption in the residential sector and the building
retrofit possibilities, filling the actual gap. We propose a novel meth-
odology to simultaneously estimate the roof potential and the energy
demand, including the building profile and the construction character-
istics. This allows the calculation of the covering potential of the
buildings to any technology, in this case, PV. The methodology consists
of quantifying the residential building stock and its characterization to
classify the types and fractions of those dwellings among all the build-
ings. This enables the evaluation of the dwellings’ energy demand,
depending on the buildings’ characteristics, and quantifies the PV roof
potential. Furthermore, this model provides the possibility to analyze
the effect of energy efficiency measures applied to the whole housing
stock as it maintains the building information. This can provide guide-
lines for policymakers to justify future actions, such as specific subsidies.

The structure of the paper is divided into the following sections. The
methodology for developing a regional residential building stock and
roof potential in Section 2. The paper’s case study for the evaluation of
self-consumption and building retrofit is given in Section 3. The paper’s
results regarding the selected case study are presented and discussed in
Section 4. Finally, the main conclusions are given in Section 5, which
provide guidelines that can be useful for new policies regarding
renewable energies and building retrofit.

2. Methodology

The following methodology quantifies the solar potential of the
residential building stock and its energy demand. This enables the
evaluation of potential energy production and quantifying the
improvement required to achieve a regional balance between the po-
tential of generation and the demand of the building stock. With this
objective in mind, the current housing stock of a region has been
quantified and characterized. This allowed us to analyze the different
types of municipalities, the effect of the local climate conditions, and
building retrofit possibilities.

This methodology is divided into three steps (Fig. 1). The first one
corresponds to the quantification of the building stock. The second one
analyzes the building performance and the solar potential. The last step
is the self-consumption analysis and the improvement targets for the
residential sector. Fig. 1 summarizes the key steps and the necessary
data.

This methodology can be applied to different solar potential studies
but mainly focuses on wide areas, decreasing the computational demand
thanks to the clustering of the building stock. This can be coupled with
building modeling, bibliographic data or GIS.

3. Building stock

This methodology is based on the statistical analysis of the housing
stock, considering basic building features, the photovoltaic potential,
the residential demand, and the retrofit potential. A review of the
existing studies is carried out to properly quantify and characterize the
housing stock, reducing the computational demand without compro-
mising the results. Several reports characterize the building stock in the
European Union globally (EPISCOPE; ODYSSEE-MURE) or specific
countries (Cuchi and Sweatman, 2011; Cuchi and Sweatman, 2011;
IDAE). Based on their conclusions, the most important characteristics
defining the housing stock are (1) year of construction, (2) number of
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floors and (3) number of dwellings per building. Due to regulatory
changes, old buildings have less or no insulation and worse enclosure
than newer buildings. This affects the thermal conductivity of the roof
and walls and the infiltration rate, which are two key parameters
impacting the energy demand of any building (Carreras et al., 2015).
The number of dwellings per building is important because it decreases
the share of roof and external walls for each dwelling, which reduces the
effect of outdoor climate conditions on energy demand. Finally, the
number of dwellings per building is important to properly quantify the
energy demand of the building and the roof surface (e.g., single-family
houses tend to have fewer floors and an enclosure to surface ratio
higher than multi-family houses which results in higher exposure to any
climatic condition, especially roof solar radiation in Mediterranean cli-
mates) (ICAEN). Considering these three key factors (year of construc-
tion, building typology and numbers of floors), the regional area
selected was analyzed and clustered.

The area’s total housing stock was grouped according to the selected
criteria, achieving the number of buildings that correspond to each
group of buildings and the total building surface per group for each
municipality. Once each municipality’s housing stock is analyzed, the
total built area and the total roof area (Ar) are quantified. The energy
demand at the municipality scale is calculated for each cluster following
equations (1) to (3) and based on the parameters proposed by Cuchi
et al. (ODYSSEE-MURE).

Total Surface,, (@)

Z(N.BuildingsjABuilding Surfucej)

J

Total Demand,, = Z(N Buildings;A-Building Surface;A-Energy Demand,)

J

@

Ar = Z(N Buildings_,-ABuilding Surface,-ARoof CoefA/-) 3

7
4. Solar potential

Solar potential is quantified for each municipality, applying the
specific radiation conditions to the total roof area. To calculate the total
roof area, different techniques can be applied. This study uses a ratio
between the building surface and the roof surface, which reduces the
computational demand. To quantify the total roof area, the stock of each
municipality was divided into the different clusters of buildings, a spe-
cific ratio between the building surface and the total roof for each pro-
file, which is influenced by the number of dwellings and the type of roof
(e.g., flat or pitched). We ensure that all the roofs analyzed correspond
to the residential sector and PV panel installation is feasible with this
approach.

This total roof area does not correspond to the available roof area, as
it is affected by orientation, architectonical effects, and shadings, among
others. The whole area must be reduced to ensure a profitable installa-
tion of solar panels. A vectorial GIS map methodology can be used to
discriminate the profitable roof surface from the non-profitable one to
quantify those effects. However, for this study, we used the modifying
coefficients (Cs and Cf) proposed by Izquierdo et al. (2008), and we
analyzed the sensitivity of the roof profitability in the energy generation.

The solar potential of each municipality can be evaluated with
simulation software, mathematical calculation or coupling the calcula-
tion of the roof surface and the bibliographic data of the energy gener-
ated. In addition, it can be linked with the energy generation in each
time step to match the energy generation and demand. This match is an
important parameter when the grid cannot absorb the energy or
consider the use of, for example, batteries. Finally, the potential for self-
consumption was calculated based on energy demand and energy gen-
eration in each municipality. In this study, we have coupled biblio-
graphic data and mathematical calculations with an annual time step
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Table 1
Municipalities sizes according to the number of inhabitants.

Municipality group Size of the municipalities (number of inhabitants)

<101

101-500
501-1000
1001-2000
2001-5000
5001-10,000
10,001-20,000
20,001-50,000
50,001-100,000
100,001-500,000
>500,000

Re-"omommgow»

and assuming that the grid absorbs the electricity that is not consumed
in buildings.

5. Study of catalan housing stock

The geographical area of the study was Catalonia, a region in the
North-East of Spain. The area includes 947 municipalities, more than 7.5
million inhabitants, and 31.895 km?, corresponding to approximately
3.8 million dwellings in 1.1 million buildings (Idescat). In this area, the
regional government plans to achieve the so-called Energetic Transition
Act (ICAEN), creating small decentralized suppliers of energy that pro-
vide electricity in local areas. The proposed model should help analyze
the transition possibilities or identify the requirements to achieve this

Solar Energy 238 (2022) 150-161

model in the residential sector: building retrofit, small electricity gen-
erators (e.g., solar farms), electricity grid improvements, etc.

The municipalities were clustered according to their population in
eleven groups (from A to K, see Table 1) due to the high-density varia-
tion (Fig. 7) using statistical data (National Statistics Institute of Spain)
(INE). In turn, as we are going to detail later, the housing buildings of
each municipality were classified according to the year of construction,
the number of floors, and the number of dwellings (single-family house
or multi-family house).

Fig. 2 shows the distribution of municipalities by size in the prov-
inces of Catalonia (Barcelona, Girona, Lleida and Tarragona,). It is
important to remark the high number of small municipalities (less than
1000 inhabitants) and that only one city (Barcelona) has over 500,000
inhabitants. We can see that Girona (North-East) and Tarragona (South)
have a similar distribution of municipalities, while Barcelona (Middle
East) and Lleida (West) have different profiles. Despite these differences,
it can be noticed that all the regions have a relevant share of munici-
palities between 101 and 2000 habitants (B, C and D).

Existing buildings were classified into 16 groups according to the
number of dwellings (single-family and multi-family blocks), the num-
ber of floors (less or more than 3) and the year of construction (before
1960, from 1960 to 1980, from 1981 to 2001 and from 2002 to 2011).
We updated the parameters assuming the worst scenario possible for the
buildings from 2002 to 2011. New buildings have the same envelope as
buildings from 2001, thus not considering energy efficiency improve-
ments due to new regulation since 2006. The total roof area (Ar) of the
buildings was calculated from the total built area and the number of
buildings in each municipality, using a different ratio for each group.

A <101 inhabitants

B From 101 to 500

C From 501 to 1000

D From 1001 to 2000

E From 2001 to 5000

F  From 5001 to 10000

G From 10001 to 20000
H From 20001 to 50000
1 From 50001 to 100000
J From 100001 to 500000
K >500000 inhabitants

I

Fig. 2. Municipalities distribution in the different provinces of the area per municipalities’ sizes, being the top-left corner the more rural area and the white one the

one with bigger municipalities.
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Table 2
Building profiles are taken from Cuchi et al. (EPISCOPE).!
Year of construction <1960 1961-1980 1981-2001 2002-2011"
Floors <3 >4 <3 >4 <3 >4 <3 >4
Single family kWh/ m? year 180.5 100.1 175.7 99.5 142.7 85.3 142.7 85.3
m? roof/ m? dwelling 0.69 0.5 0.69 0.5 0.69 0.5 0.69 0.5
Multi family kWh/ m? year 180.5 100.1 175.7 99.5 142.7 85.3 142.7 85.3
m? roof/ m? dwelling 0.69 0.18 0.69 0.18 0.69 0.18 0.69 0.18

! Extrapolated by the authors from the original figures (Cuchi and Sweatman, 2011).

£15

N116

’)Gf{jﬁ/ rgelesiRlage

Lérida

inova

Annual radiation (kWh/m2)

1216 "l s

inafos 1480

Fig. 3. Color map of the municipalities’ annual solar radiation, red represents
the higher and yellow the lower radiation. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

Finally, the estimations on the energy demand for each group were
implemented and are shown in Table 2.

On the other hand, data provided by INE (Instituto Nacional de
Estadistica) (INE) was used to determine the total built area and the
number of buildings corresponding to each category in each
municipality.

According to Table 2, we can identify that the main difference in the
energy demand is achieved in buildings built before 1980 and those built
after this period. Identifying the reason for this change is important to
analyze the building directives of Spain, which are also applied to the
selected case study. This sector started to be regulated by 1957, with
several technical standards, mainly based on constructive requirements.
In 1977, the different technical standards were transformed to “Ho-
mologated solutions for the building sector”, which implement the
thermic requirements in buildings and the fire protection requirements.
This changed the standards, generating the necessity to implement
building insulation in the whole building envelope, an inflection point in
the sector. More recently, in 1999, Building ordination law was pre-
sented to regulate the sector to achieve more fulfillment of the directives
and proposed the necessity to actualize the building regulations. In 2006
the Technical Building Code entered into force, which provides new
guidelines and further restrictions in the sector’s energy demand.
However, this research adopted the worst scenario applying the same
energy demand as buildings built between 1981 and 2001. Due to the
reduced number of buildings built since the economic crisis in 2008, this
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assumption is not considered to significantly affect the results obtained.

Once the total roof (Ar) and energy demand are quantified for the
different municipalities, the available roof area (Aa) is calculated ac-
cording to the roof coefficients (RC) suggested by Izquierdo et al.
(Izquierdo et al., 2008). This article uses the maximum range of co-
efficients and the mean value to analyze the sensitivity to the co-
efficients at the municipality level. The corresponding value is 0.19 +
0.06. Note that 0.19 is the suggested value for Spain, and the range used
covers the worst and best cases.

Finally, the Ar is used to work out the PV potential, including the
climate conditions of the municipality. These climate conditions deter-
mine the available annual solar radiation for the solar generation of each
municipality, which is shown in Fig. 3(ICAEN). The figure shows that
the south part of Lleida and Barcelona and the whole area of Tarragona
have a higher potential of PV according to the solar radiation. We can
also identify some municipalities in the area of Barcelona, Girona and
Lleida that have low radiation. Those areas correspond to narrow
mountain passes such as the area of Montseny, the reservoir of Rialp and
Oliana or the natural park of Sant Joan de Toran, among others.

This paper uses the annual radiation to quantify the energy produced
by the roofs following equation (4), with a PV module efficiency of 0.16
and performance ratio of 0.75 (Defaix et al., 2012). We assume that the
grid can absorb the energy produced and supply the same amount when
the building demand is required.

Total electricity production,, = TotalRoofmA-RCA-nA-RadmA~PR (€)]

Regarding the self-consumption coefficient, it is supposed that the
energy required for heating and cooling is obtained from heat pumps
with a COP of 3 and other technologies with an efficiency of 0.85. The
distributions have been carried out according to Spain’s heating and
cooling energy distribution (IDAE).

6. Results and discussion

We next discuss the results obtained from the methodology to the
case study, first analyzing the characteristics of the municipalities. Fig. 4
summarizes the housing stock of the municipalities based on the year of
construction and the size of the municipality. Furthermore, also the total
constructed area, the total and available roof surface is considered.
Fig. 4 is divided into ten subplots, one for each size of the municipality.
In turn, each subplot contains eleven boxplots, one for each range of
construction years. In each boxplot, the box represents the first and third
quartiles (top and bottom of the box) and the mean value in the middle,
the lines or whiskers represent the limit of outliers and the diamonds
represent all the values.

The number of old dwellings in Catalunya is high, with the corre-
sponding high heating and cooling requirements, especially relevant in
buildings built before 1900. Those old dwellings are more common in
small municipalities (less than 10,000 inhabitants). They represent a
total of 86.8% of the municipalities but only 16.7% of the inhabitants,
and these buildings correspond to 4.4% of the entire stock. If we analyze
all the buildings previous to the first Spanish regulation, including en-
ergy efficiency measures (that is, before the *80s) (EPISCOPE), these are
especially numerous in municipalities larger than 20,000 inhabitants.
These correspond to 6.8% of the municipalities but include 72% of the
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Fig. 4. Boxplot of the distribution of the number of dwellings according to the municipality size and the year of construction. Starting with the smallest munici-
palities (less than 101 inhabitants) until more than 500,000 inhabitants, increasing the size from top to bottom and left to right. The different building profiles
(Table 2) are represented with different background colors, corresponding to the different building standards in Spain, with homogeneous distributions for small
municipalities’ sizes (B, C and D), with a higher share of buildings after ‘60s (green and purple backgrounds) for the municipalities’ sizes E, F and G and an important
increase of buildings after ‘60s (green background) and a decrease after ‘80s (purple background) for H, I and J. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

inhabitants. This is explained by the strong internal immigration from
rural to urban areas and the high population growth during the '60s &
’70s in the region. Those buildings correspond to 63.5% of the whole
stock. The buildings constructed after that period -were restricted by law
regarding thermal transmittance and overall energy demand, which
improves their energy efficiency.

From Fig. 4, we identify three different groups of municipalities, A,
B, C and D are the first group, with buildings of all ages and with an
important number of old ones, built before 1900. The second group
includes E, F, G: They have a lower amount of old buildings (built before
1960) and a higher share of buildings built after the ’60s. Finally, the last
group corresponds to H, I, J and K, with few old buildings, an important
increase between *50s/°60s and ’80s with a decrease of buildings after
1981.

Another important reduction in energy consumption is provided by
the construction typology, comparing multi-family houses with single-
family houses. This trend benefits big cities compared to small

156

villages, as shown in Fig. 5. Data indicate that municipalities with less
than 20,000 inhabitants have more single-family houses than multi-
family houses. This analysis confirms the groups already identified in
Fig. 3. The first group has an important amount of single-family houses,
the second group has a moderate amount of each type, and the third one
includes mainly multi-family houses.

Fig. 6 indicates the roof surface by habitant for all the municipalities’
sizes with a violin plot representation. The white dot corresponds to the
mean value, the black rectangular correspond to the first and third
quartiles and the lateral shape wide correspond to the distribution of the
municipalities of the different sizes. From the plot, it is noticeable that in
municipalities up to 10,000 inhabitants (groups B to F, A is the excep-
tion), the roof surface per inhabitant is similar, between 3.6 and 3.9 m?/
inhab. As the size of the municipality increases, this figure decreases,
reaching values of 2.9, 2.2, 1.9, 1.65 and 1.3, for the rest of the cate-
gories, respectively. These results concluded that the (total or available)
roof surface per inhabitant is practically the same for small and medium
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Fig. 5. The number of dwellings for each municipalities’ size group (outer circle) is divided into single and multi-family houses (the inner circle). Light color

corresponds to single-family houses and the darker one to multi-family houses.
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Fig. 6. Violin diagram of the total roof surface per habitant for the different
municipalities’ sizes, starting with the smallest municipalities and increasing
the size from left to right.

municipalities but is significantly reduced in big municipalities.

Finally, it is important to analyze the potential of self-consumption of
the different municipalities to analyze if the residential sector is able to
cover their energy consumption. Previous works by the Spanish Institute
of Energy Diversification and Efficiency (IDAE) (IDAE) suggest an
average national annual electricity consumption of 9922 kWh/dwelling.
In this study, we obtained 10,815 kWh/dwelling. The energy con-
sumption (Sanchez) is estimated as 106 kWh/m2, whereas our results
are 95 kWh/m?, extracted from the whole energy consumption, thus
validating our methodology.

Figs. 6-8 quantify the energy that can potentially be provided by PV
installed on the available roofs areas, the residential buildings’ energy
consumption, and the self-consumption factor. Fig. 6 has two subplots,
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Fig. 8. Self-consumption subplots, the first one corresponds to a color map of the self-consumption, while the second one corresponds to a violin diagram with the

distribution of the self-consumption for the different municipalities’ sizes.

one with the consumption per inhabitant and one with the energy that
can potentially be generated per inhabitant, which provides an initial
overview of the possibilities of self-consumption.

The difference of magnitude between Fig. 7a and 7b suggests that
there is only a limited possibility for self-consumption for the selected
case study under the given conditions. We can see a similar consumption
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per habitant but an important decrease in the generation per habitant
when comparing smaller with larger municipalities.

In Fig. 7a and Fig. 7b, we can see that municipality size A performs
differently than the other small municipalities. This is mainly due to the
small amount of buildings and municipalities included in this group,
with only 11 municipalities and a total of 185 dwellings.
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base case. In contrast, the different scenarios of the profitable roof coefficient are represented with the same color with a transparency effect. For clarification, the

base case and the case study of 30 kWh/m?y are labeled.

Fig. 8 shows that, as expected, municipalities with low solar radia-
tion also provide low self-consumption, despite the size of the munici-
pality. On the other hand, the municipalities with high radiation do not
provide high self-consumption in most situations, as shown in the south
area of Lleida and the coast of Barcelona. The capitals of the different
regions and the big municipalities around Barcelona are also identified
in the map due to their low self-consumption. In other words, for the
selected case study, population density has a higher effect on the self-
consumption possibilities than solar radiation.

In turn, the violin plot shows that all the municipalities achieve a
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self-consumption below 32%, with lower values for big municipalities.
The average factor in cities of more than 20,000 inhabitants is 12%. In
the case of Barcelona (the only municipality with more than 500,000
inhabitants), the self-consumption factor is 8%, three times lower than
the value for small municipalities. This conclusion can be extrapolated
to other regions, showing the importance of analyzing the effect of the
building retrofit and the roof profitability in order to provide different
scenarios that can provide guidelines to the policymakers. For that
reason, we developed different scenarios for roof coefficient and build-
ing retrofit. For the first one, the different burdens of the profitable roof
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municipalities’ sizes (H to K).

surface coefficient suggested by Izquierdo et al. (Izquierdo et al., 2008)
are selected (varying from 0.13 to 0.25).

On the other hand, medium and deep retrofit scenarios, with savings
of 50% and 80% in the energy demand for heating and cooling, are
supposed for the whole stock and old buildings (before 1980). The
baseline demand of 5349 kWh/y was maintained, as it is supposed that
the lighting, DHW and appliances are the same before and after the
building retrofit. Finally, the last scenario where the whole housing
stock has a fixed demand of 30 kWh/(m?y), including heating, cooling,
lighting and appliances. All those combinations provide 17 different
scenarios with the different combinations of energy demand and roof
coefficient. The six scenarios of building retrofit only in old buildings do
not provide important self-consumption possibilities.

In Fig. 9, we combine two density plots with the different scenarios of
building retrofit and profitable roof surface. In both plots, the y axis
provides de frequency or fraction of municipalities with the corre-
sponding self-consumption, we can see that the base case has more
homogeneous performance in municipalities self-consumption, and as
we implement retrofit measures, we increase the diversity in this factor.
The results suggest that the retrofit should be carried out in the majority
of the stock to arrive at values closer to total self-consumption, as im-
provements reducing the energy demand more than 80% are required to
achieve values closer to 100%. Only in the case that the whole stock
scenario approaches Passive Houses self-consumption can be provided
by the residential stock. Despite that, improvements in the elder build-
ings, those without insulation (built before 80s), provide an important
improvement in self-consumption with reductions in the energy demand
since 50% reduction in heating and cooling. The effect of this retrofit
increases the self-consumption possibilities more than double compared
with the base case (12% base case, 27% 50% reduction, and 31% 80%
reduction and 30 kWh/m?2y). Apart from building retrofit, this measure
should be coupled with improvements in the electricity consumption
provided by the different appliances or the combination with other
heating sources like district heating. Massive retrofit is complex, and
further evaluation of the environmental impact and cost should analyze
the global effectiveness of the measures. On the other hand, if we study
the effect of the profitable roof coefficient, we can see that it provides
important effects in self-consumption possibilities, varying between
+3% in the base case until £20% for the more restrictive scenario. This
suggests that big municipalities with higher buildings could benefit from
evaluating the effect of a PV installation on walls, increasing their
generation capacity.

In order to analyze the municipality self-consumption possibilities of
this scenario, a stacked histogram of the scenario of 80% of
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improvement in the energy required for heating and cooling in the
whole stock and roof coefficient of 0.19 is shown in Fig. 10.

In Fig. 10, we can see that those small municipalities can achieve
higher self-consumption, being especially remarkable for municipalities
smaller than 20,000 inhabitants, where the majority achieve values
higher than 50%. We also identified that municipalities with more than
50,000 have a lower potential for self-consumption with values lower
than 50%, suggesting that only an important increment on roof surface
availability could achieve self-consumption. It is also important to
analyze the case of Barcelona with a self-consumption coefficient of
25.9, which shows the necessity to couple this generation with other
alternatives.

All the studied scenarios suggest that bigger municipalities should be
coupled with additional centralized renewable energy plants in order to
cover all the extra electricity demand required. Those municipalities can
also benefit from other roof generation, such as tertiary buildings or
municipality pieces of equipment. As the effect of those municipalities is
significant for the feasibility of self-consumption, we suggest that a more
detailed analysis should be carried out in those municipalities, empha-
sizing the case of Barcelona due to the important effect on the overall
energy demand of the region. On the other hand, we have also identified
small municipalities’ self-consumption possibilities, which suggests that
combining building retrofit and multiple self-generation scenarios could
provide small generation-consumption grids. Further analysis, which
combines agricultural industry, biomass production, PV generation and
building retrofit, could provide more insights into this area.

7. Conclusions

A methodology is presented to analyze the self-generation potential
associated with the housing stock coupled with PV generation and the
building energy demand. This methodology can provide insights on the
self-consumption possibilities of the residential sector evaluating the
rooftop PV generation on the buildings. Furthermore, this methodology
provides an alternative to evaluate the effect of building retrofit for a
region.

After analyzing the housing stock of the selected area (Catalonia),
three different types of municipalities are identified based on the size
and the distribution of the construction years of the housing stock. Small
municipalities have mainly old buildings, medium municipalities have
most of the housing stock built after 1960 and big municipalities have a
large amount of the housing stock constructed between 1950/60 and
1980.

For the territory analyzed (7.5 million inhabitants and 31.895 km?),
the maximum self-consumption is around 30% and decreases drastically
in larger municipalities (>20,000 inhabitants). The building typology
also affects this tendency. Larger municipalities have many higher-rise
multi-family houses, resulting in a lower roof surface per inhabitant.

From the scenarios considered, we can conclude that, in order to
achieve a significant self-consumption, the housing building stock re-
quires important retrofit measures, with reductions in the heating and
cooling energy demand around 80%. This should also be coupled with
improvements in the appliances’ efficiency to further reduce the elec-
tricity demand, as only building retrofit would not be enough to
approach self-consumption with rooftop PV generation (e.g., district
heating, appliance renovation).
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