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Abstract 
With the detrimental impacts posed on our world’s ecosystems as a result of population growth and urban migration, strategies aimed at curbing such effects 
are continually analysed and implemented across the globe. Due to the residential sector’s relatively large influence on this issue, this study assesses the 
potential which residential roofs possess in combating these problems which society faces, focusing on reducing and substituting the source of domestic 
resource consumption from unsustainable to more sustainable, decentralised sources. The study assesses the role of the fifth façade (the roof) and examines 
those most predominantly present in Spain, before analysing the opportunities presented by the implementation of green roofs, rooftop photovoltaic 
systems, rooftop solar thermal energy collectors, and rainwater harvesting systems on Spanish residential rooftops in a Mediterranean climate. Quantitative 
energy- and resource-saving results of such strategies are realised over an area of Sant Boi de Llobregat, Catalonia, Spain, composed of 1,202 residential 
buildings. The analysis concludes that on average, a square metre of rooftop is able to annually generate or save a maximum of 24.00kWh of energy via green 
roofs, 27.76kWh of energy via photovoltaic systems, 49.97kWh of energy via solar thermal collectors, or 338.85 litres of water via rainwater harvesting 
systems. 
 
Con los impactos perjudiciales que se presentan en los ecosistemas de nuestro mundo como resultado del crecimiento de la población y la migración urbana, 
las estrategias destinadas a parar dichos efectos son continuamente analizadas e implementadas en todo el mundo. Debido a la influencia relativamente 
grande del sector residencial en este tema, este estudio evalúa el potencial que tienen las cubiertas residenciales para combatir estos problemas que enfrenta 
la sociedad, centrándose en reducir y sustituir la fuente de consumo de recursos domésticos de fuentes insostenibles a fuentes descentralizadas más 
sostenibles. El estudio evalúa el papel de la quinta fachada (la cubierta) y analiza las más predominantemente en España, antes de analizar las oportunidades 
presentadas por la implementación de techos verdes, sistemas fotovoltaicos en tejados, colectores de energía solar térmica en tejados y sistemas de captación 
de aguas pluviales en cubiertas residenciales españolas en un clima mediterráneo. Los resultados cuantitativos de ahorro de energía y recursos de tales 
estrategias se realizan en un área de Sant Boi de Llobregat, Cataluña, España, compuesta por 1.202 edificios residenciales. El análisis concluye que, en 
promedio, un metro cuadrado de techo puede generar o ahorrar anualmente un máximo de 24,00kWh de energía a través de techos verdes, 27,76kWh de 
energía a través de sistemas fotovoltaicos, 49,97kWh de energía mediante colectores solares térmicos, o 338,85 litros de agua a través de sistemas de 
recolección de aguas pluviales.
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1. Introduction 
Cities are fascinating places composed of complex social, 

economic and ecological systems. Each with its own history, 
characteristics, form and culture, cities have grown in size and 
population over recent centuries. We entered 2018 with over 54% 
of the world’s population estimated to be living in urban 
environments (World Bank, 2018b) and trends suggest that this 
figure will continue to rise. It is then no surprise that we are using 
ever-more quantities of materials to construct more buildings, 
building more infrastructure to take us to these buildings, 
demanding more, consuming more, and packing ourselves more into 
the environments that we choose to live in. The Danish architect Jan 
Gehl once said: “a good city is like a good party – people stay longer 
than really necessary”. It is therefore essential that we, the majority, 
who get to call these urban jungles our home ensure that they 
continue to function sustainably and are as resilient as possible to 
potential future challenges so that they can be enjoyed by future 
generations. 

One of the biggest and most threatening challenges not only 
to our cities but to human civilisation as a whole is that of climate 
change. Cities occupy roughly 2% of the world’s total landmass yet 
they are largely responsible for the problem of climate change as 
they are accountable for over 70% of the world’s CO2 emissions and 
consume over two-thirds of the world’s energy – the vast majority 
of which is not produced from renewable sources (C40 Cities, 2018). 

However, instead of seeing cities as the source of the problem, they 
must be interpreted as part of the solution if the issues brought 
about by climate change are to be remedied. 

1.1. Urban Population Growth 
 The World’s population has more than doubled in the last 
fifty years and still continues to grow (World Bank, 2018a). 
Population growth has been present across all corners of the world, 
and whilst the rate of growth has declined somewhat, national urban 
populations around the world still continue to ascend. Each year 
more and more people migrate to the city to live what is in their eyes 
a better life. Future projections suggest that the rural population of 
many of the world’s countries will fall whereas every single country 
will continue to rise (Defries et al., 2010). The more inhabitants a city 
has, the more space and materials it will need to construct buildings 
in order to house them, the more energy will be used to run their 
homes, the more food and water will be consumed to keep them 
healthy, and inevitably, the more emissions will be produced. These 
urban areas therefore have a duty to look to sustainable strategies 
in order to respond to the ever-growing influx of rural migrants. 

1.2. The Urban Heat Island Effect 
 Urban population growth and the inadvertent growth of 
cities have led to the phenomenon known as the urban heat island 
(UHI) effect, where the outdoor air and surface temperatures within 
an urban environment are higher than those of nearby rural areas. 
This occurrence is due to a number of characteristics which urban 
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environments possess: large amounts of thermal mass, surfaces with 
high impermeability and low albedo, heat emissions associated with 
anthropogenic activities, and a complex urban morphology, 
restricting the movement of air through the urban fabric.  

With regards to actual measured increases in temperature, 
the value is specific to the urban area in question. A number of 
studies examining the UHI effect of several Mediterranean cities 
have been carried out over the years with studies in Athens 
(Mihalakakou et al., 2002), Rome (Colacino and Lavagnini, 1982), Tel 
Aviv (Saaroni et al., 2000) among many others all showing similar 
trends. The first recognised study on the UHI effect in Spain was 
performed in Barcelona by Moreno-Garcia during the 1990s. The 
study analysed the air temperature taken from one meteorological 
station positioned in an urban area and one in a nearby rural area 
from 1970 – 1984. The average recorded temperature in the urban 
area was 1.4oC greater than its rural counterpart, whilst the biggest 
difference in temperature recorded between the two stations at a 
single given point surpassed 8oC (Salvati, Roura and Cecere, 2017).  

As a result of this increase in urban temperature, buildings’ 
cooling loads are increased during the summer months of cities in 
hot and temperate climates. This produces more greenhouse gas 
(GHG) emissions, producing a vicious cycle that is detrimental to our 
wellbeing. The sensation of outdoor thermal comfort felt by its 
inhabitants decreases, and the number of those experiencing heat 
stress rises which has a negative effect on their health and work 
performance (Botham-Myint, Recktenwald and Sailor, 2015).  

1.3. Overconsumption 
Thanks in part to cities’ heavy consumption of resources, 

they operate around a linear economy with a linear metabolism – 
extracting resources to fabricate goods which are converted into 
waste without being reused or reutilised which in turn contaminates 
the planet. The value of the environment as a real asset must be 
realised, conserved, and nurtured. Governments and organisations 
have strayed away from this point of view, and the whole world is 
now experiencing serious environmental problems which 
consequently affect the economy and our society. Cities must take 
the initiative to turn the linear mentality in which they 
predominantly operate into a circular one, focusing on reducing 
waste by reusing, reutilising, and recycling resources.  

The impact which cities are having on the global climate is 
diverse and complex. However, it’s clear to say that the GHG 
emissions caused by the increase in their inhabitants’ energy 
consumption contributes the most. With industrial activities moving 
away from the city, the great emitters have become the city’s 
residential, tertiary and transport sectors. Combining the residential 
and tertiary sectors into one, it can be said that buildings have 
become the largest consumers of energy across the globe. In 2010, 
41.1% of the U.S. total energy consumed was contributed by the 
energy consumption of and within buildings. In China, 27.3% of the 
country’s total energy consumption in 2010 was contributed by that 
consumed by and within its buildings (Cao, Dai and Liu, 2016). And 
within the EU, buildings represent roughly 40% of the union’s 
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current annual energy consumption and produce 36% of its CO2 
emissions (European Commission, 2018). 

 
Residential sector total energy uses: China: 14.9 EJ – EU: 12.8 EJ – US: 11.2 EJ 

Source: Drawn up by the author after using information available at IEA (2013) 

Figure 1.1. Breakdown of residential sector energy end-uses in China, the 
E.U. and the U.S.A. 

The end-uses of the residential sector of these three states 
are varied, yet the energy used for heating (spaces and water) is 
head and shoulders above the rest. Focusing on the EU, it can be 
seen that its energy consumption solely associated with heating 
dwellings is above 60% of the total energy consumed by its 
residential sector. Circa 35% of the E.U.’s building stock was 
constructed over 50 years ago, and over 70% is deemed ‘inefficient’, 
while a mere 0.4 – 1.2% of it (depending on the country) is renovated 
annually (European Commission, 2018). Therefore, renovating this 

large proportion of the existing building stock would help to reduce 
its energy consumption. 

1.4. Provision of Water 
The link between water and sustainable development is an 

obvious yet complex topic. Water is the most essential primary 
natural resource we use in almost all social and economic activities 
and is key if an ecosystem is to function. Sustainable development 
therefore requires that the water entering and leaving our cities is 
managed properly in a manner which is not detrimental to its 
ecosystems (including our own). However, unsustainable 
development occurring in cities has affected the availability of 
freshwater resources. Combine this with the fact that the demand 
for water is growing, and unless the balance between the two can be 
restored through sustainable initiatives, the world is en route to a 
severe water deficit (UN-WWAP, 2015). 

 Global water demand is largely influenced by population 
growth and urbanisation amongst other occurring factors. Due to 
growing water demands for domestic consumption (along with other 
uses), the global water demand in 2050 is projected to increase by 
55% on 2015 demand levels (UN-WWAP, 2015). With different 
people and uses competing for water, it is inevitable that conflicts 
will arise and the inequities in access to water will worsen. Without 
sustainable strategies aimed at reducing water demand or finding 
ways to capitalise on underappreciated sources of water, the 
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impacts on the environment, local economies, and human wellbeing 
will be drastic. 

 
Source: (El Área Metropolitana de Barcelona, 2018) 

Figure 1.1. Metropolitan Area of Barcelona 

1.5. Barcelona – Present and Future 
Barcelona (latitude 41o 23’ 24.7” N, longitude 2o 9’ 14.4” E) is 

home to around 1.6 million people within its 101.35 km2 city limits, 
and over 3.2 million spread out over its 636km2 metropolitan area 
(Generalitat de Catalunya, 2018a). According to the Köppen climate 
classification, Barcelona is placed in the “Csa” region and is thus 
regarded as having a temperate climate with hot, dry summers. The 
city is confined by the Mediterranean Sea to the southeast, and the 
Serra de Collserola mountain range to the northwest, whilst the 
expanded metropolitan area is bounded by the valleys of the river 

Besós and Llobregat (Fig. 1.1.). It’s location in relation to its 
surrounding environment influences the area’s urban temperature 
and ventilation. The diurnal temperature range is relatively low 
throughout the year, and the winds experienced are North to North-
westerly during the winter, and west to south-westerly in the 
summer (Salvati, Roura and Cecere, 2017).  

1.5.1. Temperature 
With regards to future temperatures the city of Barcelona 

and its metropolitan area are expected to encounter, the fourth 
Intergovernmental Panel on Climate Change (IPCC) report suggests 
that the average temperature increase by the end of the 21st century 
will be in the region of 3.5°C. (Ajuntament de Barcelona, 2011b).  

Table 1.2. Summary of the projected differences in temperature (°C) for 
the Mediterranean region between 1980-1999 and 2080-2099 

Months Min 50th Percentile Max 

Dec/Jan/Feb 1.7 2.6 4.6 

Mar/Apr/May 2.0 3.2 4.5 

Jun/Jul/Aug 2.7 4.1 6.5 

Sep/Oct/Nov 2.3 3.3 5.2 

Annual 2.2 3.5 5.1 

Source: Drawn up by the author after using information available at Ajuntament 
de Barcelona (2011b) 
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1.5.2. Precipitation 
With regards to precipitation, almost all global models 

predict that the Mediterranean will experience less volume of 
rainfall annually. A mean annual reduction in precipitation of 12% is 
expected with an even more noticeable reduction in precipitation 
during the summer months (Ajuntament de Barcelona, 2011b). 

Table 1.3. Summary of the predicted changes in precipitation (%) for the 
Mediterranean region between 1980-1999 and 2080-2099 

Months Min 50th 
Percentile 

Max Wet Seasons 
(%) 

Dry Seasons 
(%) 

Dec/Jan/Feb -16 -06 6 3 12 

Mar/Apr/May -24 -16 -2 1 31 

Jun/Jul/Aug -53 -24 -3 1 42 

Sep/Oct/Nov -29 -12 -2 1 21 

Annual -27 -12 -4 0 46 

Source: Drawn up by the author after using information available at Ajuntament 
de Barcelona, (2011b) 

1.5.3. Provision of Water 
An important issue for Barcelona’s Metropolitan Area which 

is linked to its precipitation levels is its provision of water. However, 
rates of evapotranspiration and amount of wooded areas located at 
the source of rivers are also relevant factors in the provision of 
water. A recent study on the river Ter and Llobregat’s contributions 

to the area’s supply of water estimates a negative trend during the 
latter half of the 21st century (Ajuntament de Barcelona, 2011b). 
These hydrological predictions will pose serious problems for the 
area regarding potential droughts and lack of easily and cheaply 
accessible drinking water. 

 
Source: Ajuntament de Barcelona (2011b) 

Figure 1.2. Historic and possible future changes in the annual 
contributions to reservoirs served by the River Ter and River Llobregat 

1.5.4. Air Quality 
It is a well-known fact that the air quality in and around 

Barcelona is of environmental concern. Relatively high annual 
concentrations of NO2 (nitrous oxide) and PM10 (particles less than 
10 μm) have been caused by an increase in the number of privately-
owned vehicles being used around the city. Limits for these 
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pollutants were established by the EU in 2010, yet Barcelona has 
been described as settling into “chronic non-compliance” by 
ecologists such as Miguel Ángel Ceballos of the Ecologists in Action 
organisation. If the health risks associated with poor-quality air are 
wished to be reduced, new strategies will have to be implemented 
at a number of scales across the metropolitan area.  

The link between cities and their metropolitan areas is an 
important one in the sustainable development of the two entities. 
Spatial organisation, urban density, methods of construction and the 
use of space are all key influencing factors on the energy 
consumption of buildings. Since the second half of the 20th century, 
the AMB has undergone a significant urban and economic 
transformation resulting in a much larger, more dispersed urban 
area with a denser centre at its core. Hence the relationship between 
the two areas is essential if they both are to prosper. 

1.5.5. Energy Consumption 
When summarising the final energy consumption of the city 

of Barcelona in 2008, its 17,001.78 GWh can be distributed according 
to Figure 1.3., giving rise to 10.52 MWh/inhabitant. This value is 
higher than the 15,664.78 GWh consumed by the city’s population 
in 1999 (10.42 MWh per inhabitant), giving rise to a cumulative 
annual growth rate of 0.91% in total energy consumed and 0.11% in 
relative terms per inhabitant (Ajuntament de Barcelona, 2011b). 

 

 
Source: Drawn up by the author after using information available at Ajuntament 
de Barcelona (2011b) 

Figure 1.3. Energy consumption of the city of Barcelona in 2008 
distributed between its sectors 

Considering primary energy, Barcelona consumed a total of 
30,783.6 GWh in 2008. This was distributed between four main 
energy sources (considering the electricity generation mix in 
Catalonia) outlined in Figure 1.4. As it clearly shows, 97% of the city’s 
energy is produced by unsustainable means.  
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Source: Drawn up by the author after using information available at Ajuntament 
de Barcelona (2011b) 

Figure 1.4. Primary energy consumed by the city of Barcelona in 2008 
according to its energy source. 

1.5.6. Greenhouse Gas Emissions 
In 2008, 4,053,765.5 tonnes of GHG (considering the same 

electricity generation mix in Catalonia) were emitted. This value was 
distributed between the following uses represented in the following 
pie chart. Whilst it is evident that reductions can and should be made 
across all sectors, the city’s residential sector can be seen as one of 
the most polluting, and therefore presents many opportunities for 
the reduction of emissions produced within it. 

 
Source: Drawn up by the author after using information available at Ajuntament 
de Barcelona (2011b) 

Figure 1.5. Percentage of GHG emitted by each sector in the city of 
Barcelona during 2008 

2. Objective  
 Five important topics which influence the state of the city 
and can also be improved by intervening sustainably in the city’s 
roofs are the urban heat island effect, energy consumption, water 
consumption, biodiversity, and alimentation. The purpose of this 
study is to assess the potential of using the fifth façade of our urban 
areas’ residential building stock in sustainable ways which will help 
overcome the threats challenging cities with regards to the five 
topics outlined whilst improving the wellbeing of those who inhabit 
them.  
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Chapter 2. assesses the role of the roof as a means of 
understanding what it is that we require from them, and what they 
provide us in return. The Spanish residential building stock is then 
analysed, focusing on that situated in a Mediterranean climate 
before conducting a literature review on the potential sustainable 
methods of intervention which can be carried out on the roof 
typologies analysed; taking into account structural, climatic, 
economic and social factors. The subsequent chapter describes, 
using two neighbourhoods in the city of Sant Boi de Llobregat 
located within the Metropolitan Area of Barcelona (AMB) as a case 
study, how the studied sustainable strategies can be implemented 
on its existing residential roofs and are analysed for their user and 
environmental benefits. The characteristics of the area’s building 
stock will then be presented in Chapter 4, alongside the quantitative 
energy and resource saving potentials of each of the implemented 
strategies, with an analysis into influencing variables, before finally 
discussing the potentialities which roofs possess with respect to all 
the relevant factors discussed beforehand. 

2.1. The Role of the Fifth Façade 
 The fifth façade is a crucial element of any building’s 
envelope. It has taken many forms over human history, yet its 
underlying principles have remained relatively untouched. A roof 
must support its own weight whilst being structurally capable of 
safely transferring the surcharges associated with wind, rain, snow, 
and maintenance over its lifetime to the building’s structure below. 
In addition to its structural requirements, a roof must provide 

thermal and acoustic insulation for the building’s inhabitants, whilst 
being relatively resistant to fire. The fifth façade can therefore be 
seen as an element providing habitability and security (Ballarín 
Iriballen et al., 2007) 

It’s important to understand the complexity of a roof from a 
functional point of view in order to discover how its constructive 
components are linked to their respective functional requisites. 

2.1.1. The Structural Role of the Fifth Façade 
A structure is defined as the part of an object responsible for 

ensuring that the object maintains its original shape and state under 
the influence of the environment (Hanaor, 1998). This definition can 
be applied to a building, where the influence of the environment is 
measured in forces and loads. The vertical loads can be distinguished 
between dead and live loads, with the former being constituted by 
static loads (i.e. the structure’s self-weight and any permanent 
fixtures) and the latter arising from dynamic loads (i.e. inhabitants, 
furniture, rain and snow). The horizontal loads on the other hand are 
regarded as environmental loads and are mainly constituted by wind 
and earthquake loads (Hanaor, 1998). A roof is a part of the 
building’s structure, and its components must be assembled in a 
manner which safely transmits these loads via its supports to the 
remaining structure below. 
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2.1.1.1. Structural Types 

The two principal types of structural framework which man 
first used to construct its primitive habitats have been maintained 
throughout history. Various subtypes have been developed over the 
years as new materials have become available, but the two 
predominant types have withstood the test of time: “skin and 
bones” roofs comprised of two separate elements, and “continuous” 
or “integrated” roofs, where the roof’s structural integrity and 
impermeable properties are integrated into the same element 
(Ballarín Iriballen et al., 2007). 

2.1.1.1.1. ‘Skin and Bones’ Roofs 

 This type of structural framework commenced with roofs 
primitively formed by inclined planes which were initially made out 
of tree branches tied with vegetative species. The material for this 
framework started with timber before later moving on to iron, steel, 
aluminium, and reinforced and prestressed concrete. The covering 
or “skin” element used to act as a waterproof barrier has also 
evolved over time. From the use of leaves woven in layers and placed 
over the skeleton, to bundles of dry plants occasionally mixed with 
mud and small stones to act as an aggregate, to the use of ceramic 
components such as the Arabic tiles which covered churches, 
cathedral and houses (Ballarín Iriballen et al., 2007). There are in fact 
three types of inclined roofs which still utilise this technique, with 
the third mentioned being the most commonly found in Spain: 

a) Wooden or metallic frames of a triangular, trapezoidal or curved 
section, 

b) Inclined slabs made from steel beams, concrete (reinforced or 
prestressed), or a combination, 

c) Pierced brick partition walls providing the roof’s gradient fixed to 
a horizontal slab below, with self-supporting prefabricated layers 
of reinforced concrete, insulation and waterproofing placed on 
top. 

 
(a)                                                    (b)                                              (c) 

Source: Drawn up by the author using information available at Ballarín Iriballen et 
al., (2007) 

Figure 2.1. Sections of the three types of inclined roofs using the ‘skin and 
bones’ technique 

2.1.1.1.2. ‘Continuous’ or ‘Integrated’ Roofs 

The two primitive types of shelters which utilised this 
“continuous” type of roof were igloos and mud huts. The nature of 
their domed structures allowed rainwater to run off them with ease. 
The rise of reinforced concrete, first used as a technique in the 
construction of building structures in 1853 by François Coignet, was 
the first engineering material which was capable of constructing 
roofs where the structural frame was also effectively waterproof and 
airtight, thus being impermeable to the rain and wind, whilst also 
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supplying sound insulation as well as stability and a satisfactory 
resistance against fire. This revolutionised the way in which 
structures could be engineered and led to the design of numerous 
subtypes of roofs.  

2.1.1.2. Structural Roof Base 

Irrespective of the type, all roofs generally tend be placed 
directly above (or be incorporated into) the building’s most elevated 
structural slab which doubles as a ceiling for the building’s last floor. 
Depending on the structure, this slab can be composed of several 
materials. However, whether reinforced or prestressed, concrete is 
almost always present. The most abundant type of slab in Spain is 
one which combines reinforced concrete with ceramic bricks known 
as vaults. The way in which they are combined to form a structural 
slab is illustrated in Figure 2.2. The dimensions of the slab’s 
components can vary slightly, but the most habitually used are those 
of 60 x 20/25cm hollow bricks, with an extra 5cm of compressive 
concrete above which also flows into the circa 10cm space left 
between the bricks. The centre of these spaces can be occupied by 
prefabricated concrete joists or merely filled in with concrete. 
Furthermore, they can run unidirectional or bidirectional, depending 
on the structural strength needed (Hispalyt, 2018).  

 

 

 
Source: Hispalyt (2018a) 

Figure 2.2. Section of a typical structural slab composed of reinforced 
concrete and ceramic vaults 

Using hollow trapezoidal ceramic vaults as interlocking 
pieces in the composition of a slab has a number of benefits. Owing 
to their hollow nature, they save on material. Their high durability 
also saves on costs associated with maintenance, and they perform 
well as thermal and acoustic insulation, provide excellent resistance 
to fire, and have great adhesive qualities with respect to plaster, 
mortar and concrete. 
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(a)                                                                  (b) 

 
(c)                                                                  (d) 

Source: Hispalyt (2018a) 

Figure 2.3. 3D renderings of the four most habitual types of concrete-
ceramic structural slabs; (a) unidirectional slab with prestressed joists, (b) 
unidirectional slab with reinforced joists, (c) unidirectional slab with 
concrete-filled ‘nerves’, (d) bidirectional slab with concrete-filled ‘nerves’ 

2.1.2. The Thermal Insulative Role of the fifth Façade 
 All matter possesses mass and energy. Energy within matter 
can be stored as potential or released as kinetic energy. Regardless 
of which, the law of conservation of energy (and the law of 
conservation of mass) dictate that the total amount of energy (and 
mass) within a quantity of matter remains constant. The sum of 
potential and kinetic energy for a quantity of matter constitutes its 
total internal energy, U (measured in Joules). And it is this internal 
energy which is represented as a temperature.  

When one region of matter has a higher temperature than 
another, internal energy will dissipate from the hotter region to the 
cooler region. It is this transfer of energy which is regarded as 
thermal energy, and the rate at which thermal energy is transferred 
across a material is due to the material’s specific heat capacity. A 
material’s heat capacity is defined as the energy required to increase 
the temperature of 1kg by 1°C (Hall, 2010). 

 Thermal energy passes through constructive elements via 
three methods – conduction, convection and radiation. There are 
therefore different constructive insulative solutions used to combat 
each type of heat transfer: 

§ Conductive insulation (thermal insulating materials) 
§ Convective insulation (ventilated air chambers) 
§ Radiative insulation (reflective surfaces) 
§ Organic insulation (absorbing vegetative surfaces) 

2.1.2.1. Conductive Insulation 

Heat transfer occurs through an element at a rate q, defined 
as heat flux, expressed in either watts or joules per second. 
Conduction is the only way energy can be transferred between two 
solids. It occurs within the molecules of a solid, and acts between 
connecting materials without the need for a physical deformation of 
them. Conductive heat transfer is the most prominent form of heat 
transfer through roofs, and it is therefore essential that conductive 
thermal insulation is present in a roof’s makeup. There are a wide 
range of organic and inorganic thermal insulating materials, all used 
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to help maintain internal temperatures within the inhabitants’ 
thermal comfort thresholds, and all with their own values of thermal 
conductivity. Thermal conductivity is defined as the steady-state 
heat flux through a unit thickness of homogeneous material in a 
direction perpendicular to the isothermal planes induced by a 
temperature difference and is measured in watts per metre kelvin 
(W/mK). The thermal conductivity of a material determines how 
easily thermal energy will flow through it, independent of the 
material’s thickness. The lower the thermal conductivity of a 
material, the slower the rate at which heat will flow through it, thus 
producing a better thermal performance (American Society of 
Heating, 2009). 

2.1.2.2. Convective Insulation 

The heat transfer which occurs between a fluid and a solid 
takes place via convection. This is allowed to occur so long as there 
is a temperature difference between the fluid (e.g. air) and the solid 
(e.g. building component). 

 A well-known phenomenon which occurs through the roofs 
of buildings in the summer months of hot and temperate climates is 
the overheating of rooms situated directly below the roof. This 
occurs as a consequence of the transformation of radiative energy 
from the sun to thermal energy in the constructive elements, 
thereby overheating the surface of the roof which in turn dissipates 
thermal energy to the cooler space below by means of conductive 

heat transfer. This phenomenon can be reduced by means of 
convective insulation. 

In environments where large solar irradiation is present such 
as those in and around the Mediterranean, convective insulation 
incorporated into the building’s roof is recommended as a means of 
acting as a barrier to the thermal wave that exists between the 
radiated exterior and the interior of the building, as the roof – which 
tends to be horizontal or near-horizontal – receives the most amount 
of solar radiation during the summer months (Figure 2.16.). A 
ventilated air chamber located between the roof’s most outer layers 
and the habitable spaces below dissipates some of the heat 
absorbed by the roof. However, ventilated air chambers should 
never substitute an insulating material. It is therefore important to 
incorporate a sufficient amount of conductive insulation between 
the air chamber and the roof, as well as between the chamber and 
the roof slab of the building’s last floor (Ballarín Iriballen et al., 2007). 

2.1.2.3. Radiative Insulation 

All matter above zero Kelvin emits thermal radiation in the 
form of photons of varying frequencies. The rate of thermal radiant 
energy emitted by a surface depends on its temperature and surface 
characteristics  - size, emissivity, and absorptivity (American Society 
of Heating, 2009). 

Radiative insulation reduces the rate at which a roof’s surface 
temperature increases by reflecting the radiant energy away from 
the surface. The key variable in this form of insulation is the finishing 
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material. A light-coloured material will have a low absorption 
coefficient, meaning that a low percentage of the incident solar 
radiation will be absorbed by the material and transformed into 
thermal energy, allowing the majority of the radiation to be reflected 
away from the surface. The opposite is true for dark-coloured 
surfaces (Ballarín Iriballen et al., 2007). 

2.1.2.4. Organic Insulation 

Vegetation has a somewhat relatively mediocre albedo with 
values reaching no higher than 0.45 (Yen and Chow, 1980). The 
percentage of solar radiation which is absorbed by vegetation is not 
stored as heat thereby increasing its temperature. Instead, 
vegetation uses the energy in photosynthetic processes, thus 
conserving its temperature. Heat is additionally dissipated via 
evapotranspiration to the atmosphere through its leaves. Depending 
on the structural capacity of the roof, a vegetated layer along with 
its supporting substrate can be placed on the roof’s outermost layer 
and be used as a form of thermal insulation. 

2.1.3. The Acoustic Insulative Role of the Fifth Façade  
 If a noise reaches a certain number of decibels (dB) it can be 
regarded as an unpleasant sound. This unpleasantness can turn into 
stress and an imbalance of the nervous system if a loud noise is 
maintained and can even cause hearing damage if considered very 
loud. To put it into context, a noise caused by the movement of 
leaves measures a mere 20dB whilst a four-engined jet at take-off 
can reach levels of 140dB at a distance of 35 metres. There are two 

types of exterior noise pollution which pass through a building’s 
roof: airborne noise and percussive noise. Airborne noise causes the 
constructive element to vibrate by means of pressure waves 
travelling through the air, whilst percussive noise is that resulting 
from direct impact with the roof’s surface (Index, 2010). Roofs must 
therefore be engineered to protect the building’s inhabitants from 
both types of these unwanted noises.  

2.1.4. The Airtight & Waterproof Role of the Fifth Façade 
Man has always looked to engineer his shelters in such a way 

as to keep their contents dry from rainwater, flowing surface water, 
and any underground seepage that might occur. As rainwater falls 
from above, a roof should be apt in avoiding water seepage into the 
building’s interior spaces. A roof must protect the building and its 
inhabitants from the elements by means of a configuration and 
design of slopes that facilitate the runoff of water it receives in the 
form of rain, snow, hail, ice or dew whilst ensuring its airtightness. In 
the case of possible accumulations of water, the roof must be 
sufficiently impermeable to water, or contain a waterproof layer to 
prevent any unwanted seepage.  

2.1.5. Fire Resistance 
A structure as large as a building will have severe 

consequences if it were to catch fire and/or collapse. Just like all 
constructive elements of a building’s envelope, roofs must be 
sufficiently resistant to fire in order to minimise associated risks. In 
the case of a fire, a roof must be designed with the fact in mind that 
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the hot gases produced by the fire will rise and eventually 
accumulate under it. This means that the highest temperatures in 
the building during a fire will be those directly under the roof. There 
will therefore be a large local increase in hot air pressure which can 
cause the roof itself to collapse (Ballarín Iriballen et al., 2007). There 
are therefore a number of related requirements a roof must try to 
adhere to (Hispalyt, 2018): 

1) Maintain its structural resistance and subsequent supporting 
capacity for a determined 
amount of time once a fire 
breaks out.  

2) Maintain its characteristic as a physical barrier in order to 
prohibit the propagation of fire between different zones of the 
building or between adjacent buildings. If a fire were to start on 
the outer layer of the roof, it 
must prevent the fire from 
spreading to lower floors. 

3) React adequately to fire. A roof must be constructed from 
materials which are adequately fire resistant in order to not 
catch fire themselves, thus 
helping contribute to the fire’s 
development.  

2.2. Classification of Roofs used in Spain 
 Spanish rooftops can be classified architecturally in 
accordance with the country’s regions (Tejela Juez, Navas Delgado 
and Machín Hamalainen, 2011): 

§ In the northern mountainous zones, in order to protect 
themselves from greater quantities of rain and snow they 
construct inclined roofs with steep gradients finished with local 
abundant materials (usually slate or stone slabs). 

§ In the South, the threat of rain and snow is not so high. Instead, 
there is a great abundance of flat roofs which are used to enjoy 
the breeze during the later hours of the day when the high 
temperatures drop.  

§ Venturing towards the centre of the peninsula, inclined roofs 
with a curved and/or flat roof tiled finish are likely to be found. 

 There is another key aspect to assess when classifying roofs 
constructed in Spain according to their thermal insulative 
capabilities – those constructed prior to and post January 1st 1980. 
Spain introduced the national compulsory basic building norm NBE-
CT-79 on thermal conditions in buildings in 1980. This was the 
country’s first legislation which required that the envelope of any 
new building meet minimum thermal requirements by establishing 
maximum heat transfer coefficients depending on the element, with 
a global maximum heat transfer coefficient for the whole building 
(Ministerio de obras públicas y urbanismo, 1979). It was therefore 
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very rare that buildings constructed prior to 1980 were done so with 
the inclusion of conductive thermal insulation.  

 A study conducted by Gangolells et al. (2016) showed that 
94.3% of residential buildings erected in Catalonia before 1980 
possessed energy certificate ratings of E, F or G class. The certificate 
is rated on the total CO2 emissions generated per square metre of 
the building over the course of one year with an A class being 
associated with the most efficient buildings possible, and G being 
associated with the least efficient buildings possible. In contrast, 
85.6% of the buildings erected under NBE-CT-79 (Ministerio de obras 
públicas y urbanismo, 1979) had energy certificate ratings of E, F, or 
G class. Additionally, as of 2011 there were more than 26 million 
dwellings in Spain, 56% of which were erected before 1980 (Terés-
Zubiaga et al., 2015). 

Owing to the fact that over half of the country’s residential 
building stock was built prior to 1980 alongside the fact that studies 
have shown that the vast majority of this portion of the building 
stock contains a very poor energy certificate rating, its buildings are 
more vulnerable to the effects of climate change. These buildings 
thereby offer a greater opportunity to sustainably intervene with 
regards to the topic of energy efficiency. From this point onwards, 
this study will therefore focus on the roofs which were constructed 
prior to the first Spanish thermal regulation and will be assumed to 
not contain a layer of conductive thermal insulation.  

2.2.1. Classification according to Gradient 
While there are many types of roofs in Spain, perhaps the 

most important variable which can be used in their classification is 
their gradient. They can be divided into flat and inclined roofs, where 
the former possess gradients under 5%, whereas the latter possess 
gradients upwards of 15% (note that the percentage is defined as the 
relation between the height and length of the roof’s slope). With the 
gradient known, it can be suggested with a reasonable amount of 
confidence the material of the finishing element along with the 
system used to secure the roof to the structure underneath (Tejela 
Juez, Navas Delgado and Machín Hamalainen, 2011). 
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2.2.1.1. Inclined Roofs 

2.2.1.1.1. Finishing Elements

 
Source: (González Cortina and Rodriguez Sánchez, 2017) 

Figure 2.4. Selection of ceramic tiles used as the finishing element of 
inclined roofs; (a) curved tile, (b) mixed ceramic tile, (c) flat Marseille tile, 
(d) single-channel tile, (e) flat ceramic tile with fittings 

 Examining the finishing elements of inclined roofs in Spain, 
it’s easy to see that ceramic tiles dominate the residential roofscape. 
The Arabs introduced them to the peninsula and they have since 
made themselves known as the country’s favourite choice of roof 

finishing element. However, there are several types of ceramic tile 
which exist, with the roof’s maximum gradient being the 
determining factor (Tejela Juez, Navas Delgado and Machín 
Hamalainen, 2011). The most commonly used elements along with 
their maximum allowable gradients are the following: 

§ Curved tile: 26% 
§ Mixed tile & single-channel tile: 30% 
§ Flat tile (“Marseille” or “alicantina”): 40% 
§ Flat tile with fittings: 50%  

2.2.1.1.2. Supports 

There are many possible combinations between the finishing 
elements of roofs and the supporting structure below. The two most 
commonly used supports in the construction of inclined roofs are 
defined as continuous and discontinuous supports. Continuous 
supports are the more habitual of the two and are usually 
constructed by a layer of mortar followed by a single layer of hollow 
clay bricks (alongside a waterproof layer), on top of which rest the 
finishing elements. This multi-layered component is then secured to 
a number of pierced brick partition walls known locally as 
“tabiquillos palomeros” – pierced clay bricks which allow air to flow 
through from one side of the partition to the other – in order to form 
the gradient of the roof. The constructive simplicity of this 
supporting system is seen to be the main reason for its use across 
the country (Tejela Juez, Navas Delgado and Machín Hamalainen, 
2011).  
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Source: (González Cortina and Rodriguez Sánchez, 2017) 

Figure 2.5. Pierced clay brick partition wall – otherwise locally known as 
a “tabiquillo palomero” 

2.2.1.1.3. Morphology   

Inclined roofs can take various forms. However, in a built up 
urban area where buildings share party walls, the most commonly 
found roofs are mono-pitched roofs (just one slope present) and 
single gable roofs (two slopes present). The air gap between the roof 
and the habitable top floor of the building’s structure (triangular in 
cross-section) due to the roof’s inclination can take the form of a 
ventilated or non-ventilated air chamber. Advantages associated 
with ventilating said space are presented in Chapter 2.2.2. 

              
(a)                                                             (b) 

Own source 

Figure 2.6. Roofs according to form; (a) mono-pitched roof (b) single gable 
roof 

2.2.1.2. Flat Roofs 

Flat roofs can be categorised into accessible and inaccessible 
roofs.  

2.2.1.2.1. Accessible Roofs 

Those which are deemed accessible have been engineered to 
safely allow a greater degree of live loads on their surfaces. They 
must possess gradients of 1 – 5% and must structurally allow the 
movement and permanence of loads such as people and artefacts. 
The accessible finishing element can be formed by ceramic materials 
– most notably the Catalan ceramic tile – or by “floating” materials 
which create a completely flat roof independent of the slightly 
inclined plane needed for rainwater runoff. However, floating roofs 
are not as commonly found across the country’s urban roofscape as 
their fixed ceramic counterpart due to the system’s increased 
complexity (Ballarín Iriballen et al., 2007). 
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2.2.1.2.2. Inaccessible Roofs 

 Inaccessible roofs may only be accessed for maintenance 
reasons as they have not been engineered to take into account any 
additional live loads. They can therefore be pitched at a slightly 
greater gradient, with a maximum tolerance of 15% being 
achievable. As the roof is not designed to be frequently accessed, its 
finishing element can take the form of a material better suited to 
protect the impermeable membranes underneath from the threats 
posed by climatic conditions and UV rays. It is not uncommon to 
encounter these roofs finished with a layer of gravel or concrete. 

As previously mentioned in Chapter 2.2.1.1.1., the majority 
of residential buildings constructed in Spain are finished with 
ceramic tiles. Additionally, examining the Eixample district of the city 
of Barcelona (Figure 2.7.), the proportion of roofs deemed as 
inaccessible is relatively scarce. This study will therefore only 
examine flat roofs which are deemed accessible in any further detail. 

2.2.1.2.3. Traditional Flat Roofs  

 There are two main types of traditional flat roofs with the 
difference being in the support element. The Catalan roof – or roof 
‘a la catalana’ as it is locally known – contains an air gap between 
the structure’s reinforced concrete slab and the roof’s finishing 
element. The Catalan roof possesses a tiled finish supported by a 
layer of thin hollow bricks with a number of layers of mortar used to 
form a gentle gradient for stormwater runoff reasons and 
waterproof membranes situated between the two. This compound 

of elements sits on a number of pierced brick partition walls 
composed of ceramic bricks separated at intervals of 60cm. The 
thermal inertia which the air chamber produces is what gave rise to 
the mass use of this method of roof construction in the residential 
sector. In a true Catalan roof, this air chamber is ventilated thanks to 
small openings located along the building’s vertical facades. The 
effects of a ventilated roof are discussed in further detail in the 
following chapter.  

The second type of flat roof is almost identical to the Catalan, 
with the exception of the air gap. With the finishing material being 
the roof’s only ceramic component, either a layer of lightweight 
concrete with a foaming additive or a cement mortar is poured 
directly over the reinforced concrete slab in order to form the roof’s 
gentle gradient (aimed to facilitate the runoff of rainwater) before 
the remaining waterproof and protection layers are situated on top. 

 
Source: (Ajuntament de Barcelona, 2014) 
Figure 2.7. Distribution of inaccessible roofs in the district of Eixample, 
Barcelona 
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2.2.2. Classification according to Hygrothermal 
Performance 
 Roofs can be assessed according to more parameters than 
just their thermal insulative performance. Another of these vital 
parameters is that of the roof’s hygrothermal performance. The 
hygrothermal performance of a constructive element relates to its 
ability to restrict the movement of heat and moisture through it. This 
adds to the more generally known requisite of using materials which 
achieve adequate levels of thermal comfort to include the need to 
prohibit the issues associated with condensation. 

 Whilst a layer with the sole purpose of providing conductive 
insulation may not be present in those roofs constructed prior to the 
implementation of the building norm NBE-CT-79 (Ministerio de 
obras públicas y urbanismo, 1979), a number of the roofs have been 
ingeniously built with a ventilated air chamber integrated into the 
constructive component between the outer layers of the roof and 
the slab below, acting as a layer of convective insulation. The 
ventilated air chamber works as a double-advantage; it acts as a 
thermal barrier between the radiated exterior and the habitable 
interior of the building, whilst also helping to fight condensation 
which occurs due to the great difference in temperatures above and 
below the chamber. The second most prominent roof classification 
after its gradient would therefore be that of cold (ventilated) and hot 
(non-ventilated) roofs – a classification according to its hygrothermal 
performance (Tejela Juez, Navas Delgado and Machín Hamalainen, 
2011). 

 
Own source 

Figure 2.8. Types of ventilated roofs 

 This feat of ventilating a chamber between the roof’s most 
outer layer and the horizontal structural element below is 
occasionally implemented in a selection of inclined roofs with 
discontinued brick supports (along with traditional Catalan roofs) 
through the use of perforated bricks located along the front-facing 
and back-facing facades of the building. In reality, due to the size of 
the openings in each façade being extremely small in order to restrict 
the ability for animals such as pigeons and other birds to enter, the 
level of ventilation which is achieved within the chamber is relatively 
low. Therefore, whilst they may not provide the best form of thermal 
insulation, they do help combat condensation; an important issue 
nonetheless. 
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2.2.3. Classification according to Gradient and 
Hygrothermal Performance  

Linking the possibility of this ventilated element to the types 
of roofs earlier categorised according to their gradient, it results in 
four main types of roofs being present in Spain’s residential 
roofscape (See Table 3.2. for the characteristics of each type of roof 
considered in more detail): 

1) Accessible flat ventilated roof (‘a la catalana’) 
2) Accessible flat non-ventilated roof 
3) Inclined ventilated roof 
4) Inclined non-ventilated roof 

 

 

 

§ T: Ceramic tile 
§ HB: Hollow ceramic brick 
§ RM: Mortar regularization 
§ GM: Gripping mortar  
§ S: Separating layer 
§ W: Waterproof layer 

§ VB: Vapour barrier 
§ SF: Slope formation 
§ AC: Air chamber 
§ P: Protection 
§ BC: Bottom coating 
§ SS: Structural support 

  

       
                                         (a)                                                                   (b) 

 
                                       (c)                                                                  (d) 

Source: Drawn up by the author after using information available at González 
Cortina and Rodriguez Sánchez (2017) 

Figure 2.9. Components of the most habitual roofs: (a) accessible flat 
ventilated roof (b) accessible flat non-ventilated roof (c) inclined 
ventilated roof (d) inclined non-ventilated roof  
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2.3. The Potential of the Fifth Façade 
The majority of roofs in our cities are unoccupied and 

underused. They take up such a large footprint of our urban areas 
that between 20 – 25% are generally occupied by roofs (Akbari and 
Matthews, 2012). If this abundant space is to be recuperated in a 
sustainable manner, it could present a real possibility to improve the 
state of our cities and the wellbeing of those living within them. One 
solution does not fit all, and there are various sustainable 
interventions which can be implemented into our roofs depending 
on their morphology and the climate at their disposal. Therefore, 
with the possibility of implementing different strategies across the 
scale of a neighbourhood or a city, a diverse mosaic of roofs working 
towards the development of a more sustainable world can be 
attained. 

2.3.1. The Structural Potential of the Fifth Façade 
 Almost all forms of roof renovations will incur additional 
loads. Knowing the load bearing capacity of a roof is therefore key in 
the lead up to any form of renovation as it is the first measure that 
will indicate which strategies are physically viable without the need 
of any costly structural reinforcement. The current Technical 
Building Code CTE DB SE-AE (Ministerio de Vivienda, 2009) dictates 
a number of minimum uniform and point loads which a roof must 
satisfy depending on its desired use in accordance with certain 
categories of use (Table 2.1). However, whilst this outlines the 

minimum loads which a roof must be able to safely take, a structural 
survey will bring about more detailed results. 

Table 2.1. Characteristic values of the minimum loads which certain roofs 
must be designed to in accordance with the CTE DB SE-AE 

Category of use Subcategories of use 
Uniform load 

(kN/m2) 

Point load 

(kN) 

F Accessible roofs (only privately accessible) 1.0 2.0 

G 
Roofs only 
accessible for 
maintenance 

G1 

Roofs with a slope 
less than 20° 

1.0 2.0 

Lightweight roofs 
(without reinforced 
concrete slabs) 

0.4 1.0 

G2 
Roofs with a slope 
greater than 40° 

0.0 2.0 

Source: Drawn up by the author after using information available at Ministerio de 
Vivienda (2009) 

Encountering any as-built or structural drawings for buildings 
erected before 1980 is not easy. Even if drawings do exist and can be 
found, they may not be accurate, and it would not be safe to assume 
that the building currently exists as that which was drawn. The most 
reliable way to obtain the load bearing capacity of such an old roof 
is by carrying out a structural survey. Roofs consisting of timber or 
steel beams are not too difficult to survey as relatively accurate 
measurements can be taken of the members. Using these members’ 
structural characteristics, the strength of the whole structure can be 
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calculated, therefore dictating how much extra load it can safely 
take. However, in the case of concrete-framed structures, it is very 
difficult to assess its structural capacity as its steel reinforcement is 
hidden. Whilst instruments to detect the placement of 
reinforcement bars encased within concrete exist, they cannot 
predict the diameter of said bars. Often, the only way to truly 
uncover the amount of reinforcement present is by picking away at 
the concrete member until the reinforcement is exposed. However, 
this is not an ideal scenario (Munby, 2005). Using the minimum 
standards with regards to area of reinforcement presented in the 
Building Technical Code CTE DB SE-AE (Ministerio de Vivienda, 2009) 
may result in a useful initial feasibility tool. 

As opposed to calculating the existing spare capacity of a 
roof, the loads which were taken into consideration in the original 
design can be assessed and determined if they still need to be 
accounted for. One load which is often analysed in this respect is the 
roof’s original snow load. The minimum snow load required by 
national building standards In Canada and the United Kingdom have 
been reduced in recent years, meaning that any roof engineered 
prior to the alteration can be loaded with an extra 0.88kN/m2 and 
0.15kN/m2 in Canada and the U.K. respectively (Munby, 2005). 
Looking at other eligible loads, if an existing roof was designed to be 
accessible, thus being engineered to take corresponding loads, but 
was made inaccessible by someone along the roof’s lifetime, this 
could permit a safe increase in the loads placed on the roof. 

An additional way of increasing the load bearing capacity of 
a roof in order to increase the potential number of strategies that 
can be safely implemented involves removing current elements, 
relieving the associated loads, and replacing them with lighter or 
more sustainable materials such as vegetation. The self-weight of 
typical elements used in the construction of roofs in Spain are 
outlined by the CTE DB SE-AE and presented in Table 2.2. While it 
may not be deemed suitable to remove a roof’s underlying structural 
slab in order to save weight, by removing the weight associated with 
a roof ‘a la catalana’ for example will relieve 2.5 kN/m2 (roughly 
equivalent to 250kg/m2) on the structure. In theory, in line with 
loads presented in Table 2.3., this would permit the safe 
implementation of an extensive green roof (maximum of 225kg/m2). 
There are therefore various ways of ensuring that a roof be 
retrofitted in a safe manner, but it is nevertheless recommended 
that a structural analysis of the element be undertaken prior to the 
start of any works. 

Structural capacity is seen as the overriding issue in the 
retrofit of roofs, often preventing more from being considered. 
However, people’s perceptions need not be so negative. In a survey 
carried out on a number of professionals in London in 2005, a 
staggering 92% of developers believed that “the physical structure 
of many buildings prevents the establishment of green roofs”, 
whereas only 27% of engineers had the same opinion (Munby, 
2005). 
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Table 2.2. Self-weight of constructive elements 

Element   Load 
Slabs kN/m2 
Corrugated sheet with a layer of concrete; < 0.12m 2.0 
Unidirectional slab, up to 5m span; < 0.28m 3.0 
Uni or bidirectional slab; < 0.30m 4.0 
Bidirectional slab; < 0.35m 5.0 
Solid concrete slab; 0.20m 5.0 
Finishes and partitions (circa 3.0m in height) plastering included kN/m 
Simple partition; < 0.09m 3.0 
Simple masonry wall < 0.14m 5.0 
Exterior masonry and interior partition; < 0.25m 7.0 
Floorings (including adhesive material) kN/m2 

Glued laminate or carpet; < 0.03m 0.5 
Wooden, ceramic or hydraulic paving situated on mortar; < 0.08m 1.0 
Wooden shingles; < 0.15m 1.5 
Roof, upon slab kN/m2 
Metal sheet, boarded, or light panelled roof 1.0 
Tiled, shingle, or slate roof 2.0 
Tiled roof situated on ceramic panels and pierced brick partitions  3.0 
Flat roof, raised, with a protected waterproof layer 1.5 
Flat roof, ‘a la catalana’ or inverted finished with gravel 2.5 
Fillings kN/m3 
Water in cisterns or pools 10.0 
Soil, like that used in gardens, including drainage material 20.0 

Source: Drawn up by the author after using information available at Ministerio de 
Vivienda (2009) 

2.3.1. Adding Vegetation 
Green roofs, also known as living roofs, eco-roofs and roof 

gardens can be defined as roofs which possess a vegetative layer and 
corresponding supporting substrate over a substantial proportion of 
their total surface area (Besir and Cuce, 2018). Adding more green 
roofs to an urban area’s landscape presents one proven way of 
recuperating the underused space in a sustainable manner which 
presents opportunities to prevent the negative effects of existing 
buildings on the environment. By adding vegetation to roofs, these 
structures are expected to generate less harmful emissions and 
consume less natural resources. Green roofs are complex, 
multifunctional structures. They can provide many direct benefits for 
the user as well for the environment, depending on how they are 
designed and used.  

Knowing the purpose of a green roof renovation is critical as 
it will have great implications on the design, construction, levels of 
maintenance, and benefits experienced at different scales. For 
example, if the aesthetic value of the roof is wished to be improved, 
the species of flora could be chosen purely on their aesthetic value, 
as opposed to their level of maintenance required, or tolerance to 
drought. It therefore begs the question: what kind of roof is wanted? 
Is the aim to increase the building envelope’s thermal or acoustic 
insulation, or provide the most amount of activities for its users? The 
answers to these questions will have implications on the type of 
green roof installed.  
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 However, constructing a green roof is no easy task. In the 
design of a green roof, one must take into account the roof on which 
it will be implemented (structurally and physically), the species of 
vegetation to be used, the maintenance that will be required, the 
system of irrigation necessary, the drainage system in place, 
economic costs, and social issues. The consideration of these issues 
is paramount to a successful green roof. 

2.3.1.1. Environmental Benefits 

2.3.1.1.1. Reducing the UHI Effect 

 Green roofs are usually seen as a sustainable method of 
passively cooling a building. However, what is not so easily realised 
is the passive cooling effect they can have on the urban area’s 
outdoor temperature. Studies have shown how the shading caused 
by the presence of trees in urban areas helps to cool the local air 
temperature (Lobaccaro and Acero, 2015) whilst providing 
additional benefits for its citizens. Planting vegetation on the roofs 
of buildings can have a similar effect. As a result, the addition of 
green infrastructure in an urban area is a positive sustainable 
strategy, capable of regulating the urban outdoor temperature, thus 
combating UHI-related issues. 

However, whilst the cooling effect created by trees is due to 
their shading effect, green roofs predominantly work in a different 
way. Green roofs combat the UHI effect by increasing the surface 
albedo of the existing roof and the amount of evaporative cooling 
(Botham-Myint, Recktenwald and Sailor, 2015). Increasing the roof’s 

albedo increases the proportion of incident solar radiation that is 
reflected back into the atmosphere, as opposed to being absorbed 
by the surface and increasing its temperature. A microclimate is 
created which during the summer months is significantly cooler than 
its surrounding environment.  

There is a relationship between the impact of the UHI and the 
urban area’s spatial configuration – building density, presence of 
green spaces and bodies of water, urban canyon geometry, etc. 
Therefore, any rooftop urban heat island mitigation strategy will 
depend on the height of the roof along with its position in relation 
to the morphology of the surrounding area’s urban fabric. Botham-
Myint, Recktenwald and Sailor (2015) investigated the importance of 
the vertical structure of a built-up area in rooftop UHI mitigation 
strategies by observing the Thermal Footprint Ratio (TFR2m) at a 
height of two metres. The Thermal Footprint Ratio is defined as the 
ratio of the area at a given cross-sectional height reduced in 
temperature by a difference of at least 0.1˚C (Ared) due to the roof 
modification, to the area of the modification (Amod).  

 
Source: Drawn up by the author using information available at Botham-Myint, 
Recktenwald and Sailor, (2015) 
Figure 2.10. Illustration of the “Thermal Footprint” effect due to a single 
building 
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Results showed that the presence of a relatively tall building 
situated downwind from a building with a higher albedo causes the 
relatively cool air flowing over the altered roof to be diverted 
downwards towards street level, thus maximising the amount of 
outdoor cooling at pedestrian level. When the buildings are 
homogenous in height, the shorter the buildings are, the more 
prominent the outdoor cooling at pedestrian level is. However, 
increasing the albedo of a roof of a relatively tall building produces 
the largest cooling in the atmosphere as a whole as the local air 
velocity is higher and the air temperature lower at the elevated level 
of the roof. 

2.3.1.1.2. Water Collection and Storage 

Thanks to the permeable substrate, green roofs allow 
rainwater to permeate down through the porous element, relieving 
the volume and peak flow of stormwater runoff entering the local 
urban stormwater drainage system. Further details on the effects 
this has on the urban environment are discussed in Chapter 2.3.3. By 
converting a roof with a relatively impermeable surface to vegetated 
one, a relatively large proportion of the precipitation falling on the 
roof can be intercepted by and stored within the system’s vegetative 
and substrate layers. Rainwater can also be intercepted by the 
vegetation and evaporated from the surface of the plant’s leaves, 
stem, etc. Equally, the water can be absorbed by the substrate and 
later evaporated from the layer’s surface or transpired by the plant 
after it has dissipated into the soil and been absorbed by the plants 
(Ajuntamient de Barcelona, 2015). 

2.3.1.1.3. Reduction of Air Pollution 

 The daily ongoings of city life cause urban areas to contain 
higher levels of airborne toxins than rural areas. Urban vegetation 
such as green roofs can help to reduce the levels of air pollution both 
directly and indirectly. As plants photosynthesise, they absorb CO2 
from the atmosphere and convert it into biomass. One square metre 
of green roof can sequester up to 0.2kg of aerosol dust and smog 
particles per year. In addition, hazardous substances such as nitrates 
present in the air and rainwater are deposited in the substrate 
(ASESCUVE, 2018). The indirect method is associated  with the 
benefits sprouting from the vegetation’s ability to provide thermal 
insulation, reducing the energy demand of the building, thereby 
reducing the reliance on HVAC systems which release CO2 back into 
the atmosphere.  

2.3.1.1.4. Creation of New Habitats for Fauna / Increasing 
Biodiversity 

 Green infrastructure was defined by Naumann et al. (2011) 
as “the network of natural and semi-natural areas, features and 
green spaces in rural and urban, terrestrial, freshwater, coastal and 
marine areas, which together enhance ecosystem health and 
resilience”. An urban environment’s green roofs therefore constitute 
part of its green infrastructure. Incorporating green infrastructure 
into the urban fabric can help ease the loss of biodiversity due to 
anthropogenic actions by providing services and habitats for 
ecosystems. However, if green roofs are to provide new habitats for 
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birds and insects then they must consider the local biodiversity and 
regional context in their design (Connop et al., 2013). 

The new habitats for birds and insects presented by green 
roofs can help to connect cities’ green spaces such as urban parks to 
nearby forests and natural parks, easing the movement of wildlife 
between the two. If implemented strategically in a relatively large 
scale, green roofs can help to create green corridors within a city, 
further amplifying the levels of biodiversity. 

2.3.1.1.5. The Positive Effects on Wellbeing   

The effects that urban green spaces can have on people’s 
health and wellbeing have been well documented. General 
conclusions have been drawn which strongly suggest that the mere 
presence of green areas within an urban area can have numerous 
benefits, whilst contact with nature amplifies them. The presence of 
and interaction with green infrastructure can have psychological 
benefits; helping to reduce stress levels and restore attention 
(boosting potential productivity of employees at work), and health 
benefits such as improved recovery time of patients in hospitals and 
longer life expectancies. Furthermore, they are also beneficial for 
social well-being as they provide opportunities for social cohesion 
(Bertram and Rehdanz, 2015). 

2.3.1.1.6. Urban Agriculture 

Another example of strategies which work in harmony is that 
of green roofs and the production of food. While using roofs for 
agriculture does not rely on the surface being wholly or partially 

covered in a layer of vegetation (as portable planters boxes can be 
situated on top of an existing roof), having a permanent layer of soil 
can facilitate the small-scale production and cultivation of fruit and 
vegetables provided that the substrate is of a sufficient depth, the 
soil of a reasonable quality, and an efficient irrigation system is in 
place. 

The resulting produce which is often of ecologic standards 
can be consumed by the building’s residents, or even distributed 
locally to shops and restaurants. This helps reduce the ecological 
footprint associated with the large distances which food is often 
transported and generates resources and employment for those in 
charge, thereby helping to remediate poverty (Ajuntamient de 
Barcelona, 2015). 

2.3.1.2. Benefits for the Building’s Inhabitants 

2.3.1.2.1. Increase in the Building’s Economic Value 

Green roofs provide economic benefits for their users as they 
raise the monetary value of the building. (Ajuntamient de Barcelona, 
2015). A study carried out by Ichihara and Cohen (2011) analysed the 
impact of green roofs on rented property value in New York. They 
calculated that apartments with green roofs were on average valued 
at 16.2% higher than those without green roofs. The fact that green 
roofs are both aesthetically pleasing and regarded as sustainable, 
their perception by society is seen as a positive one, and this has 
been realised by the housing industry. 
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2.3.1.2.2. Increase in the Life of the Roof’s Impermeable Properties 

 Due to daily fluctuations of 60°C of the surface temperature 
of a typical roof in summer (and annual differences of over 100°C), 
combined with direct UV radiation, the ageing of a roof’s finishing 
element and waterproof membrane are accelerated. Cracks begin to 
appear, leading to potential leaks if not treated properly. Thanks to 
the vegetation and its supporting substrate, a green roof acts as a 
barrier between the original roof and the harsh elements above, 
helping to reduce the fluctuation in temperature of the roof, thereby 
limiting the thermal stress experienced by the roof’s elements, 
improving their longevity (Ajuntamient de Barcelona, 2015). The 
following section contains further details on how this is achieved.  

2.3.1.2.3. Thermal Insulation 

The possibility of achieving comfortable indoor air 
temperatures and energy savings in the building sector by 
implementing green roofs has been well documented by a broad 
body of relevant literature (Saadatian et al., 2013), (Yang et al., 
2015), (Bevilacqua et al., 2016). Green roofs reduce the heat flux 
through the roof thanks to a number of phenomena: low albedo, 
process of evapotranspiration, thermal resistance from soil, foliage 
shading, etc. A green roof therefore acts as a natural layer of thermal 
insulation (Jaffal, Ouldboukhitine and Belarbi, 2012). 

2.3.1.2.3.1. Vegetative Parameters 

One of the most important of these factors contributing to a 
green roof’s thermal insulation properties is evapotranspiration. This 

phenomenon is defined as a combination of evaporation (water 
transferred form the soil to the atmosphere), and transpiration 
(water transferred to the environment through the stomata located 
on the leaves of the plants). Whilst the amount of heat lost due to 
evapotranspiration depends on a number of physical and climatic 
factors, over 50% of the total thermal energy gained by an extensive 
green roof can be dissipated through evapotranspiration (Feng, 
Meng and Zhang, 2010). 

The shading effect of a green roof’s vegetative layer is also of 
paramount importance with regards to the role it plays in providing 
thermal insulation. The leaf area index (LAI) and leaf angle 
distribution (LAD) are the most important factors in effectively 
reducing the amount of solar radiation penetrating the canopy. LAI 
is measured as the total amount of ground covered by leaves for a 
1m2 surface area. The index ranges from 0 to over 15 with a value of 
0 indicating bare soil, increasing with the introduction of foliage. LAD 
on the other hand refers to the leaves’ angular orientation (Raji, 
Tenpierik and van den Dobbelsteen, 2015). Many studies have 
suggested that green roofs with higher LAI values perform better as 
thermal insulators (Schumann, 2007), (Jaffal, Ouldboukhitine and 
Belarbi, 2012), (Wong et al., 2003), (Kumar and Kaushik, 2005) with 
Sailor, Elley and Gibson (2011) going as far as suggesting that a green 
roof’s LAI is its most important parameter in cooling dominated 
climates due to its double benefit of providing solar shading and 
foliage transpiration. 
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2.3.1.2.3.2. Substrate Parameters 

A number of researchers have investigated the impact which 
the thickness, relative density, and moisture content of the 
vegetation’s supporting substrate has on the system’s thermal 
insulative properties. All studies agree with the fact that a thicker 
substrate leads to more thermal insulation. Additionally, during the 
hotter summer months, an increase in soil moisture content can 
increase the thermal energy dissipated through evapotranspiration. 
However, during the cooler winter months, moisture content can 
have an inverted effect caused by water having a higher thermal 
conductivity than air (Raji, Tenpierik and van den Dobbelsteen, 
2015).  

A less dense soil will have a greater number of air pockets 
than a denser one. If irrigated strategically, this can function as 
doubly beneficial as allowing a higher moisture content to be 
achieved during the summer months, whilst allowing them to be left 
unsaturated during the cooler winter months lowers the soil’s 
thermal conductivity. The result is an improved state of thermal 
comfort in the building. The biggest reductions in temperature are 
felt in the habitable spaces located directly under the roof, with 
benefits decreasing with vertical distance. This reduces the 
temperature fluctuation of the building’s dwellings, thereby 
reducing the building’s energy demand, saving inhabitants money on 
their energy bills.  

2.3.1.2.4. Acoustic Insulation 

Cities produce a lot of noise pollution. This is a leading cause of 
stress and reduced quality of sleep of the city’s inhabitants. Due to 
the rigid nature of conventional roofs’ finishing materials, the 
introduction of a green roof can reduce the acoustic waves 
diffracting over the buildings’ fifth façades. A green roof can improve 
the acoustic insulation of the habitable spaces located directly under 
the roof by up to 10 dB, thereby improving the wellbeing of those 
who live especially close to large sources of noise pollution 
(Ajuntamient de Barcelona, 2015). Green roofs have demonstrated 
their ability to reduce noise pollution coming from vehicular traffic 
in comparison to un-vegetated roofs, with maximum road vehicular 
traffic noise reductions of around 10dB at frequencies between 500 
Hz and 1000 Hz, depending on the properties of the green roof in 
question (Galbrun and Scerri, 2017). However, as suggested, the size 
of the green roof, height of the vegetation, thickness and level of 
saturation of the substrate all affect the green roof’s acoustic 
insulating performance. 

2.3.1.2.5. Capture of Solar Energy via Photovoltaic Panels and Solar 
Thermal Collectors  

It is the combination of strategies where possible which allow 
roofs to reach their optimal potential. Combining the generation of 
energy with the planting of vegetation on a single roof can help reach 
such optimal potentials for roofs. The layer of vegetation creates a 
micro-climate with a temperature much lower than that of the air a 
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mere few metres above. Solar panels work most efficiently in 
temperatures under 25oC (Figure 2.18). By mounting solar panels on 
said layer of vegetation, it allows them to work in lower 
temperatures, thereby increasing their energy generating 
performance by up to 16% (Ajuntamient de Barcelona, 2015). It is 
also worth mentioning that this microclimate also helps to improve 
the efficiency of HVAC systems (Jaffal, Ouldboukhitine and Belarbi, 
2012). 

Another benefit gained from this alliance arises thanks to the 
fact that the vegetation eliminates pollutants (mainly suspended 
solids) from the air. This prevents a build-up of particles on the solar 
panels, once again improving their performance. It can therefore be 
said that green roofs act as a means of maintenance for solar panels, 
reducing the need for human intervention. 

2.3.1.3. Components of a Green Roof 

2.3.1.3.1. Vegetation 

The finishing element of a green roof is the vegetative layer 
and is the layer which identifies a green roof as an environmentally 
friendly strategy. There are a range of species of plant which can be 
integrated into a green roof system depending on the roof’s 
structural capabilities and the climatic conditions in which it is 
located, before then adhering to the roof’s intended use. According 
to the thickness of the substrate and its maintenance laid out by the 
NTJ 11C (Fundacion de la Jardineria y el Paisaje, 2012), the types of 
vegetation that can be planted on a roof are the following: 

§ Succulents – plants which accumulate a large amount of water 
in their leaves and stems, giving a thick and juicy aesthetic 
appearance. These are almost all defined by the cacti and 
crassulaceae species of plant.  

§ Herbaceous perennials – plants and grasses which preserve their 
green leaves all year round. 

§ Shrubs – branched from the base of the plant, they measure 
between 1 and 5m in height and do not possess a single trunk. 

§ Trees – woody plants with a single trunk, usually measuring 
above 5m once past their infancy  
 

 
Source: Ajuntamient de Barcelona (2015) 

Figure 2.11. Layers which compose a typical green roof system 
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 2.3.1.3.2. Substrate 

The substrate is fundamental for its successful development 
as it supplies the vegetation with the water and nutrients needed to 
grow. It is the supporting layer for the vegetation and anchors the 
roots, allowing the plants to withstand relatively high wind loads 
experienced above the urban canopy. In order to guarantee the 
sustainability and success of green roofs, the substrates used should 
meet the criteria presented by the guidelines in the NTJ 11C 
(Fundacion de la Jardineria y el Paisaje, 2012). The two main types of 
green roofs from which the rest are drawn on are defined as 
extensive and intensive green roofs and are distinguished by their 
substrate depths. An extensive green roof is one which possesses a 
substrate no deeper than 15cm. An intensive green roof on the other 
hand must have a substrate with a minimum depth of 30cm (with 
systems in between being labelled as semi-intensive). This has a 
direct effect on the species of vegetation that can be planted, with 
Sedums flourishing in an extensive system, while larger plants and 
shrubs requiring an intensive system for their growth. 

2.3.1.3.3. Filter 

 The role of the filter layer is to prevent any fine material 
being picked up by the vertical flow of water through the substrate 
from blocking the system’s drainage layer below. It is also important 
for the filter to maintain the integrity of the substrate and vegetation 
situated above (Bianchini and Hewage, 2012). 

2.3.1.3.4. Drainage Layer 

 Due to the porous substrate, green roofs have a water 
retention capacity. A fully saturated substrate increases the risk of 
water leaks due to its increased load acting on the layers below. 
Furthermore, the extra water increases the total load imposed on 
the structure, and excess water in contact with the root barrier 
below can encourage the roots to keep growing, through said 
barrier. It is therefore essential that a drainage method is placed 
under the substrate which acts to relieve the system from any excess 
water. Drainage layers are usually made from light thin polymers 
such as polyethylene and polypropylene (Bianchini and Hewage, 
2012). 

2.3.1.3.5. Protective Root Barrier Layer 

The purpose of this layer is to protect the waterproof 
membrane situated underneath from being penetrated by the 
plants’ roots. Roots grow, strengthen, and move through the soil 
searching for available water and nutrients. Without a protective 
root barrier, the plants’ roots can pierce the system’s waterproof 
membrane allowing water to ingress into the roof’s structural 
component, potentially penetrating the structural component 
resulting in cracks and holes to appear, reducing the roof’s structural 
capacity (Bianchini and Hewage, 2012).  

2.3.1.3.6. Waterproof Membrane 

 Waterproof membranes are the last layer of a green roof 
system and sit directly on top of the roof’s structural component. 
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There are various types of waterproof membranes available on the 
market, however, it is recommended that a synthetic membrane is 
implemented as organic, bituminous membranes can be susceptible 
to root-penetration (Ajuntamient de Barcelona, 2015)  

2.3.1.3.7. Irrigation System 

 Just like all regular species of vegetation, those used in green 
roofs need to be periodically hydrated. It is therefore necessary to 
integrate an automated irrigation system into a green roof. As green 
roofs are exposed to high levels of solar radiation and wind, the most 
efficient and most commonly used system is that of a buried 
irrigation network. Such a system allows water to be distributed 
equally thereby allowing a regular growth of vegetation across the 
roof as the wind speed and direction is of no influence. Additionally, 
losses due to evaporation are drastically reduced.  

If it is deemed necessary to use an above-surface irrigation 
system such as a sprinkler, the effect of the wind must be taken into 
account. However, there are irrigation systems on the market which 
use spraying mechanisms that work at a lower pressure and spray 
larger, heavier drops in an attempt to minimise the effect of the wind 
(Ajuntamient de Barcelona, 2015). Regardless of the irrigation 
system, it is common practice to use rainfall and/or humidity 
sensors. With sensors in place, the roof will not be irrigated when it 
is raining, thus saving water. 

2.3.1.4. Social Factors 

 When assessing what uses will be incorporated into the 
chosen green roof, those who will ultimately profit from the new 
space must be assessed. The age of the individuals must be taken 
into account when planning safety measures and means of 
accessibility. Additionally, the maximum number of people who may 
potentially use the space at any given time as well as the frequency 
in which the roof will be used must be estimated with a reasonable 
amount of confidence for structural loading reasons.  

 Except in the case of single-family buildings, a renovation of 
a residential building’s roof is a project deemed suitable for a whole 
community. It is therefore essential to incorporate the community 
into the design process, listening to the voices of the potential users. 
This consultative process must then be compared with a technical 
study of the building to ensure that an adequate space which meets 
the needs of all its users can be built (Ajuntamient de Barcelona, 
2015). 

In cases where it may be possible to connect adjoining roofs 
in an effort to increase the amount of usable space available for 
enjoyment, various individuals and communities of two or more 
buildings would need to unite with the aim of achieving a single roof 
which belongs to all the tenants of the conglomerate of buildings. 
This would result in drawing up contracts or making horizontal 
agreements between the neighbours and forming a new community 
deemed with the task of managing the new larger space. 
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2.3.1.5. Technical Factors 

2.3.1.5.1. Climate & Weather Conditions 

There are several climatic factors that must be assessed prior 
to the design of a green roof. In a Mediterranean climate such as that 
experienced in Catalonia, high summer temperatures can result in 
certain roofs being too hot to use during peak sun-hours. It would 
therefore be advisable to incorporate plant species which are 
resistant to high temperatures and supply shade by means of 
infrastructure such as pergolas. In order to know which areas of the 
roof are currently shaded, a study into the spatial solar irradiance of 
the roof must be carried out, taking into account its orientation and 
any other infrastructure in the building’s vicinity which may obstruct 
direct sunlight from reaching the roof’s surface.  

Wind, rain and humidity are the other climatic factors in the 
equation of designing a green roof. The higher up a roof is located, 
the greater the wind speed will be. It is important to know how the 
air currents acting around the building interact with the roof in order 
not to place rest areas in exposed areas and install windbreakers in 
certain areas if necessary. Annual levels of rainfall and humidity in 
the area are to be assessed when considering species of plants and 
systems of irrigation. In Mediterranean regions it is almost always 
necessary to have an irrigation system set up as high temperatures 
are reached in the summer months with little rainfall occurring 
(Ajuntamient de Barcelona, 2015). 

2.3.1.5.2. Structural Considerations 

As discussed in Chapter 2.3.1., roofs are structurally designed 
to take a maximum amount of point and uniform load. A layer of 
vegetation exerts a load on the roof’s structure depending on its unit 
weight. When structurally assessing what kind of green roof the 
existing structure is safely capable of supporting, it is important to 
measure the weight of the system when its substrate is fully 
saturated and its vegetation is fully grown – the point at which the 
system weighs its maximum.  Once the dead loads associated with 
the system are known, the live loads associated with the residents 
who will be using the roof and any equipment that can be moved 
around the space can be assessed.  

2.3.1.6. The Eight Types of Green Roofs 

Taking all the previously mentioned variables into account, 
eight main green roof typologies can be constructed with the main 
characteristics of each presented below in Table 2.3. A description 
of the eight typologies, along with a table outlining aspects which 
must be taken into account by the user depending on the type of 
green roof installed can be found in Appendix A. It aims to act as a 
guide for anyone who is thinking about implementing a green roof 
but is unsure as to what function they would like their roof to 
predominantly carry out. 
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Table 2.3. Characteristics of green roof typologies 

Type of Green Roof Price (€/m2) Weight (kg/m2) Substrate (cm) 

Extensive 70 – 90 120 – 225 8 – 15 

Semi-intensive 90 – 130 150 – 450 15 – 30 

Intensive > 150 > 650 30 – 100 

Biodiverse 70 – 130 200 – 450 15 – 30 

Producer of food > 120 > 450 30 – 40 

Water accumulator Varied Varied Varied 

Energy generator Varied Varied Varied 

Multi-use Varied Varied Varied 

Source: Drawn up by the author using information available at Ajuntamient de 
Barcelona (2015) 

2.3.1.7. Economic Factors 

 Designing, engineering, installing and maintaining a green 
roof is not a cheap matter. Depending on the type, prices can cost in 
the region of 70 to over 150€/m2. For a not uncommon roof of 
250m2, this implies costs of up to and beyond 37,500€. It is therefore 
important that the economic factors involved in the operation be 
assessed in depth prior to the commencement of any works. In 
multi-family buildings, one way of lessening the upfront financial 
blow is achieved by dividing the costs between the building’s 
tenants. However, the manner in which they are divided can become 
problematic. If a green roof is designed with the focus on providing 
thermal and/or noise insulation, those tenants in the dwellings 

located closest to the roof will benefit (from improved conditions of 
comfort and reduced energy bills) much more than those located 
closer to the ground floor. In relatively small buildings this may not 
be much of an issue. However, where buildings reach great heights, 
there is a notable difference. 

2.3.1.7.1. Subsidies 

 External support can be provided by the state in the form of 
subsidies on a national, regional, and local council level. In the case 
of subsidies provided by the Barcelona city council, there is 
legislation in place which intends to support and encourage the 
construction of green roofs on residential buildings. For a passive 
energy saving measure implemented on a residential building’s roof, 
façade, party wall or patio, up to 50% of the construction costs with 
a maximum value of €60,000 can be applied for by the president of 
the building’s community or the owner of the building. If the project 
does not save the tenants money on their energy bills, then a 
maximum of 25% of the total project’s costs can be applied for 
(Ajuntament de Barcelona, 2014). 

If a great deal of insulation is not already present in the roof, 
a green roof will generally improve the thermal comfort of the 
building’s interior spaces. Restorations of this kind will therefore 
count as passive energy saving strategies and will be able to submit 
an application to have up to 50% of their installation fees covered, 
so long as over half of the roof’s surface area is due to be 
transformed into a green roof. A submitted project must include 
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proof of an installed irrigation system, a one-year maintenance 
contract, constructive solution, type of substrate, and proposed 
plant species. With regards to the residential buildings which are 
eligible for subsidies for said energy saving strategies, only those 
built since 1993 make the list (DOGC, 2014). However, there is no 
limit on the age of buildings which can apply for a subsidy covering 
up to 25% of a non-energy saving roof restoration strategy. 

Any intervention that requires the replacement or 
renovation of a roof’s constructive elements must meet an energy 
requirement. The ‘new roof’ must guarantee a maximum 
transmittance of 0.41 W/mK in order for the project to be subsidised. 
However, as an exception to the rule due to its architectural 
characteristics, projects undertaken on roofs ‘a la catalana’ will be 
able to receive financial aid without having to adhere to thermal 
transmittance requisites. Instead, it must be ensured that the roof is 
kept ventilated in the same, original manner.  

Upping the scale from that of the building to multiple 
buildings located within the same block (or even the whole block 
itself), subsidies alter somewhat. Where a green roof project is 
integrated into more than one building, a subsidy of up to 85% of the 
project cost may be granted, but with a lower limit of 5,000€.  

 

2.3.2. Harnessing solar energy 

 Solar energy is a non-polluting, free, inexhaustible source of 
energy which has been harnessed since the dawn of time through 
ever-evolving technologies. It has been used to dry and preserve our 
food, evaporate sea water to yield salt, and all forms of energy used 
nowadays originate from the sun. If captured, the incident energy 
can be used as an alternative energy source to the habitual polluting 
sources being tapped into today in order to regulate the 
temperature of our homes, heat our water, power our electrical 
devices, and much more. What’s more, if captured in the same 
building in which it will be used, local energy losses involved in 
transit will be significantly reduced (Kalogirou, 2004). 

The determination of the potential harvestable solar energy 
of a roof requires an assessment of the relative geographical 
potential (incident solar radiation), physical potential (roof 
characteristics), technical potential (energy generating system 
efficiency) and social and economic potentials (system management 
and integration). A hierarchical assessment illustrated in Figure 2.12. 
shows how the estimated theoretical amount of harvestable solar 
energy of a roof is achieved for both rooftop photovoltaic (PV) and 
solar thermal systems.   
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Source: Drawn up by the author using information available at Bergamasco and 
Asinari (2011) 

Figure 2.12. Schematic diagram of the hierarchical methodology 
associated with assessing the potential harvestable solar energy of a 
rooftop solar energy capturing system.  

 

2.3.2.1. Solar Radiation 

 The solar radiation received by the external layer of the 
Earth’s atmosphere at a plane perpendicular to the sun’s rays is 
known as the solar constant and has a value between 1.361 and 
1.362 kW/m2 depending on the position of the Earth in its elliptical 
orbit (European Commission, 2017). Once the solar radiation enters 
the atmosphere, it interacts with the components present in the 
Earth’s protective layer, thus undergoing different processes of 
dispersion, absorption and scattering that result in a proportion of 
the original value striking the surface of the Earth. Particles of water 
vapour and aerosols in the atmosphere, along with ozone and CO2, 
are partly responsible for said loss in potential. However, clouds are 
the main culprit. 

 The total radiation which is received by the Earth is the 
summation of direct, diffuse and reflected radiation and is defined 
as global radiation. Direct radiation is defined as the proportion 
which passes through the atmosphere without any interference and 
can therefore be modelled as arriving directly from the sun. Diffuse 
radiation is that which reaches the ground after reflecting off of the 
molecules and particles in the atmosphere. The third and final form 
of radiation derives from the radiation reflected off of non-
atmospheric objects such as man-made objects or the Earth’s 
surface itself.  
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Own source 

Figure 2.13. Global radiation split into its three separate parts: direct 
radiation (1), diffuse radiation (2), and reflected radiation (3) 

 The global radiation incident on a unit surface of the Earth 
depends on the atmospheric variables mentioned, along with a 
number of geographic and time-based variables such as the latitude, 
altitude, season and solar hour. The distribution of solar radiation 
across the autonomous community of Catalonia is represented by a 
map of the autonomous community according to its annual average 
of daily global radiation incident presented in Figure 2.14.  

 
Source: (Generalitat de Catalunya, 2001) 

Figure 2.14. Map of Catalonia according to its average annual incident 
global radiation (MJ/m2) 

 As previously mentioned, solar irradiation is angle 
dependent. Photovoltaic and solar thermal panels are usually 
installed at an inclined angle to the horizontal plane (or on motorised 
tracking systems) in order to maximise the (usually annual) incident 
solar radiation received by the system. Looking at Figure 2.15, the 
annual solar radiation in Barcelona represented as a percentage of 
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the possible maximum according to the plane’s angle and azimuth 
can be observed. It is clear that there is not one definitive plane 
located at a specific angle and azimuth, but rather an area which can 
be regarded as the optimum. This optimum is located at a relatively 
shallow angle (between 15° and 55°) and orientated towards the 
South, with the centre point roughly being located at an angle of 35° 
to the horizontal facing due South. 

 
Source: (Pagés Ramon, 2017) 

Figure 2.15. Annual global radiation as a percentage of the maximum for 
the region of Barcelona 

Figure 2.16. demonstrates that for the region of Barcelona, 
vertical facades located at different orientations experience 
different values of radiation over the course of the year. With 
regards to the angle’s importance, it can be seen that the horizontal 

plane receives a considerably higher amount of radiation during the 
summer months when the solar potential is greater than all vertical 
facades, irrespective of their orientation. Whilst Figure 2.15. signifies 
the maximum in-plane solar irradiation to be represented by an area, 
this can be analysed in greater depth to produce a single annual 
optimum angle of incidence. In the case of the region of Barcelona, 
the optimal angle is 35° ± 2.5° to the horizontal – see Appendix B for 
values of Incident solar radiation in Barcelona on surfaces oriented 
towards the South according to angles of vertical inclination. 

 
Source: Drawn up by the author using information available at (Arcadi, 2017a) 

Figure 2.16. Surface dependent incident daily global radiation in for 
Barcelona (latitude of 40°) 
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2.3.2.2. Rooftop Solar Capturing Systems 

The benefits associated with the installation and operation of 
rooftop solar capturing systems can be split into three categories. 
The first is that of saving energy. This is derived from the substitution 
of habitual energy sources for decentralised energy-producing 
systems which, once manufactured, do not consume energy 
themselves. This benefit can also be seen financially with regards to 
the costs saved associated with the energy saved. The second 
benefit which these systems can generate is that of creating jobs - 
the emergence of a new technology results in a rise in new 
production activities. The third and perhaps most important of the 
benefits which solar thermal energy provides is the reduction in 
environmental pollution. By producing electricity directly from the 
sun at the point of consumption instead of obtaining it from fossil-
fuelled driven methods transported an x amount of miles before 
being consumed, the associated emissions can be slashed 
significantly (Kalogirou, 2004). 

2.3.2.2.1. Photovoltaic Panels 

Photovoltaic panels are made up of solar cells which work 
thanks to the photovoltaic effect. The photovoltaic effect is defined 
as the capacity which certain chemical elements have to absorb 
photons and free electrons which if captured can by utilised in the 
form of electricity, essentially converting solar energy into useful 
electrical energy. The photovoltaic effect was discovered by physicist 
Edmund Becquerel in 1839, but solar cells were not commercialised 
until 1955. Although on the market, the useful energy generated by 

solar cells was at least 50 times more expensive than any 
conventional source at the time. Hence, photovoltaics were mainly 
used by the space industry (Lorenzo, 1994). 

Moving forward to the 21st century, and PV technologies 
have become far more commercially viable. There are many types of 
PV technologies, a number of ways in which PV systems can be 
installed, ever-decreasing related emission of pollutants, and greatly 
reduced payback periods. All this adds up to make a pretty good 
argument in favour of using photovoltaic panels on residential roofs 
to sustainably generate electricity in an attempt to satisfy cities’ 
domestic energy demands. 

2.3.2.2.1.1. Solar PV Systems 

 A photovoltaic system can be regarded as a stand-alone (off-
grid) or grid-connected system. A stand-alone PV system is not 
connected to the mains electricity grid, and therefore cannot supply 
power to it. These systems have batteries connected in order to 
store surplus energy which is then used during sunless hours. They 
are also much larger in nature and require much more roof space as 
without a connection to the mains electricity network, the system 
must be able to provide for 100% of the dwelling’s relevant energy 
demands.  Whilst stand-alone systems are popular in rural areas 
where the mains electricity network is not present, they are not 
generally utilised in urban areas where the supportive infrastructure 
is already in place. In a grid-connected PV system, any electricity 
which is produced and not consumed by the user can be sent back 
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to the grid and sold to the electricity distributers. Equally, in times of 
low production, the electricity mains can be relied upon to supply 
the dwelling with electricity, thereby negating the need for a battery. 

2.3.2.2.1.2. Solar PV Technologies 

Photovoltaic module technologies are always evolving, with 
a multiplicity of conversion efficiencies promised by their 
manufacturers depending on the underlying technology (ηmod). The 
PV module market therefore offers its potential buyers a wide range 
of technologies. The two most frequently used types of solar PV 
technologies currently on the market are described as first and 
second-generation technologies (Ullah, Silvestre and Domínguez, 
2013): 

2.3.2.2.1.2.1. Crystalline Silicon (c-Si) Technologies – 1st Gen 

Crystalline silicon cells are composed of silicon atoms in a 
crystal structure and branch off into mono- and poly-crystalline 
silicon technologies. The Mono-Si production technique is the oldest 
and currently the most expensive on the market. It is also the most 
efficient technology in converting solar energy into electrical energy. 
Poly-Si modules are slightly cheaper than their mono-Si counterparts 
but are also slightly more inefficient. (Bergamasco and Asinari, 2011). 

2.3.2.2.1.2.2. Thin Film (Amorphous Silicon) Technologies – 2nd Gen 

As opposed to crystalline silicon cells, amorphous cells are 
composed of silicon atoms in thin homogenous layer. Due to the 
cell’s ability to absorb a large proportion of incident light, they can 
be produced much thinner than their crystalline counterparts (circa 

1μm as compared to roughly 100μm for crystalline solar cells) – 
hence the term ‘thin film’ PV technology. This allows them to be 
deposited on a range of materials, both rigid and flexible, owing to 
the thin film PV technology’s most prominent advantage over its 
competitors. Thin film solar cells branch off into Cadmium Telluride 
(CdTe) and CIGS technologies, and the economic costs associated 
with each are less than those associated with c-Si technologies. 
However, their respective efficiency levels are also lower (in the 
region of around 6%) (Kalogirou, 2004). 

Crystalline silicon technologies have dominated the PV 
market, accounting for well over 80% of modules sold since the turn 
of 21st Century (Figure 2.17.). However, there seems be a recent 
surge in the use of PV modules harnessing thin film technology. 

2.3.2.2.1.2.3. PV Module Efficiencies 

The performance of a PV module is generally defined by its 
‘installed peak power’. Manufacturers of PV modules quote an 
installed peak power taken at Standard Test Conditions (STC) 
determined by the international standard IEC-60904-1 – 1000W/m2 
solar irradiance in the plane of the module with a module 
temperature of 25°C and with an air mass coefficient of 1.5 spectrum 
– and is displayed as the kilowatt-peak (kWp) value. This implies that 
if the module were 100% efficient in converting solar energy to 
electrical energy, a module the size of 1m2 would be needed to 
achieve a system with a peak power of 1kWp. However, if the peak 
power of a PV system is not known but the quoted conversion 
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efficiency is, the system’s peak power can be calculated by summing 
the total surface area of the modules present and multiplying the 
value by the quoted conversion efficiency of the solar modules 
(European Commission, 2017): 

𝑃𝑒𝑎𝑘	𝑝𝑜𝑤𝑒𝑟 = ∑𝑚𝑜𝑑𝑢𝑙𝑒	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	 ∗ 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	 (2.1) 
           [kWp]                              [m2]                                        [%]  

In reality, the total incident solar radiation in the module’s 
plane will not be a constant 1,000W/m2, nor will the module be 
operating at a constant temperature of 25°C. These two climatic 
factors (among other variables) affect the efficiency of the PV 
module. With increasing temperatures, the efficiency of the module 
will decrease at a variable rate depending on the PV technology 
(ηtemp). Furthermore, for irradiances of between 400W/m2 and 
1,000W/m2, the efficiency of the majority of PV technologies is 
constant. However, below this range, efficiency tends to drop 
(European Commission, 2017). Figure 2.18. shows the effect that 
module temperature and incident radiance have on c-Si and thin film 
PV cells. 

Taking the factors addressed above into account will give the 
PV power that can be outputted by a PV module. However, before 
the power can be deemed as useful, it must flow through the 
system’s network of cables, dissipating power on the way in order to 
be converted from its current DC state into AC by an inverter which 
results in another loss of power. The addition of these two losses are 
known as the system losses (ηins). Furthermore, PV modules tend to  

 
Source: Drawn up by the author using information available at Ullah, Silvestre 
and Domínguez (2013) 

Figure 2.17. PV technologies dominating the market (1999 – 2008) 
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lose efficiency with age. Jordan and Kurtz (2013) found that annual 
efficiency losses in the region of 0.5% occur in PV modules. 

 
Source: (European Commission, 2017) 

Figure 2.18. Relative efficiency of PV technologies with respect to 
irradiance levels and module temperatures 

 The last set of variables which influence the efficiency of PV 
modules are those which inhibit the maximum amount of potential 
solar radiation present at any one moment be captured by the solar 
cells. Whilst it is not experienced much in Mediterranean climates, 
the settling of snow on solar modules reduces their energy output 
considerably (ηsn). The settling of dust and dirt, though, is a more 
common phenomenon (ηdu). The inclination of the modules and the 
amount of rainfall present to wash away the build-up of particles 
(along with the frequency in which they are cleaned) will affect the 
detrimental effect the settled particles will have on the module’s 
efficiency (European Commission, 2017). 

Taking all these system losses into account, a total system 
efficiency per technology (ηtot) can be established. The maximum 

annual total electricity which can be generated by a PV system can 
then be calculated using a relatively simple equation (Šúri et al., 
2007): 

𝐸9 = 𝜂;<; ∗ 𝐺                                    (2.2) 
Where: 
 EU = maximum annual electricity generated (kWh/m2/yr) 

ηtot = total PV system efficiency 

G = maximum annual sum of global irradiation on chosen  
plane (kWh/m2/yr) 

2.3.2.2.1.3. Economic Factors 

 A number of factors come into play when assessing the 
financial cost of a PV system. The main factor depends on whether 
the system is connected to the electricity grid or not. The cost of a 
stand-alone PV system is generally higher than a grid-connected 
system due to two variables. The first additional cost is that 
associated with the battery needed to store the surplus energy. The 
second comes with the larger size of the system needed in order to 
be able to satisfy the whole of the dwelling or building’s relative 
energy demand. However, regulations usually state that PV systems 
functioning in urban environments are required to be connected to 
the grid. As the study is looking into the potential associated with 
urban areas, the economic aspects of grid-connected PV systems will 
be focused on. 
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Studies have shown the investment costs involved in the 
installation of a rooftop crystalline PV system to be somewhere in 
the range of  2.59€2010/Wp to 3.19€2010/Wp (Ajuntament de 
Barcelona, 2011b). The element which bears the biggest brunt of the 
cost is the module itself, accounting for over half the total cost. 

 
Source: Drawn up by the author using information available at Ajuntament de 
Barcelona (2011b) 

Figure 2.19. Breakdown of costs involved in the initial investment of a 
rooftop crystalline PV system  

However, due to technological advances and the reduction in 
costs which this in turn causes, these costs are projected to halve by 
2020 (1.32€2010/Wp), in relation to those quoted in 2010 
(Ajuntament de Barcelona, 2011b). 

 
Source: Drawn up by the author using information available at Ajuntament de 
Barcelona (2011b) 
Figure 2.20. Evolution of the investment costs associated with a rooftop 
crystalline PV system 

With regards to the financial costs incurred during the 
lifetime of the system due to its operation and maintenance, these 
are seen to be in the region of 41.20€2010/Wp. These costs (unlike 
those associated with the initial investment) are quoted for all 
underlying PV module technologies. However, similar trends 
indicating the reduction in costs over time are seen for these 
associated costs, albeit at a slower rate.  
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Source: Drawn up by the author using information available at Ajuntament de 
Barcelona (2011b) 

Figure 2.21. Operation and maintenance associated costs of a rooftop PV 
system 

2.3.2.2.2. Solar Thermal Collectors 

 The incident solar energy on our roofs can be captured and 
used directly (without the need to convert it into electricity) by solar 
thermal systems. These systems use the sun’s solar thermal energy 
to heat up water which can then be stored and distributed according 
to the building’s residents’ domestic hot water (DHW) needs. 

 Solar thermal systems can be regarded as having open or 
closed circuits depending on whether the water which is to be 
consumed is heated directly (open circuit), or indirectly thanks to 
another fluid acting as a heat conductor (closed circuit) and can be 
incorporated into multi-family buildings in a number of different 
ways (Cuchí i Burgos et al., 2002). However, this study will be paying 
significant attention to the system’s capturing elements.  

2.3.2.2.2.1. Solar Thermal Collector Technologies 

The solar thermal collectors are the elements which convert 
the sun’s radiant energy into usable thermal energy. There are a 
number of ways in which the sun’s energy can be collected and used 
to heat up water. The three most commonly used collectors of solar 
thermal systems for DHW are the following: 

2.3.2.2.2.1.1. Covered Flat Plate Collectors 

The most widespread solar thermal system; covered flat 
plate collectors are relatively simple to install and utilise a relatively 
simple underlying technology. As the sun’s rays strike a long metallic 
tube which snakes around within the panel’s peripheries, it transmits 
heat to a number of separate 
pipes which carry a fluid. In order 
to increase the system’s 
performance, the tubes are 
contained within a metallic or 
plastic well insulated casing with 
the upper surface being covered 
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by a sheet of glass in order to allow the sun’s rays to penetrate the 
encased components. This helps to form a greenhouse effect, 
allowing temperatures in the region of 60 to 70°C to be achieved so 
long as the collector is orientated towards the equator at an angle to 
the horizontal roughly equal to that of the location’s latitude (Cuchí 
i Burgos et al., 2002). 

2.3.2.2.2.1.2. Uncovered Flat Plate Collectors  

Uncovered flat plate collectors are identical in their workings 
to the covered flat plate collectors previously discussed, with the 
only difference being that they lack a protective glass cover. Without 
a layer of glass to create a greenhouse effect, they do not contain 
the same heat-retaining capabilities. They are therefore more 
economical but carry a much lower efficiency. Due to the relatively 
large energy losses associated with the lack of a greenhouse effect, 
they require a lot of roof space in order to be used for a dwelling’s 
DHW demand. Each module (whether covered or not) usually 
measures in the region of 1.7 – 2.5m2 and can be installed at an angle 
anywhere between fully horizontal (with a worse performance) and 
fully vertical (with a better performance due to stratification) (Pages 
Ramon, 2017). 

2.3.2.2.2.1.3. Evacuated Tube Collectors  

Less conventional systems, evacuated tube collectors are 
generally more expensive than their habitual flat plate counterparts. 
That being said, evacuated tube collectors have a higher efficiency 
(even at lower angles of incidence) and offer a better architectural 

integration as their performance does not depend on their 
orientation (allowing them to be placed parallel to the roof’s existing 
surface). They are formed by rows of transparent glass tubes, each 
containing a second tube inside them 
acting as a heat absorber within 
which the heat transfer fluid flows. A 
vacuum is produced between the two 
tubes which eliminates losses via 
conduction and convection, thus 
boosting their performance and 
allowing the water to reach 
temperatures of 70 - 100°C. 

2.3.2.2.2.1.4. Solar Thermal Collector Efficiencies  

As previously mentioned, all solar thermal systems should be 
installed with their own storage tank where the heated water can be 
held before being distributed throughout the building. If the tank is 
well-integrated and well-insulated, it may allow the conservation of 
hot water through periods of low solar radiation (e.g. overnight) 
before being used later on (e.g. the next morning). However, this 
capability depends entirely on the system’s thermal efficiency (Cuchí 
i Burgos et al., 2002). In the winter months where levels of solar 
radiation are on average relatively lower, a conventional DHW 
system should be integrated into the system and connected to a 
thermostat. 

Figure 2.23. Source: (Pages Ramon, 2017) 
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The thermal efficiency of a collector (ηcol) is defined as the 
ratio between the useful energy produced by the collector and the 
solar thermal energy incident on it. The external variables which 
affect the technology’s thermal efficiency are the average 
temperature of the module, the ambient air temperature, and the 
incident solar radiation. The collector’s efficiency (ηcol) can be found 
by carrying out the following equation and finding it’s corresponding 
value on the y-axis of a graph such as that present in Figure 2.24. 
using the curve of the collector’s underlying technology (Arcadi, 
2017b): 

𝑥 = (𝑇A − 𝑇C)/𝐼                                      (2.3) 
Where: 
 Tm = Module temperature (°C) 

 Ta = Ambient air temperature (°C) 

 I = solar thermal radiation (W/m2) 

2.3.2.2.2.2. Economic Factors 

 There are two principal economic factors which must be 
taken into account when implementing a rooftop solar thermal 
collector system for a building’s DHW demand. The first is the type 
of collector desired. Flat plate collectors are cheaper than their 
evacuated tube counterparts but have lower efficiencies. The 
balance between performance and cost between the two 
technologies must therefore be weighed up. The second regards 
scale. The cost per installed kWh decreases as the size of the 

installation increases. Thus, the proportion of DHW demand wished 
to be supplied by the system must also be taken into account. 

 
Source: (Arcadi, 2017b) 
Figure 2.24. Example of comparative efficiencies for several types of 
solar thermal collectors 

Studies have shown the investment costs involved in the 
installation of a 10kW rooftop solar thermal flat plate collector 
system to be 1,000€2010/kW. The same costs associated with a 10kW 
evacuated tube collector on the other hand are estimated to reach 
1,180€2010/kW (Ajuntament de Barcelona, 2011b). As the 
technologies advance, components become standardised, the 
supply chain improves, etc., and the financial cost of the systems will 
reduce. Figure 2.26. shows the potential cost reductions achieved by 
2020. 
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Source: Ajuntament de Barcelona (2011b) 

Figure 2.25. Breakdown of costs involved in the initial investment of 
rooftop solar thermal collector systems 

 
With regards to the financial costs incurred during the 

lifetime of the system due to its operation and maintenance, these 
are dependent on the size of the system, and are quoted as being 
between 20 and 30€2010/kW. These costs (unlike those associated 
with the initial investment) are quoted for all types of solar thermal 
collectors and are also suggested to decrease over time.  

 
Source: Ajuntament de Barcelona (2011b) 
Figure 2.26. Evolution of the investment costs associated with rooftop 
solar thermal collector systems 

 
Source: Ajuntament de Barcelona (2011b) 
Figure 2.27. Operation and maintenance associated costs of a solar 
thermal collector system 
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2.3.2.2.3. Architectonic Integration 
 Solar capturing systems can be integrated with an existing 
roof through three methods of varying degrees. Each has their 
advantages and disadvantages and must be analysed before the 
purchase of a system (Cuchí i Burgos et al., 2002). 

§ Independent system – placement considered with little or no 
relation to the roof’s characteristics and existing elements. 
They are the easiest of the three to install and can be 
mounted at their optimal angle. However, they present a 
visual impact which is not widely accepted across society. 

§ Superimposed system – placed on top of the existing roof, 
but in the same plane, thereby reducing the visual impact of 
the system. Fairly easy to install, but their operating angle is 
restricted to that of the roof.  

§ Integrated system – system is integrated into the roof’s 
constructive elements, substituting the roof’s previous 
finishing element. An integrated system is usually the most 
expensive of the three to install (when being retrofitted), and 
it must be ensured that it contains the properties of a 
conventional finishing element (durability, waterproof, etc.).  

2.3.2.2.4. Meeting Energy Demands 

 Rooftop solar capturing systems are implemented in the 
residential building stock with the aim of substituting as much of the 
energy used in running the homes (heating, cooling, cooking, 
electrical appliances and DHW) which comes from the large 
distributors, for free, clean energy originating from a decentralised  

 
                        (a)                                          (b)                                              (c)  

Own source 

Figure 2.28. Degrees of solar capturing system integration with the roof 
(a) independent system, (b) superimposed system, (c) integrated system 

source located at the point of consumption. As the domestic energy 
consumption is not constant throughout the year but rather 
generally higher during the winter months than the summer months, 
there are two predominant ways in which solar capturing systems 
can be implemented to meet the relevant domestic energy 
demands. 

The first of these methods is regarded as the ‘self-sufficiency’ 
approach. In this method, the curve denoting electricity generated 
by the solar capturing system intends to match the annual demand 
curve, thereby covering 100% of the demand (see Figure 2.29.). The 
second method is known as the ‘Balance 0’ approach. The overall 
annual balance of supply and demand is even, but the curves are 
inverted in that the supply curve’s peak is located in summer when 
the amount of solar radiation is at an annual high, and dips under 
the dwelling’s higher energy demand during the winter months. In 
the case of PV systems, the “extra” energy that is captured in and 
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around the summer months can be sold back to the main grid for a 
price determined by the local authorities. However, the same cannot 
be said for solar thermal collectors being used to satisfy the 
building’s DHW demands as surplus hot water cannot be sold nor 
redistributed. This dictates that the ‘Balance 0’ approach should only 
be assessed when installing PV systems 

 
Own source 

Figure 2.29. Examples of the ‘self-sufficiency’ and ‘balance 0’ approaches 

The defining parameter in these two approaches involves the 
angle at which the capturing system is installed. When following the 
‘self-sufficiency’ approach, the solar panels must be installed at a 
larger angle in relation to the horizontal as they are able to capture 
more energy during the winter months when the sun’s highest point 
in the sky (its zenith) is relatively low. However, this comes at the 
cost of less solar energy captured during the warmer half of the year. 
In turn, to achieve a ‘Balance 0’ system, solar panels must be 
installed at a much shallower angle. At shallower angles, solar panels 
can exploit the sun’s maximum radiative energy during the summer 
months as it reaches its maximum annual zenith on June 21st. 
However, it must be kept in mind that if a panel is installed at an 
angle above 15° with respect to the horizontal, rainfall will help to 
clean the surface and the system losses due to dust particles will be 
reduced (Cuchí i Burgos et al., 2002). 

 
Own source 
Figure 2.30. Difference in incident solar radiation on panels installed at 
different angles during summer and winter 
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2.3.2.2.5. Solar Thermal Energy Grants, Subsidies and Regulations  

 Technical, technological, and institutional barriers have 
prevented the widespread use of solar thermal energy at a domestic 
level. Despite these barriers, large economic costs associated with 
the installation of the systems might be the real barrier for the 
strategy’s development. In order to alleviate these economic 
barriers and present societies with the opportunity to seek energy 
generation through solar thermal systems, governments have 
developed policies which aim to dampen the economic burden on 
the consumers.  

 The promotion of renewable technologies in Spain has been 
supported by the approval of a number of legal rules and regulations. 
The introduction of the European Directive 2002/91/EC gave rise to 
the national Technical Building Code (Royal Decree 314/2006) 
(Ministerio de Vivienda, 2006) which contains a procedure on energy 
efficiency certification (Royal Decree 47/2007) (Ministerio de la 
Presidencia, 2007b) and on the Regulation of Thermal Installations 
in Buildings (Royal decree 1027/2007) (Ministerio de la Presidencia, 
2007a) (Pablo-Romero, Sánchez-Braza and Pérez, 2013). 

 As a result of the Technical Building Code (CTE), both new 
buildings and rehabilitated buildings with a useful area of over 
1,000m2 (in which at least 25% of their envelope is renovated) must 
incorporate solar thermal systems as a source of energy 
consumption. Depending on the climatic zone the building falls 
under, coupled with its sanitary hot water demand, a minimum 

contribution of solar energy is stated. Additionally, some councils 
such as that of the City of Barcelona have gone one step further and 
implemented their own (more stringent) regulations with regards to 
a minimum use of solar thermal energy for the heating of sanitary 
water, known as the Solar Hot Water Ordinance. 

2.3.2.2.5.1. Solar Hot Water Ordinance 

Barcelona was the first European city to implement a legally 
binding solar thermal ordinance making it compulsory for all new 
buildings, renovated buildings, and buildings changing their main use 
to have a minimum percentage of their sanitary hot water provided 
by solar energy. The current Solar Hot Water Ordinance (Ajuntament 
de Barcelona, 2011a) dictates a minimum of between 60 and 70% 
depending on the daily amount of DHW consumed, and whether the 
supporting energy source is that of gas, oil, propane or natural gas, 
or electricity. Thanks to the Barcelona City Council who were the 
main party in favour of utilising solar thermal energy in the city, the 
ordinance has been viewed as a crucial step towards standardising 
the use of solar thermal energy in Spain and making it the norm 
(Ajuntament de Barcelona, 2011b). The rest of the country took note 
of the ordinance’s success, and many Spanish Councils began to 
approve similar bylaws in their areas, adapting them to the region’s 
specific characteristics with the Autonomous Communities of 
Catalonia and Madrid having approved the most number of bylaws 
since (Pablo-Romero, Sánchez-Braza and Pérez, 2013). 
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2.3.2.2.5.2. State Incentives 

 Three types of economic incentives exist in Spain in order to 
promote the installation of systems harnessing solar thermal energy: 

1) Tax incentives 

 20% reduction in personal income tax (Royal Decree-Law 
5/2011) (Jefatura del Estado, 2011) for the costs made to replace 
electricity, water or gas supply installations with those that use a 
renewable form of energy. The Royal Decree-Law specifically 
mentions the installation of solar panels to substitute non-
renewable methods of producing hot sanitary water within the 
home. The maximum tax allowance per tax period is 1,350€. That 
being said, if the amount were to be greater, the deduction may take 
place over successive tax periods up to a total of 4,000€ (Pablo-
Romero, Sánchez-Braza and Pérez, 2013).   

2) Direct grants 

 Grants are given directly by the national government to solar 
thermal energy installations which are not deemed compulsory 
under the CTE. With regards to grants provided by the Barcelona city 
council, for an active energy saving measure implemented on a 
residential building’s roof, façade or party wall, up to 60% of the 
construction costs with a maximum value of €60,000 can be applied 
for by the president of the building’s community or the owner of the 
building (Ajuntament de Barcelona, 2014). The application must be 
presented with a maintenance contract agreed for a minimum of 
four years, and the infrastructure must comply with all relevant 

guidelines such as those set out in the regulation of thermal 
installations in buildings (RITE). However, to reiterate the point 
outlined in Chapter 2.3.1.7.1., due to the energy saving nature of 
solar thermal energy harnessing systems, the residential buildings 
which are eligible for such grants are only those erected since 1993 
(DOGC, 2014). However, there is no limit on the age of buildings 
which can apply for a subsidy covering up to 25% of a non-energy 
saving roof restoration strategy. 

3) Favourable financing 

 Through a scheme known as the Solcasa programme, 
accredited solar energy companies can apply through the IDEA for 
loans to encourage individuals into installing solar thermal energy 
systems in non-industrial buildings. The company offers a package 
deal to the client, taking on all aspects associated with the design, 
installation and maintenance of the system. The client is not 
burdened with the process, nor has to part with a single penny of the 
immediate cost of the investment until the system is up and running, 
where they then have up to ten years to pay off their “debt” (Pablo-
Romero, Sánchez-Braza and Pérez, 2013). 
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2.3.2.2.5.3. The Current Spanish Self-Consumption Regulation 

The reduction in costs thanks to the advancement in PV 
technology has allowed the cost of generating electricity via 
decentralised PV systems to equal that of purchasing it from the grid 
in many countries (López Prol and Steininger, 2017) – otherwise 
known as grid parity. Whilst Spain tops the European charts for 
countries with most solar irradiation (see Figure 2.31.) and supplied 
grants for the installation of PV systems, it possesses some seriously 
restrictive regulations with regards to the self-consumption of the 
electricity generated by such PV systems. Electricity produced by PV 
sources accounts for 3.1 – 3.2% of Spain’s total electricity 
consumption – less than half of that produced by countries such as 
Germany, Greece and Italy. This comparatively low value stems from 
the fact that the country’s electricity distributors have been faced 
with financial constraints over the last decade due to their costs 
outweighing their revenues – or, as they like to call it, the 
accumulation of “tariff deficits” (López Prol and Steininger, 2017). 

There are a number of regulation schemes involving criteria 
varying to a certain degree depending on the depth into which one 
delves. However, in simplified terms, three types of regulation 
schemes can be outlined (López Prol and Steininger, 2017): 

                                                
1 Note that the variable part of the retail price is quoted since the price of the fixed part 
must be paid irrespective of how much electricity is consumed from the grid 

 
Figure 2.31. Levels of global irradiation across Europe 

§ Net Metering (NM) – both PV self-consumed electricity and PV 
surplus electricity are valued at the same price – the variable 
part of the retail price1. 
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§ Net Billing (NB) – the value of surplus electricity from 
decentralised PV systems is less than that of the electricity 
provided by the grid. 

§ Solely Self-Consumption (SC) – a regulation scheme in which 
surplus electricity has no monetary value. 

 NM and NB schemes therefore act as passive subsidies (of 
varying degrees) for those who are producing electricity through 
their own decentralised PV systems as they are able to sell their 
surplus electricity for a certain price. This is contrary to an SC scheme 
in which the prosumers (joint producers and consumers) are 
essentially financing the large electricity distributors as the 
electricity fed into the grid free of charge will be sold by the 
distributors at retail price to other consumers (López Prol and 
Steininger, 2017). The regulation scheme introduced in Spain in 2015 
under the Royal Decree (RD) 900/2015 (Ministerio de Industria, 
2015) employs neither an NM nor an NB regulatory scheme. Rather, 
it introduces two types of self-consumers. Type 1 consumers are 
those with a maximum installed PV capacity of 100kW and are legally 
considered to be mere consumers. They are therefore not entitled 
to any benefits for the surplus electricity they feed into the grid. Type 
2 consumers are those who have an installed PV capacity of over 
1,000kW and are legally considered as both consumers and 
producers, and thus are paid for their surplus electricity. Due to the 
relatively small size of residential PV systems, the RD 900/2015 
defines residential prosumers as type 1 self-consumers, thus acting 
as an SC scheme by definition. 

 In implementing such restrictive regulations which 
consequently do no favours for the integration of PV systems into 
the country’s energy sector, the sector hopes to prevent further 
financial constraints. To quote the RC 900/2015 itself, its aim is to 
“ensure an ordered development of the activity, compatible with the 
need to guarantee the technical and economic sustainability of the 
electricity system as a whole”, such that “the PV installations 
contribute to covering the costs and services of the system in the 
same amount as any other consumer”. 

Furthermore, the RD 900/2015 introduces a “backup 
charge”; a fee applicable to all grid-connected PV producers, 
regardless of whether they are deemed a type 1 or type 2 self-
consumer, linked to the self-consumed electricity (€/kWh). 
However, that being said, type 1 installations with less than 10kW 
installed capacity and installations situated in territories away from 
the peninsula are exempt from the charge. 

An important feature of the regulation declared that a single 
PV system must not share the electricity produced to multiple end-
consumers, thereby almost eradicating the potential for PV systems 
in multi-family buildings. However, this feature was not well 
received across the country and was consequently removed by the 
Constitutional Court in 2017. All of the country’s political parties bar 
the one in power at the time the RD 900/2015 was introduced have 
expressed their wishes to repeal this bill and remove the “backup 
charge”, locally known as the “sun tax”. However, this has yet to be 
seen. 
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2.3.3. Harvesting Rainwater 

2.3.3.1. Water Runoff 

Runoff is a term given to a flow of liquid over a surface. The 
percentage of liquid (in this case water) which does not infiltrate the 
ground which it flows over – due to the surface being impermeable 
or fully saturated – is defined as surface runoff. An organic material 
such as soil which is relatively permeable to water will allow the 
liquid to permeate vertically through the inter-particle voids of its 
substrate up to the material’s point of saturation. Less permeable 
materials such as those more predominantly found in a 21st century 
urban roofscape (asphalt, concrete, ceramic, etc.) will experience 
larger volumes of water runoff than their more permeable 
counterparts (Viessman, Lewis and Knapp, 2002). 

Over the course of the 20th Century, anthropogenic actions 
such as the swift urbanisation of much of our land has converted 
what was once permeable landscapes into impermeable ones, 
increasing the amount of storm water runoff around the globe. 
Urbanisation usually comes with a series of stormwater drainage 
systems in order to divert such volumes and intensities of 
stormwater runoff away from the inhabited areas quickly and 
efficiently, thereby increasing the peak flows and runoff volumes 
whilst decreasing the watershed’s time lag. Figure 2.32. uses a 
hypothetical hydrograph to illustrate how this large-scale effect of 
impermeabilization which urbanization causes affects the lag time 
and hydrograph peak. 

 
Source: (Leopold, 1968) 

Figure 2.32. Hypothetical unit hydrograph relating runoff with rainfall 

A shortened lag time and larger peak discharge can result in 
the flooding of urban areas which can bring grave consequences. 
There are several societal responses to floods. These responses can 
be placed into two main categories: 

§ Flood protection schemes – this involves finding means to 
combat the physical damage caused by floods. 
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§ Flood warning and temporary evacuation – flood warning 
systems use advanced equipment to monitor rain depths and 
intensities and water surface profiles. They then combine these 
data with weather forecasts to predict the likelihood of a flood 
occurring at any given moment. 

 However, these responses are means of protection, not 
prevention. None of these methods deal with the problem at heart 
– not allowing the issue to arise in the first place. In order to prevent 
society having to deal with such unwanted and damaging scenarios, 
methods to reduce the potential of flooding must be assessed and 
implemented (Babatunde, 2015). The positive impacts a well-
implemented means of flood prevention can be experienced 
environmentally, economically and socially, as adverse 
environmental impacts can be reduced, costs to both the public and 
private spheres can be saved, and the wellbeing of inhabitants can 
improve. 

The first hydrological component of any flood prevention 
strategy involves estimating how often floods of a given size occur; 
otherwise known as a frequency analysis. The return period T of such 
analysis is defined as the average recurrence interval between 
events that equal or exceed a specific magnitude. The concept of the 
return period can also be applied to precipitation, where rainfalls of 
increasing intensities have larger return periods as they are less likely 
to occur.  

This knowledge is crucial when designing drainage systems 
across all scales. Looking at urban stormwater drainage systems, 
they must be designed with specific dimensions to ensure the safe 
transportation of stormwater runoff without overflowing and 
flooding the ground above. Figure 2.33. illustrates the typical 
elements involved in an urban stormwater drainage system. A key 
factor which contributes to said design is the estimated peak flow 
entering the system (Viessman, Lewis and Knapp, 2002). Whilst 
there are a number of ways to calculate peak runoff flows, the most 
widely used method in the design of urban drainage systems is the 
Rational Method formulated by Emil Kuichling in 1889. Using said 
method, the peak runoff flow is calculated by the following equation:  

𝑄H = 𝑃 ∗ 𝐴 ∗ 𝑅𝐶                                           (2.4) 
Where:  

Qp = peak runoff flow (m3/s) 

P = average precipitation intensity (mm/hr) 

 A = watershed (hectares) 

 RC = runoff coefficient 

If the peak flow is reduced, the loads experienced by the 
drainage system and the probability of flooding will decrease. The 
total surface area measured in a two-dimensional plane on which 
precipitation falls is known as a catchment area, whilst a watershed 
is defined as a conglomerate of one or more catchment areas which 
flow to the same outlet (Viessman, Lewis and Knapp, 2002). Hence, 
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considering a building’s roof as a catchment area, if a proportion of 
the volume of stormwater runoff could be stored and even used 
before being emitted into the local urban drainage system, the peak 
flow runoff would be delayed, thereby increasing the lag time of the 
watershed’s hydrograph whilst decreasing the hydrograph peak 
(refer to Figure 2.32.). 

 
Source: (Feldman, 1994) 

Figure 2.33. Typical elements involved in an urban stormwater drainage 
system 

Storing the stormwater which falls on the roof would require 
diverting the runoff water which flows through the building’s 
downpipes to a storage tank before being discharged into the 
underground urban drainage system. However, before this last step, 

the collected rainwater can be used domestically for uses which do 
not require potable water – the principle three uses being the 
washing of clothes, the flushing of toilets, and the watering of plants. 

2.3.3.2. Runoff Coefficient 

Examining the flow of water within a catchment area, water 
runoff is not the only way in which the viscous liquid can leave the 
area’s confines. Depending on the local climate, a certain amount of 
rainwater can also be transferred from the surface to the 
atmosphere above by means of evaporation. The rate of evaporation 
is a function of many climatic variables, ranging from the solar 
radiation present to the differences in vapour pressure between the 
water surface and the overlaying air. The percentage of water which 
evaporates before it gets the chance to flow out of the catchment 
area is therefore dynamic and differs depending on the scenario 
(Viessman, Lewis and Knapp, 2002). 

 Hence the need for a coefficient which indicates the 
percentage of water which is converted to runoff as it flows over said 
surface. The runoff coefficient is a surface dependent dimensionless 
value between 0.0 and 1.0 which does just that. It depends on a 
number of variables associated with the surface as well as the 
rainfall’s characteristics. With regards to the surface, its material – 
indicated by its initial abstraction – is deemed as the most influential 
variable (Farreny et al., 2011). 
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The initial abstraction is measured as the amount of rainfall 
which occurs prior to the start of direct runoff and is determined by 
the material’s roughness, porosity, and inclination. Hence, each roof 
will have a unique initial abstraction value depending on its finishing 
material, age and inclination. The most influential component of the 
initial abstraction is regarded as ‘interception’. This can be defined 
as the relatively thin layer of water which remains stuck to the roof 
before returning to the atmosphere by means of evaporation. 
Farreny et al. (2011) measured the initial abstraction from four 
different types of roofs in the town of Cerdanyola del Valles located 
in Catalonia, Spain, with estimated values of 0.8mm, 3.8mm, 0.0mm, 
and 0.0mm for an inclined clay tile, flat gravel, inclined metal sheet, 
and inclined polycarbonate plastic roof, respectively. 

 However, as previously stated, the characteristics of the 
rainfall also play their part in the determination of a runoff 
coefficient. As mentioned earlier in the chapter, rainfalls have return 
periods depending on their intensity. Therefore, as periods of rainfall 
with higher return periods are more severe, they tend to have higher 
antecedent moisture conditions. Higher antecedent moisture 
conditions imply a higher percentage of rainfall being converted into 
runoff, thereby increasing the value of the runoff coefficient 
(Viessman, Lewis and Knapp, 2002).  

Farreny et al. (2011) found that when only recording periods 
of rainfall which produced 5mm of water, the runoff coefficients of 
each of the four roof types (0.79, 0.23, 0.95, and 0.96, respectively) 

were lower than those when solely rainfalls which resulted in 15mm 
of water were recorded (0.89, 0.71, 0.91, and 0.90 respectively). 
Viessman, Lewis and Knapp (2002) calculated a runoff coefficient 
multiplier which takes the rainfall’s return period into account and is 
presented in the following table. 

Table 2.4. RC multipliers according to the rainfall return period  

Return period (years) RC multiplier 

2 – 10 1.00 

25 1.10 

50 1.20 

100 1.25 

As the runoff coefficient is such a site-specific variable, many 
studies have been carried out in an effort to determine widely 
applicable values which will in theory serve for the majority of roof 
types situated in differing environmental climatic conditions. 
However, as can be seen in Table 2.6., values are to date still 
imprecise and at times have no evidence of having taken the 
rainfall’s characteristics into account.  

 

 

 



 60 

Table 2.5. List of roof coefficients derived and used in various studies

Author Description RC Comments 

(Farreny et al., 2011) Inclined clay tile roof (30 degrees) in Cerdanyola del 
Valles 

0.79 Taking solely rain events of 5mm 

0.89 Taking solely rain events of 15mm 

0.84 ± 0.01 Average global RC (1999 - 2009) 

(Chow, Maidment and 
Mays, 1988) Value given for cement and roof tiles 0.75 - 1.00 

Takes the rainfall profile into account by 
establishing values based on the rainfall's 
return period in years, irrespective of 
inclination. 

(Domènech and Saurí, 
2011) 

Single family house & multi-family building in Sant 
Cugat de Valles 0.85 No reasoning given for chosen value 

RainCycle Software 
Pitched roof tiles 0.75 - 0.90 Three values given for each type (high, 

expected and low) Flat roof with smooth surface 0.50 - 0.60 

(Angrill et al., 2017)   0.90 Value referenced from Farreny, Gabarrell 
and Riveradevall (2011) 

(Farreny, Gabarrell 
and Rieradevall, 2011) Building & neighbourhood scale. City of Granollers 0.90 

Value referenced from Viessman and 
Lewis 2003. Roof morphology not 
mentioned 

(Morales-Pinzón et al., 
2015)  Single house & apartment building 1.00 No reasoning given for chosen value 

(Viessman, Lewis and 
Knapp, 2002) Roofs for a 5-10 yr return period 0.75 - 0.95 Multiplier for greater return periods: 1.1, 

1.2, 1.25 for 25, 50, 100 yrs 
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2.3.3.3. Rainwater Harvesting Systems 

Harvesting rainwater is seen as a sustainable approach to 
help combat the problems of increased water scarcity, external 
water demand, non-point source pollution, increased volumes of 
stormwater runoff, and flooding experienced in urban areas. 
Rainwater is a free water source, and over 550mm of it falls over 
Barcelona’s roofs on average each year. It is therefore essential that 
investigations into the quantitative rainwater harvesting (RWH) 
potential and the quality of the stormwater runoff, along with social, 
economic, and structural implications are carried out to determine 
whether or not it is feasible to implement such systems at an urban 
scale.   

2.3.3.3.1. Social Factors 

 RWH systems present communities with a decentralised 
water supply. The growing need to transport water across great 
distances to meet the growing demands is not needed when there is 
a steady source located directly at the point of consumption. These 
systems take advantage of the naturally occurring local water cycle 
and in doing so strip the authority away from the large regional 
distributors and increase the responsibility of those who benefit 
directly from the system, whether it be the role of a single family 
member in a single-family home, or a group of neighbours in a multi-
storey building (Domènech and Saurí, 2011). 

 Despite the positives which RWH systems can bring to a 
community, there are a number of issues surrounding the use of 

such systems that act as barriers to their wider implementation. The 
main areas of concern are: 

§ Uncertainty about future costs. Whilst initial installation costs 
can be predicted with a fair degree of accuracy, long-term costs 
(such as the potential reduction in water bills and future 
maintenance costs) are harder to forecast. 

§ Climate variability. The weather is notoriously hard to predict 
with a great degree of accuracy. Likely rainfall patterns, and 
subsequently, the amount of water retained in an RWH system 
at any given time can be difficult to determine. Due to such 
heterogeneous distributions of rainfall over the course of the 
year, RWH systems tend to be connected to the mains water 
supply to act as a back-up supply system during dry periods.  

§ Uncertainty over water demand patterns. Water usage within 
any given building is likely to vary from day to day and 
predictions of water demand may have a large margin of error. 

These three issues often combine and act as a deterrent to installing 
a RWH system (Zhu et al., 2004). 

2.3.3.3.2. Economic Factors 

 One of the biggest factors that must be taken into 
consideration when analysing the potential of installing an RWH 
system is its economic viability.  This issue has been investigated by 
a number of authors, but the majority of studies focus on systems 
implemented at a relatively small scale – a single-family building 
(Farreny, Gabarrell and Rieradevall, 2011), leaving a void in the 
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evaluation of the cost-efficiency of single RWH systems spread over 
multiple buildings. If the economic aspects of RWH systems are to be 
thoroughly analysed, then the spatial scales in which they can be 
implemented, and the relationship between scale and cost must be 
seriously discussed. 

The main financial gain experienced by the users of the 
system is the reduction in the cost of their monthly water bills thanks 
to a proportion of mains water being substituted for rainwater. The 
financial benefits therefore depend on the price of the residential 
retail price of water sold by the distributer. History tells us that the 
price of water increases steadily year to year, with a 5% annual 
increase being experienced in Spain (AEAS, 2010). This will make the 
use of rainwater a cheaper alternative year-on-year. 

2.3.3.3.3. Quantitative RWH Potential 

The first analysis that needs to be carried out is that of 
estimating the viability from a purely physical and logistical 
standpoint; i.e. how much rainwater can physically be harvested 
from a roof in its current state without undergoing modifications? 
Without a sufficient amount of water collected, the action will not 
be deemed suitable enough to implement, and efforts will be put 
into utilizing the roof in other ways. Therefore, putting the economic 
and social factors aside, the quantitative RWH potential of a roof 
predominantly depends on two variables; 

1) The climate – amount of rain 
2) The roof – its catchment area, slope, and material 

Drawing on the rational method introduced by Emil Kuichling in 
1889, an equation can be formulated in order to estimate the RWH 
potential of a roof (measured in litres per year) taking these variables 
into account (Farreny et al., 2011): 

𝑅𝑊𝐻	𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 = 𝑃 ∗ 𝐴 ∗ 𝑅𝐶                                               (2.5) 

Where: 

P = precipitation (mm/yr) 

A = catchment area (m2) 

RC = runoff coefficient 

The roofscape of cities tends to be diverse, with catchment 
areas of varying sizes constructed using an array of materials in a 
multitude of ways over the course of history. The quantitative RWH 
potential of roofs in a single urban area can therefore differ 
tremendously. This presents local governments, urban planners and 
alike with opportunities to detect which roofs are best suited for 
rainwater harvesting, and which are best left to other means of 
intervention. 

2.3.3.3.4. Rooftop Runoff Quality 

Urban stormwater runoff contains elements which it has 
absorbed along its hydrological cycle. If rainwater is to be harvested, 
its quality must be assessed in order to determine what uses it can 
safely satisfy in its current state, and whether its quality can be easily 
improved in order to open it up to more uses. 
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The quality of rooftop runoff depends on two governing 
factors; the roof’s material and the local environmental conditions 
(quality of the rainwater prior to contact with the roof, and local 
atmospheric pollution). The atmospheric pollution can be divided 
into two components; dry and wet atmospheric deposition. As its 
name suggests, dry atmosphere deposition is caused by the settling 
of high density particles of dust, aerosol and gas particles on the 
surface. The phenomenon in which the film of particles is picked up 
and washed away by the surface runoff is regarded as the ‘first flush 
phenomena’. Wet atmospheric deposition on the other hand is 
caused by the substances extracted from rain, snow, fog, dew and 
frost which have been leached out of the atmosphere. 

Rainwater can contain ions in measurable quantities which 
lowers its pH value. This lowered pH value can cause dissolved heavy 
metals to be present. In addition to inorganic pollutants, rainwater 
can also contain organic substances. Those originating from plants 
and bird excrement are examples of organic macro-pollution, whilst 
dust particles emitted during the combustion of fossil fuels present 
themselves as organic micro-pollution (Göbel, Dierkes and 
Coldewey, 2007). In culmination of all these contributing factors, the 
quality of stormwater runoff can vary considerably, and must be 
investigated in depth if it is to be harvested and used domestically. 

The properties of the roof itself also affect the quality of 
stormwater runoff.  Roofs of differing materials, ages, inclination, 
and location will all contribute differently to the quality of roof 
stormwater runoff. Different materials will retain some pollutants 

better than others due to their texture and porosity. For example, 
clay tile roofs tend to have relatively high levels of total organic 
carbon (TOC) in their stormwater runoff due to their relatively high 
porosity (Farreny et al., 2011). Additionally, roofs with a greater 
inclination will generally retain less organic macro-organic pollutants 
than their shallower counterparts. Green roofs passively clean the 
rainwater as that which passes down through the substrate is 
passively filtered, thus improving the quality of the water. 

2.3.3.3.4.1. Previous Studies 

Roofs are regarded as promising applicants in the selection 
of places within urban environments to integrate RWH systems as 
the quality of rooftop runoff in studies over the years has generally 
been seen as unpolluted. However, not every study agrees with this 
point of view, and there have been opposing opinions when it comes 
to the measured quality of rooftop runoff. That being said, the 
majority of studies into rooftop runoff quality have generally been 
undertaken in East Asia, Oceania, the United States, and Central, 
Northern and Eastern Europe, with data gathered from Southern 
Europe, and in particular from Spanish and Mediterranean urban 
areas being somewhat limited. 

One study which intended to fill such void was that 
undertaken by Farreny et al (2011), where quantitative and 
qualitative data associated with stormwater roof runoff was 
investigated in a Mediterranean climate, looking at a number of 
different roofs, and comparing their runoff water qualities against 
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various external sources and benchmarks. Composite samples of 
rainwater were collected from the RWH systems’ storage tanks and 
tested for several pollutants. The results, shown in Table 2.7., were 
then compared with results from a separate extensive rooftop runoff 
study by Göbel, Dierkes and Coldewey (2007), drinking water 

guidelines taken from the Drinking Water Directive 98/83/EC on the 
quality of water intended for human consumption, and levels of 
pollution within three water sources used for drinking purposes in 
the region.

Table 2.6. Rooftop runoff quality results and review of literature results
Parameter Units Case study roofs  Roof review  DWGb  Surface and groundwater sourcesc 

                     1 2 3 
    Min Max Mean ± S.E. Med   Min Max Meda   Limit   Mean Mean Mean 
Physical-chemical parameters               
Conductivity µS/cm 15.40 456.00 85.0 ± 10.0 59.30  2.20 269.00 141.00  2500.0  1439.00 481.00 3169.00 

pH upH 6.54 8.85 7.59 ± 0.07 7.61  3.30 8.25 5.70  
6.5 - 

9.5  8.11 7.91 7.52 
Sum parameters                
TSS mg/L 0.00 38.50 5.98 ± 0.95 3.63  13.00    -  n.a. n.a. n.a. 
TOC mg/L 0.65 53.60 11.6 ± 1.7 6.40  n.a. n.a. n.a.  -  4.04 1.76 4.04 
TIC mg/L 1.36 19.00 7.37 ± 0.66 5.78  n.a. n.a. n.a.  -  n.a. n.a. n.a. 
Nutrients                
PO4

3- mg/L 0.00 6.60 0.32 ± 0.14 0.00  n.a. n.a. n.a.  -  0.51 0.11 - 
NH4

+ mg N/L 0.04 2.42 0.50 ± 0.07 0.42  0.10 6.20 3.39  0.5  0.91 0.15 0.18 
NO3

- mg/L 0.01 9.34 1.75 ± 0.26 1.16  0.10 5.73 2.78  50.0  9.23 7.84 4.89 
NO2

- mg/L 0.00 3.45 0.13 ± 0.05 0.00  n.a. n.a. n.a.  0.1  0.55 0.13 0.05 
Main ions                
SO4

2- mg/L 0.00 11.50 3.54 ± 0.39 2.59  0.01 19.70 46.70  250.0  173.50 58.80 244.20 
Cl- mg/L 0.15 119.00 8.86 ± 2.38 3.38  5.73 40.50 7.74  250.0  292.20 47.10 977.70 
total carbonates mmol/L 0.12 1.62 0.63 ± 0.06 0.49   n.a. n.a. n.a.   -   n.a. n.a. n.a. 
a   Medians are based on the review made by Gobel et al. 2007            
b   Drinking water guidelines (European commission 1998)            
c   Sources 1, 2 and 3 correspond to quality data from Llobregat river, Ter river and Llobregat Delta Aquifier, respectively, (ACA 2010)   

Source: (Farreny et al., 2011) 
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 It is worth noting that the ‘first flush phenomena’ was not 
considered in the study undertaken by Farreny et al. (2011), and 
there appears to be no mention of it either in that carried out by 
Göbel, Dierkes and Coldewey (2007). However, it would be assumed 
that an RWH system would in reality divert the first flow of runoff 
away from any stormwater storage tank, thereby improving the 
quality of the samples recorded in Table 2.6. Additionally, while 
heavy metals were not measured in the study carried out by Farreny 
et al. (2011) and therefore not presented in the table of results, they 
were in fact considered as part of the investigation carried out by 
Göbel, Dierkes and Coldewey (2007). 

2.3.3.3.5. Design of RWH Systems 

RWH systems can be split into three elements: collection, 
storage, and distribution (refer to the second quadrant in Figure 
2.34. The collection (or harvesting) element is essentially the 
catchment area, or, in this case, the roof’s surface area. Depending 
on the scale of the system wishing to be implemented, this can be 
regarded as the summation of roofs belonging to one or more 
buildings. The storage element can be placed under or above ground 
within or close-by to the building/s in question, or directly under the 
roof. However, due to the last option requiring structural analyses of 
the building and its roof (as the stresses caused by the additional 
surcharge of the contained water must be assessed), along with the 
works that would have to be undertaken, this option is generally (as 
has been in this case) emitted from the analysis. With those placed 
under or on the ground, both concrete and polyester tanks are 

deemed appropriate. However, an RWH system utilising the latter is 
much more flexible in that it is a lot easier and cheaper to later swap 
the tank for one with a larger water retaining capacity if needs be. In 
urban areas where densities are rising, this is a real possibility, and 
must therefore be taken into account.   

  
Source: Morales-Pinzón et al. (2015) 

Figure 2.34. Schematic diagram of an urban water system 
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2.3.3.3.7. Domestic Water Use 

Due to the quality of rainwater runoff not being deemed 
potable, the three most widely accepted non-potable water uses 
associated with harvested rainwater are laundry, toilet flushing, and 
plant irrigation. The annual domestic water consumption in the 
Metropolitan Area of Barcelona in 2018 is estimated at 103.6 
litres/person/day (Aigues de Barcelona, 2018). This value is divided 
between several uses with the majority occurring in the kitchen, 
bathroom, and outdoor areas. However, for a dwelling situated in 
the AMB which does not possess a garden (the more usual case), the 
distribution of domestic water consumption in 2009 is represented 
by the graph in Figure 2.35. 

 
Source: Ajuntament de Barcelona (2011b) 
Figure 2.35. Average water consumption for a dwelling without a 
garden 

Observing the water consumption associated with the daily 
action of flushing toilets, it is recorded to be slightly less than that 
associated with the shower. The implementation of greywater 
systems taking the water used by the shower once it has been 
deemed “used” and reusing it, providing water for the flushing of 
toilets is therefore taking place around the globe (Farreny, Gabarrell 
and Rieradevall, 2011). The water consumption involved with the 
watering of plants is harder to predict than the other uses as it 
depends on the number of plants and the size of garden which the 
homeowner has at their disposal. Additionally, the amount of 
harvested water needed to water plants is seasonal, with the largest 
demands occurring in tandem with the lowest volumes of rainwater. 

 For both calculable and sensible reasons, it is often seen that 
the water consumption associated with a household’s washing 
machine is the most appropriate destination for harvested 
rainwater. Domestically speaking, a washing machine consumes less 
water than a toilet on a day to day basis. This is advantageous in its 
use within an RWH system as it provides a greater potential for its 
water to be fully supplied by rainwater. Additionally, by using 
captured rainwater to wash clothes, the amount of washing powder 
needed is reduced as rainwater tends to be softer than that which 
arrives from the mains (Burkhard, Deletic and Craig, 2000). 
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Furthermore, in the case of multi-dwelling buildings, there is a case 
for communal laundry rooms to be set up as they would negate the 
need for every household to have their own washing machine, saving 
on habitable space and costs, while decreasing the complexity and 
materials associated with the RWH distribution system throughout 
the building (Farreny, Gabarrell and Rieradevall, 2011).  

3. Methodology 
 Part of this study has been carried out as a continuation of 
earlier work undertaken by the same author along with a team of 
others. The urban areas constituted by two portions of the 
neighbourhoods known as Marianao and Vinyets located in the city 
of Sant Boi de Llobregat on the outskirts of Barcelona, Spain which 
have been analysed therefore mimic those used in the earlier work 
mentioned. Data on the physical and structural characteristics of the 
areas’ building stock has been used and expanded upon where 
deemed necessary in order to further the previous analysis in the 
direction of its roofs. 

3.1. Sant Boi de Llobregat 
The case study takes place on two areas within the city of 

Sant Boi de Llobregat (41.336°N 2.043°E). The city as a whole has a 
population in the region of 82,265 inhabitants housed within an area 
of 21.52 km2, with the city’s demographics presented in Table 3.1. It 
can be seen in Figure 3.1. that the case study areas (shaded) are 
situated within the hearts of each respective neighbourhood’s 
residential area. 

Table 3.1. Demographics of regions of Sant Boi de Llobregat 

    Sant Boi Marianao Vinyets 

      Total Case study Total Case study 

Population   82,265.00 31,889.00   18,868.42a  15,771.00   10,461.09a  

Area 

Total 21.52 4.31 0.47 11.47 0.27 

Urban 7.14 1.65  -  1.63  -  

Residential 3.45 1.44  -  0.42  -  
       

Density 

Total 3,822.72 7,398.84 40,145.58 1,374.98 39,180.12 

Urban 11,521.71 19,326.67  -  9,675.46  -  

Residential 23,844.93 22,145.14  -  37,550.00  -  

No. of dwellings - 12,155.00     7,192.00b  6,359.00     4,218.00b  

Avg. No. of inhabitants / dwelling 2.62 2.62 2.48 2.48 

a   calculated using the avg. no. of inhabitants / dwelling of its respective neighbourhood 
b   calculated directly from the study using the Spanish cadastre (Ministerio de hacienda y función 
pública de España, 2014) 

Source: Drawn up by the author using information at Ajuntament de Sant Boi de 
Llobregat (2018) 

3.1.1. Determination of the Residential Building Stock 
Before the potentialities of the building stock’s roofs could 

be assessed, various physical characteristics of the buildings had to 
be analysed in depth. The physical characteristics of the building 
stock carried out in the earlier work were only analysed for the 898 
residential buildings constructed prior to 1980 as they were to be 
analysed with regards to the possible improvement of the state of 
thermal comfort within them. However, the same areas contain a 
further 304 residential buildings built post-1979 which possess roofs 
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Figure 3.1. Areas of study situated within the city of Sant Boi de Llobregat 
with the perimeter of Marianao in teal and that of Vinyets in gold 

which can still be analysed for their sustainable intervention 
potentialities.  

 In the previous study, once structural details were collected 
on the 898 residential buildings, seventeen dwellings located in 
sixteen separate buildings from the sample were visited. The 
dwellings’ physical measurements were taken, the placement, 
quantity and potential of the electro domestic, heating and cooling 
appliances were recorded, and an interview with the homeowner 
focusing on their management of the home was carried out. The 

seventeen buildings which were known in more detail were then 
grouped according to their physical aspects (façade type, roof type, 
form factor, etc.) and three classifications were made. One building 
from each of the three groups was chosen at random and a model 
was made for each using the energy modelling software 
DesignBuilder v.5.2.0.147 (architectonic characteristics of the three 
buildings are present in Appendix C). 

3.1.2. Determination of the Roof Typologies  
Each one of the 1,202 buildings were assigned their 

respective roof typology. Those constructed prior to 1980 had 
already been split into the four main typologies listed in chapter 
2.2.3. However, drawing on chapter 2.2. of the study’s literature 
review where the typical roof constructions are discussed, coupled 
with a visual inspection of the roofs via Google EarthTM, the 
buildings’ roofs’ constructive makeup were further developed in 
more detail in order for their properties to represent their real-life 
counterparts as closely as possible. Table 3.2. shows each respective 
roof typology with their corresponding constructive layers. For those 
roofs constructed with thermal insulation, a simple indication of 
their gradient and finishing element were recorded, irrespective of 
whether they were ventilated or not as their insulating properties 
are not to be analysed. 
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Table 3.2. Roof constructions 

  Flat ventilated Flat non-
ventilated 

Inclined 
ventilated 

Inclined non-
ventilated 

Material 
#1 

Ceramic roof 
tile 

Ceramic roof 
tile 

Ceramic roof 
tile 

Ceramic roof tile 

(mm) 7 7 10 10 

Material 
#2 

Cement mortar Cement mortar PVC PVC 

(mm) 30 30 3 3 

Material 
#3 

PVC PVC Cement mortar Reinforced 
concrete & 

ceramic vault 
slab 

(mm) 3 3 30 300 

Material 
#4 

Cement mortar Cast concrete 
(lightweight) 

Hollow brick Gypsum plaster 

(mm) 30 100 40 15 

Material 
#5 

Hollow brick Reinforced 
concrete & 

ceramic vault 
slab 

Ventilated air 
gap 

 

(mm) 40 300 
  

Material 
#6 

Ventilated air 
gap 

Gypsum 
plastering 

Reinforced 
concrete & 

ceramic vault 
slab 

 

(mm) varied 15 300 
 

Material 
#7 

Reinforced 
concrete & 

ceramic vault 
slab 

 
Gypsum 
plaster 

 

(mm) 300 
 

15 
 

Material 
#8 

Gypsum plaster 
   

(mm) 15       

 The elevation of a roof along with its placement in respect to 
its local surroundings is of great importance when analysing its 
potentialities. Wind increases in speed as it leaves street level and 
rises to the urban canopy above, whilst tall buildings may provide 
shading effects. It is therefore deemed essential to both numerically 
and graphically analyse the buildings’ heights. 

 The number of inhabitants residing under a particular roof 
(thereby having access to the space) is an important factor with 
regards to potential maximum live loads just as the number of 
dwellings situated within the confines of the roof’s building is an 
important factor when taking into account how many households 
will affect and/or be affected by any proposed intervening action. 
That is to say; between how many residents will the costs have to be 
split between? Is it feasible to propose an idea when there are a 
certain number of actors involved – what are the social implications? 
Between how many households will the benefits have to be shared? 
What are the building’s energy demands? This has resulted in an 
analysis into the buildings in light of the number of dwellings present 
in each. 

 The physical dimensions of the roof – most importantly its 
surface area – is essential when analysing a roof for its potentialities. 
The size of the roof indicates how much space is available to work 
with. For flat roofs, the surface area can be calculated by a simple 
two-dimensional measurement using a plug-in for Google EarthTM 
developed by the Spanish cadastre used to obtain urban maps 
(Ministerio de hacienda y función pública de España, 2014). In order 
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to determine the surface area of the inclined roofs, the area 
calculated from each roof’s 2D projection is adjusted according to its 
inclination using basic trigonometry displayed in the following 
equation.  

       

Where: 

 SN = net roof surface area (m2) 

 SG = gross roof surface area (m2) 

 q = angle the roof makes with the horizontal (°) 

An inclination of 20o has been assumed for all inclined roofs as flat, 
mixed and curved ceramic roof tiles available in the Spanish market 
are typically placed on roofs with a sloping gradient between 15° and 
22°. For the purpose of Equation 3.2, a q value of 0° has been used 
for flat roofs. 

 A building is not a closed system, and neither is its roof. As 
the buildings were built staggered over time side by side sharing 
party walls, they started to form entities of a larger scale known 
locally as ‘manzanas’ (blocks). These blocks presented their 
inhabitants with new social implications and perhaps a new sense of 
community. However, this connection does not have to be a mere 
social one but can also be analysed and used physically. As the 

phrase “the whole is greater than the sum of its parts” states, this 
too can be said of a ‘manzana’. By increasing the system boundary 
from the perimeter of the building’s roof to that of the block, new 
opportunities may arise. The blocks’ total roof surface areas 
constituted by their residential buildings have therefore also been 
analysed, and methods of intervention will therefore also be 
assessed at the scale each building’s respective block. 

3.2. Methods of Intervention 
With the building and roof stock sufficiently analysed, the 

quantitative benefits which the roofs present their inhabitants can 
be analysed in accordance with the strategies discussed in Chapter 
2.3. The determination of the quantitative environmental and user 
benefits for these strategies have been executed via two different 
methods: 

1) The first method involves constructing a large database 
containing architectonic characteristics of the entire building 
stock which can then be used accordingly. The properties 
deemed relevant in each of the 1,202 buildings alongside each 
building’s results can be found in Appendix D. The buildings are 
then grouped into their respective ‘manzanas’, and the 
quantitative benefits assessed at both scales. This method is 
used for the strategies involving PV systems, solar thermal 
collectors, and RWH systems. 

2) The second method analyses the quantitative benefits 
associated with the buildings’ energy demands for the three 

SN 

SG 

q 



 71 

buildings which had been deemed representative of the sample 
through the use of their models constructed for the previous 
study using the energy modelling software DesignBuilder. 
However, the roofs of these models are modified in accordance 
with the constructive elements and corresponding thicknesses 
presented in Table 3.2. First, the annual heating and cooling 
demand of each of the six models in their current state is 
recorded in order to obtain baseline results. An extensive green 
roof is then implemented into each model and simulated for a 
second time in order to determine the energy-related benefits of 
the strategy.  

3.2.1. Determination of the Thermal Insulation Produced 
by Green Roofs 

Green roofs were incorporated into the three buildings listed 
in Appendix C. A comparative study was then made between the 
energy performance of the three buildings with and without the 
green roofs present. The analysis shows the thermal behaviour of 
the green roofs in terms of the potential energy savings with regards 
to the buildings’ habitable spaces’ annual heating and cooling 
demands. The comparison is carried out by means of a numerical 
analysis performed by Energy Plus – the engine which Design Builder 
uses. Using Design Builder’s interface together with Energy Plus’s 
calculating capabilities, it is possible to perform energy balance 
calculations with time-steps as small as hourly. Energy Plus contains 
a well-respected section devoted to green roofs taking the thermal 
properties of the system’s substrate, along with heat transfer due to 

evapotranspiration, radiation and convection into account (Zinzi and 
Agnoli, 2012). With regards to the occupation and load profiles of 
the dwellings within the buildings, templates set to the minimum 
acceptable standards suggested by the CTE were used. Additionally, 
heating and cooling set-point and setback temperatures were set at 
20°C and 17°C for the building’s heating system, and 25°C and 27°C 
for its cooling system, in accordance with the same CTE suggestions. 

Prior to the addition of the green roof systems, the roofs’ 
constructive elements had to be altered in accordance with those 
listed in Table 3.2.  

A typical Mediterranean green roof system with parameters 
used by Zinzi and Agnoli (2012) and Bevilacqua et al. (2016) are 
chosen for the purpose of this study and present in Table 3.3. An 
extensive green roof system was chosen due to the potential 
structural limitations of the older building stock addressed in 
Chapter 2.3.1. A 0.13m substrate allows the system (including the 
structural support and plaster underside) to attain a thermal 
conductivity of 0.41 W/mK, thereby satisfying the requisite 
discussed in Chapter 2.3.1.7. stating that a “new roof” must have a 
maximum transmittance of 0.41 W/m2K if the project is to be 
subsidised by the state.  

In the case of the ventilated flat roof typologies, the green 
roof system presented in Table 3.3. will sit on top of the existing 
structural support, thereby gaining the allowable extra load lost due 
to the removal of the roof’s existing supportive and finishing 
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materials. This will, in turn, lose the ventilated air chamber intended 
for convective insulation. For non-ventilated flat roofs, the green 

Table 3.3. Characteristics of the green roof system’s layers 

Layer Thickness 
(m) Parameter 

  

Vegetation N/A 

Height of plant (m) 0.10 
Leaf area index (LAI) 1.20 
Leaf solar reflectance 0.25 
Leaf emissivity 0.90 
Min stomatal resistance (s/m) 120 

Substrate 0.130 

Max volumetric moisture content 0.32 
Min volumetric moisture content 0.01 
Initial volumetric moisture 
content 0.15 

Density (kg/m3) 960 
Specific heat (J/kgK) 1500 
Thermal Conductivity (W/mK) 0.34 

Drainage layer  0.055 Thermal resistance (m2K/W) 0.40 
Protective root 
barrier  0.007 Thermal resistance (m2K/W) 0.71 

Waterproof layer  0.004 

Specific heat (J/kgK) 1925 
Thermal conductivity (W/mK) 0.20 

Density (kg/m3) 900 

Lightweight, aerated 
concrete 0.100 

Specific heat (J/kgK) 840 

Thermal Conductivity (W/mK) 0.29 
Density (kg/m3)  850 

roof system will sit on the existing aerated, lightweight concrete 
already present used to form a slight slope for water runoff reasons. 
There will therefore be no reason to add an additional layer of the 
same material outlined in Table 3.3. 

It is important to mention that the green roofs imported into 
the models are irrigated. The irrigation system is set to Design 
Builder’s ‘smart schedule’ which implies that the roof is irrigated 
until the soil is 30% saturated, at which point the irrigation system 
turns off (DesignBuilder, 2018). Barcelona’s annual rain profile in 
monthly time-steps tabulated in Appendix E has therefore been 
inputted into the model to aid in the irrigation calculations. 

3.2.2. Determination of the Available Roof Space for the 
Capture of Solar Energy 

To determine the available surface area of a roof which can 
be utilised by solar thermal energy systems, different factors and 
constraints have to be addressed. The sloped faces of the Inclined 
roofs have been assumed to flow towards the building’s front and 
back façades, thereby creating two opposing gable ends. Only one of 
the two inclined surfaces have therefore been chosen as energy-
generating space – that which is exposed to more sunlight. A roof 
type coefficient (CRT) has therefore been introduced for the 
calculation of available roof space according to its typology. 
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The percentage of roof surface area already occupied by 
installations (chimneys, aerials, or windows) has been taken into 
consideration, thus introducing a corrective feature coefficient (CF) 
of 0.7 (Bergamasco and Asinari, 2011). With regards to shading 
effects posed by a combination of nearby infrastructure and the roof 
in question itself, a 3D model of the area would have to be 
constructed and a coefficient determined for each building in 
particular. As this data is beyond the specification of this 
investigation, a shadowing coefficient (CSH) of 0.46 shall be used 
(Bergamasco and Asinari, 2011). Another form of shading which can 
be influential in certain scenarios is that caused by the PV or solar 
thermal collector itself. However, in the case of inclined roofs, as the 
panels will be placed flush with the existing surface, this 
phenomenon does not take place. However, panels placed on flat 
roofs at a certain angle to the roof’s surface will indeed create a 
shadow, and a covering index coefficient (CCOV) of 0.45 must be taken 
into account (Bergamasco and Asinari, 2011). 

Taking all of the aspects mentioned above into consideration, 
the total roof space available (in m2) for solar thermal energy 
capturing systems (SAR) can be calculated by the following equation: 

𝑆PQ =
RS
TUVW

∗ 𝐶QX ∗ 𝐶Y ∗ 𝐶RZ ∗ 𝐶[\]                           (3.2) 

 
 
 
 

Table 3.4. Coefficient values used in the determination of available roof 
space for the capture of solar energy 

Coefficient Flat Roof Inclined Roof 
CRT 1.000 0.500 
CF 0.700 0.700 
CSH 0.460 0.460 
CCOV 0.4500 1.000 
CTOT 0.145 0.161 

3.2.3. Determination of the Incident Solar Radiation on 
the Fifth Façade 

As previously mentioned, the building stock in question is 
composed of a mix of flat and inclined roofs orientated in an array of 
directions. It is therefore important to obtain the maximum annual 
amount of solar radiation incident on the roofs (G) according to their 
degree of inclination and orientation. An interactive tool known as 
the Photovoltaic Geographical Information System (PVGIS) provided 
by the European Commission (2017) which is free and accessible to 
the public is used to gather solar radiation data in kWh of the area. 
The algorithm used by the Joint Research Centre of the European 
Commission takes the direct, diffuse, and reflected components of 
the solar irradiation into account. It also factors in shadowing due to 
local natural topographic features, using information about the local 
horizon. This phenomenon can be cleverly illustrated by a horizon 
graph just like the one shown on the following page. 
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Source: European Commission (2017) 

Figure 3.2. Example of the similarities between a horizon graph and a 
photo using a fisheye lens taken in the same location   

 

The tool is a trusted and reliable source having already been 
used in regional and national analyses of solar energy resource 
potential in a number of E.U. member states (Bergamasco and 

Asinari, 2011). The values of solar irradiation calculated by the PVGIS 
on an array of planes according to the orientation and angle used 
(20° in the case of inclined roofs and 37° in the case of their flat 
counterparts) in the study are presented in Table 3.5.  

3.2.4. Determination of the PV Solar Energy Potential of 
the Fifth Façade 

The maximum annual total amount of electricity which can 
be generated per square metre of PV system can be calculated using 
Equation 2.2. In order to be applicable to a roof, EU must be 
multiplied by the roof space available for solar thermal energy 
capturing systems, represented by the following equation: 

𝐸^] = 𝐸9 ∗ 𝑆PQ                                           (3.3) 

 

 

 

Table 3.5. Maximum annual values of solar radiation incident on the city of Sant Boi de Llobregat 

  Annual maximum in-plane solar irradiance (kWh/m2/yr) 

Azimuth South (0°) East        
(-90°) 

West 
(90°) 

North 
(180°) 

South-East        
(-45°) 

South-West 
(45°) 

North-West          
(-135°) 

North-East 
(135°) 

Inclination to the 
horizontal 0° 20° 37° 20° 20° 20° 20° 20° 20° 20° 

Maximum 
potential 1,700 1,940 2,010 1,650 1,650 1,320 1,860 1,860 1,430 1,430 
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Where: 

EPV = maximum total amount of electricity generated by the  
roof’s PV system (kWh/yr) 

EU = maximum total amount of electricity generated by the 
roof’s PV system per m2 roof space (kWh/m2/yr) 

SAR = total roof space available for solar thermal energy  
collecting systems (m2) 

 The losses incurred in PV systems are discussed in Chapter 
2.3.2.2.1.2. and its subsequent sub-chapters, with the values taken 
for each PV technology presented in Table 3.6. It is worth noting that 
this study neglects the annual losses due to the system’s operation. 
Due to the market dominance of crystalline silicon PV technologies, 
along with their superior efficiencies, thin film PV technology 
systems have been neglected for the purpose of this study. 
Additionally, as mono-crystalline silicon PV systems have a superior 
efficiency to their poly- counterparts, the study will determine the 
mono-crystalline PV solar energy potential of the fifth façade from 
this point going forward. 

 

 

 

 

 

Table 3.6. PV efficiency losses 

Coefficient PV Technology 

Crystalline Silicon Thin Film 
(a-Si) 

Mono- Poly- 
ηmod 0.180 0.160 0.080 
ηtemp 0.900 0.900 0.900 
ηins 0.850 0.850 0.850 
ηsn 0.980 0.980 0.980 
ηdi 0.990 0.980 0.990 

ηtot 0.134 0.118 0.059 

Source: Tripathy, Sadhu and Panda (2016) & Bergamasco and Asinari (2011) 

3.2.5. Determination of the Solar Thermal Collector 
Energy Potential of the Fifth Façade 

With regards to rooftop solar thermal energy collectors, the 
process involved in calculating the potential of its implementation is 
very similar to that used in the determination of PV systems. In this 
case, the total amount of thermal energy that can be generated by a 
rooftop solar thermal collector can be calculated by applying 
Equation 3.4 to the roof in question, where the solar thermal 
collector’s thermal efficiency (ηcol) is multiplied by the solar 
irradiance taken from Table 3.5. and roof space available for the 
collection of solar thermal energy (SAR): 

𝐸_<` = η_<` ∗ 𝐺 ∗ 𝑆PQ                                   (3.4) 
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Where: 

Ecol = maximum total thermal energy generated by the 
roof’s solar thermal collector (kWh/yr) 

 ηcol = efficiency of the solar thermal collector 

G = maximum annual sum of global irradiation on chosen  
plane (kWh/m2/yr) 

Due to the market dominance of covered flat plate collectors 
in domestic uses involving low-temperatures (i.e. the consumption 
of DHW), this study will assess the potential which the use of these 
kind of collectors present on the rooftop of each building. With 
regards to their efficiency (ηcol), it is dependent on the ambient air 
temperature and therefore not a constant value. However, for the 
purpose of this study, taking local manufacturers’ quoted 
efficiencies into account, a constant value of 0.70 will be used. 

3.2.6. Determination of the Potential Rainwater 
Harvested by the Fifth Façade 
 The annual RWH potential associated with each building’s 
roof has been calculated in accordance with Equation 2.5. The 
average monthly precipitation values used are taken from 
meteorological precipitation recorded by closest station to Sant Boi 
de Llobregat (under 10km as the crow flies) over the past ten years 
(Generalitat de Catalunya, 2018b) and are present in Appendix E. 
With regards to each building’s catchment area, this has been 
defined as the roof’s gross surface area (SG) measured in a 2-D plane. 

The third variable in the calculation – the roof coefficient – depends 
on the characteristics on the roof. Based on the literature review on 
habitual RC values in Chapter 2.3.3.2., RC values of 0.80 and 0.85 
been selected for flat and inclined roofs, respectively, for the 
purpose of this study. The same procedure is then carried out with 
each building dependent variable substituted for that of its relevant 
‘manzana’ in order to assess the strategy’s potential at a larger scale. 

3.2.7. Determination of the Percentage of Domestic 
Energy Consumption Met  
 Each strategy discussed has the potential to substitute a 
portion (if not all) of the relevant resources consumed within the 
home originating from, or pertaining to, unsustainable sources for 
resources sustainably produced or gathered at the point of 
consumption. Each strategy offers this opportunity for a specific end 
use within the home, and for the purpose of this study, the following 
associations will be assessed: 

§ Heating and cooling & green roofs 
§ Domestic hot water & solar thermal collectors  
§ Electrical appliances and illumination & PV systems 
§ Washing machine water consumption & RWH systems 

 Due to the heterogeneity of dwellings and groups of people 
who inhabit them, predictions on domestic energy consumptions 
come with only a certain degree of accuracy. However, studies 
continue to be undertaken in the search of ever-more reliable 
results. For the purpose of this study (with the exception of the 



 77 

assessment of green roofs), the levels and distribution of domestic 
energy consumption in a Mediterranean climate determined by the 
SPAHOUEC project (Institute for Energy Diversification and Saving - 
IDAE, 2016) are used. As can be seen in Figure 3.4., it is important to 
observe that there exists a difference in energy consumption 
between single-family dwellings and those located within a multi-
family building. This will be taken into consideration in the study. 
With regards to how the implementation of green roofs affects the 
heating and cooling demands of the buildings, an average user 
profile for a three-person dwelling set by the CTE has been 
implemented into the building energy models (see Chapter 3.2.1.). 
Additionally, with regards to domestic water consumption, the 
values discussed in Chapter 2.3.3.3.7 for the AMB will be used.  

 
Source: Institute for Energy Diversification and Saving - IDEA (2016) 
Figure 3.4. Distribution of the average Spanish domestic energy 
consumption in a Mediterranean environment 

3.2.7.1. Heating & Cooling 
The proposed reduction in the buildings’ heating and cooling 

demands of the three modelled buildings due to the implementation 
of the green roof system are analysed, with reductions given as a 
percentage of their respective baseline models.  

3.2.7.2. Domestic Hot Water 

 In accordance with the Solar Hot Water Ordinance of 
Barcelona (Ajuntament de Barcelona, 2011a), all buildings 
undergoing substantial reforms must supply a minimum proportion 
of their DHW energy demand (between 60 and 70% depending on a 
number of variables) by means of solar energy (see Chapter 
2.3.2.2.5.1. for further details on the ordinance). Each building will 
therefore allocate a necessary proportion of its roof surface area to 
comply with the legal requisite, choosing the maximum proportion 
of 70% in order to satisfy all possible scenarios – Equation 3.5 
indicates how this is achieved. It must be noted that a minimum of 
2m2 of roof surface area (if available) will be allocated to solar 
thermal collectors due to manufacturers’ minimum panel 
dimensions. 

 𝑆bZc = 𝑆PQ ∗ d
efgh	∗	i.ki	∗l

emno
p                               (3.5) 

Where: 
SDHW = roof surface area needed to satisfy 70% of the 
building’s DHW energy demands (m2) 

EDHW = DHW energy demand (kWh/dwelling/yr) 

n = number of dwellings 
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 If the value of SDHW is larger than SAR, indicating that the roof 
is not sufficiently large enough to satisfy 70% of its residents’ DHW 
energy demands, SAR will be used in the financial calculations (as well 
as in Equation 3.6) seen in later chapters. 

3.2.7.3. Electrical Appliances & Illumination 

Given that solar thermal collectors are given precedence over 
PV systems, the roof’s surface area allocated to solar thermal 
collectors will have to be subtracted from the roof’s surface area 
when calculating the PV generating potential of the roof, resulting in 
a corresponding alteration to Equation 3.3: 

𝐸eqe[ = 𝐸9 ∗ (𝑆PQ − 𝑆bZc)                                    (3.6) 

Where: 

EELEC = maximum total amount of electricity generated by 
the roof’s PV system given local legislation (kWh/yr) 

EU = maximum annual electricity generated (kWh/m2/yr) 

SDHW = roof surface area occupied by solar thermal  
collectors (m2) 

With regards to the electricity generated by a grid-connected 
rooftop PV system, since they generally lack batteries, it is estimated 
that only 33.27% of the total energy is actually used, with the rest 
being fed into the grid (López Prol and Steininger, 2017). Due to the 
fact that domestic HVAC systems and cooking appliances can 
fluctuate between electric and gas sources, this study will assess the 
PV systems’ abilities of meeting the demands related to the 

combination of electro-domestic appliances and illumination which 
are both supplied by electricity. The total building’s electro-domestic 
& illumination demand satisfied by its rooftop PV system is 
calculated by the following equation: 

𝑝eqe[ = dersrt	∗	i.uuvk
erf	∗	l

p                                 (3.7) 

Where: 

pELEC = percentage of electro-domestic & illumination  
demand covered by the rooftop PV system 

 EED = electro-domestic & illumination energy demand 

If the value of pELEC is over 100%, thereby stating that the 
entire amount of available roof surface area for PV systems is more 
than necessary, EELEC will be divided by pELEC in order to obtain the 
amount of electricity produced by the rooftop PV system which 
satisfies exactly 100% of the building’s electro-domestic and 
illumination demands. This will become necessary for economic 
reasons looked into in later chapters as a building’s community is not 
expected to implement a solar PV system which is larger than they 
need, ultimately increasing the price of the initial investment 
without the guarantee of a worthwhile financial return. 

 

 

 



 79 

3.2.7.4. Water Consumption 

 The amount of water consumed originating from the mains 
water supply used by the building’s washing machines that can be 
substituted for rainwater depends on the size of the RWH tank. As 
rainfall is heterogeneous in its annual distribution, the tank must be 
sufficiently large enough to hold a certain amount of rainwater 
during spells of draught. However, an RWH tank cannot be infinitely 
sized due to physical and economic constraints, and it may make 
more economic sense to sacrifice a small gain in useable rainwater 
for a larger economic saving, and vice versa. For this reason, this 
topic will be discussed in the following Chapter 3.2.8. on Life Cycle 
Costing as it draws on the assessment of the financial cost of the 
system in order to determine the optimal RWH tank size for each 
building (and ‘manzana’). 

3.2.8. Determination of the Life Cycle Cost of each 
Strategy 

The economic analysis of each strategy is carried out in order 
to determine the financial costs involved in meeting the relevant 
energy demands via the sustainable strategy in comparison to the 
habitual non-sustainable alternatives. Such decentralised 
sustainable systems are generally characterised as having a relatively 
high initial investment and subsequent low operating costs. 
Consequently, the principal task is that of comparing the financial 
cost of the initial investment with predicted future operating costs. 
Hence, the Life Cycle Costing (LCC) of each strategy is estimated. 

Whilst the underlying principle is the same for each strategy (see 
Equation 3.8), each system has its own modifications. As it is 
assumed that non-renewable energy systems are currently helping 
the buildings meet their energy demands, the costs associated with 
their previous installation and predicted maintenance are not 
included in the calculation of the LCC for each respective system. 

The underlying calculation of the LCC approach takes into 
account the costs associated with the installation, operating and 
maintenance costs, as well as those related to the energy saved by 
reducing the energy reliance on the mains grid/network for each 
strategy. Note that a negative value indicates a financial gain by the 
user (and vice versa). 

𝐿𝐶𝐶 = 𝐶xy − z𝑁 ∗ (𝐶eR − 𝐶\|)}                         (3.8) 

Where: 

LCC = monetary cost of the system over the course of its  
lifetime (€) 

 CIN = system installation costs (€) 

 CES = cost of energy saved per year (€/yr) 

 N = lifetime of the system (yrs) 

 COM = operating and maintenance costs (€/yr) 

 

 



 80 

Once the strategy’s LCC is calculated for a roof, the same 
equation can be manipulated in order to find out the economic 
amortization time, otherwise known as the ‘payback period’ (PBP) of 
the system – i.e. the time it takes to return 100% of the initial 
investment to the owner, thanks to the energy savings. 

𝑃𝐵𝑃 =	 [��
[r��[��

	                                         (3.9) 

With regards to the financing of the strategies implemented; 
whilst it is common practice for such systems to be externally 
financed for a number of years, the study will assume that all 
strategies will be 100% self-financed. Furthermore, whilst there are 
several subsidies in place for the installation of the sustainable 
rooftop systems discussed, as they are somewhat volatile in their 
nature, subject to change year-on-year (combined with the fact that 
a number of them are only applicable to buildings erected as from 
1993), the worst-case scenario has been considered – no external 
financial help on each system’s installation. 

Every strategy involves the consumption of electricity (some 
more than others). Therefore, savings depend on the residential 
retail electricity prices. Residential retail electricity prices carry a 
fixed part per kWh of electricity which is paid by the consumer 
regardless of the amount of electricity consumed, and a variable 
part. It therefore follows that the variable part is where potential 
savings can be made. Based on electricity tariffs explained by López 
Prol and Steininger (2017), the residential sector under question can 
be assigned to the tariff 2.0, thereby being subject to total and 

variables parts of the retail electricity prices at 0.1638 and 
0.2367€/kWh respectively.  

3.2.8.1. Life Cycle Cost of Green Roof Systems 

The predicted annual energy savings from the reduction in 
the buildings’ heating and cooling loads thanks to increased 
insulation in the roof will be multiplied by the variable price of 
electricity as it is assumed that the three buildings are heated and 
cooled electrically. This will then be factored in with the annual 
maintenance and operation cost taken as 1% of the system’s 
installation costs, and the upfront costs themselves. As an extensive 
green roof is to be analysed, in keeping with Table 2.3., a price of 
€90/m2 of the system will be used, in addition to a system lifetime of 
40 years. These variables are then inputted into equation 3.8 in order 
to calculate each building’s LCC. 

3.2.8.2. Life Cycle Cost of Rooftop PV Systems 

 In the case of residential self-consumption rooftop PV 
systems, the LCC calculation becomes a bit more complex. 
Residential PV systems incur a number of fees depending on their 
size and energy self-consumed which ultimately affect the LCC of the 
system. 

The costs associated with the energy saved can be split into 
two parts: that stemming from the electricity self-consumed (𝛽), and 
that from the electricity not consumed which is fed back into the grid 
(1 –	𝛽). The annual costs associated with the energy saved can 
therefore be calculated by the following equation: 
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𝐶eR[eqe[] = (𝛽^] ∗ 𝐸eqe[ ∗ (𝑝𝑠 − 𝛿�) ∗ 𝐴�) + d(1 − 𝛽^]) ∗ 𝐸eqe[ ∗

				(𝑝𝑔 − 𝛾) ∗ (1 − 𝜆) ∗ 𝐴�p                        (3.10) 

Where: 

𝛽 = % of electricity self-consumed 

EELEC = maximum total amount of electricity generated by the 
roof’s PV system given local legislation (kWh/yr) 

ps = variable part of the residential retail electricity price 
(€/kWh) 

pg = wholesale residential electricity price (€/kWh) 

δe = variable part of the backup charge imposed on the self-
consumed electricity (€/kWh) 

γ = grid-access charge (€/MWh) 

 𝜆 = generation tax (%)  

As = discount factor for the self-consumed electricity 

Ag = discount factor for the electricity fed into the grid 

The calculation, however, contains a couple of limiting 
assumptions. The changes in the diurnal price of electricity have not 
been factored into the price. Instead, average annual prices have 
been used. Additionally, the discount factors which depend on the 

                                                
2 Note that the operating and maintenance costs quoted in Table 3.7. must be multiplied 
by the CIN in order to achieve the COM in its correct units, fit for use in Equation 3.8. 

system’s loss in efficiency over its lifetime and the predicted rise in 
electricity prices have been neglected for the purpose of this study.  

However, belonging to the type 1 category as specified in the 
RD 900/2015 (Ministerio de Industria, 2015) and described in 
Chapter 2.3.2.2.1.3.1., the residential rooftop systems must export 
their surplus electricity to the grid for free. This extinguishes any 
costs saved from the electricity fed back into the grid (1 − 𝛽) and 
simplifies Equation 3.10 to the following: 

𝐶eR[eqe[] = 𝛽 ∗ 𝐸eqe[ ∗ (𝑝𝑠 − 𝛿�) ∗ 𝐴�                         (3.11) 

 Using the calculated costs of energy saved from Equation 
3.11 and the installation, operating and maintenance costs2 quoted 
in Table 3.7., the payback period and LCC of the system can be 
calculated for each building. 
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Table 3.7. Values considered in the calculation of the crystalline PV system’s Life Cycle Costing 

 ps δe CIN[PV]  𝛽PV N pg COM 

 

Variable part (and fixed) of the 
residential retail electricity price 

(€/kWh) 

Backup charge 
(€/kWh) 

Installation 
cost (€/Wp) 

Percentage of 
produced energy 

self-consumed 

Lifetime of the 
system (yrs) 

Wholesale residential 
electricity price 

(€/kWh) 

Operating and 
maintenance costs 

(% of CIN) 

Value 0.1638 0.049 1.50 33.27 25 0.04213 1.0 
(0.2367)       

Source (López Prol and Steininger, 2017) RD 900/2015 (IEA, 2016) (López Prol and 
Steininger, 2017) Manufacturers (López Prol and 

Steininger, 2017) Own source 

3.2.8.3. Life Cycle Cost of Rooftop Solar Thermal Collectors 

As neither hot sanitary water nor the thermal energy can be 
fed back into the grid, this system cannot benefit financially from any 
surplus energy produced. The costs associated with the energy saved 
come directly from the energy self-consumed (𝛽_<`). In this case, due 
to the storage capability of the system, it is assumed that 𝛽  = 1.0. 
Additionally, as there are no such costs incurred on the energy self-
consumed, the annual costs due to energy saved can be determined 
by the following equation3: 

𝐶eR[bZc] = 𝛽_<` ∗ 𝐸bZc ∗ 0.7 ∗ 𝑛 ∗ 𝑝𝑠 ∗ 𝐴�                        (3.12)  

 The monetary costs associated with the annual operation 
and maintenance of the system follow the same structure as that for 

                                                
3 Note that Equation 3.12. contains the same limiting assumptions as those presented in 
Chapter 3.2.8.2. 

the PV systems (1% of the installation costs), whilst the installation 
costs used are 344€/m2 of roof surface area utilized (Vives, Schaefer 
and Salom, 2012). The variable part of the retail electricity price used 
is also that located in Table 3.7. These values are then plugged into 
Equation 3.8, and the relevant Life Cycle Cost is evaluated. 

3.2.8.4. Determination of the Optimal RWH Tank  

To assist in the determination of the optimal sized RWH tank 
for each catchment area, RainCycle Standard v2.0 – a computer 
modelling program apt in designing optimal RWH systems – was 
used. Using user-inputted variables for the monthly amounts of 
precipitation, catchment area size, runoff coefficient, daily water 
demand and relative economic costs, the software runs simulations 
for a range of storage tank sizes chosen by the user. The program 
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then presents the user with the percentage of water demand met, 
the payback period in years, and the savings over the lifetime of the 
system for each RWH tank size. The monthly precipitation values 
used (see Appendix E) are divided equally between the number of 
days in each month. 

The model assumes that a mains water supply is available to 
act as a backup if the RWH tank does not have a sufficient volume of 
water to meet the day’s water demand. The non-variable hydraulic 
and financial data used in the determination of the optimal sized 
RWH tanks for each building and ‘manzana’ are listed in Table 3.8. 

The variables which make up the installation costs, such as pump 
size, piping and tank volumes depend on the size of the 
building/system. The data used for these size-dependent variables 
are derived in the next two sections. An annual discount rate of 0% 
has been assumed (used to relate future costs back to their present 
value), and the system has a lifetime of 50 years. In addition, any loss 
in harvested rainwater due to a first-flush system will also not be 
taken into account for the purpose of this study. 

 

 

Table 3.8. Non-variable RWH system data 
 

Precipitation 
(mm/yr)4 

Runoff 
coefficient 

Washing machine water 
demand 

(litres/inhabitant/day)5 

Lifetime of 
the system 

(yrs) 

Operation & 
maintenance costs 

(€/2 yrs) 

Discount 
rate (%) 

Variable part (and total) 
of the residential retail 

electricity price (€/kWh) 

Residential retail 
water price (€/m3) 

Flat 
roof 

Inclined 
roof Building Block 

Value 
527.12 0.80 0.85 10.36 50 250 500 0.0 0.1638 2.581 

       (0.2367)  

Source 

(Generalitat 
de 

Catalunya, 
2018b) 

Ch 3.2.6. Ch 2.3.3.3.7. Ch 3.2.7.4. RainCycle v.2.0 Ch 3.2.7.4. (López Prol and 
Steininger, 2017) 

(Generalitat de 
Catalunya, 2017) 

                                                
4 Monthly values will be used in order to increase the accuracy of the model 5 This value will be multiplied by the avg. number of inhabitants per dwelling for each of 

the respective neighbourhoods recorded in Table 3.1. 
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3.2.7.4.1. Pump Sizing 

As the RWH tank will be located at ground level, the RWH 
system must be connected to a submersible pump in order to 
distribute the water to the households located above (tuandco, 
2018b). The power and capacity of the pump needed depends on the 
maximum elevation which it will need to pump water to, alongside 
the pumping capacity (litres/min) needed to meet the maximum 
water demand. The pump chosen for use in building-scale RWH 
systems is calculated via the following method: 

Being slightly conservative, 10.36 litres of water demand per 
person is multiplied by 3 persons per household (above the average 
values of 2.62 and 2.48 for the two respective neighbourhoods) in 
order to gain a total of 31.08 litres/household/day of water 
consumption associated with the washing machine. It is assumed 
that the washing machine is not in use throughout the entire 24 
hours but rather needs 4hrs in order to consume its daily amount of 
water. Therefore: 

u�.i�	`
�	���	∗		�i	A�l�

= 0.1295	𝑙/𝑚𝑖𝑛/𝑑𝑤𝑒𝑙𝑙𝑖𝑛𝑔                (3.13) 

Observing a selection of submersible pumps on the market located 
in Table 3.8., the MXH 203E is capable of pumping water 25.0 
litres/min to a height of 29m (higher than the tallest 9-storey 
building present in the case study). 

v�.i	`/A�l
i.�v��	`/A�l/� �``�l�

 = 193 dwellings                          (3.14) 

 Considering that the maximum number of dwellings 
recorded in a single building is 145 and looking at Equation 3.14, this 
pump should, in theory, be capable of delivering the water 
consumed by each dwelling when the RWH system is carried out at 
the scale of a single building. Increasing the scale to that of a 
‘manzana’, and the pump used must increase in size. Considering 
that up to 353 dwellings are found in a single ‘manzana’, the MXH 
203E would not be sufficiently powerful enough to deliver water to 
all the households should they all require it simultaneously. Looking 
at the slightly larger pump in Table 3.8. – the MXH 204E – it can be 
seen that it is capable of delivering 50 litres/min to a height of 30.8m. 
Therefore: 

�i.i	`/A�l
i.�v��	`/A�l/� �``�l�

 = 386 dwellings                       (3.15) 

In accordance with Equation 3.15, the MXH 204E will be used in the 
determination of the optimal tank size for the scale of a ‘manzana’. 
The nominal power of each pump is to be used, resulting in 
electricity consumption values of 0.45kWh and 0.55kWh for the 
MXH 203E and MXH 204E respectively. These values will then be 
multiplied by the variable part of the retail electricity price (€/kWh) 
when the pumps are in use. 
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Table 3.8. Pump sizing costs 

Pump Price (€) P1 (kW) P2 (kW) Q (l/min) 16.6 25.5 33.3 41.6 50.0 58.3 66.6 70.8 80.0 

MXH 203E 248.05 0.65 0.45 
H (m) 

31.0 29.0 27.0 24.5 21.7 18.6 15.5 13.8 9.0 

MXH 204E 311.24 0.90 0.55 42.5 40.4 37.5 34.5 30.8 26.7 22.4 20.1 14.8 

P1 = maximum motor power      
P2 = nominal motor power     

Source: tuandco (2018a)

3.2.7.4.2. Other Scale-dependent Costs  

The price incurred by the network of pipes needed to 
distribute the rainwater to the households will depend on the size of 
the network; i.e. the number of buildings utilising the same system. 
For a system connected to a single building, a price of 1,200€ will be 
allocated to the distribution system (Farreny, Gabarrell and 
Rieradevall, 2011). For each additional building that is connected to 
the same system, the price incurred will be 90% of the price incurred 
by the previous building added, thereby diminishing as the scale 
increases. This is represented mathematically in Equation 3.16. 

𝐶^X\X = ∑ 	(𝐶H ∗ 0.9�)l��
�¡i                                   (3.16) 

Where: 

 CPTOT = cost of piping for the whole system 

n = number of buildings connected to the system 

 CP = cost of piping for one building 

 

Maintenance and operating costs during the system’s 
lifetime are the last of the scale-dependent costs. Here, values of 
€250 and €500 for systems implemented over a building and 
‘manzana’ scale respectively have been applied.  

 Costs saved by the system come in the form of costs 
associated with the water coming from the mains being substituted 
for free rainwater. The domestic retail price of water in the area does 
not have a flat rate. Instead, it is regarded as being incremental, 
increasing with consumption. Table 3.9. shows the price linked to 
each consumption tariff determined by Aigues de Barcelona, the 
company responsible for distributing domestic water across the 
AMB. However, as it is unknown as to which tariff the water supply 
will correspond to, a unit average price of 2.581€/m3 recorded in the 
province of Barcelona (Generalitat de Catalunya, 2017) will be used 
in the economic assessment of this study.   
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Table 3.9. Water price tariffs linked to consumption 

Tariff Monthly consumption (m3) Price (€/m3) 

1 0 – 6 0.6087 

2 7 – 9 1.2175 

3 10 – 15 1.8262 

4 16 – 18 2.4349 

5 > 18 3.0436 

Source: Aigues de Barcelona (2017) 

 

Table 3.10. RWH tank costs 

Capacity      
(litres) 

Dimensions (m)   Price (€)6 Diameter Length 
2,150 1.07 2.80 1,467 
4,200 1.49 2.84 2,186 
6,000 2.00 2.00 2,581 
8,000 2.00 2.60 3,409 

10,000 2.00 3.20 4,142 
12,000 2.00 3.83 4,542 
15,000 2.00 4.78 5,338 
20,000 2.50 4.08 6,173 
30,000 2.50 6.11 8,475 
40,000 2.50 8.15 10,531 

Source: (Europlast, 2017) 

                                                
6 Price includes the fabrication of the tank and the delivery to site anywhere within the 
Spanish peninsula 

The balance between financial savings and resource savings 
is a complex discussion, and depending on the user’s desires, one 
may be placed in higher stead than the other. For the purpose of this 
study, a certain criterion has been used in the determination of the 
optimal RWH tank. When implemented at the scale of a single 
building, the optimal RWH tank size is defined as that where the 
percentage of water saved increases less than 1.0% by increasing its 
volume (Domènech and Saurí, 2011). Increasing the scale to that of 
a ‘manzana’, and due to the quantities of water involved also 
increasing, the threshold is decreased to 0.4%. 

4. Results 
4.1. Assessment of the Residential Building Stock 

The roofs of buildings considered to be predominantly 
residential occupy 37% of the total surface area of the regions under 
study. Due to a scarcity of free land in the centre of communities 
along with the carrying out of refurbishments, the building stock in 
urban areas is progressively ageing. In the case of the two urban 
areas under study, a resounding 75% was built prior to 1980. With 
regards to the height of the buildings, it can be seen from Figure 4.1. 
that in the neighbourhood of Marianao, 85% of the buildings are 
between 2 and 5 storeys high, with over 30% having 5 storeys alone. 
The neighbourhood of Vinyets has a slightly wider dispersion, with 
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81% of the buildings standing between 2 and 6 storeys tall. The 
distribution of dwellings per building across the two neighbourhoods 
yields similar results with the highest percentage of buildings in both 
areas containing 2 to 10 dwellings with average dwelling per building 
values of 9.79 and 8.94 in Marianao and Vinyets respectively. 
However, splitting the building stock into its flat-roofed and inclined-
roofs shows contrasting results (Figure 4.2.). Flat-roofed buildings in 
both neighbourhoods contain on average approximately twice the 
number of dwellings than their inclined-roofed counterparts. Whilst 
Figure 4.1. represents and compares these mentioned variables for 
the building stock of the two areas, the spatial distribution of the 
buildings within their respective neighbourhoods according to their 
building related variables can be found in Appendix F. The spatial 
distribution of the results of the strategies associated with the first 
method discussed in Chapter 3.2. (PV systems, solar thermal 
collectors, and RWH systems) for each respective building and block 
are also shown in Appendix F. 

 
Figure 4.1. Characteristics of the building stock 
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4.2. Assessment of the Roof Typologies 
 The 898 buildings constructed prior to 1980 follow a very 
similar distribution across the two neighbourhoods. It seems that flat 
non-ventilated roofs were the most habitual construction method as 
over half (56%) of these buildings possess them in Marianao, with 
the percentage of flat non-ventilated roofs in Vinyets dropping to 
47%. Widening the building stock to include residential buildings 
built as of 1980, it can be observed that flat roofs are still the 
dominant typology as 69% and 65% of the roofs in each 
neighbourhood were built with a flat constructive method. This 
implies good conditions for the implementation of green roofs as flat 
roofs give a greater opportunity for green roofs to be implemented 
than their inclined counterparts. 

For those which are inclined, they are orientated in two 
opposing directions. However, only the surface which receives more 
hours of direct sunlight out of the two is deemed suitable for solar 
thermal energy capturing purposes. Therefore, looking at the 
orientation of the inclined roofs, it can be observed form Figure 4.2. 
that due to the two neighbourhoods’ underlying orientations, those 
in Marianao are predominantly orientated towards the South (62%), 
with those in Vinyets being shared almost equally between being 
orientated South-East (42%) and South-West (49%). This poses 
better solar thermal energy capturing conditions for the inclined 
roofs in Marinao than Vinyets.  

   
Figure 4.2. Roof characteristics of the building stock 



 89 

 The last of the characteristics of the building stock’s roofs 
analysed is that of the total roof surface area. Assessing the roofs’ 
surface areas per building, over 90% of both neighbourhoods have 
buildings with roofs under 500m2, with a roof between 100 and 
200m2 in size being the most habitual – 36% and 40% of the roofs in 
Marianao and Vinyets, respectively. Increasing the scale of the 
analysis to that of the area’s 83 blocks and it can be observed that 
the blocks in both neighbourhoods are somewhat evenly distributed 
between 1,000 and 5,000m2, composing 89% and 87% of the blocks 
in Marianao and Vinyets respectively. This is an early sign of the 
possible opportunities which increasing the scale of a rooftop 
strategy to incorporate the whole block may present. On the basis of 
the results, aside from the principal orientation of the buildings, it 
can be suggested that the two neighbourhoods follow very similar 
patterns in their building stock. 

4.3. Green Roof Systems 
The two neighbourhoods contain 808 flat-roofed buildings 

with a combined 0.195km2 of flat roof space – over 70% of the total 
roof space - all of which (if deemed accessible and structurally stable) 
have the potential to reap the benefits associated with green roofs. 
However, it is the 0.135km2 of flat roof space spread across the 651 
buildings constructed prior to 1980 which have the most potential of 
reaping the quantitative benefits associated with the strategy’s 
energy efficiency qualities. The three buildings which satisfy these 
criteria and were modelled all seem to follow a similar pattern. 

Figure 4.3. Roof surface areas per building and block 
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The total amount of heat transfer through each of the three 
roofs experience substantial reductions in the region of 60% thanks 
to the introduction of the green roof (see Table 4.1.). This significant 
reduction is due in large part to the green roof’s relatively low U-
value of 0.432 W/m2K. A slight difference in values (a 4.29% 
difference across the three buildings) cannot be attributed to just 
one variable. However, it can be presumed that the difference in the 
building’s ratio of roof area to habitable space has an effect on these 
values as Tres d’Abril 51, with a ratio of 0.14, has the lowest 
reduction in annual heat losses through its roof (58.30%), whilst the 
building with the largest ratio of 0.28 (Montmany 70) sees a 
reduction of 62.59% attributable to the implemented green roof 
system.  

 The reductions in heat transfer through the roofs attribute to 
subsequent reductions in heating and/or cooling demands of the 
buildings in order to keep their habitable spaces within a 
comfortable temperature. The implementation of the green roof 
system in both Tres d’Abril 51 and Industria 51 sees heating loads 
drop by just above 5% per m2 of their respective habitable spaces. 
Montmany 70, however, experiences a grand reduction of 12.09% 
with respect to its original flat, non-ventilated roof. It’s relatively low 
volume in respect to the other two buildings (70% and 80% less than 
Tres d’Abril 51 and Industria 51) whilst having the smallest roof 
surface area (62.9m2) results in the building being more compact, 
implying that improvements to its roof’s thermal properties will have 
a larger effect on its heating and cooling loads. 

Table 4.1. Heat losses per building 

    
Carrer Tres 
D'Abril, 51 

Carrer de La 
Industria, 51 

Carrer de 
Montmany, 70 

Heat losses 
through m2 of 
roof  
(kWh/m2/ yr) 

Original roof        41.34               42.57                    42.38    

Green roof        17.24               16.69                    15.85    

Reduction  58.30% 60.79% 62.59% 

 

 

 

 

Table 4.2. Heating and cooling loads per building 

    

Carrer Tres 
D'Abril, 51 

Carrer de la 
Industria, 51 

Carrer de 
Montmany, 70 

District Heating 
/ m2 of 
habitable space 
(kWh/yr) 

Original roof          53.77                  85.81    
                   

53.45    

Green roof          50.92                  81.41    
                   

46.98    

Difference 5.31% 5.13% 12.09% 

District Cooling  
/ m2 of 
habitable space  
(kWh/yr) 

Original roof             9.38                    8.23                       3.66    

Green roof             9.31                    8.10                      3.48    

Difference 0.73% 1.53% 4.98% 
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All three buildings also see reductions in their cooling loads. 
However, they are not as large as the heating load reductions 
observed, with the three buildings experiencing cooling reductions 
of 0.73%, 1.53% and 4.98% (see Table 4.2.) due to their original roofs 
being substituted for the green roof system. Due to the nature of the 
Mediterranean climate, and the manner in which the buildings have 
been constructed in order to combat the combination of high 
summer temperatures and high relative humidity, the buildings are 
subjected to higher heating demands than cooling demands. 
Therefore, due to the high rates of thermal energy dissipating from 
the buildings’ envelopes during the winter, the related loads are 
much higher than their cooling counterparts. Increasing the thermal 
mass and thermal insulation of a building is much better at stabilising 
internal temperatures during winter than summer. All this accounts 
for the reduced cooling load benefits attributed to the green roofs. 
Again, it can be noted that for the same reasons as those discussed 
in the previous paragraph, Montmany 70 encounters a greater 
reduction in cooling loads thanks to the green roof than the other 
two buildings.  

Table 4.3. CO2 emissions related to each building 

  Carrer Tres 
D'Abril, 51 

Carrer de la 
Industria, 51 

Carrer de 
Montmany, 70 

CO2 emissions averted (kg/yr) 670.21 1797.37 513.24 

CO2 emissions averted / m2 of 
roof  7.00 7.69 8.16 

The reduction in heating and cooling loads translates to an 
aversion of GHG emissions being released into the atmosphere. 
Using the data collated by the Spanish Government’s Ministry of 
Industry, Energy and Tourism (IDAE, 2012), electricity used within 
the domestic sector generates 0.34 tonnes of carbon dioxide for 
every megawatt hour of energy consumed in the Spanish peninsula. 
This equates to 0.34kg/kWh of CO2. Assuming that the buildings are 
both heated and cooled electrically and applying this value to the 
buildings, Tres D’Abril 51 and Montmany 70 are seen to avert 670 
and 513kg of CO2 annually due to their respective reduced heating 
and cooling loads being relatively low. However, the introduction of 
a green roof into Montmany 70’s building envelope increases the 
total amount of CO2 emissions averted by 1,797.37kg per year. 
However, normalising each building’s value with respect to the size 
of its roof produces a smaller range between the results (Table 4.3.). 

Table 4.4. Economic factors related to each building 

  

Carrer Tres 
D'Abril, 51 

Carrer de la 
Industria, 51 

Carrer de 
Montmany, 70 

LCC (€) (4,220.78)    (13,401.21)    (4,173.81)    

LCC / dwelling (€) (527.60)     (1,218.29)    (1,043.45)    

LCC / m2 roof space (€) (44.13)    (57.37)    (66.37)    

LCC / m2 habitable space (€) (6.26)    (11.47)    (18.38)    

PBP (yrs)            37.00            27.00               36.00    
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Analysing the financial costs of implementing such systems 
presents promising results for the user. Over the projected 40-year 
lifespan of the system, the owners of each of the three buildings 
benefit financially (Table 4.4.). Looking at the LCC of each building as 
a whole, it takes in region of 36 to 37 years for a return on the initial 
investment at Tres D’Abril 51 and Montmany 70, with both systems 
returning just over 4,200€ over the system’s lifespan. Industria 51 
however, due to the sheer size of the roof (233m2) as opposed to the 
95m2 and 62m2 roofs contained by Tres D’Abril 51 and Montmany 
70, respectively, the system is able to make far superior annual 
savings in the form of its 5,286.38 kWh which no longer need to be 
purchased from the grid. This is a prime example of how scale 
matters. Whilst the building’s normalised reduction in heating and 
cooling loads is less than Montmany 70, and the normalised initial 
investment is equal, the building’s larger size is a contributing factor 
in its higher financial gains. That being said, dividing the LCC of each 
building’s system between its habitable floor space, thereby 
negating the factor of scale and normalising the result, the financial 
gains between the two buildings are reversed, with each m2 of floor 
space in Montmany 70 having the potential to make 18.38€ over the 
system’s lifespan, as opposed to 11.47€ for that of Industria 70. 

Using the values taken from the three buildings for each of 
the discussed variables, an insight into the potential benefits if all the 
661 flat-roofed buildings constructed prior to 1980 were to have 
their roofs converted into green roofs can be given. Table 4.5. 
displays the potentials given to the 0.135km2 area by using the most 

and least beneficial values per m2 of roof surface area for each 
variable and grouping them into two potential outcomes. Both 
scenarios show promising potential in all energy-related, 
environment-related and economic-related fields. 

 
Table 4.5. Total green roof related potentialities presented by the whole 
flat-roofed building stock constructed prior to 1980 

  
Min benefits Max benefits 

Total /m2 of roof Total /m2 of roof 

Energy savings 
(kWh/yr) 203,948,741             20.61    714,224,564               24.00    

CO2 emissions 
(kg/yr)       945,746              7.00         1,102,469                 8.16    

Initial 
investment (€)   12,159,590            90.00      12,159,590              90.00    

LCC (€) (5,962,252)    (44.13)    (8,967,022)   (66.37)    
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4.4. Rooftop PV Systems 
The potential of a rooftop PV system with regards to the 

maximum amount of electricity it can produce, meeting its building’s 
energy demands, and economic implications on its users depend 
greatly on the roof it is placed on. Each of these three criteria have 
therefore been analysed and compared between roofs of differing 
gradients, ratios of roof surface area to number of dwellings, and 
orientation on which the PV modules sit, in an effort to see where 
the maximum (and minimum) electricity producing potentials lie. 
Figure 4.4. represents this analysis illustrated via a number of box-
and-whisker-plots, with the dots representing the mean values, the 
bottom, middle and top lines of the boxes representing the first, 
second and third quartile values, and the ‘whiskers’ on each end 
representing the minimum and maximum values for each respective 
category. 

With regards to the effect the roof’s gradient on the 
electricity generating potential per net m2 of roof space, 75% of all 
roofs give the opportunity to produce over 20kWh/m2 annually. The 
mean values show very similar results for both neighbourhoods, with 
the mean value of flat roofs being just shy of 30kWh/m2 with that of 
inclined roofs attaining average values slightly above 30kWh/m2. 
Observing the effect which the amount of roof surface area present 
per each building’s dwelling has on the system’s potential to produce 
electricity, a clear upward trend can be seen. Those buildings 
containing under 20m2 of roof space per dwelling produce 
21.12kWh/m2 annually on average, with values increasing up to a  

 
Figure 4.4. Box-and-whisker plots – EELEC per m2 of net roof surface area 
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maximum average value of 34.47kWh/m2 for those buildings 
containing between 100 and 150m2 of roof space per dwelling. The 
last variable which is analysed is that of the roof’s orientation. As 
expected, it can be seen from Figure 4.4. that the PV systems placed 
on South-facing roofs present the greatest electricity producing 
potential, thanks to the increased irradiance on the modules’ 
surface, with a mean annual value of 31.68kWh/m2. 

 Assessing the roof’s effect on the potential of the system 
meeting its building’s electro-domestic and illumination demands, it 
can be seen from Figure 4.5. that just as the inclined roofs offer more 
electricity generating potential per unit area of roof, they also offer 
much more potential of meeting their building’s relevant energy 
demands, with inclined roofs having a potential to reach, on average, 
35.43% and 29.66% in Marianao and Vinyets, respectively, as 
opposed to their flat-roofed counterparts which can only manage 
13.95% and 17.82%, respectively. This phenomenon is undoubtedly 
related to the fact that the buildings with inclined roofs possess circa 
half the number of dwellings per buildings than their flat-roofed 
counterparts across both neighbourhoods, as illustrated in Figure 
4.2. This point is further exemplified when looking at how the 
building’s roof space available per dwelling affects the amount of its 
relevant energy demands being met by a PV system, with a positive 
trend between the two being seen in Figure 4.5. The variable is in 
fact so influential that only buildings with over 150m2 of roof space 
per dwelling are seen to satisfy 100% of their electro-domestic and 
illumination demands by a rooftop PV system.     

Figure 4.5. Box-and-whisker plots – pELEC 
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 The effect of the orientation of the roof on which the PV 
module sits is much less of a determining factor in measuring PELEC. 
However, what is noteworthy is the fact that those buildings with flat 
roofs give a much lower potential of satisfying their users’ relative 
energy demands than the inclined roofed buildings with the same 
roof surface area, presenting lower mean values along with a much 
smaller dispersion of results. 

 Measuring each building’s LCCPV per square metre of roof 
space in order to assess the economic implications which the 
introduction of a building’s rooftop PV system has on its users, it can 
be seen from Figure 4.6. that the dispersion of results is generally 
very small across all the measured variables, with general trends 
following those seen in Figures 4.4. and 4.5. for each respective 
variable. However, an important note to make is the fact that as all 
LCCPV values are positive, all PV systems fail to make a positive 
financial return over the system lifespan of 25 years, thanks in large 
part to the Solely Self-Consumption regulation scheme put into place 
by the Spanish government. Observing each building’s LCCPV per 
dwelling (Figure 4.7.) turns up much larger distributions between the 
smaller and larger values of each assessed category. Additionally, 
looking at the how the initial financial investment relates to the cost 
to the user over the system’s lifespan (Figure 4.8.), it can be seen 
that the PV system will cost the user between 30% and 37% of their 
initial investment over the 25-year lifespan of the system. 

 
 

Figure 4.6. Box-and-whisker plots – LCCPV / m2 of net roof surface area 
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 Summing the values taken from the entire building stock for 
each of the discussed variables, an insight into the potential benefits 
if all the 1,202 buildings were to implement a PV system can present 
to their users as well as to the environment can be obtained. Table 
4.6. displays such maximum potentials presented by the two 
neighbourhoods. Accounting for the fact that 33.27% of the PV 
electricity produced is self-consumed, a maximum of just over 8% of 
both neighbourhoods’ electro-domestic and illumination demands 
can be satisfied by self-consumed electricity produced by the 
decentralised PV systems, with the remaining 66.73% of electricity 
being fed into the grid. However, this benefit won’t come without a 
hefty financial cost to the neighbourhoods’ residents, with the 
neighbourhood-wide operation equating to over 5 million euros in 
the case of Marianao, and just under 3 million euros in the case of 
Vinyets. Additionally, both neighbourhoods pose a positive LCCPV 
value indicating a net financial loss by the consumers over the 
systems’ lifespans. However, the positive impact the systems would 
have on the environment thanks to the CO2 emissions associated 
with the habitual ways of producing electricity no longer being 
required are measured as 1,6457 and 959 tonnes of CO2 emissions 
being averted from entering the atmosphere in the case of each 
respective neighbourhood. Furthermore, the table also shows the 
potential which the neighbourhoods present per square metre of 
rooftop. Normalising the results in this manner, they can then be 
compared with other strategies and studies much easier.  

 
Figure 4.7. Box-and-whisker plots – LCCPV / dwelling 
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Table 4.6. Total PV related potentialities presented by the entire 
building stock 

  
Marianao  Vinyets  

   Total /m2 of roof Total /m2 of roof 

PV Electricity 
Produced (kWh/yr) 

4,843,560           27.76  2,819,548           27.64  

PV Self-consumed 
Electricity Produced 
(kWh/yr) 

1,611,453 9.23 938,064 9.19 

Electro-domestic & 
Illumination Demand 
(kWh/yr) 

18,268,250          104.69  10,776,990         105.64  

% of Demand 
Satisfied 

8.82%  8.70%  

CO2 emissions 
averted (t/yr) 

   1,647               9.44         959              9.40  

Total costs saved 
from not using the 
grid for electricity (€) 

4,662,473           26.72    2,707,613           26.54  

Total initial 
investment needed 
to be spent on PV 
systems (€) 

 5,061,162           29.00    2,937,195           28.79  

LCCPV (€) 1,663,979.51 9.54 963,880.80 9.45 

 

 
Figure 4.8. Relationship between investment and LCC per dwelling 
 

4.5. Rooftop Solar Thermal Collectors 
The potential which rooftops have to collect solar thermal 

energy which can then be used to meet their buildings’ DHW energy 
demands also depends on the roof’s characteristics. The same 
criteria as those used in the analysis of the PV systems were 
therefore used as an attempt to encounter which roofs require the 
largest percentage of their available roof surface area to be occupied 
by solar collectors in order to provide energy for 70% of the 
building’s DHW energy demands, along with which roofs provide the 
quickest (and slowest) payback periods for the users. As Figure 4.9. 
illustrates, the flat roofs require a larger percentage of their available 
roof space available for solar thermal collectors (SAR), with average 
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values of 32.01% and 29.80% measured, as opposed to the average 
space needed on inclined roofs – 17.98% and 22.05% – in Marianao 
and Vinyets respectively. 

When classifying the buildings by the amount of m2 of roof 
they possess per dwelling, a clear trend can be observed. Buildings 
with less than 20m2 of roof space per dwelling require, on average, 
46% of their available roof space to be occupied by collectors in 
order to meet the legal requisite, with a maximum value of over 
100%, indicating that the requisite cannot be physically met. In 
contrast, buildings with between 100 and 150m2 of roof space per 
dwelling, and those with over 150m2 require a mere 10.82% and 
7.13% of available roof space on average. 

As expected, assessing the influence of the roof’s orientation 
on the percentage of roof space occupied by solar thermal collectors 
shows that on average, those orientated towards the South require 
the least percentage of available roof space (16.60%). However, 
what is perhaps not so expected is the fact that those orientated 
towards the West on average require 17.73% of roof space, a mere 
1.13% more than their southern-orientated counterparts. 

In contrast to the PV systems, all of the solar thermal 
collectors used for the buildings’ DHW demands attain a negative 
LCC and therefore have a payback period within the system’s 
projected lifespan of 25 years, with the longest system’s PBP taking 
16 years be achieved7. This longest period of 16 years is linked to a  

                                                
7 not represented in Figure 4.10. due to aesthetic reasons 

    
Figure 4.9. Box-and-whisker plots - % of SAR taken by solar collector  
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system on an inclined roof, and as it can be seen in Figure 4.10., solar 
thermal collectors placed on inclined roofs on average take 1.11 and 
0.64 years longer in Marianao and Vinyets to reach their payback 
period than on flat roofs. With regards to the PBP of the systems 
according to the roof’s amount of m2 per dwelling, whilst those with 
larger values require less percentage of roof space, they take longer 
on average to reach their PBP as opposed to those with less m2 of 
roof space per dwelling. The roof’s orientation, however, is seen as 
less of an influential variable on the system’s PBP, aside from flat 
roofs, which provide the quickest PBP periods (2.25 years on 
average). Assessing the link which the LCC of the system per dwelling 
has with regards to the initial investment paid by each dwelling, a 
linear relationship can be drawn between. As illustrated in Figure 
4.11., as the initial investment of each dwelling increases, the total 
savings over the lifespan of the system represented by the LCC 
lower, with each dwelling’s LCC being in the region of 7.5 times their 
initial investment. 

Summing the values taken from the entire building stock for 
each of the discussed variables, an insight into the potential user and 
environmental benefits if all the 1,202 buildings were to implement 
a solar thermal collector system which met 70% of the building’s 
DHW demands can be obtained. Table 4.7. displays such maximum 
potentials presented by the two neighbourhoods. It is clear to see 
that the roofs of both neighbourhoods have the potential to satisfy 
the legal requirement brought forward by the Solar Hot Water 
Ordinance as over 70% of each neighbourhood’s DHW demand can  

Figure 4.10. Box-and-whisker plots – PBP of solar collectors  
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be met by the decentralised solar thermal collector systems. The 
substitution of energy source averts over 4.5 tonnes of CO2 being 
emitted into the atmosphere across the two neighbourhoods, at a 
joint financial initial investment of over 4 million euros. However, the 
economic benefit which such a neighbourhood-wide operation 
would bring can be seen from the fact that the costs saved from the 
substitution of energy source over the lifespan of the system 
outweigh the costs imposed on the users by a staggering 30 million 
euros in the neighbourhood Marianao and a further 18 million euros 
in the neighbourhood of Vinyets. Once again, normalised values per 
m2 of roof for each variable have been evaluated and are listed in 
Table 4.7. 

 
Figure 4.11. Relationship between investment and LCCDHW 

Table 4.7. Total Solar thermal collector related potentialities presented 
by the entire building stock 

 Marianao  Vinyets  

       Total 
/m2 of 

roof   Total 
/m2 of 

roof 
Solar thermal collector 
Electricity Produced 
(kWh/yr) 

8,601,755 49.29 5,067,487 49.67 

DHW demand 
(kWh/yr) 11,719 67.16 6,913 67.76 

% of Demand Satisfied 73.40%  72.48%  

CO2 emissions averted 
(t/yr) 2,925 16.76 1,704 16.70 

Total costs saved from 
not using the grid for 
electricity (€) 

31,147,386 18.70 18,561,525 31.99 

Total initial investment 
needed to be spent on 
collectors (€) 

2,527,854 14.49 1,513,576 14.84 

LCCDHW (€) (30,415,812) (174.30) (17,914,254) (175.60) 
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4.6. RWH Systems 
 The four building-related variables which influence an RWH 
system’s performance are its runoff coefficient, water demand per 
dwelling, catchment area, and number of dwellings. However, the 
influence of the latter two variables outweigh the first two as the 
difference in RC between the two roof typologies is a mere 5%, and 
the difference in water consumption between an average dwelling 
in Marianao and Vinyets differs by just over 5% due to the average 
number of occupants per dwelling differing slightly. For these 
reasons, the effect which the RWH system’s catchment area and 
number of dwellings connected to it have on the potential of an RWH 
system are assessed in this section, in order to see where the 
benefits lie. 

 As RainCycle (the program used to determine the optimal 
sized RWH tank) works on a case by case basis, meaning that the 
details of each building must be inputted manually one at a time, the 
determination of 1,202 buildings’ optimal RWH tanks was deemed 
unfeasible. Therefore, the buildings were grouped according to the 
number of dwellings they contained, and the optimal tank was 
calculated according to the criteria outlined in Chapter 3.2.8.4. for 
the buildings with the minimum, maximum, and mean catchment 
area within each group (a report on the analysis of the optimal RWH 
storage tank for one of the buildings is present in Appendix H. 
Therefore, when assessing the accumulated potential of each 
neighbourhood, as presented in Table 4.8. and 4.9., the amount of 
water harvested and the LCC of the rest of the buildings use the 

values of their respective group’s mean building. However, the 
determination of the optimal RWH tank for each block was indeed 
performed on each of the 83 blocks, with the accumulated results 
displayed in Tables 4.8 and 4.9. As expected, buildings with larger 
roofs capture larger quantities of water, with the average unitary m2 
of roof space across both neighbourhoods annually collecting an 
average of 421.5 litres of rainwater. However, looking at the water 
harvesting potential of each building according to the amount of roof 
space per dwelling it possesses, it can be interpreted from Figure 
4.13. that a maximum of 412.8 m3 of rainwater is harvested for 
buildings that contain up to 24m2 of roof space per dwelling. The 
amount of rainwater decreases in a quadratic fashion from this point 
onwards with buildings containing 100m2 of roof space per dwelling 

Figure 4.12. RWH potential according to the buidling’s catchment area 
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harvesting no more than 100m3 of water annually. Analysing the 
effect which the amount of roof space per dwelling has on the 
potential of a RWH system to meet the building’s annual washing 
machine water demands shows that the demand met increases 
linearly up to the point where the building contains 36m2 of roof 
space per dwelling. RWH systems implemented on buildings with 
larger ratios are able to meet 100% of their washing machine water 
demand. 

An interesting phenomenon has been found whilst 
calculating the optimal RWH tank size of each building. Figure 4.14. 
illustrates this example using a building which contains 36 dwellings, 
observing the optimal RWH tank with respect to its catchment area. 
As it can be seen, up to a roof size of 650m2, the optial RWH tank is 
2.15m3. as the roof increases past 750m2, the optimal tank increases 
in size accordingly up to a maximum tank of 40m3 when the roof 
measures 825m2. At this point the RWH meets 97.5% of its building’s 
annual washing machine water demand. Up to this roof size, 100% 
of the total incident rainfall is collected and used. However, the same 
tank meets 100% of the water demand when the roof is increased to 
900m2, thus causing a proportion of rainfall to become surplus to 
requirements. Once this point of maximum water demand has been 
reached, larger roofs allow the same 100% of water to be harvested 
through the means of smaller tanks. A roof size of 1,500m2 therefore 
reverts back to a 2.15m3 tank. Aside from buildings with 1 or 2 
dwellings which do not require a storage tank larger than 2.15m3, 
the mean roof size per building group according to its number of  

Figure 4.13. RWH potential according to roof surface area per dwelling 



 103 

dwellings generally therefore requires a larger RWH tank than the 
buildings with the minimum and maximum roof sizes for buildings 
with between 4 and 43 dwellings. This has been illustrated in 
Appendix I. 

 Observing the accumulated RWH-related values for the 
entire building stock of each neighbourhood in Table 4.9. alongside 
the average values per m2 of roof space in Table 4.8., a difference in 
results can be seen with regards to the implementation of RWH 
systems at the building scale as opposed to the scale of an entire 
block. If an optimal RWH system were to be installed in every 
building, roughly 74% of each neighbourhood’s washing machine 
water demand would be met. This would substitute 82,923m3 of 
water associated with the energy-intensive process of being 
collected, filtered, and transported to the point of use for free, 
abundant rainwater collected at the point of use every year. 
However, by implementing single systems per block, the volume of 
water saved rises to 93,996m3 annually, thereby meeting 83.46% 
and 88.14% of the corresponding water demand in each respective 
neighbourhood. However, the larger benefits associated with this 
scale are seen financially. Despite the extra initial financial cost per 
system due to the larger pump and extended distribution network, 
a neighbourhood-wide RWH system implemented per block offers a 
much higher financial benefit to its users than if each system were 
to be connected to a single building. Initial investments on a block 
scale are 30.27% and 33.51% of the price of their building scale 
counterparts in Marianao and Vinyets, respectively. Observing the  

 
Figure 4.14. Optimal tank size determination for a 36-dwelling building 

Table 4.8. Total RWH related potentialities presented by each m2 of roof 
of the entire building stock implemented at two scales 

   Marianao    Vinyets   

   Building   Block   Building   Block  
 Maximum RWH 
potential (litres)  421.50 421.50 

 RWH potential using 
optimal RWH tanks 
(litres)  

    303.62         338.85        285.53          341.75  

 Washing machine 
water demand  405.94 387.73 

 LCC (€/50yrs)          3.01          (31.99)            8.32          (31.98) 

 Initial Investment (€)        15.76              4.77           15.37               5.15  
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LCCRWH of the two strategies shows even greater differences. The 
building scale LCCRWH give positive results in both neighbourhoods, 
indicating a financial cost incurred by its users over its 50-year 
lifespan. A block-scaled strategy on the other hand produces six-
figured negative values across both neighbourhoods indicating great 
financial savings. 

Table 4.9. Total RWH related potentialities presented by the entire 
building stock implemented at two scales 
  Marianao    Vinyets   

   Building   Block   Building   Block  
 Maximum RWH 
potential (m3)  73,553 43,001 

 RWH potential using 
optimal RWH tanks 
(m3)  

      52,983            59,131          29,130       34,865  

 Washing machine 
water demand (m3)  70,837 39,556 

 Washing machine 
water saved (%)  74.80% 83.47% 73.64% 88.14% 

 LCC (€/50yrs)       524,679   (5,582,394)      848,743        (3,262,788) 

 Initial Investment (€)   2,750,494         832,241    1,568,494       525,817  

5. Discussion 
The fact that over 75% of the case study’s building stock was 

built prior to 1980 is fairly representative of the country’s residential 
building stock as over 50% of that currently standing was built prior 

to 1980 (Terés-Zubiaga et al., 2015). Furthermore, 50% of the 
dwellings in the city of Barcelona, along with 51% of built up land 
space was associated with post-civil war construction ranging from 
1940 up until 1979 (Ajuntament de Barcelona, 2011b). This similarity 
in building age between the three regions shows the potential 
applicability of the study to other urban areas in the country with 
similar climatic conditions. Furthermore, the size of the home, 
expressed as the number of inhabitants per dwelling, is a variable 
which holds great significance in its consumption of resources. The 
highly respected SPAHOUSEC report carried out in 2010 (which is 
used in this study to measure energy consumption values) reports 
an average of 2.7 inhabitants per dwelling across Spain. As the two 
neighbourhoods studied are found to have an average number of 
inhabitants per dwelling of 2.62 and 2.48 respectively, this further 
increases the applicability of the case study’s results nationwide. 

As the results show, there is not a one-size fits all solution to 
using the roof space in a sustainable manner. Each of the strategies 
presented in this study presents benefits to the users and the 
environment in a heterogeneous manner. It is therefore important 
to realise the solutions which are more beneficially tailored towards 
the users’ wants and needs. Green roofs are seen to be a more 
appropriate strategy for older buildings (particularly those built prior 
to 1980) as whilst there are many quantitative and qualitative 
benefits of green roofs which have been discussed, the rewards 
brought about by their thermal insulative properties are generally 
confined to those built in this earlier period which were not 
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constructed with any form of thermal insulation. Green roofs are 
also seen as a financially enticing strategy as monetary benefits of 
between 44.13 and 66.37€/m2 of installed green roof are seen over 
the system’s predicted lifespan. It is important to note however that 
due to structural factors, it is advised to remove the existing roof’s 
finishing and supportive elements (along with having a certified 
structural assessment carried out) before installing any green roof 
system, with an extensive green roof being the most feasible 
structurally.  

Swapping sustainable green roofs for rooftop strategies 
which harness energy from the sun and convert it into useful 
electrical and thermal energy sees the number of roofs which can 
participate in housing such sustainable means of intervention 
practically increase to the entire building stock. The immediate 
benefits of these strategies stem from their electricity producing 
capabilities, but they do differ greatly depending on the roof’s and  

Figure 5.1. Green roof and PV system working in tandem 

corresponding building’s characteristics. Results show that PV 
systems are much less financially advantageous to the user than 
solar thermal collector systems as associated initial costs are roughly 
double the price of solar thermal collector systems per m2 of roof 
space (28.79 – 29.00€/m2 as opposed to 14.49 – 14.84€/m2). 
Furthermore, solar thermal collectors make positive financial 
returns on their implementation over their 25-year lifespan (174.30 
– 175.60€/m2) as opposed to PV systems which fail to reach parity ( 
-9.45 – -9.54€/m2).  

The poor financial returns on residential rooftop PV systems 
are greatly attributed to the restrictive regulation scheme 
introduced in Spain in 2015 under the Royal Decree (RD) 900/2015 
outlined in Chapter 2.3.2.2.5.3. If the current Spanish government 
which has come into power since the regulation came into effect 
sticks to its previously claimed promises of reverting to the old law, 
thereby abolishing the locally known ‘sun tax’, the reintroduction of 
feed-in tariffs for decentralised self-produced PV electricity will 
make the utilisation of residential rooftop PV systems far more 
enticing to the consumer. That being said, if a rooftop PV system is 
to be implemented, it is usually the case that solar thermal collectors 
will also be installed due to legal requisites set by the Solar Hot 
Water Ordinance. This will raise the initial investment costs but will 
lessen the financial blow dealt to the consumers over the systems’ 
lifetimes, generally ensuring that a negative joint-LCC is achieved. 
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Combining solutions must not be confined to solar energy 
harnessing ones as multiple strategies can work in tandem without 
hampering their performance, with, in some cases, an increased 
performance of one of the two being experienced. Such is the case 
when solar energy harnessing systems are combined with green 
roofs. As the energy converting efficiencies of PV systems and solar 
thermal collectors are temperature dependent, the reduction of the 
local air temperature brought by the vegetation increases the 
systems’ relative performance. Additionally, the presence of solar 
energy harnessing systems does not negatively affect the volumes of 
rainwater an RWH system can receive, and vice versa. The same, 
however, cannot be said of the combination of RWH and green roof 
systems. Whilst such a combination would decrease the probability 
and severity of urban flooding, the lowered RC value of the 
vegetated catchment area would reduce volumes of water collected 
by the connected RWH tank, thus reducing the potential of meeting 
related water demands. However, implementing a green roof over 
the catchment area of an RWH system will improve the quality of the 
rainwater entering the storage tank and that subsequently being 
used within the household. This could increase the number of 
household water-involved activities which could be connected to the 
RWH system. This combined strategy would therefore not be 
recommended for RWH systems which do not meet 100% of their 
building’s washing machine water demands. For those which do 
meet 100% and therefore have surplus rainfall at their disposal, the 
combination of such systems could be looked into not as a means of 

increasing the volume of water captured but rather to maintain the 
quantity whilst increasing its quality. 

When implemented on non-vegetated roofs, RWH systems 
have the potential to seriously reduce the water dependence of an 
urban area on the large, centralised water-distributing companies. 
However, the amount depends largely on the amount of roof space 
present per dwelling connected to the RWH system, with larger 
values yielding a higher proportion of the building’s water demands. 
Additionally, taking all assessed roof typologies into account, for 
RWH systems installed at a building by building scale using optimally 
sized storage tanks, a single m2 of roof space has, on average, the 
potential to capture between 285.33 and 303.62 m3 of rainwater 
annually in the current climate. However, increasing the system size 
to that of a block not only increases the amount of rainwater 
harvested on average by between 11.6 and 19.7%, but it also makes 
the strategy financially beneficial to the consumers over its 
projected lifespan of 50 years. This is mainly due to the reduction in 
number of tanks situated across the neighbourhoods. This therefore 
not only saves the users money, but also saves on materials and 
space needed to house the tanks. Results show that roofs larger than 
36m2 per dwelling meet 100% of their building’s washing machine 
water demands. Roofs with sufficiently larger values therefore have 
the potential to merge the system with a green roof as previously 
stated or connect the system to additional uses which do not require 
high-quality water such as the toilet. That being said, assessing the 
water quality results conducted by previous studies within a 
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Mediterranean setting, where parameters are comparable to the 
drinking water guidelines established by the European Commission, 
stormwater rooftop runoff for roofs in general contain less polluting 
particles in every category than the acceptable limit except 
ammonium which has tendencies to surpasses the tolerable limit of 
0.5 mg N/L. Furthermore, the conductivity of a sample is usually 
regarded as the dominant parameter in determining the 
concentration of dissolved matter (Farreny et al., 2011). It is evident 
from Table 2.6. that all rooftop runoff samples possessed levels of 
conductivity far below the EC’s drinking water guideline limit as well 
as the three surface and groundwater sources. Whereas the data on 
the quality of stormwater rooftop runoff in north-eastern Spain is to 
date somewhat limited, it can still be said with some degree of 
confidence that its physiochemical quality is superior to that of the 
area’s raw sources of surface and groundwater, and the passive 
filtering qualities of a green roof could hold great opportunities in 
raising the quality of the rainwater to a relatively high level. 

 Looking into the future, the price of electricity and water set 
by the large distributors is increasing year-on-year as environmental 
externalities are being included into the price. This holds well for the 
economic benefits of implementing all the discussed strategies as 
the costs saved will increase, suggesting that the potentials of 
sustainable intervention in the fifth façade are ever-increasing, the 
more they are continued to be analysed. 

 

6. Conclusion 
Buildings tend to have long lifespans, and there is currently a 

low turnover in the building sector. Focusing on the opportunities of 
sustainable intervention on the existing building stock to combat the 
world’s problems will present a higher potential of having a 
significant positive impact on the sector in the short to medium-term 
than paying attention to new-builds. The investigation into the 
potentials brought about by the existing residential roofs of the 
studied area’s buildings in their respective climate is shown to yield 
an array of positive results across an array of different strategies. The 
fifth façade is thus an important part of the urban environment 
which we have access to in abundance, and a mere square metre of 
it – if taken advantage of correctly – can do a world of good. 

It can be suggested therefore that whilst the main issues 
associated with the retrofitting of roofs initially seemed technical 
and economical, the chief culprits preventing a widespread 
implementation of sustainable rooftop strategies are actually the 
barriers involved in restrictive policies and the general attitude of 
society due to a lack of knowledge of the associated benefits. There 
are countless examples of successfully retrofitted roofs across the 
globe, and this study shows that there are still opportunities for 
more successful projects to be materialised. 
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7. Further Works 
In the same way in which this study draws on earlier works, 

it also hopes to be used as a basis for potential future studies in 
related fields. As the topic of alimentation is currently one of the 
city’s most prominent problems, one of the eight green roof 
typologies discussed – that which uses the roof as a place to produce 
food – can actually be analysed in its own right, alleviating it as a 
green roof sub-category and assessing the opportunities which the 
area’s roofs provide in fostering urban agriculture. 

 The quantitative potentialities produced by combining the 
strategies, as discussed in Chapter 5, can be analysed in much more 
detail, determining the viability of different combinations. One of 
which that has not yet been mentioned in this study is the 
implementation of the less conventional technology known as 
photovoltaic thermal (PV/T) hybrid systems. This combines the two 
types of solar thermal energy harnessing systems previously 
discussed into one single unit, with the output being both electrical 
and thermal energy. Equally, the potentials associated with the 
other PV and solar thermal collector technologies discussed could be 
assessed. 

 A third tangent into which this study could be developed is 
that of quantifying the environmental benefits associated with each 
strategy in a greater depth than merely outlining the kilograms of 
CO2 averted by the energy saved. Life Cycle Assessments (LCA) of 

each strategy can be analysed, allowing the respective energy 
amortisation times to be determined. 
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9. Appendices 

Appendix A. The Eight Green Roof Typologies  
 

1) Extensive Roofs 

 An extensive roof is defined by its substrate, the thickness of which must be within 8 and 15cm. 
Due to the substrate’s relatively shallow depth, the species of plants which can be utilised is somewhat 
limited (with the main species used being sedum). It is the simplest and cheapest form of green roof which 
can be constructed and exerts the least amount of load on the structure below (see Table 2.3. for load 
values). However, if technically, economically, and socially feasible, an extensive roof can be used as a 
platform to generate energy and/or plant and cultivate produce. 

 

2) Intensive Roofs 

 For a green roof to be defined as intensive, its substrate must measure between 30 and 100cm thick. 
This extra depth in substrate permits the planting of larger species of plants with the inclusion of bushes and 
trees in some cases. However, this results in it being more expensive to implement than its extensive 
counterpart, along with more technically problematic. The loads associated with the lightest intensive green 
roof are over four heavier than its lightest extensive counterpart per square metre. Due to purely structural 
reasons, extensive roofs are rarely implemented on residential buildings’ roofs. This is especially the case in 
older buildings where such loads were not factored in to the roof’s design. However, where available, extensive 
roofs can be used as a platform to house solar panels, cultivate produce, and collect and retain rainwater. 
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3) Semi-intensive Roofs 

 If a green roof’s substrate is between 15 and 30cm, it is labelled as semi-intensive. It therefore carries 
insulative, economic, and structural characteristics between those of extensive and intensive green roofs.  

 

4) Biodiverse Roofs 

 A biodiverse roof belongs to the extensive or semi-intensive typology but contains an added incentive to 
replicate the habitat of native flora and fauna in order to boost the biodiversity in the region. If implicated on a 
large enough scale, these roofs can serve as green corridors between urban green spaces connecting the wildlife 
between them. They therefore possess native species of plants but may also substitute a native species for one 
with similar properties as a means to increase the biodiversity of flora and fauna in the area. Just like the three 
types of green roof, that precede, biodiverse roofs can be combined with infrastructure used to generate energy.  

 

5) Producers of food 

 This type of roof is designed to be best suited towards the production of fresh fruit and vegetables and falls under the intensive typology 
as it requires a large amount of irrigation, nutrients and maintenance. As touched upon in Chapter 2.3.1.1.6., seeds can be planted directly into 
the insulating substrate, or portable planters can be used. In both cases it is essential to incorporate a strong and reliable root-protection layer. 
With regards to associated infrastructure, the location of the water source where a hose can be connected, and the possible location of a tool 
shed should be considered in the roof’s design.  

 

6) Water Accumulators 

A green roof can incorporate the hydrological cycle into its design, capturing the rainwater which falls directly on it and storing it for a 
later use. There are a number of ways in which the rainwater can be stored: 
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a) Deposit 

 Rainwater which passes through the vegetation’s substrate to the drainage layer below along with the percentage of rainwater runoff 
enters the building’s drainage system and is diverted towards a rainwater storage tank located either directly under the roof or on/under the 
ground floor usually outside of the building’s footprint. The stored water can then be distributed to different parts of the building for different 
uses. See Chapter 2.3.3.3.5. for more details on this process.  

b) Water tank 

 The entire roof is used as an open-top storage tank. The stored rainwater flows through a filter and redirected to the required use. This 
method uses the roof’s existing elements as the basis for the tank, thereby reducing materials and associated costs associated in constructing a 
separate rainwater deposit. However, water is relatively heavy, and every 10cm of retained water exerts a load of 100kg on roof. Considering 
that roofs are usually not designed to be able to structurally take large loads, this method is rarely used in the urban residential building stock.  

 

7) Energy Generators 

 Whether it be photovoltaic or solar thermal collectors, a green roof (extensive or intensive) can serve as a suitable place to install 
infrastructure that captures solar energy. The two systems work in harmony, with the vegetation providing a microclimate in which the panels 
work more efficiently whilst the panels provide much needed shade for the vegetation during the hot summer months. Further details on the 
advantages of the combination are explained in Chapter 2.3.1.2.5.  

 

8) Multi-use 

 Multi-use roofs are frequently implemented in cases where a large community of neighbours are present as they aim to comply with the 
needs of all those who will occupy the space. They take aspects of the seven previous typologies and combine them where possible. However, 
due to the heterogeneousness of this typology, the design can turn into a long, drawn-out process where physical limitations are pitted up 
against the users’ wants and desires. 
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Table 9.1. Green roof typologies according to users’ desires 

I would like a roof… Aspects to be kept in mind Type of green roof 

To improve biodiversity 
Include clusters of indigenous vegetation; part of the substrate must come from the habitat that is 
to be enhanced. 

It is advisable to use elements such as rocks, trunks or bark to attract wildlife. 
Biodiverse green roof 

To save energy, thermal 
insulation, acoustic 
insulation 

Increase the depth of the substrate, provide irrigation, select leafy plant species to generate 
shadows in summer. 

Semi-intensive green roof 

Intensive green roof 

To produce energy via PV 
or solar thermal panels 

Select vegetation that offers full coverage of the surface of the roof, provide irrigation, and 
envisage the fixing elements of the panels. 

Energy generator 

To store water and 
reduce the surface runoff 

Increase the depth and water retention capacity of the substrate, use plants with high water 
absorption. Look for roof construction systems that can function as cisterns. 

Semi-intensive green roof 

Intensive green roof 

Water accumulator 

For recreational use 
(leisure, garden, space 
for activities, rest 
areas…) 

Increase the load capacity, guarantee roof access, use roof systems that can function as lost 
formwork and that are the basis for architectural elements, furniture and other facilities. 

Plan the lighting and network of drinking water and irrigation. 

Conceive the perimeters and access to the roof. 

Intensive green roof 

Multiple activities 

To grow fruit and 
vegetables 

Increase the load capacity and depth and organic content of the substrate, ensure good 
accessibility to the roof and provide irrigation. 

Cultivator 

For the environmental 
improvement of the city 

Utilise the maximum possible surface area of the roof with vegetation. 

Extensive green roof 

Semi-intensive green roof 

Intensive green roof 

Source: Drawn up by the author using information available at Ajuntamient de Barcelona (2015) 
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Appendix B. Barcelona Incident Solar Radiation Values  
Table 9.2. Incident solar radiation in Barcelona oriented towards the South according to angles of vertical inclination (latitude of 41.2°) 

Inclination 
plane (°) 

Radiation incident on inclined surfaces orientated towards the south in Barcelona (latitude of 41.2) (kWh/m2 x day) Avg. daily 
radiation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 2.17 2.82 3.74 4.81 5.47 6.16 6.45 5.55 4.14 3.07 2.15 1.64 4.01 
5 2.48 3.08 3.94 4.92 5.50 6.15 6.45 5.64 4.31 3.30 2.41 1.87 4.17 

10 2.76 3.32 4.12 5.01 5.50 6.11 6.43 5.70 4.45 3.52 2.65 2.09 4.31 
15 3.04 3.54 4.27 5.07 5.48 6.04 6.38 5.73 4.57 3.71 2.88 2.29 4.42 
20 3.29 3.74 4.39 5.10 5.43 5.94 6.30 5.74 4.66 3.89 3.08 2.48 4.50 
25 3.52 3.92 4.50 5.11 5.35 5.82 6.19 5.71 4.72 4.04 3.27 2.66 4.57 
30 3.73 4.07 4.57 5.08 5.25 5.67 6.05 5.65 4.76 4.16 3.44 2.82 4.60 
35 3.92 4.20 4.62 5.03 5.13 5.50 5.88 5.56 4.77 4.27 3.59 2.96 4.62 
40 4.08 4.30 4.64 4.96 4.98 5.30 5.68 5.44 4.76 4.34 3.72 3.08 4.61 
45 4.21 4.37 4.64 4.85 4.80 5.08 5.45 5.29 4.71 4.39 3.82 3.19 4.57 
50 4.32 4.42 4.60 4.72 4.61 4.84 5.20 5.11 4.64 4.41 3.90 3.27 4.50 
55 4.39 4.44 4.54 4.57 4.39 4.58 4.93 4.91 4.54 4.41 3.95 3.33 4.42 
60 4.44 4.43 4.46 4.39 4.15 4.30 4.64 4.69 4.42 4.38 3.98 3.37 4.30 
65 4.46 4.40 4.34 4.19 3.90 4.00 4.33 4.44 4.27 4.32 3.98 3.39 4.17 
70 4.45 4.33 4.21 3.97 3.64 3.70 4.00 4.17 4.10 4.23 3.96 3.39 4.01 
75 4.41 4.24 4.05 3.73 3.36 3.38 3.67 3.88 3.91 4.12 3.91 3.36 3.84 
80 4.34 4.13 3.86 3.47 3.07 3.06 3.32 3.57 3.69 3.99 3.83 3.32 3.64 
85 4.24 3.98 3.66 3.20 2.78 2.74 2.98 3.26 3.46 3.83 3.73 3.25 3.43 

90 4.12 3.82 3.43 2.91 2.48 2.43 2.63 2.93 3.21 3.65 3.61 3.16 3.20 

Source: Drawn up by the author using information available at Pages Ramon (2017) 
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Appendix C. Building Models’ Architectonic Characteristics 

Table 9.3. Building models’ architectonic characteristics 

Address Neighbourhood Year of 
construction 

Principal 
orientation 

No. of 
floors 

Façade 
width (m) 

Maximum 
depth (m) 

Ground 
floor use 

Total 
volume 

(m3) 

Roof gross 
surface 

area (m2) 
Roof typology 

Carrer Tres D'Abril, 51 Vinyets 1968 NW 5 9.08 19.01 Commercial 2589.2 95.7 Flat non-
ventilated 

Carrer de la Industria, 51 Vinyets 1978 SW 6 13.69 24.05 Commercial 4038.0 233.6 Flat non-
ventilated 

Carrer de Montmany, 70 Marianao 1969 W 4 7.74 9.28 Residential 762.5 62.9 Flat non-
ventilated 

Façade 
typology 

Sum of façades 
surface area 

(m2) 

Window 
typology 

Percentage of 
facades taken 

up by 
windows 

Surface area 
of exposed 
party walls 

(m2) 

Party wall typology 
Surface area 

of patio 
façades (m2) 

No. of 
internal 
patios 

Habitable 
floor area 

(m2) 

Total exposed 
envelope 

surface area 
(m2) 

Brick, 30cm 272.40 Original w/ solar 
protection 17% 0.00 Brick, 30cm w/ 

ventilated air chamber 247.50 2 673.91 368.1 

Brick, 30cm 
w/ air 

chamber 
417.36 Original w/ solar 

protection 65% 102.15 Brick, 15cm 396.00 1 1168.03 753.1 

Brick, 30cm 92.88 Renovated w/ 
solar protection 32% 50.19 Brick, 15cm 93.72 1 227.13 206.6 

Drawn up by author using information available from earlier work 

Appendix D. Case Study’s Building Stock Database – PV, Solar thermal Collector and RWH Potential 
See attached electronic file. If not available, contact author 
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Appendix E. Rain Profile of Barcelona 

Table 9.4. Monthly rainfall values recorded (mm) – Meteorological station location: Barcelona Airport 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

2008 24.20       39.60        16.80        25.60     179.90        37.50        40.50        11.60       28.50        92.10        34.00        72.80      603.10  

2009      77.90       33.00       60.80       91.30        32.30          8.60        20.70         1.40        53.30        58.60         6.40        61.20      505.50  

2010      66.40    120.40       63.40       17.80    106.40       30.00          3.00        80.40        80.70        79.00          6.00       37.00      690.50  

2011      33.80       23.20    117.20          9.40       62.70       84.10       84.20          3.80       58.60    100.70    114.10          0.60      692.40  

2012         4.20         6.60        39.60        56.20        25.40        15.00        22.80        26.20        58.60    156.40        17.00          7.60      435.60  

2013      22.20        63.20     107.60        87.80        56.80        11.60        12.80        23.20        22.20        42.00     114.00       18.20      581.60  

2014      39.50        28.80        17.40        26.00        39.00        15.40        44.20        43.80     126.20          8.60     136.70       29.70      555.30  

2015      15.70        17.30        57.70        11.30        39.10        17.00        19.50        40.40        50.90        74.20        31.60          1.10      375.80  

2016         2.90        32.10        45.20        51.40        21.60        24.80        24.10         1.20        47.20        94.00        87.50       23.90      455.90  

2017      45.10        34.30        81.90        45.10        17.60        17.30          8.40          8.90        28.60        78.10         6.20         4.00      375.50  

Average       33.19        39.85        60.76        42.19        58.08        26.13        28.02        24.09        55.48        78.37        55.35        25.61      527.12  

Source: Generalitat de Catalunya (2018b) 
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Appendix F. Spatial Distribution of the Residential Buildings in Sant Boi de Llobregat  

 
Figure 9.1. Distribution of residential buildings in Marianao according to 
construction date 

 
Figure 9.2. Distribution of residential buildings in Vinyets according to 
construction date 

 
Figure 9.3. Distribution of residential buildings in Marianao according to 
number of floors 

 
Figure 9.4. Distribution of residential buildings in Vinyets according to 
number of floors 
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Figure 9.5. Distribution of residential buildings in Marianao according to 
number of dwellings 

 
Figure 9.6. Distribution of residential buildings in Vinyets according to 
number of dwellings 

 
Figure 9.7. Distribution of pre-1980 residential buildings in Marianao 
according to roof typology 

 
Figure 9.8. Distribution of pre-1980 residential buildings in Vinyets 
according to roof typology 
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Figure 9.9. Distribution of residential buildings in Marianao according to 
their simplified roof typology 

 
Figure 9.10. Distribution of residential buildings in Vinyets according to 
their simplified roof typology 

 
Figure 9.11. Distribution of residential buildings in Marianao according 
to roof surface area 

 
Figure 9.12. Distribution of residential buildings in Vinyets according to 
roof surface area 
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Figure 9.13. Distribution of blocks in Marianao according to their total 
roof surface area 

 
Figure 9.14. Distribution of blocks in Vinyets according to their total roof 
surface area 

 
Figure 9.15. Distribution of residential buildings in Marianao according 
to Eelec 

 
Figure 9.16. Distribution of residential buildings in Vinyets according to 
Eelec 
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Figure 9.17. Distribution of residential buildings in Marianao according 
to pelec 

 
Figure 9.18. Distribution of residential buildings in Vinyets according to 
pelec 

 
Figure 9.19. Distribution of residential buildings in Marianao according 
to Ecol 

 
Figure 9.20. Distribution of residential buildings in Vinyets according to 
Ecol 
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Figure 9.21. Distribution of residential buildings in Marianao according 
to SDHW 

 
Figure 9.22. Distribution of residential buildings in Vinyets according to 
SDHW 

 
Figure 9.23. Distribution of residential buildings in Marianao according 
to rainwater harvested by each respective optimal RWH storage tank 

 
Figure 9.24. Distribution of residential buildings in Vinyets according to 
rainwater harvested by each respective optimal RWH storage tank 



 129 

 
Figure 9.25. Distribution of blocks in Marianao according to rainwater 
harvested by each respective optimal RWH storage tank 

 
Figure 9.26. Distribution of blocks in Vinyets according to rainwater 
harvested by each respective optimal RWH storage tank 

 
Figure 9.27. Distribution of residential buildings in Marianao according 
to washing machine water demand met by rainwater 

 
Figure 9.28. Distribution of residential buildings in Vinyets according to 
washing machine water demand met by rainwater 
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Figure 9.29. Distribution of blocks in Marianao according to washing 
machine water demand met by rainwater 

 
Figure 9.30. Distribution of blocks in Vinyets according to washing 
machine water demand met by rainwater 
 

 

 
 

Appendix G. DesignBuilder Models 
See attached electronic file. If not available, contact author 
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Appendix H. RainCycle RWH Optimal Tank Sizing Report 
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Appendix I. RWH System Optimal Tank Sizes 

 
Figure 9.15. Optimal tank sizes for the min, max and mean catchment areas of each building classified by its number of dwellings 


