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Preface 

Preface 
 

The thesis "Potential of energy demand reduction in buildings with green roofs 
under climatic conditions of southern Europe" was written as a part of a PhD 
study during the past four years in the Department of Physical Chemistry and 
Applied Thermodynamics at University of Córdoba, Spain. The thesis is presented 
as a collection of the following research papers: two international papers and three 
national and international conferences. 

 

Paper I Long term experimental analysis of thermal performance of 
extensive green roofs with different substrates in Mediterranean 
climate.  

Paper II Exploring the reduction of energy demand of a building with an 
eco-roof under different irrigation strategies.  

Congress I Capacidad de reducción de la temperatura del forjado de un 
edificio con una cubierta verde. 

Congress II Cooling potential of green roofs under South European 
continental climate. 

Congress III Energy saving potential of green roofs in South European 
climates. 
 

 





 

iii 

Summary 

Summary 
 

In Europe, after the Kyoto Protocol in 1997, lots of efforts focused on 
controlling the global warming and reducing emissions into the atmosphere. All 
European Directives concerning the energy efficiency of buildings promoted the 
rehabilitation of old buildings and the use of renewable energy to cover the energy 
needs of cooling and heating of buildings. The rehabilitation of a building consists 
in improving its energy performance, reducing the thermal flux that is exchanged 
between the building and the external environment. This may be achieved by active 
strategies, such as implementing efficient HVAC systems, or passive strategies 
such as green roofs or ventilated façades, that encompassed both opaque and 
transparent elements of the building envelope, to insulate it during the winter 
months and protect it from heat gains during the summer months. 

Green roofs are passive construction systems of low environmental impact 
that have a lot of environmental advantages, such as the absorption of CO2, the 
thermal insulation capacity and the retention of meteoric water. The objective of 
this thesis was to study experimentally and numerically the potential of energy 
demand reduction in buildings with green roofs and eco-roofs, green roofs without 
plants, under climatic conditions of Southern Europe. 

Firstly, two numerical models of an eco-roof and a traditional gravel 
ballasted roof were calibrated with experimental data of heat flux, in order to 
simulate their energy behaviour. Then, the effects of climatic variables and the 
volumetric water content of the substrate on the evapotranspiration and on the heat 
flux of the eco-roof were evaluated. Finally, 20 different irrigation strategies were 
studied in order to investigate the reduction of heat flux through the roof assembly 
and to identify the strategy that allowed the greatest reduction of energy demand 
with the lowest water consumption.  

Secondly, it was analysed experimentally the energy behaviour of different 
substrates of green roofs through a dynamic analysis based on several parameters 
such as time lag, TL, decrement factor, DF, soil-air temperature, Tsa, and cooling 
potential, CP. Then it was evaluated the reduction of energy demand of the building 
with green roofs respect to a traditional gravel ballasted roof. 
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High reductions of annual energy demand were obtained with the eco-roof, 
40% without irrigation strategy and 95.8% with 80 min of irrigation every day in 
the morning, respect to a traditional gravel ballasted roof. The irrigation strategy 
that allowed to achieve the highest reduction of annual energy demand with the 
lowest waste of water was irrigating 10 min in the morning in alternate days, 46.7% 
with 380 l/m2 year.  

The experimental analysis of the green roofs with different substrates 
showed that the substrate with 100% commercial growing medium, managed to 
retain more water than the rest of the plots and obtained the highest reduction of 
annual energy demand, up to 80.7%, respect to the traditional roof. Furthermore, 
the dynamic variables used for the analysis of the green roofs showed that this type 
of installation is able to achieve significant reductions of slab temperature and heat 
flux between the indoor and outdoor of the building, the reduction of the maximum 
peak of the internal temperature and the reduction of the maximum daily 
temperature excursions, compared to the traditional roof.  

These results showed that both eco-roof and green roof are passive systems 
that allow to achieve high reduction of energy demand for the rehabilitation of old 
buildings. A proper irrigation strategy and the presence of plants can help further 
to improve the energy performance of the roof.  
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Resumen 

Resumen 
 

En Europa, después del Protocolo de Kyoto en 1997, muchos esfuerzos se 
centraron en controlar el calentamiento global y reducir las emisiones a la 
atmósfera. Todas las Directivas europeas relativas a la eficiencia energética de los 
edificios promovieron la rehabilitación de edificios antiguos y el uso de energías 
renovables para cubrir las necesidades energéticas de refrigeración y calefacción 
de edificios. La rehabilitación de un edificio consiste en mejorar su rendimiento 
energético, reduciendo el flujo térmico que se intercambia entre el edificio y el 
ambiente exterior. Esto se puede lograr mediante estrategias activas, como la 
implementación de un sistema eficiente de climatización, o estrategias pasivas 
como cubiertas verdes o fachadas ventiladas, que engloban elementos opacos y 
transparentes de la envolvente del edificio para aislarlo durante los meses de 
invierno y protegerlo del calor durante los meses de verano. 

Las cubiertas verdes son sistemas constructivos pasivos de bajo impacto 
ambiental que tienen muchas ventajas ambientales, como la absorción de CO2, la 
capacidad de aislamiento térmico y la retención de agua meteórica. El objetivo de 
esta tesis fue estudiar experimental y numéricamente el potencial de reducción de 
la demanda energética en edificios con cubiertas verdes y cubiertas ecológicas, 
cubiertas verdes sin plantas, en las condiciones climáticas del sur de Europa. 

En primer lugar, se calibraron dos modelos numéricos de una cubierta 
ecológica y un techo de grava tradicional con datos experimentales de flujo de 
calor, con el fin de simular sus comportamientos energéticos. A continuación, se 
evaluaron los efectos de las variables climáticas y el contenido de agua del sustrato 
sobre la evapotranspiración y sobre el flujo de calor de la cubierta ecológica. 
Finalmente, se estudiaron 20 estrategias de riego con el fin de investigar la 
reducción del flujo de calor a través del techo e identificar la estrategia que 
permitiera la mayor reducción de la demanda energética con el mayor 
aprovechamiento de agua. 

En segundo lugar, se analizó experimentalmente el comportamiento 
energético de diferentes sustratos de cubiertas verdes a través de un análisis 
dinámico basado en varios parámetros como el time lag, TL, decrement factor, DF, 
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temperatura sol-aire, Tsa y potencial de enfriamiento, CP. Finalmente, se evaluó la 
reducción de la demanda energética del edificio con cubiertas verdes respecto a un 
techo de grava tradicional. 

Elevadas reducciones de la demanda energética anual se obtuvieron con el 
techo ecológico, un 40% sin estrategia de riego y un 95,8% con 80 min de riego 
todos los días por la mañana, respecto a un techo tradicional. La estrategia de riego 
que permitió lograr la mayor reducción de la demanda energética anual con el 
menor desperdicio de agua fue regando de 10 min por la mañana en días alternos, 
46,7% con 380 l / m2 año. 

El análisis experimental de las cubiertas verdes con diferentes sustratos 
mostró que el sustrato 100% comercial, logró retener más agua que el resto de las 
parcelas y obtuvo la mayor reducción de demanda anual de energía, hasta un 80,7%, 
respecto al techo tradicional. Además, las variables dinámicas utilizadas para el 
análisis de las cubiertas verdes mostraron que este tipo de instalación es capaz de 
lograr reducciones significativas de la temperatura del forjado y del flujo de calor 
entre el interior y el exterior del edificio, la reducción del pico máximo de la 
temperatura interior y la reducción de las excursiones de temperatura máxima 
diaria, en comparación con el techo tradicional. 

Estos resultados mostraron que tanto el eco-roof como el green-roof son 
sistemas pasivos que permiten lograr una alta reducción de la demanda energética 
para la rehabilitación de edificios antiguos. Una estrategia de riego adecuada y la 
presencia de plantas pueden ayudar a mejorar aún más el rendimiento energético 
del techo. 
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Riassunto 

Riassunto 
 

In Europa, dopo il Protocollo di Kyoto del 1997, molti sforzi si sono 
concentrati sul controllo del riscaldamento globale e sulla riduzione delle emissioni 
nell'atmosfera. Tutte le Direttive Europee riguardanti l'efficienza energetica degli 
edifici hanno promosso la riabilitazione di vecchi edifici e l'uso di energie 
rinnovabili per coprire il fabbisogno energetico di raffreddamento e riscaldamento. 
La riabilitazione di un edificio consiste nel migliorare le sue prestazioni 
energetiche, riducendo il flusso termico che viene scambiato tra l'edificio e 
l'ambiente esterno. Ciò può essere ottenuto mediante strategie attive, come 
l'implementazione di un sistema HVAC efficiente, o strategie passive come tetti 
verdi e facciate ventilate, che comprendono elementi sia opachi che trasparenti 
dell'involucro dell'edificio, per isolarlo durante i mesi invernali e proteggerlo dal 
calore durante i mesi estivi. 

I tetti verdi sono sistemi costruttivi passivi a basso impatto ambientale che 
presentano molti vantaggi ambientali, come l'assorbimento di CO2, la capacità di 
isolamento termico e la ritenzione dell'acqua meteorica. L'obiettivo di questa tesi è 
stato quello di studiare sperimentalmente e numericamente il potenziale di 
riduzione del fabbisogno energetico in edifici con tetti verdi e tetti ecologici, tetti 
verdi senza piante, nelle condizioni climatiche del sud Europa. 

In primo luogo, sono stati calibrati due modelli numerici di un tetto ecologico 
e di un tetto tradizionale in ghiaia con dati sperimentali del flusso di calore, al fine 
di simulare il loro comportamento energetico. Successivamente, sono stati valutati 
gli effetti delle variabili climatiche e del contenuto d'acqua del substrato 
sull'evapotraspirazione e sul flusso termico del tetto ecologico. Infine, sono state 
studiate 20 strategie di irrigazione al fine di indagare la riduzione del flusso di 
calore attraverso il tetto e identificare la strategia che consentirebbe la massima 
riduzione della domanda di energia con il minor consumo di acqua. 

In secondo luogo, il comportamento energetico dei diversi substrati del tetto 
verde è stato analizzato sperimentalmente attraverso un'analisi dinamica basata su 
vari parametri come il time lag, TL, decrement factor, DF, temperatura sol-aria, Tsa 
e potenziale di raffreddamento, CP. Infine, è stata valutata la riduzione del 
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fabbisogno energetico dell'edificio con tetto verde rispetto ad un tradizionale tetto 
in ghiaia. 

Elevate riduzioni del fabbisogno energetico annuo sono state ottenute con il 
tetto ecologico, 40% senza strategia di irrigazione e 95,8% con 80 min di 
irrigazione tutti i giorni al mattino, rispetto a un tetto tradizionale. La strategia di 
irrigazione che ha permesso di ottenere la massima riduzione del fabbisogno 
energetico annuo con il minor spreco di acqua è stata irrigando10 min al mattino in 
giorni alterni, 46,7% con 380 l / m2 anno. 

L'analisi sperimentale dei tetti verdi con diversi substrati ha mostrato che il 
substrato 100% organico riusciva trattenere più acqua rispetto agli altri substrati 
ottenendo la maggior riduzione di fabbisogno energetico annuo, fino all'80,7%, 
rispetto al tetto tradizionale. Inoltre, le variabili dinamiche utilizzate per l'analisi 
dei tetti verdi hanno evidenziato che questo tipo di installazione è in grado di 
ottenere riduzioni significative della temperatura del solaio e del flusso termico tra 
interno ed esterno dell'edificio, la riduzione del picco massimo della temperatura 
interna e la riduzione delle massime escursioni termiche giornaliere, rispetto al tetto 
tradizionale. 

Questi risultati hanno dimostrato che sia il tetto ecologico che il tetto verde 
sono sistemi passivi che consentono di ottenere un'elevata riduzione del fabbisogno 
energetico per la riabilitazione di vecchi edifici. Una corretta strategia di irrigazione 
e la presenza di piante possono aiutare ulteriormente a migliorare le prestazioni 
energetiche del tetto. 
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Nomenclature 

NOMENCLATURE 

A area [m2] 
C case study 
Ccover cloudiness factor of the sky  
C!
" bulk transfer coefficient [-] 
C#
" bulk transfer coefficient [-] 

CP cooling potential [ºC] 
𝑐$ specific heat [J kg-1 K-1] 
D drainage [l m-2] 
DF decrement factor [-] 
e thickness [m] 
ED energy demand [%] 
ET evapotranspiration [l m-2] 
F" net heat flux to ground surface [W m-2] 
F"%& view factor from surface to ground [-] 
F'() view factor from surface to sky [-] 
hc convective heat transfer coefficient [W m-2 K-1] 
h*,, foliage convective heat transfer coefficient [W m-2 K-1] 
h*,' soil convective heat transfer coefficient [W m-2 K-1] 

ho heat transfer coefficient by radiation and convection at the outer surface 
[W m-2 K-1] 

hr mean radiative heat transfer coefficient [W m-2 K-1] 
I-.¯  total incoming long-wave radiation [W m-2] 
I'¯ total incoming short-wave radiation [W m-2] 
LAI leaf area index [-] 
l" latent heat of vaporization at the ground surface temperature [J kg-1] 
K hydraulic conductivity [m s-1] 
P performance of the eco-roof [W h l-1] 
q/ mixing ratio of the air [-] 
q" mixing ratio at the ground surface [-] 
Q cumulative energy gains [W h m-2] 
Q̇ heat flux [W m-2] 
Q̇0 sensible heat flux [W m-2] 
Q̇1 latent heat flux [W m-2] 
R rainfall [l m-2] 
RH relative humidity [%] 
SR solar radiation [W m-2] 



 

x 

T/ air temperature near the soil [K] 
T/23 ambient air [K] 
T, foliage temperature [K] 
T" ground surface temperature [K] 
𝑇456  average temperature between the plot surface temperature and the sky 

temperature [K] 
TL time lag [h] 
T7 outdoor temperature [K] 
Tsky sky temperature [K] 
U transmittance [W m-2 K-1] 
VWC volumetric water content [m3 m-3] 
W quantity of irrigation water [l m-2] 
WD wind direction [º] 
WS wind speed [m s-1] 
z depth [m] 

Greek letters 

a product of the solar absorptance of the exterior surface and the rate of 
total solar radiation incident per unit area upon surface [W m-2] 

α7 solar absorptance of exterior surface 
a" albedo of ground surface [-] 

DR infrared radiation difference between surface and sky and surroundings 
[W m-2] 

ε infrared emittance of surface [-] 
ε8 emittance of the clear sky [-] 
e, emissivity of the foliage [-] 
e" emissivity of the ground surface [-] 

λ thermal conductivity [W m-1 K-1] 
r/" density of air at ground surface temperature [kg m-3] 
s Stefan-Boltzmann constant [W m-2 K-4] 
s, fractional vegetation coverage [-] 

Subscripts 
a air 
eco eco-roof 
exp experimental 
f foliage 
g ground 
Glob,H global on the horizontal axis 
num numerical 



 

xi 

o outdoor 
ref reference 
sa sol-air 
w week 
y year 
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Chapter 1. Introduction and state of the art 
 

Chapter 1 
 

Introduction and state of the art 
 

 

Nowadays the topic of energy saving is one of the most discussed in the world. In 
the last forty years, the use of fossil fuels to generate energy has increased 
exponentially and this has caused serious damage in terms of greenhouse gas 
production. A high concentration of greenhouse gases allows the solar radiation to 
pass through the atmosphere, causing an increase in the value of the earth's 
temperature, glaciers melting and extreme weather events.  

In Europe, residential buildings represent the 40% of the final energy 
consumption [1]. The fossil fuels, such as hydrocarbons, coal and natural gas, used 
until now for the building’s installations to maintain internal building temperatures 
have been one of the major causes of CO2 emissions in the atmosphere.  

 

1.1 EU legislation on energy saving 

The first international agreement for the control of global warming was the Kyoto 
Protocol in 1997, signed by 180 nations [2]. The main objective was the reduction 
of emissions into the atmosphere. The overall reduction obligation was 5.2% and 
in Europe 8%. Despite being a global political program, the Kyoto protocol was 
incomplete because it was not signed by the USA, China and India, which were 
among the countries that produced the highest CO2 emissions. 

The European Union introduced new measures to prevent the climate change 
after the Kyoto Protocol, such as the "20-20-20 Plan" [3], which started in June 
2009. This plan envisaged the reduction of greenhouse gases by 20%, the increase 
to 20% of energy produced from renewable sources and the 20% increase in overall 
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energy savings by 2020. The main actions implemented to achieve these objectives 
were: 

• Revision and improvement of the EU-ETS system (European Union 
Emission Trading Scheme), an environmental policy tool that sets a 
maximum threshold for emissions produced by companies; 

• Increase by 5.5% the quantity of energy produced through renewable 
sources in each member State and add a share for each country, based on 
the GDP; 

• Reduction of CO2 emissions produced by cars, with a limit of 130 gCO2/km 
from 2012 for new cars and of 95 gCO2/km by 2020; 

The next objective of the European Union was the “40-27-30 Plan” [4], in 
order to reduce the CO2 emissions by 40% by 2030 and between 80% and 95% by 
2040 respect to 1990 and to increase the energy demand covered by renewable 
sources to 27% by 2030. 

With regard to the energy efficiency in buildings, the Directive 2002/91/EC 
[5] introduced new methodologies to calculate the energy performance in buildings 
and to draft the energy certificate. This Directive was amended and supplemented 
by the Directive 2010/31/EU [6], which strengthened the goal of reducing the 
energy consumption and introduced the nearly zero energy buildings, nZEB, a 
building that has a very high energy performance. Furthermore, the very low 
amount of energy required in an nZEB is covered by renewable sources. 

Another European Directive was the Directive 2012/27/EU [7], which 
introduced new measures to achieve the goal of reducing energy consumption by 
20% by 2020. To do it, each Member State had to ensure that 3% of public areas 
was rehabilitate every year, starting from 1 January 2014 and that from 2020 all 
new buildings had to be nZEB. Directives 2010/31/EU and 2012/27/EU were 
amended with directive 2018/844/EU that required to the Member States to plan 
long-term renovation strategies for residential and no-residential buildings and 
update them every three years as part of the National Energy Efficiency Action Plan 
[8]. 

In December 2018, Renewable Energy Directive 2018/2001/EU [9] entered 
into force, helping the EU to meet its emissions reduction commitments under the 
Paris Agreement of 2015 [10] and strengthening  the use of energy from renewable 
sources. In the frame of the Renovation Wave Strategy [11], published in 2020, the 
Directive 2018/2001/EU will be reviewed in June 2021, reinforcing the renewable 
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heating and cooling target and setting minimum energy performance standards for 
existing buildings. Moreover, it could be decided to use the EU Emissions Trading 
System (EU ETS) to fund new energy efficiency projects for lower income 
populations. 

Among the priorities of the European Commission in the period between 
2019 and 2024, there are several studies and strategic plans: 

• The European Green Deal Plan, that promotes the stop of 
greenhouse emissions by 2050, the efficient use of resources for a 
clean and circular economy and restore biodiversity. To achieve it, 
several actions will be required such as invest in environmentally 
friendly technologies, decarbonise the energy sector, ensure energy 
efficient buildings and cooperate with international partners to better 
improve global environmental standards. 

• The Energy Poverty plans, such as STEP (Solutions to Tackle Energy 
Poverty), EmpowerMed and SocialWatt. All of these plans aim to 
support EU countries in their efforts to promote public engagement 
on the issue of energy poverty, through the (EU) 2020/1563 [12]. 
Energy poverty means low incomes and poor energy efficiency of 
buildings. The 6.9% of the EU population cannot heat their home 
adequatly [13] and deficient indoor temperatures and the exposure 
to harmful chemicals contribute to health problems and mortality.  

• The Comprehensive study of building energy renovation activities 
and the uptake of nearly zero-energy buildings in the EU [14], that 
aims to carry out an exhaustive analysis of all the renovation 
activities to achieve nearly zero-energy buildings (NZEB) 
implemented in the EU from 2012 to 2016.  

• The New European Bauhaus, an interdisciplinary project to plan 
future ways of living and to translate the Green Deal Plan into daily 
actions to build a sustainable future. The main focus of the 
interdisciplinary groups will be the research and promotion of new 
sustainable materials and recovery projects of old buildings. 
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1.2 Retrofitting of existing buildings 

Generally, the insulating capacity of the construction systems and their impact on 
the thermal performance of buildings is measured with the thermal transmittance 
value (U), which is defined as the rate of heat flow across one sq. meter of a surface 
when there is a temperature difference of one Kelvin between the inside and outside 
surfaces [15]. The U value is measured in W/m2 K and is calculated with Eq. (1). 

𝑈 =	
1

1
ℎ!,#$

+ ∑ 𝑒$
𝜆$

$
#%& + 1

ℎ!,'()

 (1) 

Where hc,in  is the indoor convective heat transfer coefficient [W/m2 K]; hc,out  
is the outdoor convective heat transfer coefficient [W/m2 K]; e is the thickness of 
the material [m]; l is the thermal conductivity of the material [W/mK]. 

In Europe, the average U value of envelope in residential buildings built 
before 1945 and between 1945–1969 are 1.45 W/m2 K and 1.39 W/m2 K, 
respectively [16,17]. In Spain, the U value for the envelope of the new buildings 
has to be less than 0.5 W/m2 K, depending on the climatic zone [18]. This means 
that the thermal transmittance of the old buildings is significantly higher than the 
value established in the regulations. Moreover, traditional flat roofs have high 
thermal conductivity and absorb external heat in summer [19]. To achieve the 
objective of reducing energy consumption by 2030, retrofit strategies are necessary 
to address the ageing buildings and to reduce the global energy consumption for 
heating and cooling demands. 

The retrofitting of a building consists in improving its energy performance, 
reducing the thermal flux that is exchanged between the building and the external 
environment. The result is an improvement of the internal thermal comfort, the 
reduction of the pollutant emissions and energy consumption [20]. The retrofitting 
interventions must be carefully studied based on the type of construction, the 
materials used and the climatic zone. 

The thermal performance of a building can be improved by active strategies, 
such as implementing energy efficient HVAC systems [21–23], or passive 
strategies encompassing both opaque and transparent elements of the building 
envelope, to insulate the building during the winter months and protect it from heat 
gains during the summer months [24].  
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The present thesis focused on the study of green roofs for the energy 
rehabilitation of buildings, as one of the passive construction systems of low 
environmental impact.  

 

1.3 Green roofs 

Green roofs have a lot of environmental advantages and are very popular in the 
North of Europe, where this technology has been implemented in more than the 
10% of all new buildings [25]. 

A green roof has a good thermal insulation capacity, retains meteoric water, 
absorbs CO2 and local noise pollution and minimises the heat island effects in cities 
[26–28]. Green roofs ensure less energy losses in winter and the maintenance of the 
internal temperature in summer [29]. Furthermore, green roofs contribute to a delay 
in the storm peak runoff to the drainage system and also enrich biodiversity in cities 
[30,31]. One of the major energy benefits of the green roofs is the cooling effect 
due to the evapotranspiration [32], ET, that helps to maintain internal conditions of 
comfort. ET is the combination of water evaporation from the soil and transpiration 
from the plants.[33]. 

There are three types of green roof: intensive, semi-intensive and extensive. 
An intensive green roof, commonly called “roof garden”, has a higher thickness, 
between 150 and 400 mm, and the plant species used require a lot of maintenance 
and irrigation. A semi-intensive green roof needs periodically maintenance and 
irrigation and has a thickness of 120-250 mm, while an extensive green roof is used 
mainly to cover large non-walkable roofs, has a thickness of 60-200 mm and the 
plant species require low maintenance, see Figure 1. The present thesis focused on 
extensive green roofs.  
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Figure 1. Classification of green roofs according to type of usage, construction factors and 

maintenance requirements [34]. 

 

The layout of a green roof from top to bottom consists in vegetation, 
substrate, filter, drainage layer, root barrier, waterproofing membrane and roof slab 
[34], as shown in Figure 2.  

 
Figure 2. Layout of a green roof. 
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1.3.1 Extensive green roofs under different climatic conditions 

Climatic conditions significantly influence the energetic behaviour of green roofs. 
Previous research studies on extensive green roofs analysed experimentally and 
numerically their behaviour under different climatic conditions. An extensive green 
roof was studied in the cool wet climate of the Pacific Northwest [35], showing the 
necessity of plants that retain a great quantity of water to counter the environmental 
constraints imposed by regional climate.  

Other research focused on subtropical climate, showing the importance to 
choose droughts tolerant plants and a high deep of the substrate [36], to obtain good 
thermal benefits. Some authors achieved a reduction of the surface temperature of 
a bare rooftop for subtropical climatic conditions [37], although the relative 
humidity affected negatively the reduction of surface temperature. Long term 
studies about thermal performances of green roofs in subtropical climates showed 
that the best cooling effects were obtained in summer. However, an improve of the 
thickness of substrate layer helped to reach better insulation, both in summer and 
winter [38].  

In tropical climates, green roofs showed good thermal benefits [39,40] and 
high reduction of daily peak indoor temperature, compared to a traditional roof 
[41]. Moreover, green roofs proved to be very suitable as efficient systems to reduce 
the urban heat island in tropical megacities, up to 2°C [42]. 

A recent study in temperate monsoon climate analysed the effects of the 
substrate depth in an extensive green roof without irrigation [43]. The results 
showed that for this climate a substrate depth of 15 cm was the optimal to guarantee 
the survival of the plants.  

Other works focused on weekly studies of green roofs in Mediterranean 
climate [44] achieving suitable reduction of the total transferred energy. A long 
term study in Mediterranean climate showed the hydrological efficiency of green 
roofs as effective systems to control the volume of rainfall [45]. 

 

1.3.2 Types of substrates in extensive green roofs 

Different types of substrates in extensive green roofs were studied by some authors. 
Commercial substrates showed to be very suitable for these type of installations 
[46]. Other studies analysed the performance of extensive green roofs with 
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substrates composed of low-cost and waste materials, such as materials from the 
construction sector, to reduce their economic costs, achieving acceptable 
performances [47–49]. Furthermore, it was seen that the amount of water in the 
substrate helped to minimise the cooling demand in summer [50,51].  

Some researches indicated that the type and characteristics of the substrate 
play an important role in the insulation of buildings [52,53]. A numerical simulation 
of different soil thickness showed that the ET of the substrate had a significant 
effect on the thermal performance of the green roof, expecially in summer [54]. 
Several energy simulations were performed in EnergyPlus software to investigate 
the thermal performance of five types of green roofs substrates [55]. It was found 
that the thermal performance of green roofs strongly depended on the 
thermophysical properties of the substrate used.  

An experimental study was carried out to evaluate the impact of the substrate 
and irrigation on the thermal performance of green roofs [56]. This study suggested 
that the substrate and the soil moisture reduced the roof temperature and improved 
the thermal performance of the building. The characteristics of the most commonly 
substrates used are shown in Table 1. 

Table 1. Characteristic of the most commonly substrates. 

Reference Thickness 
(m) Composition Conductivity 

(W/mK) 
Density 
(kg/m3) 

Specific 
heat (J/kgK) 

[53] 0.25 - 0.25 - - 

[54] 0.04 
Peat soil, powdered 

perlite and vermiculite 
aggregate 

0.37 - - 

[56] 0.35 Natural soil and organic 
matter - 1000 - 

[56] 0.35 Perlite and organic 
matter - 600 - 

[57] 0.2 - 0.25 1600 890 

[58] 0.2 Pumice, compost and 
sand 0.15 1020 1093 

[59] 0.08 - 0.4 641 1000 
[60] 0.1 - 0.35 1100 1200 
[61] 0.15 Heavyweight 0.85 1639 1800 
[61] 0.15 Lightweight 0.28 730 1100 
[62] 0.1 - 0.4 - - 
[63] 0.3 - 0.9 1850 850 
[64] 0.08 - 0.31 750 1348 
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1.3.3 Plants in extensive green roofs 

Some of the benefits and thermal performance of the green roofs depend on the 
plant species used. Plants of a green roof, with their biological functions such as 
evapotranspiration and photosynthesis, can absorb and decrease the solar radiation 
transmitted to the soil [65]. Consequentially, the heat conducted to the indoor of 
the building is reduced and the roof insulation capacity is increased [66,67]. Plants 
are able to reduce the air temperature surrounding the roof [68] and function as a 
wind barrier so the energy losses due to the wind convection are minimized [69]. 
Furthermore, plants increase the rainfall retention capacity of the green roof [70].  

The characteristics of the plants, such as leaf area index, LAI, stomatal 
resistance, stomatal conductance, fractional vegetation coverage, albedo and height 
affect green roof heat transfer [71,72]. LAI is the ratio of the entire one-sided area 
of the leaf divided by one unit of ground soil surface area and strongly influence 
the evaporation rate of the plant [73]. The stomatal resistance and stomatal 
conductance determine the aptitude of the plant to transfer moist to the roots and 
canopy [74]. The albedo indicates the fraction of shortwave radiation reflected by 
the leafs surface [75] and the fractional vegetation coverage is defined as the ratio 
between the soil surface shaded by leaves and the total soil surface and it is directly 
related to the cooling effect due to the plants [76]. 

Normally, the vegetation is chosen considering the geographic location, the 
climatic conditions, the type of green roof and the substrates characteristics [77]. 
Some studies were carried out on the finding of plant species based on the soil depth 
[78]. Plant species often used in extensive green roofs are Sedums for their ability 
to adapt well to different climatic conditions and for the low amount of water 
required [79]. An experimental study showed that Sedums also increase 
performance of neighbouring plants during summer water lack [79]. 

In recent studies Sedums growth and characteristics were analysed in 
different climates. An experimental research analysed Sedums tolerance and 
surface coverage in humid subtropical climate [80], showing a long-term survival 
with low amount of irrigation water. In tropical climate, where green roofs endure 
periodic drought stress, Sedums are able to regulate the foliage temperature and 
maintain the soil moisture [81]. Sedums are also especially indicated for green roof 
installation under Mediterranean and semi-arid climate, for the low maintenance 
cost and low water consumption [82].  
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1.3.4 Key performance indicators of green roofs 

The overall performance of green roofs has been studied from several parameters. 
Many authors studied the heat flux through the layers of the roof as a performance 
parameter [83,84], where they obtained significant reductions compared to the 
traditional roofs. The cooling potential, CP, of the surface temperature of the green 
roof was another dynamic parameter analysed. This parameter was related to the 
mitigation of the urban heat islands [85,86].  

Two dynamic parameters used also to study other passive construction 
systems, such as green façades, were time lag ,TL, and decrement factor, DF, 
[87,88]. Both parameters were used to study the reduction of energy demand [88]. 
Recently, these parameters were studied for a green roof with different plants 
during a summer week for the climatic conditions in the south of Italy [89], 
achieving an increase of TL and a reduction of DF with respect to a roof with only 
substrate.  

Several studies analysed the influence of ET on the energy behaviour of 
green roofs [90–92]. While the different variables affecting ET are well known 
[33], the relative importance of each of these variables differs depending on the 
environmental conditions. An experimental study in subtropical Hong Kong native-
woodland intensive green roof found that solar radiation had the strongest 
correlation with ET [93]. Another experimental study in a tropical extensive green 
roof showed that ET was largely dependent on solar radiation, relative humidity 
and wind speed, but found little influence of substrate moisture [94]. A numerical 
model of a green roof was developed to determine the ET effects on the heat transfer 
of a building [95]. The model suggested that a green roof installation is able to 
decrease the heat flux of the building envelope and the ET reduces further the 
temperature of the roof surface, providing a greater cooling effect. Other authors 
evaluated numerically the behaviour of green roofs focusing on the correlation 
between ET and the volumetric water content, VWC, of the growing media [96,97]. 
These results showed that the irrigation of a green roof increased ET values and 
mitigated the urban heat island effect, especially during the warmer periods. An 
experimental study also evaluated the effect of ET on VWC of both a green roof 
and a bare substrate for four summer days in Melbourne [98], suggesting that during 
the summer period the lack of water in the substrates halted the ET and the cooling 
effect of the roofs was reduced.  
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1.3.5 Irrigation of green roofs 

The irrigation of green roofs helps to reduce the heat transfer between the exterior 
and the interior of a building, during the warmer months, and increases its thermal 
insulation capacity [99]. Some researchers demonstrated that in the coming 30 
years many areas in the world will be water stressed, so the goal of irrigation 
installations of green roofs will be to achieve the maximum energy savings with 
minimum water consumption [100]. In recent literature some numerical studies 
proposed an irrigation controlling method based on the predicted ET and daily 
weather variables, in order to maximize the efficient use of water [101]. Other types 
of irrigation strategies were analysed in experimental research studies to identify 
the optimal irrigation frequency [102]. The results indicated that a substrate which 
is irrigated twice a week is able to reduce the heat amplitude under the roof slab 
surface up to 91.6%. A numerical model of a green roof was developed to study the 
irrigation management [103], showing that irrigation every 3 days to the field 
capacity and irrigation every 7 days to the saturation moisture content are two 
efficient watering schemes for the climatic condition of Shenzhen, China. A green 
roof model was simulated in EnergyPlus software to analyse the sensible heat flux 
reduction potential of several irrigation scenarios under different climatic 
conditions [104]. For cities with low excess heat and high annual precipitations, 
such as London and New York, a sensible heat reduction up to 75% was obtained. 
However, the irrigation strategies of these models were carried out with equal 
amount of water in all case studies. 

 

1.4 The importance of green roofs as passive system for reducing the energy 
demand of buildings 

The increasing of greenhouse gas production and the earth's temperature forced the 
European Union to introduce new measures to prevent the climate change and the 
reduction of emissions into the atmosphere. Retrofit strategies are necessary to 
address the ageing buildings and to reduce the global energy consumption for 
heating and cooling demands. Green roofs have a lot of energetic and 
environmental advantages. The good thermal insulation capacity and the cooling 
effect due to evapotranspiration make this installation a possible passive system for 
the rehabilitation of old buildings. Moreover, another advantage of a green roof is 
that it can be directly implemented on a traditional flat roof, that usually has high 
thermal conductivity and absorb external heat in summer.  
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Some researchers studied green roofs under different climatic conditions and 
the energy performance of green roofs with different substrates. Others focused on 
the types of plants more suitable for this kind of installation and the reduction of 
the heat transfer between the exterior and the interior of a building using an 
irrigation system. 

Based on the few studies on eco-roofs, that are commonly considered as 
green roofs without plants, the lack in investigation on different irrigation schedule 
and amount of water and the influence of volumetric water content on the energy 
behaviour of different substrates, the present thesis focused on the reduction of 
energy demand of a building with eco-roof under different irrigation strategies and 
green roof installation with different substrates. Accordingly, research questions 
arise as the starting point of this thesis: 

1) How does the volumetric water content of the substrate influence the 
energy behaviour of an eco-roof? 

2)  Which is the irrigation strategy that allows to obtain the highest reduction 
of energy demand of the roof with the less amount of water? 

3) How does the volumetric water content of the substrate influence the 
energy behaviour of green roofs with different substrates? 

4) Which are the most influential parameters in the energy behaviour of green 
roofs with different substrates? 

Trying to solve these questions, this thesis presents an experimental and numerical 
analysis of eco-roofs and green roofs with different substrates under climatic 
conditions of Southern Europe, to study their potential of energy demand reduction 
for the rehabilitation of old buildings. 

 

1.5 Hypothesis 

The considerations to the results obtained in the thesis were based on the following 
hypothesis: 

• The work focused on a study of reduction of energy demand of the building 
envelope through the roof. The walls and inter-floor slabs were not 
considered for this study. 

• The results obtained were valid for the Mediterranean climatic conditions 
considered, defined as subtype Csa dry-summer subtropical with mild 
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winters and very warm summers, according to Köppen-Geiger climate 
classification. 

• The study was carried out considering the thickness of the substrates equal 
to 10 cm. 

 

1.6 Layout 

The thesis has been written using the following chapter structure: 

Chapter 1. The overview on the problem of the rehabilitation of old buildings in 
Europe and an excursus of the European legislation on energy saving are given in 
this chapter. It is also presented an overview on the different types of substrates and 
plants used for the green roof installations. 

Chapter 2. Describes the main objective of the work carried out. It also outlines 
all the specific objectives that allowed to achieve the main objective.  

Chapter 3. Describes the experimental and numerical methodology followed for 
the eco-roof and green roofs study. 

Chapter 4. Includes the whole description of the calibration of the numerical 
models and the energy simulations performed of the eco-roof. It also includes the 
effect of climatic variables, volumetric water content of the substrate and 
evapotranspiration on heat flux. 

Chapter 5. Expounds the dynamic parameters studied for the green roofs with 
different substrates, for the summer and winter period.  

Chapter 6. The energy analysis of the eco-roof under different irrigation strategies 
and the green roofs with different substrates is analysed in this chapter. 

Chapter 7. Provides the conclusions achieved in this thesis. 

 

Appendix A. Shows an experimental campaign of 2 years to determine the thermal 
performance of 3 green roofs with different substrate. 

Appendix B. Addresses the numerical analysis of two models of eco-roof and 
traditional gravel ballasted roof to study the reduction of energy demand of a 
building with eco-roof under different irrigation strategies. 
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Appendix C. Shows the decrease in temperature of a slab with green roof respect 
to a traditional gravel ballasted roof. 

Appendix D. Discusses the cooling potential of 3 green roofs with different 
substrates. 

Appendix E. Discusses the energy saving potential of 3 green roofs with different 
substrates, compared to a traditional gravel ballasted roof.  
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Chapter 2. Objectives 
 

Chapter 2 
 

Objectives 
 

 

The OVERALL OBJECTIVE of this thesis was to study experimentally and 
numerically the potential of energy demand reduction in buildings with green roofs 
and eco-roofs under climatic conditions of Southern Europe.  

The overall objective indicated in this thesis was linked to the following SPECIFIC 
OBJECTIVES: 

1) Evaluate the influence of climatic variables and volumetric water content 
of the substrate on heat flux of eco-roofs. 

2) Investigate the irrigation strategies for eco-roofs that allow the greatest 
reduction of energy demand with the lowest water consumption. 

3) Analyse the influence of volumetric water content of different substrates 
on layers temperature of the green roofs.  

4) Identify the most influential parameters in the energy behaviour of green 
roofs with different substrates. 

The results derived from these objectives could be interesting for the energy 
renovation of both public and private buildings to drive energy efficiency in the 
framework of European Green Deal. 
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Chapter 3. Materials and method 
 

Chapter 3 
 

Materials and method 
 

 

The results of this thesis are based on experimental campaigns on an eco-roof and 
three green roofs with different substrates carried out in the University of Cordoba, 
from 2015 to 2017, during the project GGI3003IDIB “Optimizing the potential of 
green roofs for building retrofit: interaction between recycled substrates, water 
properties and energy efficiency”, by the Agency of Public Works of Andalucía, 
Junta de Andalucía, Spain. Financial support of the European Regional 
Development Fund (ERDF). Furthermore, numerical simulations of an eco-roof 
and a traditional gravel ballasted roof were performed using energy simulation 
tools. The experimental and numerical methodology used in this thesis are 
presented in this chapter. 

 

3.1 Overview of the methodology 

Three main steps were followed in order to achieve the objectives of this thesis, as 
shown in Figure 3: 

• Experimental and numerical study to evaluate the energy behaviour of an 
eco-roof, under different irrigation strategies, during the year 2015, 
compared to a traditional gravel ballasted roof. 

• Experimental study of three green roofs with different substrates, during 
the years 2016-2017, compared to a traditional gravel ballasted roof. 

• Experimental and numerical study of a traditional gravel ballasted roof, 
during the years 2015-2016-2017. 
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First, the thesis focused on the experimental study of the heat flux, �̇�, 
exchanged between the indoor and the outdoor of a building through a traditional 
gravel ballasted roof and an eco-roof, a green roof without plants, in order to 
evaluate the �̇� reduction when using an eco-roof, with the contribution only of the 
commercial substrate. Moreover, the effects of the climatic variables and the 
volumetric water content of the substrate, VWC, on evapotranspiration, ET, were 
analysed. Finally, experimental �̇� values were used to calibrate two numerical 
models, one of the traditional roof and another one of the eco-roof in order to study 
different irrigation strategies. The objective was to evaluate the one that had the 
highest reduction of energy demand with respect to the lowest amount of irrigation 
water. This study was carried out with the experimental data of 2015, when the 
plants had not yet grown.  

The second part of the study was carried out with the experimental data of 
2016-2017, when the whole surface of roof plots was covered by plants. The thesis 
focuses on the experimental study of 3 green roofs with different substrates, 
compared to the traditional gravel ballasted roof. A dynamic energy analysis based 
on different parameters such as, time lag, TL, decrement factor, DF, sol-air 
temperature, Tsa, cooling potential, CP, and heat flux, �̇�, was carried out. Finally, 
the reduction of energy demand of the three green roofs respect to the traditional 
gravel ballasted roof were analysed. 
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Figure 3. Overview of the methodology. 

 

3.2 Experimental materials and facilities 

3.2.1 Building 

The experimental installation was installed in 2015 on the roof of an office building 
located in the University of Córdoba, see Figure 4. Córdoba is located in Southern 
Spain, where the climatic conditions are typically Mediterranean, defined as 
subtype Csa dry-summer subtropical, according to Köppen-Geiger climate 
classification [105], with mild winters and very warm summers. The building was 
constructed in 1956 and its dimensions were 27.7 m length, 9.5 m width and 7 m 
hight. No shadows of trees or other buildings fell on the roof. The indoor air 
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conditions of the building were in free evolution, without any climate control 
program. 

 

 
Figure 4. Areal view of the building before the green roofs were installed. 

 

3.2.2 Experimental installation 

The experimental installation consisted in 6 plots of green roofs, P1 to P6, 
and one plot of traditional gravel ballasted roof, Pref, installed on the roof of the 
office building, see Figure 5, where E and W refer to East and West. Images of a 
plot with green roof and the plot with traditional roof of the experimental 
installation are shown in Figure 6. 
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Figure 5. Roof plan with green roof plots.  

 

 (a)  (b) 

  
Figure 6. Images of (a) a plot with green roof and (b) the plot with traditional roof. 

 

Twelve autochthonous Mediterranean plant species were planted in the plots. 
These were selected by their adaptation to tolerate drought stress, intense lighting, 
extreme heat and shallow substrates, which are exactly the biological and 
ecological characteristics needed for green roofs in urban Mediterranean 
ecosystems. The species used were: Acinos alpinus, Bellis perennis, Brachypodium 
retusum, Cerastium tomentosum, Dianthus arenarius, Lobularia maritima, Lotus 
corniculatus, Paronychia argentea, Phagnalon saxatile, Sanguisorba minor, Sedum 
sediforme and Trifolium repens. 

The area of each plot was divided into 18 experimental micro-plots of 0.75 
m2. 12 plants were planted in each micro-plot, 1 unit of each selected species, see 
Figure 7. The placement of the different species was not carried out randomly. It 
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was based on the premise that all the species interacted with each other, in order to 
evaluate these interactions. The number of units planted in the available area of the 
plot resulted in a planting density of 15.34 plants/m2.  

 

 
Figure 7. Placement of the different species in the plots with green roofs 

 

This study only focused on plots P1, P2, P5 and Pref, the other were used for 
other agronomic studies. Each plot presented a different substrate with different 
percentages by volume of commercial growing medium, composed of organic 
material and volcanic gravel, and recycled construction materials, as shown in 
Table 2. 

 

Table 2. Growing media composition of the three plots with green roof. 

Plot P1 P2 P5 
Commercial growing medium 100% 75% 50% 
Recycled aggregates construction materials 0% 25% 50% 

 

The layers of the plots with green roof, ordered from bottom to top, were: 
roof slab (λ= 2.3 W/m K; cp= 1000 J/kg K), waterproof membrane, root-barrier, 
water storage layer (λ= 0.17 W/m K; cp= 900 J/kg K), filter sheet and commercial 
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growing medium, see Figure 8a. The layers of the gravel ballasted roof, from 
bottom to top, were roof slab, waterproof membrane and a layer of gravel ballasted 
(λ= 0.55 W/m K; cp= 1000 J/kg K), see Figure 8b. 

 

(a) 

 
(b) 

 
Figure 8. Layers of the plots. 
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3.2.3 Experimental facilities 

All the plots with eco-roof and green roof were equipped with 10 probes along the 
vertical profile to measure the temperature, T, two probes for the volumetric water 
content, VWC, and two probes for the heat flux �̇�, see Figure 8a. The plot with the 
traditional gravel ballasted roof also was equipped with 3 temperature probes along 
the vertical profile and 2 probes to measure the �̇�, see Figure 8b. All the data were 
recorded every 15 min from 1/07/2015 to 31/12/2017 by a specific acquisition 
system. All the technical specifications are summarized in Table 3. The measures 
of these variables were used to analyse the energy performance of the plots. 

 

Table 3. Technical specification of the devices used in the experimental campaign. 

Equipment Accuracy Variable Unit 

Thermistors ±0,25ºC (-10 to 70⁰C) Temperature [ºC] 
Heat flux plate ±5% Heat flux [W/m2K] 
Water content reflectometer ±2.5% (0 to 50%) Volumetric water content [%] 
Capacitive relative humidity 2% (0 to 100%) Air relative humidity [%] 
Platinum resistance 
temperature 0.2ºC (-40 to 70ºC) Air temperature [ºC] 

Silicon photocell solar 
radiation 

5% (350 nm to 1100 
nm) Solar radiation [W/m2] 

Wind speed and direction 
sensor 

1% (0 to 100 m/s) 
3º (0 to 360º) Wind speed and direction [m/s] 

[º] 

The green roofs were equipped with a drip irrigation system managed by a 
time schedule module. The irrigation was provided during the warmest months in 
summer to prevent water stress in plants. The irrigation system operated twice a 
day in P1, P2 and P5, for 10 minutes and fed by 27 l each time. 

During the experimental campaign, the meteorological data also were 
recordered by a weather station placed near the installation. The climatic variables 
recordered were ambient air temperature, To, relative humidity, RHo, rainfall, R, 
wind speed, WS, direction of the wind, WD, and solar radiation, SR. The technical 
specifications of the devices used to record these data are also shown in Table 3. 
During the experimental campaign only 0.3% of failure occurred in the monitoring 
system and to fill the gaps in the data appropriate interpolation methods were used. 
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3.3 Eco-roof methodology 

An eco-roof was studied throughout the year 2015, for the climatic conditions of 
Córdoba. In this study, the eco-roof is defined as a green roof without plants. 
Firstly, numerical models were calibrated with the experimental data of heat flux 
exchanged between the interior and the external environment of the building 
through the roof, then different irrigation strategies were evaluated. Finally, 
energetic parameters were studied. 

 

3.3.1 Building models 

Two building models were designed in order to simulate the energy behaviour of 
the traditional gravel ballasted roof and the eco-roof. These models were developed 
using DesignBuilder software [106], which is the graphical interface of EnergyPlus 
[107]. A 3D model of the building is shown in Figure 9.  

First of all, all the geometric and thermal characteristics of the building and the two 
roofs were considered, see Table 4.  

 

Table 4. Geometrical and thermal characteristics of the study building. 

Geometrical characteristics 
Height 9.0 [m] 
Floors 3 
Area 264.0 [m2] 

Thermal characteristics 

U external walls 3.0 [W/m2K] 
U ground 2.0 [W/m2K] 
U traditional roof 2.9 [W/m2K] 
U eco-roof 1.3 [W/m2K] 
U windows 5.7 [W/m2K] 

 

Then a climatic database with the climatic conditions of Córdoba, collected every 
30 min by the weather station in 2015, was set in the simulation software program. 
In this way, the software simulated with the same conditions of the days of the 
experimental campaigns. 

The models were calibrated for the months of August, which represented the typical 
summer month for the climatic conditions of Córdoba, with high values of outdoor 
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air temperature and solar radiation and December, which represented the typical 
winter month with low values of outdoor air temperature and solar radiation. Data 
of heat flux collected every 15 min during the experimental campaign were used to 
calibrate the models.  

 

 
Figure 9. 3D model of the building developed with DesignBuilder. 

 

The eco-roof energy analysis of the DesignBuilder software was based on 
the Army Corps of Engineers’ FASST vegetation models [108,109]. In this model 
the energetic contribution was divided into a budget for the foliage layer, Ff, and a 
budget for the ground surface, Fg, [110]. The overall energy balance at the soil 
surface was given by Eq. (1), where the final term is the conduction of heat into the 
soil. The present work focused on an eco-roof only with substrate, so the energy 
balance of the roof was calculated without the contributions of the plants.  

𝐹* = -1 − s+/ 0𝐼,¯	-1 − a*/ +	e*𝐼#-¯ −	e*s𝑇*.3

−	
s+e*e+s

e/ + e0 − e/e0
	-𝑇*. − 𝑇+./ +	Q̇, + Q̇1 + 𝐾	´

𝜕𝑇*
𝜕𝑧

 
(1) 
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Where s+ is the fractional vegetation coverage (zero in the eco-roof); 𝐼,¯ is 

the total incoming short-wave radiation; a* is the albedo of ground surface; 𝐼#-¯  is 
the total incoming long-wave radiation; e* is the emissivity of the ground surface; 
𝑇* is the ground surface temperature; e+ is the emissivity of the foliage; s  is the 
Stefan-Boltzmann constant; 𝑇+ is the foliage temperature; Q̇, is the sensible heat 
flux; Q̇1 is the latent heat flux; 𝐾 is the hydraulic conductivity and z is the depth. 

Sensible heat flux, Q̇,, in an eco-roof depended on the temperature difference 
between the soil and the external air and the wind speed, as expressed by Eq. (2). 

Q̇, =	r2*𝐶3,2𝐶4
*𝑊𝑆	-𝑇2 − 𝑇*/ (2) 

Where r2* is the density of air at ground surface temperature; 𝐶3,2 is the 

specific heat of air at constant pressure; 𝐶4
* is the bulk transfer coefficient; WS is 

the wind speed; 𝑇2 is the air temperature near the soil and 𝑇*	is the ground surface 
temperature. 

Latent heat flux, Q̇1, in an eco-roof depended on the difference between the 
mixing ratio of the soil surface and air and the wind speed, as expressed by Eq. (3). 

Q̇1 =	𝐶5
*×𝑙*×𝑊𝑆×r2*×(𝑞2 − 𝑞*) (3) 

Where 𝐶5
* is the bulk transfer coefficient; 𝑙* is the latent heat of vaporization 

at the ground surface; 𝑞2 is the mixing ratio of the air near to the soil and 𝑞* is the 
mixing ratio at the ground surface. 

 

3.3.2 Irrigation strategies 

To investigate the reduction of heat flux through the roof assembly from the exterior 
to the interior of the building with eco-roof respect to the traditional gravel ballasted 
roof, 20 irrigation strategies were evaluated.  

The irrigation strategies consisted of watering at five specific moments of 
the day with four different quantities of water. The daily irrigation schedules were: 
(i) once a day in the morning, (ii) once a day during the night, (iii) twice a day with 
the irrigation quantity divided between morning and evening, (iv) once a day in the 
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afternoon and finally (v) once a day in the morning in alternate days, i.e. it was 
irrigated on Monday, Wednesday, Friday and Sunday. The quantities of irrigation 
water were: (i) 3.7 l/m2·day, (ii) 7.3 l/m2·day, (iii) 11.0 l/m2·day, (iv) 14.6 l/m2·day, 
considering that 10 minutes of irrigation corresponded to 1.83 l/m2. The 
combination of the five schedules and four irrigation quantities resulted in 20 
irrigation strategies, C120 to C580, as summarized in Table 5. The numbers 1-5 
indicated the daily irrigation schedule and the subscripts 20-80 indicated the daily 
minutes of irrigation. A case C0 without irrigation strategy also was studied.  

The experimental eco-roof installation was provided with the irrigation 
strategy C320. 

 
Table 5. Irrigation schedule. 

Case 
studies  

Irrigation period 
[min/day] 

Quantity of 
water [l/m2 day] 

Irrigation schedule Schedule 

C0  0  0 - - 
C120 20 3.7  8:30 am Every day 
C220 20  3.7 8:30 pm Every day 
C320 20 3.7 8:30 am/8:30 pm  Every day 
C420 20 3.7 1:00 pm Every day 
C520 20  3.7 8:30 am Alternate days 
C140 40 7.3 8:30 am Every day 
C240 40 7.3 8:30 pm Every day 
C340 40 7.3 8:30 am/8:30 pm Every day 
C440 40 7.3 1:00 pm Every day 
C540 40 7.3 8:30 am Alternate days 
C160 60 11.0 8:30 am Every day 
C260 60 11.0 8:30 pm Every day 
C360 60 11.0 8:30 am/8:30 pm Every day 
C460 60 11.0 1:00 pm Every day 
C560 60 11.0 8:30 am Alternate days 
C180 80 14.6 8:30 am Every day 
C280 80 14.6 8:30 pm Every day 
C380 80 14.6 8:30 am/8:30 pm Every day 
C480 80 14.6 1:00 pm Every day 
C580 80 14.6 8:30 am Alternate days 
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The irrigation strategies of the eco-roof were based on a mass balance 
expressed by Eq. (4). 

∆𝑉𝑊𝐶 = 𝑊 + 𝑅 − 𝐸𝑇 − 𝐷 (4) 

Where ∆VWC is the variation of the volumetric water content stored in the 
substrate, W is the quantity of irrigation water, R is rainfall quantity, ET is the 
evapotranspiration and D is the drainage. 

 

3.3.3 Parameters evaluated 

The eco-roof under different irrigation strategies was studied according to the 
following parameters: 

• Evapotranspiration, ET, of the substrate that was calculated directly from 
the latent heat flux calculations for the substrate, see Eq. (3), and the 
corresponding values of latent heat of water vaporization [110]. Although 
the term ET is used throughout this document, it should be noted that for 
the eco-roof the transpiration term was zero, as it was studied without 
vegetation. Therefore, all transformation of liquid water from the eco-roof 
to the atmosphere was through evaporation from the bare soil surface only. 
 

• Heat flux, Q̇, obtained in the eco-roof and the traditional gravel ballasted 
roof. Heat flux of the eco-roof, Q̇678, was calculated with the sum of 
sensible heat flux and latent heat flux, expressed by Eqs. (2) and (3), 
respectively. The heat flux of the traditional gravel ballasted roof, Q̇9:;<, 
was calculated with the transfer model based on the conduction transfer 
functions, CTFs, [111,112]. In addition, experimental Q̇ was used as 
calibration parameter of the roof models. The probes used to measure Q̇ are 
shown in Figure 8. The positive and negative Q̇ values indicated heat 
entering and leaving, respectively.  
 

• Energy demand, ED, of the building with the eco-roof under different 
irrigation strategies, compared to the traditional gravel ballasted roof. ED 
was calculated by Eq. (5), where Q=:60 is the sum of the positive gains of 
the traditional roof and Q678 is the sum of the positive gains of the eco-
roof. 
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𝐸𝐷 =	
Q>-5+ −	Q678

Q9:;<
×100 (5) 

• The energy performance of the eco-roof, Peco, was analysed with a ratio, in 
order to evaluate the irrigation strategies that led the highest reduction of 
energy demand with respect to the lowest amount of irrigation water, 
expressed by Eq. (6), where Q:60 is the sum of the positive gains of the 
traditional roof and Q678 is the sum of the positive gains of the eco-roof. 

𝑃5!' =
𝑄-5+ − 𝑄5!'

𝑊
 (6) 

 

3.4 Green roofs methodology 

Three green roofs with different substrates were studied throughout the years 2016 
and 2017, for the climatic conditions of Córdoba. Different experimental 
parameters were evaluated in order to study the energy performance of the green 
roofs. 

 

3.4.1 Parameters evaluated 

The three plots with green roof were evaluated according to several dynamic 
parameters: 

• Sol-air temperature, Tsa, which is defined as the outside air temperature 
which, in the absence of solar radiation, would give the same temperature 
distribution and rate of heat transfer through a roof as exists due to the 
combined effects of the actual outdoor temperature distribution plus the 
incident solar radiation [113]. Tsa was calculated with Eq. (7) for a 
traditional roof [114]. This equation was characterized to calculate Tsa for 
plots with green roofs, Eq. (8), taking into account evapotranspiration 
contribution, according to [89,110]. 

𝑇,2 = 𝑇2?@ +	
D𝑅
ℎ'
	+ 	

𝛼
ℎ'

 (7) 
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𝑇,2 =
ℎ!

ℎ! + ℎ-
	𝑇2 +	

ℎ-
ℎ! + ℎ-

	𝑇,AB +	
𝛼

ℎ! + ℎ-
 (8) 

Where 𝑇2?@ is the external air temperature; D𝑅 is the infrared radiation 
difference between surface and sky and surroundings, expressed by Eq. (9); ℎ' is 
the heat transfer coefficient by radiation and convection at the outer surface, 
expressed by Eq. (10); ℎ! is the mean convective heat transfer coefficient, expressed 
by Eq. (11); ℎ- is the mean radiative heat transfer coefficient, expressed by Eq. (12); 
Ta is the air temperature near the soil;	𝛼 is the product of the solar absorptance of the 
exterior surface and the rate of total solar radiation incident per unit area upon 
surface expressed by Eq. (13); 𝑇,AB is the sky temperature, which was calculated 
considering the sky as a black body [115], expressed by Eq. (14). 

∆𝑅 = 𝜀 · 𝜎 · (𝐹,AB · -𝑇,AB. − 𝑇2?@. / + 𝐹*$C · -𝑇*. − 𝑇2?@. / (9) 

ℎ' = 10.08 + 10.8 · 𝑊𝑆 (10) 

ℎ! = 𝜎+ · ℎ!! + -1 − 𝜎+/ · ℎ!,, (11) 

ℎ- =
𝜀+ · 𝜀*

𝜀* + 𝜀+ − 𝜀* · 𝜀+
· -4 · 𝜎 · 𝑇4,D / (12) 

𝛼 = 𝛼' · 𝑆𝑅EF'@,G (13) 

𝑇,AB = 𝑇2?@ · (𝜀H + 0.8 · (1 − 𝜀H) · 𝐶!'I5-)H.KL (14) 

 

• Decrement factor, DF, defined as the ratio between the maximum daily 
excursions of the internal and external temperature fluctuations [87], 
expressed by Eq. (15). 

𝐷𝐹 =
𝑇#,?2M − 𝑇#,?#$
𝑇5,?2M − 𝑇5,?#$

 (15) 

 

• Time lag, TL, defined as the time difference between the maximum peak 
of the internal temperature and the maximum peak of the external 
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temperature for summer climatic conditions, expressed by Eq. (16), and the 
time difference between the minimum peak of the internal temperature and 
the minimum peak of the external temperature for winter climatic 
conditions, expressed by Eq. (17), [87]. 

𝑇𝐿,(??5- = 𝑡N#,?2M − 𝑡N5,?2M (16) 

𝑇𝐿O#$)5- = 𝑡N#,?#$ − 𝑡N5,?#$ (17) 

 

DF and TL were evaluated considering 𝑇,2,># as the external boundary temperature 
for all the plots and 𝑇&,># as the internal boundary temperature for P1, P2 and P5, 
see Figure 8a. 𝑇&,>-5+ was considered the internal boundary temperature for the 
reference plot, see Figure 8b. 

• Cooling potential, CP, is defined as the difference between the maximum 
internal boundary temperature of the reference plot and the maximum 
internal boundary temperature of the green roofs, according to Eq. (18). 

𝐶𝑃 = 𝑇&,>-5+,?2M − 𝑇&,>#,?2M (18) 

 

Where 𝑇&,>-5+,?2M is the maximum slab temperature value for Pref and 𝑇&,>#,?2M	 
is the maximum slab temperature value for P1, P2 and P5. CP was only calculated 
for the considered summer period. 

• Heat flux, measured in the growing medium in the plots with green roofs 
and in the gravel ballasted layer in the reference plot, see Figure 8. The heat 
flux sensors were placed such that a positive and negative reading signifies 
heat entering and leaving the building, respectively. 

• Energy demand, ED, of the building with green roofs, compared to the 
traditional gravel ballasted roof. ED was calculated by Eq. (19), where 
Q=:60 is the sum of the positive gains of the traditional roof and Q=P is the 
sum of the positive gains of the green roof. 

𝐸𝐷 =	
Q>-5+ −	Q>#

Q>-5+
×100 (19) 
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Chapter 4. Eco-roof analysis 
 

Chapter 4 
 

Eco-roof analysis 
 

 

In this chapter, two numerical models of eco-roof and traditional gravel ballasted 
roof were carried out. The impact of climatic variables and volumetric water 
content of the substrate on evapotranspiration were evaluated. Then, the effect of 
the volumetric water content of the substrate due to different irrigation strategies 
on the heat flux through the eco-roof, was obtained. Paper II shown in appendix B 
addressed the results of this chapter. 

 

 

4.1 Calibration of the numerical models 

The calibration of two numerical models, one of a traditional gravel ballasted roof 
and one of an eco-roof, that corresponded to P1 without plants, was carried out with 
the DesignBuilder software, as defined in 3.3.1.  

The climatic variables recordered in 2015 to analyse the eco-roof were 
ambient air temperature, To, relative humidity, RHo, rainfall, R, wind speed, WS, 
direction of the wind, WD, and solar radiation, SR. The average values of monthly 
climatic data are shown in Table 6.  
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Table 6. Average values of monthly climatic data of Córdoba, 2015. 

2015 To [°C] RHo [%] SR [Wh/m²] WD [°] WS [m/s] R [mm] 
January 10.6 89.9 90 171.5 1.6 0.9 
February 10.9 81.9 116.5 184.4 2.2 0.84 
March 11.4 71.9 200.6 201.6 1.5 0.5 
April 15.8 66.4 227.1 199.1 1.7 1.7 
May 18.6 61.3 257.5 192.6 1.9 1.3 
June 24.9 43.5 323.7 206.7 2.0 0 
July 29.1 40.5 318.3 206.9 1.9 0 
August 27.6 45 265.6 207.8 2.0 0 
September 22.5 53.5 221.7 201.2 1.8 0.2 
October 18.5 73.8 146.2 155.9 1.3 1.4 
November 12.8 77.5 137.1 135.8 1.1 1.0 
December 10.2 77.6 95.9 110 1.0 0.2 

 

 (a) Traditional roof – August  (b) Traditional roof – December 

  
 (c) Eco-roof  – August  (d) Eco-roof – December 

  
Figure 10. Calibration of models of the traditional gravel ballasted roof in (a) August and 

(b) December, and the eco-roof in (c) August and (d) December. 
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Data of heat flux collected every 15 min during the experimental campaign were 
used to calibrate the models. The R2 values of Q̇ experimental respect to Q̇ 
numerical obtained were always equal or higher than 0.94, see Figure 10.  

The calibrated numerical models were used to analyse the behaviour of the eco-
roof under different irrigation strategies. Firstly, the effects of climatic variables 
and volumetric water content of the substrate on evapotranspiration were studied. 
Then, the influence of evapotranspiration on heat flux was evaluated. Finally, a 
study on the effect of volumetric water content of the substrate on weekly energy 
was performed. All the results of the analysis are described below. 

 

4.2 Effect of climatic variables on evapotranspiration  

A weekly analysis of the effects of climatic variables on the ET of the eco-roof was 
carried out. Two typical weeks for the climatic conditions of Córdoba were selected 
for this study: a summer week from 15/08/2015 to 21/08/2015, where the eco-roof 
was provided with the experimental irrigation strategy C320 and a winter week from 
02/01/2015 to 08/01/2015 with no irrigation schedule, C0, see Table 5. 

The climatic variables used were outdoor air temperature, To, solar radiation, 
SR, wind speed, WS, and outdoor relative humidity, RHo. The results of this 
analysis are shown in Figure 11. It can be observed that the trends obtained of the 
climatic variables on ET were similar for both weeks, although different slopes 
were obtained. The ET values increased when the values of To, WS and SR rose, 
see Figure 11a, Figure 11c and Figure 11d, respectively. However, the ET values 
increased when the RHo values decreased, see Figure 11b. In previous studies of 
the effects of climatic conditions on ET, similar trends were obtained [33,91]. 

For the summer week, the ET values were usually higher than those during 
the winter week, see Figure 11, mainly due to the high values of To and SR and low 
values of RHo achieved with respect to those during the winter week. For the winter 
week, almost all the ET values were lower than 0.05 mm/h. 
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 (a)  (b) 

  
 (c)  (d) 

  

Figure 11. Effect of climatic conditions (a) outdoor air temperature; (b) outdoor relative 
humidity; (c) solar radiation; (d) wind speed, on evapotranspiration. 

 

4.3 Effect of volumetric water content of the substrate on 
evapotranspiration 

An analysis of the effects of VWC on ET for all the irrigation strategies was carried 
out for the two weeks studied, a summer week from 15/08/2015 to 21/08/2015, 
where the eco-roof was provided with the experimental irrigation strategy C320 and 
a winter week from 02/01/2015 to 08/01/2015 with no irrigation schedule, C0, see 
Table 5. 

The average weekly results of VWC with respect to ET are represented in 
Figure 12. For the summer week, it can be observed that ET values increased when 
the weekly average of VWC increased. The highest average ET values were 
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obtained for the irrigation strategies C160 and C180, 0.379 mm/h and 0.390 mm/h, 
with an average VWC value of 36.6% for both cases, see Figure 12. The lowest 
average ET values were obtained for the irrigation strategies C0 and C320, 0.008 
mm/h and 0.04 mm/h, with average VWC values of 4.0% and 10.0%, respectively. 
Thus, it can be said that the weekly average VWC value of the substrate had a 
significant impact on ET during the summer week. 

For the winter week, the highest average ET values were achieved for the 
irrigation strategies C140 to C580, see Figure 12. The case C0, which had no 
irrigation schedule, achieved the lowest value of ET, 0.008 mm/h, with an average 
VWC value of 15.7%. The average VWC value for C0 depended on the rain during 
this winter week. The results obtained for the winter week showed that average ET 
values did not have a significant variation when average VWC values and irrigation 
strategies were modified. 

 
Figure 12. Average weekly results of evapotranspiration and volumetric water content of 

the substrate. 
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4.4 Effect of evapotranspiration on heat flux 

A weekly study of the average heat fluxes, Q̇, average evapotranspiration, ET, and 
irrigation strategies of the eco-roof was performed for the typical summer week 
selected, from 15/08/2015 to 21/08/2015. However, this analysis was not carried 
out for the winter week selected, because the ET values did not vary significantly 
with respect to the different irrigation strategies, as shown in section 4.3. 

The results of the relationship between average heat fluxes, Q̇, and average 
evapotranspiration, ET, under the irrigation strategies are shown in Figure 13. The 
Q̇ values represented were the average positive heat flux values, energy flux gains. 
It can be observed that the average Q̇ values were reduced when average ET values 
increased. This trend was opposite to the relationship between VWC on ET, as 
shown in Figure 12. The lowest average Q̇ values were achieved for C160 and C180, 
6.5 W/m2 and 6.4 W/m2, coinciding with the highest ET values, 0.379 mm/h and 
0.39 mm/h, respectively, see Figure 13. The highest average Q̇ values for the cases 
with an irrigation strategy, were achieved by C320 and C420, 29.7 W/m2 and 29.3 
W/m2, respectively. For C0, an average Q̇ value of 31.4 W/m2 and an ET value close 
to zero were obtained, due to the absence of irrigation. The results showed that if a 
significant reduction of Q̇ is required, high ET values are needed, i.e. irrigation 
strategies with a high quantity and frequency of water application should be used.  

For the selected summer week, the Q̇ value of the traditional gravel ballasted 
roof was 52.3 W/m2, 40% more than the Q̇ value of the eco-roof rate with no 
irrigation strategy, C0. The use of an irrigation strategy for the eco-roof allowed a 
significant reduction of the average Q̇	value, up to 87.7% for the strategy C180 with 
respect to the traditional gravel ballasted roof. Therefore, an eco-roof provided with 
an optimized irrigation strategy could be used to reduce the heat transfer through 
the roof assembly of a building. 
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Figure 13. Average weekly results of evapotranspiration and heat flux for a typical 

summer week. 

 

4.5 Effect of volumetric water content on weekly energy 

The relationship between irrigation and cumulative energy gains, Q, for the 
different case studies is shown in Figure 14. Comparing the irrigation strategies 
with the same quantity of water and different watering schedule, the results showed 
that for the case studies C120 to C520, the Q values obtained, from the lowest to the 
highest, were: C120, 1829.1 W·h/m2; C220, 2151.9 W·h/m2; C520, 2153.9 W·h/m2; 
C420, 2195.9 W·h/m2, and C320, 2230.5 W·h/m2, see Figure 14. Therefore, for these 
case studies, the irrigation during the morning allowed the greatest reduction of Q 
to be obtained, as the highest values of ET and VWC were achieved during the 
morning, see Figure 12 and Figure 13. However, the lowest reduction of Q was 
obtained watering twice a day with the irrigation quantity divided between morning 
and evening, C320. 

For the irrigation strategies C140 to C540, the Q values from lowest to highest 
were: C140, 1043.8 W·h/m2; C340, 1440.0 W·h/m2; C540, 1711.3 W·h/m2; C240, 
1828.2 W·h/m2, and C440, 1838.1 W·h/m2, see Figure 14. Hence, the lowest value 
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of Q was obtained by irrigating during the morning, while the highest was by 
irrigating at 1pm. These results agreed with the previous ET analysis, see Figure 
13. Among the cases C160 to C560, the irrigation strategies with Q values from the 
lowest to the highest were: C160, 189.1 W·h/m2; C360, 504.1 W·h/m2; C560, 882.0 
W·h/m2; C460, 1198.0 W·h/m2; C260, 1235.1 W·h/m2, see Figure 14. Therefore, the 
highest and lowest values of Q̇	were achieved by watering during the morning, at 
8:30 am, and during the afternoon, at 1:00 pm, respectively. Finally, for the cases 
C180 to C580, the irrigation strategies with Q values from the lowest to the  highest 
were: C180, 168.5 W·h/m2; C380, 454.7 W·h/m2; C280, 695.1 W·h/m2; C580, 750.9 
W·h/m2; C480, 878.8 W·h/m2, see Figure 14. 

Comparing the irrigation strategies with the same watering schedule and 
different quantities of water, the results showed that Q reduced as the quantity of 
water increased. For the cases C1, with irrigation at 8:30 am, C140 achieved a Q 
value 42.9% lower than C120, while C160 achieved a Q value 81.8% lower than 
C140. However, C180 presented a slight reduction in Q compared to C160, 10.8%. 
Therefore, the cases C1 followed an asymptotic trend. Regarding the cases C2, with 
irrigation at 8:30 pm, C240 achieved a Q value 15.0% lower than C220, while C260 
achieved a Q value 32.4% lower than C240. Finally, C280 reduced the Q value 56.2% 
with respect to C260. It can be observed that the Q results for the cases C2 presented 
a decreasing linear trend. For the cases C3, strategies with irrigation twice a day, 
C340 obtained a Q value 32.4% lower than C320, C360 obtained a Q value 65.0% 
lower than C340 and C380 achieve a slight reduction in Q compared to C360, 9.8%. 
Therefore, the cases C3 also followed an asymptotic trend, as in cases C1. For the 
cases C4, with the irrigation schedule at 1:00 pm, the Q value of C440 was 16.3% 
lower than C420, the Q value of C460 was 34.8% lower than C440, and finally, the Q 
value of C480 was 26.7% lower than C460. Regarding cases C5, the strategies with 
irrigation on alternate days, it can be observed that C540 achieved 20.5% of Q values 
lower than C520, C560 achieved 48.4% of Q values lower than C540 and, finally, C580 
obtained 14.8% of Q values lower than C560. Therefore, the results of the cases C5 
presented a decreasing linear trend, with low reduction of Q values when the 
watering increased. 

These results showed that the greatest reduction in Q was obtained for the 
strategies with irrigation once a day in the morning, at 8:30 am. In addition, the 
greater the irrigation of water, the greater the reduction of Q. In any case, it is 
important to stress that even with the same overall quantity of water, important 
differences in Q can be obtained, simply by changing the irrigation management. 
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This implies that even under the same water quantity, it is important to optimize 
irrigation scheduling. 

 

 

Figure 14. Relationship between cumulative energy gains and irrigation for a typical 
summer week. 

 

4.6 Conclusion of the chapter 

In this chapter, an analysis of the thermal performance of an eco-roof under 20 
different irrigation strategies, compared to a traditional gravel ballasted roof, was 
carried out. Hence, a building model with two different roofs, an eco-roof and a 
traditional gravel ballasted roof, was calibrated with experimental data of heat flux. 
The study was performed during the year 2015 for the climatic conditions of 
Córdoba (Spain). An analysis based on evapotranspiration, ET, volumetric water 
content of the substrate, VWC, and heat flux, Q̇,was performed. 

The weekly results showed that the ET values increased when the values of 
outdoor air temperature, wind speed and solar radiation rose, and outdoor air 
relative humidity values decreased. The VWC value of the substrate also had a 
significant impact on ET during the summer, such that the higher the VWC, the 
higher the ET. The highest average ET values in summer were obtained for the 
strategies with irrigation once a day at 8:30 am for 60 min and 80 min. The results 
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obtained in winter showed that average ET values did not have a significant 
variation when the VWC and irrigation strategy were modified. 

ET had a great impact on the reduction of Q̇ of the eco-roof, since the weekly 
Q̇ values were reduced when weekly ET values increased. The lowest weekly Q̇ 
values were achieved for the strategies with irrigation once a day at 8:30 am for 60 
min and 80 min, coinciding with the highest weekly ET. The greatest reduction of 
weekly Q̇ were always achieved by watering every day during the morning.  

Finally, the weekly energy analysis showed that the volumetric water content 
strongly influenced the cumulative energy gains of the eco-roof, achieving high 
reduction of Q when the eco-roof was under the proposed irrigation strategies.  

These results showed that ET was directly linked with the atmospheric 
conditions and the water content in the substrate of the eco-roof and contributed to 
the Q̇ reduction of the eco-roof. Therefore, a proper irrigation strategy could help 
further to reduce the Q̇ exchanged between the interior and the external 
environment of the building through the roof installation. 
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Chapter 5. Green roof analysis 
   Chapter 5 

 

Green-roof analysis 
 

 

In this chapter an experimental study of green roofs with different substrates was 
performed. A dynamic analysis based on several parameters such as time lag, TL, 
decrement factor, DF, soil-air temperature, Tsa, and cooling potential, CP, in order 
to evaluate the reduction of energy demand of the building with green roof respect 
to a traditional gravel ballasted roof was carried out. The green roof plots were 
studied throughout the years 2016 and 2017. The analysis of the experimental 
results for 2016 is presented in weekly, monthly and annual analysis to correctly 
understand the behaviour of the extensive green roof plots for the climatic 
conditions of Córdoba. Nevertheless, the analysis of the experimental results for 
2017 is presented in annual analysis, because the monthly average temperature 
values were similar for both years, see Table 7. 

 

5.1 Previous analysis  

Before the analysis of the three green roofs with different substrates, the 
characteristics of the plants were evaluated. The values of fractional vegetation 
coverage, σf , and the leaf area index, LAI, for each plot were σf = 0.59 and LAI = 
2 for P1, σf = 0.56 and LAI = 1.7 for P2, and σf = 0.53 and LAI = 1.5 for P5.  

Then, the same climatic variables of the eco-roof analysis were recorded, To, 
RHo, R, WS, WD and SR. The average values of monthly climatic data from 2016 
to 2017 are shown in Table 7.  
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Table 7. Average values of monthly climatic data of Córdoba, 2016-2017. 

2016 To [°C] RHo [%] SR [Wh/m²] WD [°] WS [m/s] R [mm] 
January 10.6 89.8 88.9 156.8 1.6 1.9 
February 10.9 81.6 119.2 177.8 2.1 1.5 
March 11.4 71.8 199.2 194.3 1.5 0.9 
April 15.7 66.5 226.2 223.0 1.7 3.8 
May 18.6 61.3 257.4 203.6 1.9 2.9 
June 24.9 43.5 324.8 223.6 2.0 0 
July 29.1 40.5 318.1 215.5 1.9 0 
August 28.5 41.6 297.9 229.9 1.6 0 
September 24.9 44.1 243.0 184.9 1.7 0.1 
October 19.6 65.1 160.6 165.6 1.2 2.7 
November 12.5 77.9 110.1 132.7 1.4 4.7 
December 10.4 81.1 100.4 66.3 1.2 1.4 
2017 To [°C] RHo [%] SR [Wh/m²] WD [°] WS [m/s] R [mm] 
January 7.6 74.3 122.9 135.7 1.2 0.6 
February 11.7 78.8 118.3 153.3 1.6 1.7 
March 13.1 74.3 197.2 151.9 1.6 2.4 
April 17.4 60.1 260.5 166.2 1.6 2.3 
May 20.7 58.9 298.5 216.4 1.7 1.5 
June 27.4 40.2 340.1 199.8 1.9 0.3 
July 28.0 40.6 319.2 239.5 2.0 0 
August 27.9 42.1 282.5 224.5 1.4 0.2 
September 23.9 47.0 239.7 226.9 1.3 0 
October 20.8 58.1 180.3 105.1 1.1 0.9 
November 12.1 71.0 126.5 79.8 1.2 1.7 
December 8.1 83.7 97.3 121.2 1.4 1.2 

 

5.2 Summer behaviour of extensive green roofs 

A typical summer week was selected for the study of the summer behaviour of the 
green roof plots, analysing in depth the climatic conditions, the substrate 
temperature profile and the TL, DF and CP parameters. 

The climatic conditions for the selected summer period, from 23/07/2016 to 
29/07/2016, are shown in Figure 15. The values of total horizontal solar radiation 
and external air temperature were similar for each day of the week, reaching peaks 
of 994 W/m2 and 39.4 ºC, respectively, see Figure 15a. It can also be observed a 
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weekly oscillation of relative humidity between 14.5% and 73.7%, a weekly 
variation of wind speed between 0 m/s and 4.8 m/s and absence of rainfall, see 
Figure 15b. 

 

(a) 

 
(b) 

 
Figure 15. Climatic conditions of the selected summer period. (a) Solar radiation and 

external air temperature. (b) Rainfall, windspeed and relative humidity 
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5.2.1 Weekly analysis of sol-air temperature, temperature profile and 
volumetric water content 

The temperature values measured and sol-air temperature calculated, Tsa, for the 
three plots with green roof and for the reference plot, Pref, and VWC in the 
substrates of P1, P2 and P5, for the selected summer period are shown in Figure 16. 
The T and VWC values were obtained from the average value measured by the two 
probes located in the same horizontal profile.  

Regarding the water content in the substrate, it can be observed an increase 
in its value in the three green roofs when the irrigation was operating. For P1, VWC 
values oscillated between 18.3% and 26.4% during the week, with a weekly average 
value of 22.8%, see Figure 16a. For P2, the variation was less than for P1, between 
9.7% and 12.8%, with a weekly average value of 11.1%, see Figure 16b, and finally, 
for P5, the oscillation obtained was between 14.1% and 17.9%, with a weekly 
average value of 15.9%, see Figure 16c. These results showed that the substrate of 
P1, with 100% commercial growing medium, managed to retain more water in 
summer than the rest of the plots, using the same amount of watering. The substrate 
of P2, with 75% commercial growing medium and 25% recycled construction 
materials, was the one that retained the least water, with values lower than the 
substrate of P5, with 50% commercial growing medium and 50% recycled 
construction materials, see Figure 16b and 13c. It can also be seen that the 
maximum temperatures in the green roofs were achieved for T4, measured in the 
upper part of the substrate, with values of 48.5 ºC, 55.7 ºC and 48.2 ºC for P1, P2 
and P5, respectively. For the last days of the week, the highest T4 values of the 
green roofs decreased as the water content in the substrate increased, especially in 
P1, see Figure 16a, 13b and 13c. Therefore, these results show the relation between 
the substrate used and VWC. However, the highest T2,Pref values were stable 
throughout the week, because there was no irrigation and the highest external 
temperatures was also constant, see Figure 15a.  

The temperature values measured decreased according to the depth of the 
four plots. The minimum temperature values for the three plots with green roofs 
were obtained for T1, measured below the drainage layer, oscillating between 27.6 
ºC and 34.8 ºC for P1, see Figure 16a, between 27.2 ºC and 35.9 ºC for P2, see 
Figure 16b, and between 27.3 ºC and 33.6 ºC for P5, see Figure 16c. For Pref, T1,Pref 
values variated between 30.1 ºC and 50.1 ºC. 
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Regarding Tsa, similar values were obtained for the three plots with green 
roofs, with maximum and minimum values of 60.0 ºC and 18.5 ºC, respectively. 
However, Tsa values for Pref increased significantly during the morning, up to 80.5 
ºC, and decreased during the night, up to 16.0 ºC. 

 
 (a)  (b) 

  
 (c)  (d) 

  

Figure 16. Temperature profile measured, sol-air temperature and water content measured 
in the substrate for (a) P1; (b) P2; (c) P5; (d) Pref, in the summer period. 

 

5.2.2 Weekly analysis of time lag and decrement factor 

The values of decrement factor, DF, and time lag, TL, for the three plots with green 
roof and the reference plot, Pref, were calculated using Eqs. (15) and (16), 
respectively. The daily results of DF and TL for the summer week are shown in 
Figure 17.  

The parameter DF showed the oscillations of T1,Pi (DTi), temperature values 
between the roof slab and the root barrier, respect to the oscillations of Tsa,Pi (DTe), 
see Eq. (15). The higher DTe or the lower DTi, the lower DF is. In Figure 16, it can 
be observed that DTe values were similar for the three green roofs, because the Tsa 
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values were similar. The DTi values varied in each plot with green roofs, mainly 
due to the capacity of the substrate to retain water during the daily irrigation. 
Therefore, the higher capacity to retain water, the lower values of DTi and DF were 
obtained, see Figure 16. The lowest DF values were always achieved in P1, with an 
average weekly value of 0.12, see Figure 17a, in agreement with the lowest values 
of T1,P1, as shown in Figure 16a, mainly due to the high capacity of the substrate to 
retain water. Comparing the three plots with green roofs, the highest DF values 
were obtained in P2, with an average weekly value of 0.19, see Figure 17a, mainly 
due to the low capacity of retaining water in its substrate, so the oscillations of T1,P2 

were higher, see Figure 16b. The DF values increased significantly in Pref. It can 
be observed that Pref presented the highest DF values throughout the selected 
period, with an average weekly value of 0.36, see Figure 17a, mainly due to the 
fluctuation of the slab temperature, T1;Pref, see Figure 16d. These results indicated 
that, for very warm and dry climatic conditions, the higher the capacity to retain 
water in the substrate, the higher the reduction in the oscillation of the slab 
temperature, T1,Pi, and DF is. 

The TL parameter measured the difference in time between the maximum 
daily Tsa,Pi values and the maximum daily T1,Pi values for the summer climatic 
conditions, see Eq. (16). The TL results were mainly related to the fractional 
vegetation coverage, the leaf area index, the composition of the substrates and their 
capacity to retain water and the water accumulated in the drainage layer. The TL 
values shown in Figure 17b could be divided into several part of TL according to 
the layers of the plots. There was a TL from the maximum daily Tsa,Pi value to the 
maximum daily T4,Pi value (vegetation layer), see Figure 16, another TL of 
maximum daily temperatures from T4,Pi to T2,Pi (substrate layer), see Figure 16, and 
finally, another TL of maximum daily temperatures from T2,Pi to T1,Pi (water 
accumulation layer), see Figure 16. The TL values due to the vegetation layer were 
similar for the three plots, between 1 h and 2 h. The TL values due to the substrate 
layer were higher for P1 than P2 and P5, due to volumetric water content of the 
substrates. Finally, the highest TL values due to the water accumulation layer were 
for P2, see Figure 16. In this case, the substrate drained more water than the other 
substrates and consequently there was more water accumulated in this layer. As a 
result, the order of the plots that presented from the highest to the lowest values of 
TL were P1, P2, P5 and Pref, with average weekly values of 6:08h, 5:17h, 4:17h 
and 2:42h, respectively, see Figure 17b, mainly due the cross-effects of the different 
layer of the plots. Previous studies also showed the importance of vegetation and 
composition of the substrate in the dynamic characterization of a green roof [89], 
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with maximum weekly average TL values of 4:20h. Nevertheless, in the present 
work higher TL values were found, up to 6.08 h, as shown in Figure 17b. The TL 
values confirm the green roof benefits for the retrofit of buildings without insulation 
by delaying the peak in the maximum surface temperature. 

 
 (a) 

 
 (b) 

 
Figure 17. Values of (a) decrement factor and (b) time lag for P1, P2, P5 and Pref in the 

selected summer period. 
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5.2.3 Weekly analysis of cooling potential  

The cooling potential, CP, of the three plots with green roofs was evaluated for the 
selected summer period, according to Eq. (18). The results of daily CP and a weekly 
average value for each plot are shown in Figure 18. It can be seen that the highest 
CP values were obtained in P1, with a weekly average value of 16.3 ºC. The second 
plot with the highest CP was P5, with a weekly average of 15.8 ºC, 3% less than 
P1. Finally, P2 had the lowest CP values compared to the rest of the plots with 
green roofs, a 15% less than P1. This study showed that the plots with green roofs 
always allowed the slab temperature to reduce by more than 12.7 ºC, compared to 
Pref. These results were inversely proportional to the DF values, Figure 17a, where 
the green roof that had the greatest capacity to retain water in the substrate, P1, 
achieved the best results. Therefore, the higher the capacity to retain water in 
substrate, the higher CP is. 

 
Figure 18. Cooling potential values for P1, P2 and P5 in the selected summer period. 

 

5.3 Winter behaviour of extensive green roofs 

A weekly analysis for a typical winter week, similar to that performed in section 
5.2, was carried out. The winter week selected was from 12/12/2016 to 18/12/2016. 
The climatic conditions, the substrate temperature profile and the TL and DF 
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parameters were also analysed for this week. The climatic conditions for the 
selected winter period are shown in Figure 19.  

 
 (a) 

 
 (b) 

 

Figure 19. Climatic conditions of the selected winter period. (a) Solar radiation and 
external air temperature. (b) Rainfall, windspeed and relative humidity. 
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The peak values of total horizontal solar radiation and external air temperature 
varied each day, with maximum values of 507.7 W/m2 and 18.6 ºC during the first 
day, respectively, see Figure 19a. The selected week also had some rainy days, with 
a total weekly rainfall of 26.8 mm/h, see Figure 19b. The minimum values of total 
horizontal solar radiation and external air temperature were obtained for day 
14/12/2016, see Figure 19a, coinciding with the day with the highest rainfall, see 
Figure 19b. It can also be observed an oscillation of relative humidity between 
50.7% and 96.1% and wind speed between 0 m/s and 4.7 m/s. 

 

5.3.1 Weekly analysis of sol-air temperature, temperature profile and 
volumetric water content 

Temperature profile, sol-air temperature and volumetric water content in the 
substrate of the three plots with green roof and the reference plot for the selected 
winter week are shown in Figure 20. The irrigation during this week wasn’t 
planned, so the percentage of water present in the substrate depended on the air 
humidity and the amount of rainfall, see Figure 19b. It can be observed that the 
weekly average VWC values for the three plots with green roof were similar, 
47.6%, 48.2% and 47.7% for P1, P2 and P5, respectively. For the first two days, 
that had low rainfall, the VWC values oscillated between 39.5 % and 43.6%. 
However, these values increased in the following days, that had high rainfall, up to 
56.8%, 56.7% and 51.2% for P1, P2 and P5, respectively. Regarding the 
temperatures measured, the T4 values for green roofs and the T2 values for Pref 
oscillated each day, more than the rest of the temperature values measured, due to 
the fact that the climatic conditions had more influence on their reading. The 
maximum T4 values obtained were 17.8 ºC, 19.8 ºC and 17.1 ºC for P1, P2 and P5, 
respectively, and the maximum T2 values obtained for Pref was 27.2ºC. These 
temperature peaks decreased as a function of the depth measured for the four plots, 
as well as for the summer period studied, obtaining the lowest oscillations for T1 
for all plots. The maximum values of T1 for P1, P2, P5 and Pref were 11.6 ºC, 12.6 
ºC, 12.2 ºC and 16.5 ºC, respectively. 

In Figure 20, it can also be seen that the Tsa values for the plots with green 
roof were similar, with maximum and minimum values of 28.2 ºC and 4.8 ºC, 
respectively. However, Tsa values for Pref increased significantly during the 
morning, up to 41.2 ºC, and decreased during the night, up to 3.2 ºC. 
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 (a)  (b) 

  
 (c)  (d) 

  

Figure 20. Temperature and water content values in the substrate of (a) P1; (b) P2; (c) P5; 
(d) Pref, in the winter period. 
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5.3.2 Weekly analysis of time lag and decrement factor 

The values of DF and TL for the three plots with green roof and the reference plot 
were calculated using Eqs. (15) and (17), respectively. The results of both 
parameters throughout the selected winter period are shown in Figure 21.  

It can be observed that Pref always presented the highest DF values, with an 
average weekly value of 0.30. These values were significantly reduced in the plots 
with green roofs, as was already observed in the summer week. The lowest DF 
values were obtained for P1 and P5, with weekly average values of 0.11 and 0.12, 
respectively. The highest DF values for the plots with green roof were achieved for 
P2, with a weekly average value of 0.19, due to the oscillations of T1,P2, see Figure 
20b, since the Tsa values were similar for the three plots with green roof.  

Regarding TL, this parameter measured the difference in time between the 
minimum daily Tsa,Pi values and the minimum daily T1,Pi values for the winter 
climatic conditions, see Eq. (17). The results showed that the lowest values were 
achieved in Pref, with an average weekly value of 3:17 h, as shown in Figure 21b, 
and the highest values were almost always obtained for P1, with an average weekly 
value of 6:34 h, mainly due to the higher amount of plants in P1. These TL values, 
usually reduced in P2 and P5, with average weekly value of 5:42 h and 5:25 h, 
respectively.  

In winter, the green roofs allowed a significant reduction in the DF values 
and an increase in the TL values, compared to the Pref results, despite the high 
amount of water in the substrates, around 48%, see Figure 20a, Figure 20b and 
Figure 20c. In fact, for rainy and cold climatic conditions in the winter period 
considered, the trends of DF and TL were mainly due to the vegetation coverage 
and the composition of the substrates each plot, achieving a reduction in the 
oscillation of the slab temperature and delaying the minimum peaks of temperature 
in winter. 
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 (a) 

 
 (b) 

 
Figure 21. Values of (a) decrement factor and (b) time lag for P1, P2, P5 and Pref in the 

selected winter period. 

5.4 Heat flux analysis 

A monthly and annual heat flux analysis for the plots with green roofs and the 
reference plot was performed. For this analysis, the transfer of heat flux between 
the roofs and the interior of the building was measured.  
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5.4.1 Monthly analysis of heat flux 

Monthly cumulative heat flux gains and losses for P1, P2, P5 and Pref for 2016 are 
shown in Figure 22.The net energy is also shown in Figure 22, which indicates the 
difference between the gains and losses of heat through the plot. First, the results 
obtained in July were analysed, in order to relate them to the parameters previously 
studied in the summer week. It can be observed that for this month the highest 
decrease of energy gains was achieved in P1, with a value equal to 11.9 kW h m-2, 
83% less than Pref, 69.6 kW h m-2, see Figure 22a and Figure 22d. For P5, it was 
also possible to significantly reduce the energy gains in respect to Pref in July, with 
a value of 24.7 kW h m-2, 64.5% less than Pref, see Figure 22c. For the same month, 
P2 achieved the lowest reduction of energy gains, with a value equal to 26.6 kW h 
m-2, 61.8% less than Pref, see Figure 22b. This trend, for the month of July, agreed 
with the dynamic parameters previously studied, DF and CP, due to the capacity to 
retain water in the substrate, attenuating the maximum roof temperature peaks 
during a very warm month. Therefore, the lower DF and the higher CP, the lower 
heat flux gain is. This trend was similar to that obtained in August, because both 
months had similar climatic conditions, see Table 7. For June and September, P1 
also achieved the highest reduction of energy gains, up to 84% less than Pref, 
however, P5 achieved lower reduction of energy gains than P2, mainly due to the 
reduction of the ambient temperature, 4.2 ºC less than in July.  

For the cold months, the results obtained in December were first analysed, to 
relate them to the parameters previously studied in the winter week. The highest 
decrease of energy losses was obtained in P1, with a value of -9.1 kWh m-2, 65.3% 
less than Pref in the same month, see Figure 22a and Figure 22d. For P2, the value 
of energy losses was -14.1 kW h m-2, 46.0% less than Pref in the same month, see 
Figure 22b and Figure 22d. For the same month, P5 achieved the lowest reduction 
of energy losses, -17.5 kW h m-2, 33.7% less than Pref, see Figure 22c and Figure 
22d. This trend was in accordance with the previous TL results, see Figure 21b, 
which were related to sf and LAI in each plot. For the other cold months, such as 
January and February, the trend was similar for all plots. The maximum reduction 
of energy losses was obtained in P1 during the month of February, with a value 
equal to -6.7 kW h m-2, 77.4% less than Pref, see Figure 22a and Figure 22d. 
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Figure 22. Monthly cumulative heat flux for (a) P1, (b) P2, (c) P5, (d) Pref. 
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5.4.2 Annual analysis of heat flux 

In this section, the annual cumulative heat flux for P1, P2, P5 and Pref for years 
2016 and 2017 are shown. The heat gains and losses values for 2017 were slightly 
higher than the results of the 2016 in all plots, see Figure 23. This increase was 
mainly due to the slight rise in annual average ambient temperature and annual 
average solar radiation and to the reduction in annual average rainfall during the 
2017, see Table 7. The values of heat gains and losses in Pref for 2016 were of 
490.7 kWh/m2 and -476.0 kW h m-2, respectively, and for 2017 of 549 kWh/m2 and 
-507.6 kW h m-2, respectively. Comparing these results with those obtained in the 
plots with green roof, it can be observed that significant reductions in both heat 
gains and energy losses were achieved. P1 presented the maximum reduction of 
heat gains and losses, with 81% and 74%, respectively, for year 2016, and with 
80% and 70%, respectively, for year 2017. P5 was the plot with the lowest reduction 
in heat gains and losses, with a 58% and 55%, respectively, for 2016, and a 56% 
and 57%, respectively, for 2017, see Figure 23.   

These result show that the extensive green roofs under warm climatic 
conditions achieved high reduction of heat gains, between 56% and 81%, and heat 
losses, between 55% and 74%, depending on the type of substrate and the fractional 
vegetation coverage of the plot. The green roof with commercial substrate, P1, 
obtained the best thermal performance, due to the high capacity to retain water in 
the substrate. 
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Figure 23. Annual cumulative heat flux in P1, P2, P5 and Pref for 2016 and 2017. 

 

5.5 Conclusion of the chapter 

In this chapter, the thermal performance of three plots with green roofs, P1, P2 and 
P5, with different types of substrates were studied and compared with a traditional 
gravel ballasted roof, Pref. The substrate of P1 was composed of 100% of 
commercial growing medium, P2 of 75% of commercial growing medium and 25% 
of recycled construction materials, and finally, P5 of 50% of commercial growing 
medium and 50% of recycled construction materials. All the plots were provided 
with the experimental irrigation strategy, 10 min of watering every day in the 
morning. 

The thermal performance of these three green roofs under warm climatic conditions 
were studied in Córdoba (Spain), for two years, 2016 and 2017. A dynamic analysis 
based on decrement factor, DF, time lag, TL, cooling potential, CP, was performed.  

The experimental results showed that the three plots with green roof achieved 
high reduction of DF and high increases of CP, compared to Pref for warm and dry 
climate, especially in P1 with a weekly average reduction of DF equal to 0.24 and 
a weekly average increase of CP equal to 16.3 °C. This behaviour was mainly due 
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to the capacity to retain water in the substrate. The results indicated that, for warm 
and dry climatic conditions, the higher the capacity to retain water in the substrate, 
the higher the reduction of DF and the higher the increase of CP was. 

Significant increases of TL for the green roofs were obtained, up to 6:08 h 
and 6:34 h for P1 during the hot and cold periods considered, respectively, 
compared to Pref. The TL results were related to the fractional vegetation coverage, 
the leaf area index, the composition of the substrates and their capacity to retain 
water and the water accumulated in the drainage layer, that gave a delayed the 
maximum slab temperature peak. 

Respect to the heat flux results, significant reductions of energy gains during 
the hot period and energy losses during the cold period were obtained in the three 
green roofs, compared to Pref, due to the capacity to retain water in the substrates 
and the fractional vegetation coverage of these plots. The annual average reductions 
in heat gains and losses were between 56% and 81%, 55% and 74%, respectively. 
These important reductions were obtained during two particularly warm years in 
Córdoba (Spain). 
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Chapter 6 
 

Energy analysis 
 

 

In this chapter, a weekly and annual energy analysis of the reduction of energy 
demand, EDw and EDy, of the eco-roof under 20 irrigation strategies and of the 
green roofs with different substrates, was studied The results were obtained with 
the simulations performed with the calibrated numerical models.  

 

6.1 Eco-roof energy analysis 

A weekly analysis of reduction of energy demand, EDw, of the eco-roof under 
different irrigation strategies, from 15/08/2015 to 21/08/2015, was performed. 
Furthermore, an annual analysis of the reduction of energy demand, EDy, and 
performance, Peco, of the eco-roof for all the irrigation strategies was carried out. 
This analysis was performed from 01/01/2015 to 31/12/2015, when the To exceeded 
the 18 °C, see Table 7. The irrigation strategies were planned from 01/05/2015 to 
31/10/2015.  

 

6.1.1 Weekly results 

The reduction of Q due to the irrigation strategies, led to weekly reduction of energy 
demand, EDw, in the studied roof. The EDw results of the eco-roof compared to the 
gravel ballasted roof for the selected summer week, are shown in Figure 24. EDw 
was calculated by Eq. (5). The results showed that the EDw values were always 
higher than 40% for all the case studies, even for C0 that had no irrigation schedule. 
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Therefore, the eco-roof had a higher thermal insulation than the considered 
traditional gravel ballasted roof.  

Comparing the irrigation strategies with the same watering schedule and 
different amount of water, it can be observed that watering in the morning, cases 
C1, always allowed higher EDw values than those obtained at other schedules to be 
achieved. The highest EDw value was achieved with C180, 95.8%. Nevertheless, 
there was no substantial improvement of the EDw value between 60 min and 80 min 
of irrigation, a difference of 0.3%. Therefore, these results suggest that the 
irrigation strategy C1 allows the maximum EDw values to be obtained for the week 
of August studied. 

 

 
Figure 24. Weekly results of the reduction of energy demand of the eco-roof. 
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6.1.2 Annual results 

The annual results of EDy and the amount of irrigation and drained water are shown 
in Figure 25. It can be observed that all the case studies achieved EDy values higher 
than 43%. The strategy that achieved the highest EDy value was C180, 78.7%, with 
2660 l/m2 of annual irrigation water, see Figure 25. However, this strategy also 
presented a significant annual drainage value, 191 l/m2, so 7.2% of water was not 
totally used to reduce the heat flux of the roof. The strategy C160 also achieved a 
high annual EDy value, 76.6%, even with a lower amount of annual irrigation water, 
1995 l/m2, and lower annual drainage, 159 l/m2, than those of C180. A significant 
annual EDy value was obtained with the strategy C140, 62.8%. The amount of 
annual irrigation water used for C140 was 1330 l/m2, 50% and 33.3% less than the 
amount of annual water used for C180 and C160, respectively. Furthermore, a low 
annual drainage value was found for C140, a 5% of irrigation water was drained. 
The case C0, that had no irrigation schedule, also achieved a significant annual ED 
value, 43.3%, due to the insulation effect of the substrate, see Figure 25. Therefore, 
the installation of an eco-roof significantly improved the thermal performance of 
the building compared to a traditional gravel ballasted roof, achieving a high 
percentage of EDy. In addition, adequate irrigation strategies allowed a further 
increase of this ED, up to 78.7% for C180. 

The annual Peco results are also shown in Figure 25. This parameter was used 
to evaluate the irrigation strategies that had the highest reduction of energy demand 
with respect to the lowest quantity of irrigation water, expressed by Eq. (6). It can 
be observed that the strategy with the highest Peco value was C520, 153.9 [kWh/l 
year], mainly due to the low quantity of irrigation water, 380 l/m2, see Figure 25. 
C520 also presented the lowest annual drainage, only 1 l/m2. Among the cases with 
the same irrigation schedule, the highest Peco values were always found for C5, the 
strategies with irrigation in alternate days. For the remaining cases with the same 
irrigation schedule, the highest Peco values were obtained for C1, the cases with 
irrigation once a day at 8:30 am, as shown in Figure 25, due to the high reduction 
of energy demand achieved with the eco-roof with respect to the traditional roof. 
The lowest Peco values were found for C4, the cases with irrigation once a day at 
1:00 pm. 

Therefore, it has been found that an irrigation strategy on alternate days 
watering for 20 min in the morning, allowed an EDy value up to 46.7 % respect to 
the traditional gravel ballasted roof, and with a low waste of irrigation water to be 
achieved. 
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Figure 25. Annual results of the reduction of energy demand, energy performance, 

irrigation and drainage. 

 

6.2 Green roofs energy analysis 

A weekly and annual analysis of the reduction of energy demand, EDw and EDy, of 
the green roofs with different substrates was carried out. The weekly analysis was 
performed from 15/08/2016 to 21/08/2016. During all the year the green roofs were 
provided with the experimental irrigation schedule of 10 min of watering twice a 
day, which corresponded to the irrigation strategy C320 of the eco-roof analysis.  

 

6.2.1 Weekly analysis 

The EDw results of the green roofs with different substrates, P1, P2 and P5, 
compared to the gravel ballasted roof for the selected summer week, are shown in 
Figure 26. EDw was calculated by Eq. (5). The results showed that the EDw values 
were always higher than 58.6% for all the three plots.  

P1 was always the plot that achieved the highest reduction of energy demand, 
with a weekly average value of 82.1%. The highest reduction was obtained on 21/08 
with a value of 85.6%, while the lowest one on 18/08 with a value of 78.5%. P2 
and P5 always obtained similar results, with weekly average values of 65.0% and 
65.8%, respectively. P2 achieved the highest reduction of EDw on 16/08 with a 
value of 69.7%, while the lowest one on 20/08 with a value of 58.6%. P5 achieved 
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the highest reduction of EDw on 17/08, with a value of 67.9%, while the lowest 
reduction of EDw was obtained on 20/08 with a value of 61.1%. These results were 
in line with the analysis of TL, DF and CP showed in the Chapter 5. 

 

 
Figure 26. Weekly results of the reduction of energy demand of the green roofs with 

different substrates 

 

6.2.2 Annual analysis 

The annual results of EDy for the three plots with green roofs are shown in Figure 
27. The analysis was carried out for the 2016 and 2017 years. It can be observed 
that all the case studies achieved EDy values higher than 56.2%. 

The plot that always achieved the highest reduction of ED throughout the 
2016 and 2017 was P1, with values of 80.7% and 79.6%, respectively. P2 and P5 
also obtained high reduction of energy demand, 58.2% and 62.1%, for P2 and 
58.4% and 56.2% for P5, for the years 2016 and 2017, respectively.  

Comparing these results with the eco-roof results analysed in section 6.1, it 
can be observed that the green roofs always achieved higher reduction of EDy. In 
particular, for the experimental irrigation strategy C320, the eco-roof achieved an 
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EDy of 48.1% while the green roof P1, that had the same commercial substrate, 
achieved a value of 80.7% for 2016 and 79.6% for 2017, a 40.4% and 39.6% more 
respect to the eco-roof, respectively. P2 and P5, that presented different substrates, 
also achieved always higher reduction of EDy respect to the eco-roof, under the 
same experimental irrigation strategy, 17.3% and 17.6% more for the 2016, and 
22.5% and 14.4% more for the 2017, respectively.  

Therefore, it can be said that plants can help to further reduce the EDy and 
the installation of a green roof with plants significantly improved the thermal 
performance of the building compared to a traditional gravel ballasted roof, 
achieving a high percentage of EDy, more than an eco-roof with only substrate 
under the same irrigation strategy. 

 

 
Figure 27. Annual results of the reduction of energy demand of the green roofs with 

different substates. 
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6.3 Conclusion of the chapter 

In this chapter, a weekly an annual energy analysis of the reduction of energy 
demand, EDw and EDy, of the eco-roof under 20 irrigation strategies and of the 
green roofs with different substrates, was performed. 

The results showed that during the selected summer week, the eco-roof 
achieved a reduction of EDw up to 95.8%, while achieved an annual reduction of 
EDy up to 78.7%. Both results were obtained watering every day 80 min in the 
morning. In addition to this, it was studied the irrigation strategy that allowed the 
highest reduction of EDy with the low waste of water, through the ratio Peco. The 
results showed that it was possible to obtain a reduction EDy of 46.7% with respect 
to the traditional gravel ballasted roof, irrigating on alternate days for 20 min in the 
morning. Strategy C320, that represented the real irrigation of the experimental eco-
roof, allowed to achieve a reduction of EDy of 48.1%, respect to the traditional 
gravel ballasted roof. Without irrigation strategy, it is also possible achieve a great 
reduction of EDy, up to 43.3%. 

Then, the same weekly and annual ED analysis were realised for the three 
experimental green roofs with different substrates. The results showed that the 
commercial substrate obtained the highest reduction of EDw, with an average 
weekly value of 82.1%. Respect to the annual analysis, the green roof with 
commercial substrate also achieved the highest reduction of EDy, 80.7% with the 
irrigation strategy C320, that represented the real irrigation of the experimental 
green roofs, a 59.6% more than the eco-roof in the same conditions.  

It can be concluded that this type of installation only with substrate and with 
a proper irrigation strategy, is a great solution for the rehabilitation of old buildings, 
achieving high reduction of energy demand respect to a traditional roof. Moreover, 
plants can help further to reduce the energy demand, up to 40.4% more respect to 
the installation with only substrate under the same irrigation strategy. 

 

 





 

69 

Chapter 7. Conclusions and future work 
 

Chapter 7 
 

Conclusions and future work 
 

 

In this chapter are reported the conclusions and the proposals for future works that 
are deduced from the research work developed in the frame of this thesis. The 
conclusions were based on the hypothesis presented in 1.5.  

 

7.1 Conclusions  

An eco-roof only with substrate and three green roofs with plants and different 
substrates were proposed as passive systems of low environmental impact for the 
rehabilitation of old buildings in south European climates. The study was carried 
out throughout two years warmer than average years, 2016 and 2017. All the results 
were compared to a traditional gravel ballasted roof. 

Evapotranspiration and volumetric water content were demonstrated to have 
a great impact on the heat flux reduction of the eco-roof. Moreover, 
evapotranspiration values depended on the climatic conditions, since that 
evapotranspiration values increased when the values of outdoor air temperature, 
wind speed and solar radiation rose and outdoor air relative humidity values 
decreased. 

The highest reduction of annual energy demand for the eco-roof, 95.8%, was 
obtained with 80 min of irrigation every day in the morning, respect to the 
traditional gravel ballasted roof. The irrigation strategy that allowed to achieve the 
highest reduction of annual energy demand with the lowest waste of water was 
irrigating 10 min in the morning in alternate days, 46.7% with 380 l/m2 year. 
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Without irrigation high reductions of annual energy demand also were achieved, 
40%, respect to the traditional roof.  

The analysis of green roofs with different substrates showed that the 
substrate with 100% commercial growing medium, managed to retain more water 
in summer than the rest of the plots, using the same amount of watering. Despite 
this, all the plots showed a decrease in the temperature profile respect to the 
traditional roof, depending on the capacity of the substrate to retain water. The 
minimum temperature values for the three plots with green roofs were obtained for 
the probes placed in the upper side of the roof slab.  

The dynamic variables used for the green roofs analysis strongly depended 
on the volumetric water content of the substrate. The lowest decrement factor 
values were always achieved in the plot with 100% of commercial substrate and 
the higher the capacity to retain water in the substrate, the higher the reduction in 
the oscillation of the slab temperature was. Time lag, in addition to the water 
content in the substrate, also depended on the fractional vegetation coverage, the 
leaf area index, the composition of the substrates and the water accumulated in the 
drainage layer. The analysis of time lag results confirmed the green roof benefits 
for the retrofit of buildings without insulation by delaying the peak in the maximum 
surface temperature. The highest values of time lag were achieved by the plot with 
100% of commercial substrate. Finally, the analysis of the cooling potential showed 
that the higher the capacity to retain water in the substrate, the higher the cooling 
potential was. The plot with 100% of commercial substrate also achieved the best 
results of cooling potential. Despite this, all the plots with green roofs always 
allowed the slab temperature to reduce by more than 12.7 ºC, compared to the 
traditional roof.  

The energy analysis demonstrated that the green roof with commercial 
substrate achieved the highest reduction of annual energy demand, 80.7% with the 
experimental irrigation strategy, 10 min every day in the morning. Comparing these 
results with the eco-roof results, it can be observed that the green roofs always 
achieved higher reduction of annual energy demand. In particular, for the 
experimental irrigation strategy, the eco-roof achieved an annual reduction of 
energy demand of 48.1%, a 40.4% less than the green roof with the same substrate. 
The other plots, that presented different substrates, also achieved always higher 
reduction of annual energy demand respect to the eco-roof, under the same 
experimental irrigation strategy.  
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These results demonstrated that both eco-roof and green roof are passive 
installations that allow to achieve a significant reduction of energy demand for the 
rehabilitation of old buildings. A proper irrigation strategy and the presence of 
plants can help further to improve the energy performance of the roof.  

 

7.2 Future works 

The present thesis focused on the experimental and numerical study of the potential 
of energy demand reduction in buildings with eco-roofs and green roofs with 
different substrates, under climatic conditions of Southern Europe.  

This type of installation allowed to achieve high reduction of energy demand 
in the building and a proper irrigation strategy helped further to improve the energy 
performance of the roof. 

In the future, it could be interesting to investigate if the best irrigation 
strategy found for the commercial substrate could also be valid for the other 
substrates studied. Then, the thickness of the substrate could be variated in order to 
investigate how it influence the energy behaviour of the roof. 

Green roofs could be complemented with other passive systems, such as a 
ventilated façade. In this way, the simultaneous action of more passive systems to 
reduce the energy demand for the rehabilitation of old buildings would be 
evaluated. 

It would also be interesting to study the effect of green roofs in buildings 
with different transmittance values and in new sustainable constructions. Then, a 
study on the capacity of the green roof to capture CO2, in line with the EU 
Renovation Wave and the necessity to create a link between the built environment 
and the ecosystems, could be carry out.
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Appendix A. Long term experimental analysis of thermal performance of extensive green roofs with different substrates in Mediterranean climate 
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Appendix B. Exploring the reduction of energy demand of a building with an eco-roof under different irrigation strategies 
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Exploring the reduction of energy demand of a building with an eco-roof 
under different irrigation strategies 

 

ABSTRACT 

A passive system widely used to reduce the energy consumption of a building is 
the green roof. The main objective of this work was to determine the reduction of 
energy demand of a building with a green roof without plants, eco-roof, for 20 
different irrigation strategies, compared to a traditional roof, in southern Europe.  

The results of the eco-roof showed that the evapotranspiration, ET, value increased 
when outdoor temperature, wind speed, solar radiation and volumetric water 
content of the substrate rose, and when outdoor relative humidity decreased. The 
increase in ET had a significant energy influence on the heat flux, Q̇, such that the 
higher the ET, the lower the Q̇. 

The annual Q̇ results showed that the eco-roof improved the thermal performance 
of the building compared to the traditional roof, achieving a high reduction of 
energy demand, ED, up to 78.7%. The strategy that had the highest ratio between 
the annual ED to the lowest use of water was watering in alternate days for 20 min 
in the morning, obtaining an ED value of 46.7%. These results indicate that eco-
roofs with a proper irrigation strategy could be used as an efficient passive system 
for the rehabilitation of old buildings. 

 

Keywords: passive system, energy demand, evapotranspiration, irrigation 
strategies 
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Nomenclature 
 

A area [m2] 
C case study 
C6
/ bulk transfer coefficient [-] 
CQ
/ bulk transfer coefficient [-] 
𝑐R specific heat [J kg-1 K-1] 
D drainage [l m-2] 
ED energy demand [%] 
ET evapotranspiration [l m-2] 
F/ net heat flux to ground surface [W m-2] 
IP:¯  total incoming long-wave radiation [W m-2] 

IS¯ total incoming short-wave radiation [W m-2] 
l/ latent heat of vaporization at the ground surface temperature [J kg-

1] 
K hydraulic conductivity [m s-1] 
P performance of the eco-roof [W h l-1] 
q; mixing ratio of the air [-] 
q/ mixing ratio at the ground surface [-] 
Q cumulative energy gains [W h m-2] 
Q̇ heat flux [W m-2] 
Q̇T sensible heat flux [W m-2] 
Q̇U latent heat flux [W m-2] 
R rainfall [l m-2] 
RH relative humidity [%] 
SR solar radiation [W m-2] 
T; air temperature near the soil [K] 
T0 foliage temperature [K] 
T/ ground surface temperature [K] 
T8 outdoor temperature [K] 
U transmittance [W m-2 K-1] 
VWC volumetric water content [m3 m-3] 
W quantity of irrigation water [l m-2] 
W; wind speed [m s-1] 
WD wind direction [º] 
WS wind speed [m s-1] 
z depth [m] 
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Greek letters 

a/ albedo of ground surface [-] 
e0 emissivity of the foliage [-] 
e/ emissivity of the ground surface [-] 
λ thermal conductivity [W m-1 K-1] 
r;/ density of air at ground surface temperature [kg m-3] 
s Stefan-Boltzmann constant [W m-2 K-4] 
s0 fractional vegetation coverage [-] 
Subscripts 
a air 
eco eco-roof 
exp experimental 
f foliage 
g ground 
num numerical 
o outdoor 
trad traditional roof 
w week 
y year 

 

1. INTRODUCTION 

Over the last few years, awareness about global warming and energy-
efficient buildings has increased exponentially. The building sector has a large 
environmental impact and in Europe it represents 50% of the total energy 
consumption (Dutil, Rousse, & Quesada, 2011). Many studies have been carried 
out in order to reduce the use of fossil fuel and increase the renewable energy 
consumption, promoting passive systems and efficient envelopes in buildings 
(Daly, Cooper, & Ma, 2014), in line with the EU Directives (European Parliament, 
2010; European Union, 2012). 

A passive system widely used globally to reduce the energy consumption of 
a building is the green roof. In Europe, green roofs are very popular in the Nordic 
countries and Germany, where this technology has been implemented in more than 
the 10% of all new buildings (Shafique, Kim, & Rafiq, 2018). They are also 
commonly used in the rehabilitation of old buildings (Cascone, Catania, Gagliano, 
& Sciuto, 2018). Green roofs are categorized as extensive, intensive and semi-
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intensive, based on the thickness of the substrate, the type of plants used and the 
maintenance required (Cascone, 2019; Mahdiyar, Tabatabaee, Abdullah, & Marto, 
2018; Naranjo, Mesa, & Maury, 2020). Previous green roofs research showed 
notable benefits such as the absorption of CO2, the reduction of noise pollution and 
the minimization of the heat island effect in cities (Akbari, Cartalis, & Muscio, 
2015; Ziogou, Michopoulos, Voulgari, & Zachariadis, 2018). Some studies showed 
that green roofs reduce the heating and cooling demands of the buildings (Ran & 
Tang, 2018; Zhang, He, & Dewancker, 2020). Plants of a green roof can decrease 
the solar radiation transmitted to the soil and function as a wind barrier. 
Consequentially, the heat conducted to the indoor of the building is reduced and the 
energy losses due to the wind convection are minimized (Besir & Cuce, 2018; Vaz 
Monteiro et al., 2017). Furthermore, green roofs contribute to a delay in the storm 
peak runoff to the drainage system and also enrich biodiversity in cities (Kemp, 
Hadley, & Blanuša, 2019; Li & Yeung, 2014; Vijayaraghavan, Reddy, & Yun, 
2019).  

One of the major energy benefits of the green roofs is the cooling effect on 
the indoor conditions due to the evapotranspiration, ET (Speak, Rothwell, Lindley, 
& Smith, 2013). ET is the combination of two separate processes whereby water is 
lost on the one hand from the soil surface by evaporation and on the other hand 
from the plants by transpiration (FAO, 2006). Several studies analysed the 
influence of ET on the energy behaviour of green roofs (Cascone, Coma, Gagliano, 
& Pérez, 2019; Susca, 2019; Yang, Wang, Cui, Zhu, & Zhao, 2015). While the 
different variables affecting ET are well known (FAO, 2006), the relative 
importance of each of these variables differs depending on the environmental 
conditions. An experimental study in subtropical Hong Kong native-woodland 
intensive green roof found that solar radiation had the strongest correlation with ET 
(Lee & Jim, 2018). Another experimental study in a tropical extensive green roof 
showed that ET was largely dependent on solar radiation, relative humidity and 
wind speed, but found little influence of substrate moisture (Jim & Peng, 2012). A 
numerical model of a green roof was developed to determine the ET effects on the 
heat transfer of a building (Djedjig, Bozonnet, & Belarbi, 2015). The model 
suggested that a green roof installation is able to decrease the heat flux of the 
building envelope and the ET reduces further the temperature of the roof surface, 
providing a greater cooling effect. Other authors evaluated numerically the 
behaviour of green roofs focusing on the correlation between ET and the volumetric 
water content, VWC, of the growing media (Kaiser, Köhler, Schmidt, & Wolff, 
2019; Santamouris, n.d.). These results showed that the irrigation of a green roof 



 

109 

increased ET values and mitigated the urban heat island effect, especially during 
the warmer periods. An experimental study also evaluated the effect of ET on VWC 
of both a green roof and a bare substrate for four summer days in Melbourne 
(Coutts, Daly, Beringer, & Tapper, 2013), suggesting that during the summer 
period the lack of water in the substrates halted the ET and the cooling effect of the 
roofs was reduced. The irrigation of green roofs helps to reduce the heat transfer 
between the exterior and the interior of a building, during the warmer months, and 
increases its thermal insulation capacity (Azeñas et al., 2018). Some researchers 
demonstrated that in the coming 30 years many areas in the world will be water 
stressed, so the goal of irrigation installations of green roofs will be to achieve the 
maximum energy savings with minimum water consumption (Mechelen, Dutoit, & 
Hermy, 2015). In recent literature some numerical studies proposed an irrigation 
controlling method based on the predicted ET and daily weather variables, in order 
to maximize the efficient use of water (Bandara, Balasooriya, Bandara, & 
Buddhasiri, 2016). Other types of irrigation strategies were analysed in 
experimental research studies to identify the optimal irrigation frequency (Lin & 
Lin, 2011). The results indicated that a substrate which is irrigated twice a week is 
able to reduce the heat amplitude under the roof slab surface up to 91.6%. A 
numerical model of a green roof was developed to study the irrigation management 
(Qin, Peng, Tang, & Yu, 2016), showing that irrigation every 3 days to the field 
capacity and irrigation every 7 days to the saturation moisture content are two 
efficient watering schemes for the climatic condition of Shenzhen, China. A green 
roof model was simulated in EnergyPlus software to analyse the sensible heat flux 
reduction potential of several irrigation scenarios under different climatic 
conditions (Heusinger, Sailor, & Weber, n.d.). For cities with low excess heat and 
high annual precipitations, such as London and New York, a sensible heat reduction 
up to 75% was obtained. However, the irrigation strategies of these models were 
carried out with equal amount of water in all case studies. 

Research indicated that the type and characteristics of the substrate play an 
important role in the insulation of buildings (Gomes, Silva, Valadas, & Silva, 2019; 
Goussous, Siam, & Alzoubi, 2015; Saadatian et al., 2013). A numerical simulation 
of different soil thickness showed that the ET of the substrate had a significant 
effect on the thermal performance of the green roof, expecially in summer (He, Yu, 
Ozaki, Dong, & Zheng, 2017). Several energy simulations were performed in 
EnergyPlus software to investigate the thermal performance of five types of green 
roofs substrates (Gagliano, Poli, & Sciuto, 2019). It was found that the thermal 
performance of green roofs strongly depended on the thermophysical properties of 
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the substrate used. An experimental annual study analysed three different substrates 
under the Mediterranean climate (Porcaro et al., 2019), showing that a substrate 
composed of commercial growing medium achieved higher heat flux reduction than 
substrates composed of recycled construction materials. An experimental study was 
carried out to evaluate the impact of the substrate and irrigation on the thermal 
performance of green roofs (Tan et al., 2017). This study suggested that the 
substrate and the soil moisture reduced the roof temperature and improved the 
thermal performance of the building. An experimental research study analysed the 
temperature below the concrete of an eco-roof and of a traditional gravel ballasted 
roof for a summer week in the south of Italy (Bevilacqua, Mazzeo, Bruno, & Arcuri, 
2016). The substrate was not provided with irrigation system. The results showed 
that this temperature was reduced compared to the traditional roof. In this study, an 
eco-roof was defined as a green roof without plants. 

The results obtained in recent literature have shown that irrigation strategies 
could improve the thermal performance of a building with a green roof. However, 
most of these studies have focused on a limited number of irrigation strategies with 
the same amount of water in all cases. Therefore, a detailed analysis of the reduction 
of energy demand of a building with an eco-roof for different irrigation strategies 
under Mediterranean climatic conditions could be carried out. 

The main objective of this work was to determine the reduction of energy 
demand of a building with an eco-roof under different irrigation strategies 
compared to a traditional roof. To achieve this, a model of an eco-roof and another 
of a traditional gravel ballasted roof were calibrated with experimental data and 
annual energy simulations were carried out to evaluate 20 different irrigation 
strategies. 

2. METHODOLOGY 

Experimental setup and monitoring system 

The energy performance of an eco-roof and a traditional gravel ballasted roof 
were analysed for the climatic conditions of Córdoba, 37°53'29.6'' N 4°46'21.9'' O. 
This city is located in the south of Spain and its climate is Mediterranean, subtype 
Csa dry-summer, as defined in the Koppen-Geiger climate classification (Kottek, 
Grieser, Beck, Rudolf, & Rubel, 2006). 

An experimental setup composed of an eco-roof and a traditional gravel 
ballasted roof were installed on the rooftop of an old office building from the 1950s, 
located in the University of Córdoba. The dimensions of the rooftop were 27.7 m 
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length and 9.5 m width and no shadows of trees or other buildings fell on it. The 
building didn’t have a climate control program, so the indoor air conditions were 
maintained in free evolution.  

A representation of the eco-roof and the gravel ballasted roof is shown in 
Fig. 1. The layers of the eco-roof, from bottom to top, were: roof slab (λ= 2.3 
W/mK; cp= 1000 J/kgK), waterproof membrane, root-barrier, water storage layer 
(λ= 0.17 W/mK; cp= 900 J/kgK), filter sheet and commercial growing medium (λ= 
0.52 W/mK; cp= 1840 J/kgK) with a maximum granulometry of 8 mm, see Fig. 1a. 
The properties of the substrate are shown in Table 1. The layers of the gravel 
ballasted roof, from bottom to top, were roof slab, waterproof membrane and a layer 
of gravel ballasted (λ= 0.55 W/mK; cp= 1000 J/kgK), see Fig. 1b. 

Table 1. Properties of the commercial growing medium substrate. 

 Value 
Saturated-surface-dry density  1.5 [g/cm3] 
Dry density  1.1 [g/cm3] 
Dry bulk density 0.3 [g/cm3] 
Water absorption 41.3 [%] 
pH 7.3-7.7 
Electric conductivity 2.0 [mS/cm] 

 

Ten temperature, T, probes along the vertical profile, two volumetric water 
content, VWC, probes and two heat flux, Q ̇, probes were installed in the eco-roof, 
as shown in Fig. 1a. Three temperature, T, probes along the vertical profile and two 
heat flux, Q ̇, probes were installed in the gravel ballasted roof, as shown in Fig. 
1b. 

All the data were recorded every 15 min, from 1/01/2015 to 31/12/2015, by 
a dedicated acquisition system. The technical specification of all the devices used 
to record the data are summarized in Table 2. 
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(a) 

 
(b) 

 
Fig. 1. Layers of (a) the eco-roof and (b) the gravel ballasted roof 

 

Table 2. Equipment and variables measured in the experimental campaign. 

Equipment Accuracy Variable Unit 
Thermistors ±0,25ºC (-10 to 70 ⁰C) Temperature [ºC] 
Heat flux plate ±5% Heat flux [W/m2K] 

Water content reflectometer ±2.5% (0 to 50%) Volumetric water 
content [%] 

Platinum resistance 
temperature 0.2ºC (-40 to 70ºC) Air temperature [ºC] 

Capacitive relative humidity 2% (0 to 100%) Air relative humidity [%] 
Silicon photocell solar 
radiation 

5% (350 nm to 1100 
nm) Solar radiation [W/m2] 

Wind speed and direction 
sensor 

1% (0 to 100 m/s) 
3º (0 to 360º) 

Wind speed and 
direction 

[m/s] 
[º] 

Rain gauge 98% at 20 mm/h Rainfall [m3/m3] 

The experimental setup shown in Fig. 1 was used to calibrate two models of 
a building with a gravel ballasted roof and an eco-roof. In order to calibrate these 
models, a climatic file with the weather conditions of Córdoba was used. The 
climatic data were measured throughout 2015 by a weather station situated near the 
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experimental set up. The probes used by the weather station are shown in Table 2. 
The data collected were: atmospheric pressure, outdoor air temperature, To, 
outdoor relative humidity, RHo, rainfall, R, solar radiation, SR, wind speed, WS, 
and wind direction, WD. The monthly average meteorological data of 2015 are 
shown in Table 3. 

Table 3. Monthly meteorological data. 

 
Building models 

Two building models were designed in order to simulate the energy 
behaviour of two roofs: a traditional gravel ballasted roof and an eco-roof. These 
models were developed using DesignBuilder software (“DesignBuilder,” 2014), 
which is the graphical interface of EnergyPlus (“EnergyPlus,” 2014). The 
geometrical and thermal characteristics of the building were the same for both 
models, except for the roof. The characteristics of the building are summarized in 
Table 4. 

Table 4. Geometrical and thermal characteristics of the office building. 

 

Month To 
[C] 

RHo 
[%] 

SR 
[Wh/m²] 

WD 
[°] 

WS 
[m/s] 

R 
[mm] 

January 10.6 89.9 90 171.5 1.6 0.041 
February 10.9 81.9 116.5 184.4 2.2 0.035 
March 11.4 71.9 200.6 201.6 1.5 0.021 
April 15.8 66.4 227.1 199.1 1.7 0.072 
May 18.6 61.3 257.5 192.6 1.9 0.054 
June 24.9 43.5 323.7 206.7 2 0 
July 29.1 40.5 318.3 206.9 1.9 0.001 
August 27.6 45 265.6 207.8 2 0.002 
September 22.5 53.5 221.7 201.2 1.8 0.008 
October 18.5 73.8 146.2 155.9 1.3 0.057 
November 12.8 77.5 137.1 135.8 1.1 0.043 
December 10.2 77.6 95.9 110 1 0.008 

 

Geometrical 
characteristics 

Height 9.0 [m] 
Number of floors 3 
Floor area  264.0 [m2] 

Thermal characteristics 

U external walls  3.0 [W/m2K] 
U ground  2.0 [W/m2K] 
U traditional roof  2.9 [W/m2K] 
U eco-roof 1.3 [W/m2K] 
U windows 5.7 [W/m2K] 
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The eco-roof energy analysis of the DesignBuilder software was based on 
the Army Corps of Engineers’ FASST vegetation models (Frankenstein & Koenig, 
2004a, 2004b). In this model the energy budget was divided into a budget for the 
foliage layer, Ff, and a budget for the ground surface, Fg, (Sailor, 2008). The overall 
energy balance at the soil surface was given by Eq. (1), where the final term is the 
conduction of heat into the soil. The present work focused on an eco-roof only with 
substrate, so the energy balance of the roof was calculated without the contributions 
of the plants. 

𝐹* = -1 − s+/ 0𝐼,¯	-1 − a*/ +	e*𝐼#-¯ −	e*s𝑇*.3

−	
s+e*e+s

e/ + e0 − e/e0
	-𝑇*. − 𝑇+./ +	Q̇, + Q̇1 + 𝐾	´

𝜕𝑇*
𝜕𝑧

 
(1) 

Where s+ is the fractional vegetation coverage (zero in the eco-roof); 𝐼,¯ is 

the total incoming short-wave radiation; a* is the albedo of ground surface; 𝐼#-¯  is 
the total incoming long-wave radiation; e* is the emissivity of the ground surface; 
𝑇* is the ground surface temperature; e+ is the emissivity of the foliage; s  is the 
Stefan-Boltzmann constant; 𝑇+ is the foliage temperature; Q̇, is the sensible heat 
flux; Q̇1 is the latent heat flux; 𝐾 is the hydraulic conductivity and z is the depth. 

Sensible heat flux, Q̇,, in an eco-roof depended on the temperature difference 
between the soil and the external air and the wind speed, as expressed by Eq. (2). 

Q̇, =	r2*𝐶3,2𝐶4
*𝑊2	(𝑇2 − 𝑇*) (2) 

Where r2* is the density of air at ground surface temperature; 𝐶3,2 is the 

specific heat of air at constant pressure; 𝐶4
* is the bulk transfer coefficient; 𝑊2	is 

the wind speed; 𝑇2 is the air temperature near the soil and 𝑇*	is the ground surface 
temperature. 

Latent heat flux, Q̇1, in an eco-roof depended on the difference between the 
mixing ratio of the soil surface and air and the wind speed, as expressed by Eq. (3). 

Q̇1 =	𝐶5
*×𝑙*×𝑊2×r2*×(𝑞2 − 𝑞*) (3) 
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Where 𝐶5
* is the bulk transfer coefficient; 𝑙* is the latent heat of vaporization 

at the ground surface; 𝑞2 is the mixing ratio of the air near to the soil and 𝑞* is the 
mixing ratio at the ground surface. 

Irrigation strategies 

Heat flux, Q̇,	of an eco-roof under different irrigation strategies was 
evaluated and compared to a traditional gravel ballasted roof. The irrigation 
strategies consisted of watering at five specific moments of the day with four 
different quantities of water. The daily irrigation schedules were: (i) once a day in 
the morning, (ii) once a day during the night, (iii) twice a day with the irrigation 
quantity divided between morning and evening, (iv) once a day in the afternoon 
and finally (v) once a day in the morning for alternate days, i.e. it was irrigated on 
Monday, Wednesday, Friday and Sunday. The quantities of irrigation water were: 
(i) 3.7 l/m2·day, (ii) 7.3 l/m2·day, (iii) 11.0 l/m2·day, (iv) 14.6 l/m2·day, considering 
that 10 minutes of irrigation corresponded to 1.83 l/m2. The combination of the five 
schedules and four irrigation quantities resulted in 20 irrigation strategies, C120 to 
C580, as summarized in Table 5. The numbers 1-5 indicated the daily irrigation 
schedule and the subscripts 20-80 indicated the daily minutes of irrigation.  

The irrigation strategies of the eco-roof were based on a mass balance 
expressed by Eq. (4). 

∆𝑉𝑊𝐶 = 𝑊 + 𝑅 − 𝐸𝑇 − 𝐷 (4) 

Where ∆VWC is the variation of the volumetric water content stored in the 
substrate, W is the quantity of irrigation water, R is rainfall quantity, ET is the 
evapotranspiration and D is the drainage. 

The irrigation aimed to reduce the heat flux through the roof assembly from 
the exterior to the interior during the summer period for the considered climatic 
conditions. For this reason, the irrigation strategies were proposed from May to 
October, when the exterior air temperature exceeded 18 ºC, see Table 3. A case 
without irrigation strategy, C0, was also studied for the eco-roof, see Table 5. 

Table 5. Irrigation strategies. 
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Energy simulation 

Detailed energy simulations were carried out with the DesignBuilder software 
(“DesignBuilder,” 2014). The simulations were performed for the climatic 
conditions of Córdoba throughout the whole year 2015.  

The eco-roof under the different irrigation strategies was studied according 
to the following parameters: 

• Evapotranspiration, ET, of the substrate that was calculated directly from the 

latent heat flux calculations for the substrate, see Eq. (3), and the 

corresponding values of latent heat of water vaporization (Sailor, 2008). 

Although the term ET is used throughout the paper, it should be noted that in 

this study the transpiration term was zero, as the eco-roof was studied without 

vegetation. Therefore, all transformation of liquid water from the eco-roof to 

the atmosphere was through evaporation from the bare soil surface only. 

• Heat flux, Q̇, obtained in the eco-roof and the traditional gravel ballasted roof. 

Heat flux of the eco-roof, Q̇678, was calculated with the sum of sensible heat 

Case studies  Irrigation period 
[min/day] 

Quantity of 
water [l/m2 day] 

Irrigation 
schedule 

Schedule 

C0  0  0 - - 
C120 20 3.7  8:30 am Every day 
C220 20  3.7 8:30 pm Every day 
C320 20 3.7 8:30 am/8:30 pm  Every day 
C420 20 3.7 1:00 pm Every day 
C520 20  3.7 8:30 am Alternate days 
C140 40 7.3 8:30 am Every day 
C240 40 7.3 8:30 pm Every day 
C340 40 7.3 8:30 am/8:30 pm Every day 
C440 40 7.3 1:00 pm Every day 
C540 40 7.3 8:30 am Alternate days 
C160 60 11.0 8:30 am Every day 
C260 60 11.0 8:30 pm Every day 
C360 60 11.0 8:30 am/8:30 pm Every day 
C460 60 11.0 1:00 pm Every day 
C560 60 11.0 8:30 am Alternate days 
C180 80 14.6 8:30 am Every day 
C280 80 14.6 8:30 pm Every day 
C380 80 14.6 8:30 am/8:30 pm Every day 
C480 80 14.6 1:00 pm Every day 
C580 80 14.6 8:30 am Alternate days 
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flux and latent heat flux, expressed by Eqs. (2) and (3), respectively. The heat 

flux of the traditional gravel ballasted roof, Q̇9:;<, was calculated with the 

transfer model based on the conduction transfer functions, CTFs, (Myers, 

1980; Seem, 1987). In addition, Q ̇ was used as calibration parameter of the 

roof models. The probes used to measure Q̇ are shown in Fig. 1. The positive 

and negative Q̇ values indicated heat entering and leaving, respectively. In the 

present work, the positive Q̇ values were evaluated in detail, because the main 

objective of the eco-roof was to reduce heat flux entering in the building during 

the warmer seasons, that correspond to the maximum peaks of solar radiation 

and outdoor air temperature during the day-time, see Table 3. 

• Energy demand, ED, of the building with the eco-roof under different 

irrigation strategies, compared to the traditional gravel ballasted roof. ED was 

calculated by Eq. (5), where Q9:;< is the sum of the positive gains of the 

traditional roof and Q678 is the sum of the positive gains of the eco-roof. 

𝐸𝐷 =	
Q9:;< −	Q678

Q9:;<
×100 (5) 

• The energy performance of the eco-roof, Peco, was analysed with a ratio, in 

order to evaluate the irrigation strategies that led the highest reduction of 

energy demand with respect to the lowest amount of irrigation water, 

expressed by Eq. (6): 

𝑃5!' =
𝑄)-2C − 𝑄5!'

𝑊
 (6) 

3. RESULTS AND ANALYSIS 

Calibration of the models 

A calibration of the two building models, one with a traditional gravel 
ballasted roof and one with an eco-roof, was carried out using the heat flux data 
collected during the experimental campaign, see Fig. 1. The models were calibrated 
for two typical months under the climatic condition of Córdoba: August, that 
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presented high values of outdoor air temperature and solar radiation, and 
December, that presented low values of outdoor air temperature and solar radiation, 
see Table 3. The irrigation schedule in August was 1.83 l/m2 twice a day, 
corresponding to the irrigation strategy C320, while in December no irrigation 
schedule was considered, C0, see Table 5. 

The experimental Q̇ values with respect to numerical Q̇ values of both roofs 
for the selected months are shown in Fig. 2. It can be observed that R2 values equal 
or higher than 0.94 were obtained for both models. Previous studies regarding eco-
roof models which were validated experimentally, usually did not provide 
information on the correlation coefficient R2. 

(a) Traditional roof – August (b) Traditional roof – December 

  
(c) Eco-roof  – August (d) Eco-roof – December 

  

Fig. 2. Calibration of models of the traditional gravel ballasted roof in (a) August 
and (b) December, and the eco-roof in (c) August and (d) December. 

 

Weekly evapotranspiration analysis 

A weekly analysis of the effects of climatic conditions and the VWC of the 
substrate on the ET of the eco-roof was carried out. Two typical weeks for the 
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climatic conditions of Córdoba were selected for this study: a summer week from 
15/08/2015 to 21/08/2015, where the eco-roof was provided with the irrigation 
strategy C320 and a winter week from 02/01/2015 to 08/01/2015 with no irrigation 
schedule, C0, see Table 5. 

Effect of climatic variables on evapotranspiration 

The effects of the climatic variables on the ET were analysed for the two 
selected weeks. The climatic variables used were outdoor air temperature, To, solar 
radiation, SR, wind speed, WS, and outdoor relative humidity, RHo. The results of 
this analysis are shown in Fig. 3. It can be observed that the trends obtained of the 
climatic variables on ET were similar for both weeks, although different slopes 
were obtained. The ET values increased when the values of To, WS and SR rose, 
see Fig. 3a, Fig. 3c and Fig. 3d, respectively. However, the ET values increased 
when the RHo values decreased, see Fig. 3b. In previous studies of the effects of 
climatic conditions on ET, similar trends were obtained (Cascone et al., 2019; FAO, 
2006). 

For the summer week, the ET values were usually higher than those during 
the winter week, see Fig. 3, mainly due to the high values of To and SR and low 
values of RHo achieved with respect to those during the winter week. For the winter 
week, almost all the ET values were lower than 0.05 mm/h. 
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(c) (d) 
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Fig. 3. Effect of climatic conditions (a) To; (b) RHo; (c) SR; (d) WS, on ET. 

 

Effect of volumetric water content of the substrate on evapotranspiration 

An analysis of the effects of VWC on ET for all the irrigation strategies was 
carried out for the two weeks studied. The average weekly results of VWC with 
respect to ET are represented in Fig. 4. For the summer week, it can be observed 
that ET values increased when the weekly average of VWC increased. The highest 
average ET values were obtained for the irrigation strategies C160 and C180, 0.379 
mm/h and 0.390 mm/h, with an average VWC value of 36.6% for both cases, see 
Fig. 4. The lowest average ET values were obtained for the irrigation strategies C0 
and C320, 0.008 mm/h and 0.04 mm/h, with average VWC values of 4.0% and 
10.0%, respectively. Thus, it can be said that the weekly average VWC value of the 
substrate had a significant impact on ET during the summer week. 

For the winter week, the highest average ET values were achieved for the 
irrigation strategies C140 to C580, see Fig. 4. The case C0, which had no irrigation 
schedule, achieved the lowest value of ET, 0.008 mm/h, with an average VWC 
value of 15.7%. The average VWC value for C0 depended on the rain during this 
winter week. The results obtained for the winter week showed that average ET 
values did not have a significant variation when average VWC and irrigation 
strategy were modified. 
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Fig. 4. Average weekly results of ET and VWC of the substrate. 

 

Weekly energy analysis 

A weekly study of the average heat fluxes, Q̇, average evapotranspiration, 
ET, and irrigation strategies of the eco-roof was performed for the typical summer 
week selected, from 15/08/2015 to 21/08/2015. However, this analysis was not 
carried out for the winter week selected, because the ET values did not vary 
significantly with respect to the different irrigation strategies, as shown in section 
3.2.2. 

 

Effect of evapotranspiration on heat flux 

The results of the relationship between average heat fluxes, Q̇, and average 
evapotranspiration, ET, under the irrigation strategies are shown in Fig. 5. The Q̇ 
values represented were the average positive heat flux values, energy flux gains. It 
can be observed that the average Q̇ values were reduced when average ET values 
increased. This trend was opposite to the relationship between VWC on ET, as 
shown in Fig. 4. The lowest average Q̇ values were achieved for C160 and C180, 6.5 
W/m2 and 6.4 W/m2, coinciding with the highest ET values, 0.379 mm/h and 0.39 



 

122 

mm/h, respectively, see Fig. 5. The highest average Q̇ values for the cases with an 
irrigation strategy, were achieved by C320 and C420, 29.7 W/m2 and 29.3 W/m2, 
respectively. For C0, an average Q̇ value of 31.4 W/m2 and an ET value close to 
zero were obtained, due to the absence of irrigation. The results showed that if a 
significant reduction of Q̇ is required, high ET values are needed, i.e. irrigation 
strategies with a high quantity and frequency of water application should be used.  

For the selected summer week, the Q̇ value of the traditional gravel ballasted 
roof was 52.3 W/m2, 40% more than the Q̇ value of the eco-roof rate with no 
irrigation strategy, C0. The use of an irrigation strategy for the eco-roof allowed a 
significant reduction of the average Q̇	value, up to 87.7% for the strategy C180 with 
respect to the traditional gravel ballasted roof. Therefore, an eco-roof provided with 
an optimized irrigation strategy could be used to to reduce the heat transfer through 
the roof assembly of a building. 

 

Fig. 5. Average weekly results of ET and Q̇ for a typical summer week. 

 

Effect of irrigation on weekly energy 

The relationship between irrigation and Q for the different case studies is 
shown in Fig. 6. Comparing the irrigation strategies with the same quantity of water 
and different watering schedule, the results showed that for the case studies C120 to 
C520, the Q values obtained, from lowest to highest, were: C120, 1829.1 W·h/m2; 
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C220, 2151.9 W·h/m2; C520, 2153.9 W·h/m2; C420, 2195.9 W·h/m2, and C320, 2230.5 
W·h/m2, see Fig. 6. Therefore, for these case studies, the irrigation during the 
morning allowed the greatest reduction of Q to be obtained, as the highest values 
of ET and VWC were achieved during the morning, see Fig. 5 and Fig. 4. However, 
the lowest reduction of Q was obtained watering twice a day with the irrigation 
quantity divided between morning and evening, C320. 

For the irrigation strategies C140 to C540, the Q values from lowest to highest 
were: C140, 1043.8 W·h/m2; C340, 1440.0 W·h/m2; C540, 1711.3 W·h/m2; C240, 
1828.2 W·h/m2, and C440, 1838.1 W·h/m2, see Fig. 6. Hence, the lowest value of Q 
was obtained by irrigating during the morning, while the highest was by irrigating 
at 1pm. These results agreed with the previous ET analysis, see Fig. 5. 

Among the cases C160 to C560, the irrigation strategies with Q values from 
lowest to highest were: C160, 189.1 W·h/m2; C360, 504.1 W·h/m2; C560, 882.0 
W·h/m2; C460, 1198.0 W·h/m2; C260, 1235.1 W·h/m2, see Fig. 6. Therefore, the 
highest and lowest values of Q̇	were achieved by watering during the morning, at 
8:30 am, and during the night, at 1:00 pm, respectively. 

Finally, for the cases C180 to C580, the irrigation strategies with Q values from 
lowest to highest were: C180, 168.5 W·h/m2; C380, 454.7 W·h/m2; C280, 695.1 
W·h/m2; C580, 750.9 W·h/m2; C480, 878.8 W·h/m2, see Fig. 6. 

Comparing the irrigation strategies with the same watering schedule and 
different quantities of water, the results showed that Q value reduced as the quantity 
of water increased. For the cases C1, with irrigation at 8:30 am, C140 achieved a Q 
value 42.9% lower than C120, while C160 achieved a Q value 81.8% lower than 
C140. However, C180 presented a slight reduction in Q compared to C160, 10.8%. 
Therefore, the cases C1 followed an asymptotic trend. 

Regarding cases C2, with irrigation at 8:30 pm. C240 achieved a Q value 
15.0% lower than C220, while C260 achieved a Q value 32.4% lower than C240. 
Finally, C280 reduced the Q̇ value 56.2% with respect to C260. It can be observed 
that the Q results for the cases C2 presented a decreasing linear trend. 

For the cases C3, strategies with irrigation twice a day, C340 obtained a Q 
value 32.4% lower than C320, C360 obtained a Q value 65.0% lower than C340 and, 
C380 achieve a slight reduction in Q compared to C360, 9.8%. Therefore, the cases 
C3 also followed an asymptotic trend, as in cases C1. 
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For the cases C4, with the irrigation schedule at 1:00 pm, the Q value of C440 
was 16.3% lower than C420, the Q value of C460 was 34.8% lower than C440, and 
finally, the Q value of C480 was 26.7% lower than C460.  

Regarding cases C5, the strategies with irrigation on alternate days, it can be 
observed that C540 achieved 20.5% of Q values lower than C520, C560 achieved 
48.4% of Q values lower than C540 and, finally, C580 obtained 14.8% of Q values 
lower than C560. Therefore, the results of the cases C5 presented a decreasing linear 
trend, with low reduction of Q values when the watering increased. 

These results showed that the greatest reduction in Q was obtained for the 
strategies with irrigation once a day in the morning, at 8:30 am. In addition, the 
greater the irrigation of water, the greater the reduction of Q. In any case, it is 
important to stress that even with the same overall quantity of water, important 
differences in Q can be obtained, simply by changing the irrigation management. 
This implies that even under the same water use, it is important to optimize 
irrigation scheduling. 

 

Fig. 6. Relationship between Q and irrigation for a typical summer week. 

The reduction of Q due to the irrigation strategies, led to weekly reduction 
of energy demand, EDw, in the studied building. The EDw results of the eco-roof 
compared to the gravel ballasted roof for the selected summer week, are shown in 
Fig. 7. EDw was calculated by Eq. (5). The results showed that the EDw values were 
always higher than 40% for all the case studies, even for C0 that had no irrigation 
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schedule. Therefore, the eco-roof had a higher thermal insulation than the 
considered traditional gravel ballasted roof.  

Comparing the irrigation strategies with the same watering schedule and 
different amount of water, it can be observed that watering in the morning, cases 
C1, always allowed higher EDw values than those obtained at other schedules to be 
achieved. The highest EDw value was achieved with C180, 87.8%. Nevertheless, 
there was no substantial improvement of the EDw value between 60 min and 80 min 
of irrigation, a difference of 0.3%. Therefore, these results suggest that the 
irrigation strategy C1 allows the maximum EDw values to be obtained for the week 
of August studied. 

 
Fig. 7. Weekly results of the reduction of energy demand. 

 

Annual energy analysis 

An annual analysis of the reduction of energy demand, EDy, and 
performance, Peco, of the eco-roof for all the irrigation strategies was carried out. 
This analysis was performed from 01/01/2015 to 31/12/2015. The irrigation 
strategies were planned from 01/05/2015 to 31/10/2015.  

The annual results of EDy and the amount of irrigation and drained water are 
shown in Fig. 8. It can be observed that all the case studies achieved EDy values 
higher than 43%. The strategy that achieved the highest EDy value was C180, 78.7%, 
with 2660 l/m2 of annual irrigation water, see Fig. 8. However, this strategy also 
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presented a significant annual drainage value, 191 l/m2, so 7.2 % of water was not 
used to reduce the heat flux of the roof. The strategy C160 also achieved a high 
annual EDy value, 76.6%, even with a lower amount of annual irrigation water, 
1995 l/m2, and lower annual drainage, 159 l/m2, than those of C180. A significant 
annual EDy value was obtained with the strategy C140, 62.8%. The amount of 
annual irrigation water used for C140 was 1330 l/m2, 50% and 33.3% less than the 
amount of annual water used for C180 and C160, respectively. Furthermore, a low 
annual drainage value was found for C140, a 5% of irrigation water was drained. 
The case C0, that had no irrigation schedule, also achieved a significant annual ED 
value, 43.3%, due to the insulation effect of the substrate, see Fig. 8. 

Therefore, it can be said that the installation of an eco-roof significantly 
improved the thermal performance of the building compared to a traditional gravel 
ballasted roof, achieving a high percentage of EDy. In addition, adequate irrigation 
strategies allowed a further increase of this ED, up to 78.7% for C180. 

 
Fig. 8. Annual results of the reduction of energy demand, Peco, irrigation and 

drainage. 

The annual Peco results are also shown in Fig. 8. This parameter was used to 
evaluate the irrigation strategies that had the highest reduction of energy demand 
with respect to the lowest quantity of irrigation water, expressed by Eq. (6). It can 
be observed that the strategy with the highest Peco value was C520, 153.9 [kWh/l 
year], mainly due to the low quantity of irrigation water, 380 l/m2, see Fig. 8. C520 
also presented the lowest annual drainage, only 1 l/m2. Among the cases with the 
same irrigation schedule, the highest Peco values were always found for C5, the 
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strategies with irrigation in alternate days.  For the remaining cases with the same 
irrigation schedule, the highest Peco values were obtained for C1, the cases with 
irrigation once a day at 9:00 am, as shown in Fig. 8, due to the high reduction of 
energy demand achieved with the eco-roof with respect to the traditional roof. The 
lowest Peco values were found for C4, the cases with irrigation once a day at 1:00 
pm. 

Therefore, in the present work, an irrigation strategy on alternate days 
watering for 20 min in the morning, allowed an EDy value up to 46.7 % with respect 
to the traditional gravel ballasted roof, and with a low waste of irrigation water to 
be achieved. 

 

4. CONCLUSIONS 

In this work, an analysis of the thermal performance of an eco-roof under 20 
different irrigation strategies, compared to a traditional gravel ballasted roof, was 
carried out. Hence, a building model with two different roofs, an eco-roof and a 
traditional gravel ballasted roof, was calibrated with experimental data of heat flux. 
The study was performed during the year 2015 for the climatic conditions of 
Córdoba (Spain). An analysis based on evapotranspiration, ET, volumetric water 
content of the substrate, VWC, heat flux, Q̇, and energy demand, ED, was 
performed. 

The weekly results showed that the ET values increased when the values of 
outdoor air temperature, wind speed and solar radiation rose, and outdoor air 
relative humidity values decreased. The VWC value of the substrate also had a 
significant impact on ET during the summer, such that the higher the VWC, the 
higher the ET. The highest average ET values for the summer were obtained for the 
strategies with irrigation once a day at 8:30 am for 60 min and 80 min. The results 
obtained for the winter showed that average ET values did not have a significant 
variation when the VWC and irrigation strategy were modified. 

ET had a great impact on the reduction of Q̇ of the eco-roof, since the weekly 
Q̇ values were reduced when weekly ET values increased. The lowest weekly Q̇ 
values were achieved for the strategies with irrigation once a day at 8:30 am for 60 
min and 80 min, coinciding with the highest weekly ET. The greatest reduction of 
weekly Q̇ were always achieved by watering every day during the morning. 
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The annual results showed that the installation of the eco-roof significantly 
improved the thermal performance of the building compared to the traditional 
gravel ballasted roof, achieving a high percentage of ED, 43.3% for the case 
without irrigation. Moreover, the irrigation strategies further increased the ED 
values, up to 78.7% for the strategies with irrigation once a day at 8:30 am for 80 
min. However, for this irrigation strategy, a percentage of water used for irrigation 
was drained, so this did not contribute to further reduce Q̇ of the eco-roof. The 
strategy that had the highest reduction of energy demand with respect to the highest 
usage of irrigation water was the irrigation strategy on alternate days watering 20 
min, achieving an ED value up to 46.7 %, with low waste of irrigation water. 

These results strengthen the performance analysis of eco-roofs with a proper 
irrigation strategy, as well as their use as an interesting passive system for the 
rehabilitation of old buildings. 
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Appendix C. Capacidad de reducción de la temperatura del forjado de un edificio con una cubierta verde 
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Appendix D. Cooling potential of green roofs under South European continental climate  
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Appendix E. Energy saving potential of green roofs in South European climates 
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