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Abstract 
 

Technic, economic, environmental, and architectural constraints in existing building stocks set 
an energy renovation framework not always compatible with passive strategies. In deep energy 
renovations, the first line of action ought to be the passive improvement of the building envelope. 
Nonetheless, building renovation strategies use energy metrics suited for conditioned mode rather 
than thermal performance in passive mode. The predominance of energy metrics is due to the belief 
that mechanical systems guarantee indoor comfort conditions. However, thermal comfort is a 
pressing challenge in spaces without local controls. Such is the case of classrooms in primary schools 
where children cannot regulate the indoor environment and have limited adaptation possibilities. It 
is best to foster a passive free-running operation in classrooms due to the occupants' higher 
sensitivity and preference toward environmental conditions. This thesis addressed the passive 
optimization in existing educational building stock in free-running operations, i.e., not relying on 
active systems to maintain indoor comfort. Reliably predicting the performance of passive strategies 
is troublesome since it is a function of the building emplacement, materiality, occupancy, the range 
of renovation measures, and the sequence of interventions. Building-integrated agriculture systems 
improve the thermal performance of the building envelope while increasing food security, social 
cohesion and providing learning opportunities. The energy modelling of such strategies is not 
implemented fully in energy simulation engines and, thus, requires the inclusion of the plant's heat 
exchange in the building's thermal balance. Identifying an optimal renovation strategy requires 
holistic assessment models encompassing all sustainability dimensions and an iterative simulation 
process based on stochastic optimization algorithms. However, exiting optimization tools do not 
handle complex simulation routines like those required for building-integrated agriculture systems. 
This thesis is presented as an article compendium where each article develops a specific aspect of 
passive optimization for building stocks. The first article develops a reductive urban energy model 
tailored for free-running building stocks. This model was applied to primary educational building 
stocks in Barcelona and Quito with accurate results at the building and urban levels. The second and 
third articles address the assessment of building-integrated agriculture systems from a holistic 
sustainability perspective and an indoor comfort perspective. For the latter, energy simulation 
includes the plant's heat and mass exchange as a function of the crop's growth. A future article will 
present an integer-constraint optimization algorithm that finds the most suitable passive strategies 
for each surface in the building envelope based on environmental exposure. This method and a proof-
of-concept are presented in this thesis. This surface-by-surface optimization results in a passive 
renovation strategy mosaic tailored to each building stock. 
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Resumen 
 

Las limitaciones técnicas, económicas, medioambientales y arquitectónicas del parque edilicio 
imponen estrategias de rehabilitación energética no siempre compatibles con actuaciones pasivas. 
En rehabilitaciones energéticas la primera línea de actuación debe ser la mejora pasiva de la 
envolvente del edificio. No obstante, los proyectos de renovación evalúan su eficacia en base a 
consumo energético en vez de desempeño térmico en modo pasivo. El predominio de índices 
energéticos se debe a la creencia de que los sistemas mecánicos garantizan las condiciones de confort 
interior. Sin embargo, en espacios sin controles activos locales, el confort es un desafío. Esto sucede 
en las aulas de las escuelas primarias donde los niños no pueden regular el ambiente interior y tienen 
limitadas posibilidades de adaptación. En las aulas se debe fomentar el funcionamiento pasivo 
debido a que los niños tienen mayor sensibilidad y preferencia hacia las condiciones ambientales. 
Esta tesis abordó la optimización pasiva del parque educativo existente desde una perspectiva de 
confort y sin depender en sistemas activos. Es desafiante predecir de manera confiable el desempeño 
de las estrategias pasivas ya que intervienen simultáneamente el emplazamiento del edificio, la 
materialidad, la ocupación, las estrategias de renovación y la secuencia de intervenciones. Los 
sistemas agrícolas integrados en edificios mejoran el rendimiento térmico de la envolvente del 
edificio al tiempo que aumentan la seguridad alimentaria, la cohesión social y brindan oportunidades 
de aprendizaje. El modelado energético de tales estrategias no está implementado en los motores de 
simulación energética y, por lo tanto, requiere la inclusión del intercambio de calor de las plantas en 
el balance térmico del edificio. Identificar una estrategia de renovación óptima requiere modelos de 
evaluación holísticos que abarquen todas las dimensiones de la sostenibilidad y un proceso de 
simulación iterativo basado en algoritmos de optimización estocástica. Sin embargo, las 
herramientas de optimización existentes no manejan rutinas de simulación complejas como las 
requeridas para modelar sistemas agrícolas integrados. Esta tesis se presenta como un compendio de 
artículos donde cada artículo desarrolla un aspecto específico de la optimización pasiva para el 
parque edilicio. El primer artículo desarrolla un modelo energético urbano reductivo especializado 
en parques edilicios no acondicionados. Este modelo se aplicó al parque de edificios escolares de 
Barcelona y Quito dando buenos resultados tanto a nivel de edificio como a nivel urbano. El segundo 
y tercer artículo abordan la evaluación de los sistemas agrícolas integrados en edificios desde una 
perspectiva de sostenibilidad holística y una perspectiva de confort interior. Para este último, la 
simulación energética incluyó el intercambio de calor y masa de la planta en función del crecimiento 
del cultivo. Un artículo futuro presentará un algoritmo de optimización con restricción de números 
enteros para encontrar las estrategias pasivas más adecuadas para cada superficie en la envolvente 
del edificio en función de su exposición ambiental. Este método y una prueba de concepto son 
presentados como parte de esta tesis. Esta optimización superficie por superficie da como resultado 
una estrategia tipo mosaico de renovación pasiva adaptada a cada edificio. 
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Resum 
 

Les limitacions tècniques, econòmiques, mediambientals i arquitectòniques del parc edificatori 
existent imposen estratègies de rehabilitació energètica no sempre compatible amb actuacions 
passives. En rehabilitacions energètiques, la primera línia d'actuació ha de ser la millora passiva de 
l'envolupant de l'edifici. No obstant això, els projectes de renovació avaluen la seva eficàcia sobre 
la base del consum energètic en comptes del rendiment tèrmic en mode passiu. El predomini d'índexs 
energètics és degut a la creença que els sistemes mecànics garanteixen les condicions de confort 
interior. Tot i això, en espais sense controls actius locals, el confort és un desafiament. Això passa a 
les aules de les escoles de primària on els nens no poden regular l'ambient interior i tenen limitades 
possibilitats d'adaptació. A les aules s'ha de fomentar el funcionament passiu pel fet que els nens 
tenen més sensibilitat i preferència cap a les condicions ambientals. Aquesta tesi va abordar 
l’optimització passiva del parc educatiu existent des d’una perspectiva de confort i sense dependre 
de sistemes actius. És problemàtic predir de manera fiable el rendiment de les estratègies passives 
ja que intervenen simultàniament l'emplaçament de l'edifici, la materialitat, l'ocupació, les 
estratègies de renovació i la seqüència d'intervencions. Els sistemes agrícoles integrats en edificis 
milloren el rendiment tèrmic de l'envolupant de l'edifici alhora que augmenten la seguretat 
alimentària, la cohesió social i ofereixen oportunitats d'aprenentatge. El modelatge energètic 
d'aquestes estratègies no està implementat als motors de simulació energètica i, per tant, requereix 
la inclusió de l'intercanvi de calor de les plantes al balanç tèrmic de l'edifici. Identificar una estratègia 
de renovació òptima requereix models d'avaluació holístic que abastin totes les dimensions de la 
sostenibilitat i un procés de simulació iteratiu basat en algorismes d'optimització estocàstica. Tot i 
això, les eines d'optimització existents no manegen rutines de simulació complexes com les 
requerides per modelar sistemes agrícoles integrats. Aquesta tesi es presenta com un compendi 
d’articles on cada article desenvolupa un aspecte específic de l’optimització passiva per al parc 
edilici. El primer article desenvolupa un model energètic urbà reductiu especialitzat en parcs edilicis 
no condicionats. Aquest model es va aplicar al parc d´edificis escolars de Barcelona i Quito donant 
bons resultats tant a nivell d´edifici com a nivell urbà. El segon i el tercer article aborden l'avaluació 
dels sistemes agrícoles integrats en edificis des d'una perspectiva de sostenibilitat holística i una 
perspectiva de confort interior. Per a aquest darrer, la simulació energètica va incloure l’intercanvi 
de calor i massa de la planta en funció del creixement del cultiu. Un article futur presentarà un 
algorisme d'optimització de restriccions enteres per trobar les estratègies passives més adequades 
per a cada superfície a l'envolupant de l'edifici en funció de la seva exposició ambiental. Aquest 
mètode i una prova de concepte es presenten en aquesta tesi. Aquesta optimització superfície per 
superfície dóna com a resultat una estratègia mosaic de renovació passiva adaptada a cada edifici. 
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Notations 
 

Agf Area of the ground floor  [m2] 
Ak Gross floor area of the cluster [m2] 
Aw Area of external walls [m2] 
ck Cluster centroids [Agf���� Aw ����� F� Uw���� Ur��� S/V�����] 
F Number of storeys 
g Gravity [m/s2] 

Gr Grasshof number [non-dimensional] 
h Convective coefficient [non-dimensional] 

ITD Intensity of thermal discomfort  [°H] 
ks Extinction coefficient [non-dimensional] 
L Surface height [m] 

mk Cluster members 
Nu Nusselt number 

QRB Energy use intensity for a real-reference building [kWh/m2] 
Re Reynolds number 

S/V Building surface to volume [1/m] 
Tair Air temperature [°C] 
TCi Neutral temperature in [°C] 
Tf Film temperature in [°K] 
T�i Mean outdoor air temperature for the day i [°C] 
Tl The lower-temperature threshold [°C] 

Top The operative temperature [°C] 
Trm Running mean temperature [°C] 

Ts Surface temperature [°C] 
Tu Upper-temperature threshold [°C] 
u Fluid viscosity in [kg/ms] 

Uw U-value for external walls in W/m2 °K 
Ur U-value for roofs W/m2 °K 
λ Thermal conductivity in [W/m °K] 
β Thermal expansion coefficient [1/°K] 
ρ Density [kg/m3] 

Cp Specific heat in [J/kg °K] 
αt Thermal absorptance 
αs Solar absorptance 
αv Visible absorptance 
ε Thermal emissivity 
τs Solar transmittance 
τv Visible light transmittance 
σs Solar reflectance 
σv Visible light reflectance 
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Glossary 
 

Archetype: Theoretical buildings whose characteristics are commonly found within a category 
or cluster of buildings.  

Bottom-up urban 
model: 

Urban energy model using data on a hierarchy of disaggregated components to 
describe district, regional or national building stocks. This data is aggregated through 
statistical techniques to estimate stock energy use and renewable energy contribution 
and assess stock renovation measures.   

Building clusters: Groups of buildings with similar hygrothermal characteristics and thermal 
performance. 

Building-
integrated 

agriculture: 

Farming technologies in and on buildings that do not use ground land. It encompasses 
soil and soilless cultivation systems and advanced systems reusing exhaust flow from 
and to the building.  

Building 
optimization: 

It is a technique to identify the best solution among a vast search space of feasible 
solutions that minimizes one or several cost functions. In this thesis, building 
optimization finds the best combination of envelope renovation strategies to 
minimise total renovation cost and thermal discomfort metrics.  

Building 
performance: 

The overall building value by assessing how it works and its effectiveness towards 
achieving a function. In this thesis, building performance refers specifically to the 
efficacy of providing the desired level of occupants' satisfaction.  

Building 
performance 

simulation: 

Technique for the dynamic behaviour prediction of buildings used to determine 
indoor environmental conditions, its impact on occupants and energy and demand 
savings. 

Building 
typology: 

Building classification. It is based on one or several features or functions.  

Envelope 
performance 

target: 

The level at which the building envelope is expected to regulate the indoor 
environment 

Energy 
renovation 
measures: 

Renovation strategies target either the building envelope, active systems, 
management and building services, or a combination of the former. This thesis focus 
on passive building envelope renovation strategies.  

Free-running 
building: 

A building that does not use any mechanical heating or cooling. Therefore, its indoor 
temperature depends on the outdoor temperature and the building's heat balance.  

Indoor 
environmental 

quality: 

Quality of a building’s indoor environment regarding the health of occupants within 
it. It encompasses lighting, air, and thermal quality.  

Intensity of 
thermal 

discomfort: 

It is a metric that measures the dimensional change between the comfort limits and 
the operative temperature. It is defined as the time integral of the temperature 
difference.  

Real-reference 
building: 

An existing building whose composite characteristics are closer to the theoretical 
mean of a cluster of buildings.  
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Simulation 
calibration: 

An iterative process of adjusting model parameters so that the simulation outputs 
match the monitored and metered data. This thesis uses the metrics set in ASHRAE 
14 but with more stringent calibration thresholds.  

Surface-by-
surface approach: 

It is a disaggregated renovation strategy that treats every building surface 
individually.   

Thermal 
Monitoring: 

Periodic and systematic measurement of indoor air temperature and humidity using 
specific instrumentation. 

Thermal 
environment 

survey: 

Questionnaire-based technique to assess comfort conditions in a building by 
obtaining the occupants’ comfort perceptions.  

Urban energy 
model: 

It encompasses several methods for modelling and assessing a building stock to 
account for the dynamic of individual buildings and the inter-building effects. The 
spatial scale can range from a city block, district, or city to a national scale.  

Whole-building 
approach: 

Renovation approach that uses a unified strategy for all vertical or horizontal building 
surfaces without discrimination on their environmental exposure 
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 Introduction 

 

“Science has made it clear - the fossil era needs to come to an end.”  

˗ Dan Jørgensen in UN High-level Dialogue on Energy 

 

 

 

 

 

 

1.1. Motivation 

The construction sector consumes approximately 40% of worldwide energy use and, 
consequently, it is responsible for a similar percentage of the global carbon dioxide emissions. 
During a building’s operation, a considerable amount of energy is destined for the continuous 
thermal conditioning of indoor spaces to provide a pre-set level of comfort, i.e. indoor thermal 
conditions and air renovation rates are kept within a defined threshold. From a global perspective, 
the average energy consumption per person – related to building use – has remained unaltered since 
the ‘90s [1]. This relative stability contradicts recent efforts on thermal performance by buildings, 
efficient HVAC and lighting devices, and automated energy management systems. This 
phenomenon highlights the differences in building performance between OECD and developing 
countries. While OECD countries aim to reduce their energy intensity, developing ones prioritize 
increasing indoor environmental quality (IEQ) rather than energy efficiency.  

In OECD countries, mandatory building performance standards resulted in 1.3% energy savings 
between 2010 and 2014 [1], a decrement not on track to reach the decarbonization objectives set for 
2050 [2]. It is estimated that energy use for thermal conditioning should decrease by roughly 80% 
to reach the 2050 target. Buildings compliant with mandatory energy codes in the EU consume 40% 
less energy than those built before 2000 [3]. Considering that new buildings represent only 0.4 to 
1.2% of the building stock and that two-thirds of this stock precedes energy efficiency legislations 
[4], it is clear that a significant energy-saving potential lies in renovating the existing building stock.  

Refurbishments are undertaken for many objectives, of which deep energy renovation is the 
least representative. The annual rate of deep energy renovation is less than 1% worldwide and is 
executed almost exclusively in northern hemisphere countries where the average energy 
improvement is below 15%. Renovation rates and energy improvements should triple by 2025 to 
align with the “2 °C-scenario”, i.e. reduce by 50% current CO2 emissions by 2050. Strategies for 
high-performance buildings – newly built and renovated – have been tested and validated for cold 
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climates, but such approaches are lacking in warm-tropical and equatorial climates. Therefore, there 
is an urgent need to establish replicable technological solutions in such contexts. Particularly in 
developing countries, the increasing IEQ demand must be met with affordable energy efficient 
measures and low-carbon technologies. 

Educational buildings play a significant role in achieving the low-energy challenge even though 
– from a global perspective – their retrofitting does not have as high an impact as the residential or 
commercial sector on energy reduction. Educational buildings account for 17% of the non-
residential European building stock and 18% of its energy intensity [5]. The motivation to improve 
educational facilities lies in their deficiencies in indoor environmental quality and their association 
with learning performance, their replication potential, and their use as training grounds on 
sustainability principles.  

The educational stock is – on average – 40 years old [6] and has profound degradations on its 
envelopes [7]. Some examples of school buildings are listed in Figure 1. What is more, in most 
classrooms, comfort conditions are not met [8]. These characteristics, added to the non-stop energy-
consuming profile due to inefficient active systems and management practices, have turned 
educational buildings into high energy consumers. For example, in 2014, Spanish academic 
buildings had a final energy consumption of 599 ktoe, similar to hospitals [9]. However, considering 
that comfort conditions are not met, studies suggest that the energy use in educational buildings 
should be higher [8,10].  

Except for specific programs for sustainable new school buildings – like the K-12 schools in the 
USA and the Schools of the Future in the EU – the worldwide trend is minimum upkeep in existing 
educational buildings. Recent renovation programs have targeted energy consumption in schools by 
improving active systems and tightening their control. This strategy is supported by the premise that 
classrooms need to be kept within a small range of temperature, humidity and airflow rates [6]. 
Interestingly, post-occupancy evaluations on new and renovated “sustainable” educational buildings 
show occupants' dissatisfaction. This dissatisfaction is due to poor ventilation rates not adequate to 
dispose of odours and moisture [11], year-round high temperature, and stuffiness [12].  

Research has shown that school-aged children's comfort definition differs significantly from the 
static ranges set forward in national and international standards. This difference in thermal comfort 
perception is due to children's lower metabolism, variety of activity rates, and lack of control over 
their activity spaces which prompts alienation [13]. On this premise, the drive to renovate schools 
shifted from energy savings to IEQ and end-user acceptance. Few studies simultaneously tackle 
indoor quality improvement and energy reduction [5,14,15]. These studies have identified the lack 
of school infrastructure databases, passive renovation measures and best-practice examples as 
barriers to their refurbishment.   

The renovation of educational buildings requires an integrated approach involving the students' 
needs and comfort requirements, the social impact on the community, the technological and 
economic means and the infrastructure constraints. An obligatory first step is to analyse how school 
buildings modify their climate, how they are operated and how resilient they are. Finding appropriate 
retrofit solutions to tackle energy and IEQ simultaneously is an optimization problem combining 
several constraints – temperature, CO2 levels, air exchange rate – and objective functions – energy 
savings, comfortable hours, costs. Children's sensitivity to the natural environment and the premise 
that comfort does not equal neutrality makes schools prime locations to take advantage of these 
buildings' free-running capacity as their ability not to consume energy for thermal conditioning. 
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1.2. Background and controversy 

1.2.1. Indoor environmental quality in schools 

The biggest challenges in deep energy renovations are thermal comfort and air quality. 
Uncomfortable spaces foster fatigue and illness symptoms and reduce students’ attention [16]. 
Children have limited ways to adapt and are usually not capable of expressing their discomfort, 
which only aggravates it more. Studies conducted both from energy and indoor quality perspectives 
have concluded that school buildings do not perform as they should. Energy-efficient schools in the 
Netherlands performed worse than “traditional” buildings regarding indoor air quality and 
overheating [17], showing that IEQ is of equal – if not greater – importance than energy. More 
importantly, these studies suggest that an improvement in IEQ results in additional energy 
expenditure [8,10].  

Children's airflow intake is twice as much as adults'; therefore, children intake twice as many 
pollutants [17]. As the immune system in children is not fully developed, they are more susceptible 
to air pollutants and heat strokes. The classroom's indoor environment is characterized by high CO2, 
formaldehyde, volatile organic compounds, and suspended particle concentrations due to occupancy 
densities four times larger than in offices. In classrooms with 25 students, the average CO2 
concentration is between 2000 and 3000 ppm [18,19], two to three times the maximum allowable 
value. Classrooms experience unsuitable high temperatures, even in cold winter climates where 
energy renovations quadruple the overheating hours [20]. While air quality is assessed in terms of 
air renovation and pollutant concentration, thermal comfort is subject to people’s perceptions and 
environmental parameters [21].  

Since the publication of static thermal standards, indoor spaces have been kept within a limited 
range of conditions. The “comfortable” thermal conditions range was established via controlled 
experiments with adults whose metabolic and psychological characteristics differ significantly from 
children. Children have a slower metabolism than adults, lose heat faster, and have higher response 
times to adapt to the thermal conditions [22]. The American Society of Heating, Refrigerating and 

Figure 1. School buildings in Ecuador (top) and Spain (bottom). 
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Air-Conditioning Engineers (ASHRAE) defines thermal comfort as “the state of mind that expresses 
satisfaction with the surrounding environment” [23]. It correlates temperature and moisture to air 
velocity, radiation, activity level, clothing insulation, end-user preferences and acclimatization. This 
definition highlights the subjectivity of thermal comfort and contradicts the static approach, 
especially for spaces occupied by children.  

Thermal surveys conducted in classrooms in several climates have concluded that children 
complain mostly about high indoor temperatures and that their thermal preferences are, on average, 
1.5 °C to 4 °C below neutral temperatures [24]. Nonetheless, the preferred temperatures are climate 
dependent. These surveys also showed that students had better acceptance rates for the indoor 
environment in naturally ventilated buildings than in air-conditioned ones. Children’s disapproval 
is due to their limited control of the space in air-conditioned scenarios, thus impacting their thermal 
perceptions [25]. For these reasons, it is considered that the generalized criteria for thermal comfort 
are not adequate to assess classroom environments.   

Many studies highlight the relationship between classroom environment and children’s health 
and learning performance [26,27]. High temperatures can produce muscular weakness and dizziness. 
Furthermore, breathing difficulties, dampness, and drowsiness occur in high moisture conditions. 
Illness symptoms increase parallel to indoor air temperature and decrease with higher airflow rates 
[28]. Similarly, learning performance – related to test scores – increases with higher ventilation rates 
and decreases when the temperature exceeds the comfort zone [29]. A one-degree reduction – for 
temperatures between 20 and 25 °C – results in a 2 to 4% increment in learning performance (see 
Figure 2) [30].  These studies support the idea that most productive temperatures relate to those 
described as “comfortably cold” and that the design temperatures for classrooms should fall between 
0 and -1 on the thermal sensation voting scale [31].  

 

1.2.2. Free-running schools 

Excluding homes, children spend most of their time in school buildings that fail to provide 
adequate indoor conditions for learning. Schools worldwide are naturally ventilated, free-cooled, 
have deteriorated envelopes, and do not provide acceptable indoor climate conditions. As climate 
variability widens, it is expected that discomfort levels in classrooms will increase. In recent years, 
several programs in Europe and the USA have fostered the renovation of school buildings motivated 

Figure 2. Cognitive performance as a function of classroom environment based on [31] 
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by the reasons above. Figure 3 shows the most relevant school renovation projects over the last 20 
years.   

Surveys in mechanically air-conditioned schools show low-acceptance rates with indoor 
conditions [32]. In contrast, students in naturally-conditioned schools had better acceptance rates 
and lower illness-related symptoms [6], showcasing the problems with active energy-based 
renovations. The replacement of mechanical equipment is considered the most cost-optimal strategy 
for renovating educational buildings [33]. However, from a life-cycle cost perspective, the 
application of resilient climate-responsive interventions is commended [34,35]. What is more, 
renovating school buildings focusing on mechanical systems is disruptive and expensive as most of 
this building stock was not designed to host HVAC equipment. Additionally, refurbishment should 
increase IEQ without harming energy expenditure; hence, free-running operation in educational 
buildings is encouraged [36].  

Free-running capacity refers to a building’s ability to guarantee comfortable indoor conditions 
during a period without consuming energy for heating or cooling. Therefore, free-running – also 
dubbed free-floating – is a mode of operating buildings where no power is needed for thermal 
conditioning. In this operation mode, the indoor thermal environment is a balance amongst the 
outdoor temperature, air exchange rate, thermal resistance, solar exposure and internal gains [37]. 
Since the difference between the outdoor and indoor temperature depends on the building’s thermo-
physical characteristics, the operative free-running temperature is considered an accurate synthesizer 
of a building’s properties [38]. 

In free-running mode, end-users have direct control over their space, increasing their likeness 
and thermal acceptance [39]. The manual operation of windows is the primary mechanism for 
regulating indoor conditions. However, hybrid ventilation and low-energy systems, e.g. fans, 
shutters, and night ventilation, can be used as long as occupants control them. Figure 4 illustrates 
the free-running and air-conditioned operation modes. Though not unrelated, automated systems are 
not commended in classrooms because of their higher implementation cost, maintenance 
requirements, and the difficulty in allowing children’s control over them.  

In principle, the longer the period a building is operated in free-running mode, the lower its 
energy consumption and carbon emissions will be. Therefore, retrofits undertaken to optimize the 

Figure 3. Major school renovation projects until 2020. 
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free-running capacity will guarantee energy savings. Additionally, as the free-running ability relies 
on the acclimatization concept – climate and occupant dependant – increasing it will also improve 
users' acceptance of the indoor conditions.  

Under this approach, the free-running temperature is allowed to fluctuate, within a range, from 
the “ideal” conditions set in static thermal comfort approaches [40]. Adaptive comfort approaches 
are used to evaluate free-running buildings. These approaches allow a more comprehensive 
temperature range encompassing feelings of “comfortable cold” and “comfortable warm” on the 
thermal sensation scale. Adaptive models are commended for naturally ventilated buildings where 
occupants control their environment. It is expected that adaptive comfort models better reflect 
students’ thermal preferences – consistently below “ideal” temperatures – despite their limited 
adaptation possibilities.     

Schools are prime spaces to exploit a building’s free-running capacity since these are vacant 
during peak thermal demand periods – i.e. summer conditions in the Mediterranean and hot-humid 
seasons in equatorial climates. However, determining the optimal retrofit strategies to achieve this 
goal is complex. It requires a multi-criteria approach to assess the vast range of available 
refurbishment strategies and levels of intervention.  

 

1.2.3. Passive energy renovations 

There is a high energy-saving potential in retrofitting the existing educational building stock 
hindered by the low economic investment in public education infrastructure and the null interest in 
improving learning conditions. In its broader sense, retrofitting implies upgrading the performance 
of a system either by adding features, replacing faulty components or using new technologies. 
Building renovation is usually motivated by functional or aesthetic reasons, most commonly high 
levels of decay and the adaption of a building to a new architectural program. In these renovations, 
energy efficiency is a secondary objective.  

Energy renovation strategies target either the building envelope, a building’s active systems and 
installations, the management and building services, or a combination of the former [41]. Building 

Figure 4. Building operation modes based on natural ventilation and thermal conditioning 
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envelope renovations, also known as passive or low-energy, improve the climate-response of the 
building fabric to reduce the usage time of active systems, therefore incrementing its free-running 
capacity. Mechanical system renovations update inefficient mechanical equipment or introduce new 
HVAC fixtures to meet the thermal demand. Building services and management renovations focus 
on improving the operation of in-house systems. Figure 5 shows standard energy renovation 
measures (ERMs) used to retrofit school buildings. 

In the passive approach, the building envelope components are highly energy-efficient to reduce 
to the minimum the thermal demand that must be met via mechanical equipment. The building 
envelope is a building’s thermal barrier, and it is composed by four systems: 1) roof, 2) exterior 
walls, 3) fenestration, and 4) underground. Up to 60% of the energy consumed in a building is 
affected by the building’s envelope characteristics and construction [42]. Additionally, draughts, 
glare, excessive heat gains and thermal stratification through the building envelope jeopardise the 
comfort and productivity of occupants. 

Passive strategies commonly follow four principles: a) minimize heat gains, b) attenuate peak 
gains using thermal mass, c) remove heat gains through ventilation and d) meet peak demands with 
cycling mechanical systems [43]. Nevertheless, the suitability of passive strategies depends on the 
climate, use intensity of the buildings and construction practices. Fully retrofitting the building fabric 
can be technically challenging, cost-prohibitive, and resource exhausting, i.e. cost, time and 
resources for assessing the adequacy of such strategies. 

Building renovation implies the selection of ERMs appropriate to the end goal – cooling load or 
heating load reduction and thermal comfort increment, among others. Existing buildings have 
limitations on geometry, orientation and structural capacity that restrict the applicability of passive 

Figure 5. Frequency of energy renovation measures in 53 case study schools found in the literature. Domestic hot water 
(DHW), energy efficient informatic equipment (EE IT), building management systems (BMS), window to wall ratio 
(WWR). 
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strategies. Building energy performance simulation (BEPS) assesses the theoretical impact of ERMs 
and determines their optimal combination. Most studies test each passive system individually and 
then select the best rated ERMs to form an integrated retrofit strategy [44]. A more comprehensive 
approach uses multi-objective optimization algorithms to find a Pareto of the best possible 
combinations of ERMs [4]. 

To date, most studies on passive educational buildings aim to reduce their energy consumption. 
The optimal combination of building parameters – orientation, window-to-wall ratio, fixed shading 
devices – is estimated to reduce by 47% the cooling load in hot-dry climates [45] and by 32% the 
annual energy use in temperate climates [46]. Insulating the building fabric combined with solar-
control windows can save between 13 to 56% of primary energy in Mediterranean climates [34,47]. 
Several projects in the EU, like the Renew School, Energieeffiziente Schulen, ZEMeds and Schools 
of the Future, verified this estimation achieving average energy reductions of 40%.  

Insulating the building fabric is one of the most cost-effective measures, and it is proven to 
downsize the thermal demand in temperate and cold climates [1]. However, high-insulated buildings 
accumulate harmful gases and are prone to overheating problems [37] which can be exacerbated in 
schools, as shown in the UK and the Netherlands [32]. Studies conducted in Egypt showed that 
insulating walls is detrimental in educational buildings due to the high density of occupants [48]. 
These studies also showed that external shading and green roofs are the best options to reduce energy 
use [49]. 

There are not many studies focusing on the effect of passive strategies on the free-running 
capacity of school buildings. Those few studies on this topic aim to increase thermal comfort hours 
by first conducting thermal surveys to determine the appropriate indoor conditions before assessing 
passive measures [50]. A study on Greek schools showed that natural ventilation strategies could 
reduce overheating hours by 35% [51]. In Portuguese schools, exterior shading, roof insulation, and 
filtered unconditioned ventilation reduced daily discomfort by 27.4% [18].   

 

1.2.4.  Building-integrated agriculture 

Building-integrated agriculture (BIA) encompasses all farming methods in and on buildings that 
do not use ground land [52]. Though this term is usually associated with controlled environment 
agriculture technologies, it also encompasses low-tech open-air farms. Some examples of BIA are 
indoor farms, edible walls, edible balconies, vertical farms, rooftop farms and rooftop greenhouses, 
amongst others [53]. BIA has lower environmental impacts than stand-alone buildings and farms 

Figure 6. Roof surface temperature in conventional roofs, green roofs and rooftop greenhouses at noon during spring 
equinox in Ecuador. Simulation using Therm by the thesis author. 
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[54]. It acts as a second building envelope, thus reducing the thermal exchange with the outdoor 
environment and controlling direct solar gains (see figures 6 and 7).  

Depending on the type of farm, synergies between the BIA system and the host-building can be 
set to exchange energy, water and polluted air. This bi-directional exchange reduces the combined 
energy demand [55], reuses greywater [56], and fosters buoyancy-driven ventilation strategies [57]. 
Additionally, some BIA systems facilitate using low-energy evaporative cooling methods and 
exhausted warm air from polluted environments, e.g. the rooftop greenhouse on Eli Zabar’s Vinegar 
Factory in NYC uses waste heat from a bakery.  

Overall, BIA techniques can be classified regarding their placement on the building, exposure, 
growing medium, and production purpose. As indoor farms are energy-intensive – to maintain 
appropriate growing conditions – urban rooftop farms (URF) have become the most widespread BIA 
method. About 70% of URFs worldwide are located in North America, and it is estimated that 70% 
of these are soil-based open-air farms, and 39% are intended to increase the quality of life [58]. 
Another study showed that 14% of existing URFs are located in educational buildings, a similar 
percentage in hotels and food businesses, and the remaining in residential developments [59].  

Rooftop farms' implementation exerts some difficulty – especially in existing buildings – but 
they provide social, aesthetic, economic and thermal benefits. From an energy perspective, rooftop 
farms reduce up to 41% of the heating demand for poorly insulated buildings and up to 13% for 
well-insulated buildings [60]. These savings are prompted by adding a solarium-like space in closed-
environment farms, e.g. greenhouses, and the thermal resistance provided by soil in open-air farms, 
e.g. edible green roofs. The surplus heat in rooftop greenhouses with a one-to-one building surface 
relation can cover up to 79% of a building’s heating demand [61]. URFs also benefit from the roof’s 
heat release, which for Mediterranean climates is on average 30 W/m2, 1.5 times higher than the 
heat obtained from the soil in ground-greenhouses [62].     

Rooftop farms are recognized as pedagogical tools for life-cycle thinking, nutrition and 
resource-conscious consumption. Their implementation in educational buildings has been fostered 
in the last decade to provide opportunities for practical learning. Figure 8 shows some examples of 
rooftop farms in school buildings in the USA. Cities like NYC and Detroit have installed rooftop 
greenhouses and modular green roofs in over one-third of their public schools [63,64]. Studies on 
school buildings' energy efficiency through BIA mainly concern green roof performance. Green 
roofs are more effective in reducing cooling loads than insulated roofs [65] and can intercept up to 

Figure 7. Roof surface temperature in conventional roofs, green roofs and rooftop greenhouses at midnight during spring 
equinox in Ecuador. Simulation using Therm by the thesis author. 
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60% of solar heat gains [66]. In temperate climates, green roofs' reduction in heating load is 
equivalent to that of a 10 cm insulated conventional roof [67].   

Despite BIA’s perceived benefits, its energy performance characterization is still in an early 
stage of development. A strategic comparison of different BIA systems' thermal and energy benefits 
is lacking, as is a feasibility assessment on their use as passive retrofit strategies. What is more, to 
date, most studies concern green roofs exclusively and their comparison to conventional roofs.  

 

1.3. Objectives 

This thesis aims to understand better the thermal performance of the educational building stock 
and find reliable retrofit strategies to improve its free-running capacity. This thesis goal is associated 
with the following research questions: 

• How has climate influenced school building design and construction?  
• What are the comfort requirements of primary education spaces, and how do these differ 

between climates? 
• Are comfort standards suitable to assess the performance of free-running buildings? 
• To what extent can passive renovations extend a building’s free-running capacity, and 

to what extent is this climate-dependent? 
• Are BIA systems more effective than thermal insulation in improving thermal 

conditions in schools? 
• Is a surface-by-surface “mosaic” treatment of the envelope more adequate? 
• Is this mosaic approach economically feasible and environmentally friendly? 

Figure 8. Examples of BIA in NYC schools. PS64 (top left), PS41 (top right), Manhattan school for children (bottom left), 
and PS84 (bottom right). Courtesy of NY Sun Works & GreenRoofs NYC. 
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Although the current knowledge in passive optimization of the building envelope may respond 
to the first questions, this thesis aims to provide reliable answers on the thermal performance by BIA 
and surface-by-surface optimization. To this end, this thesis develops a semi-automated passive 
optimization approach using energy performance simulation models. 

The specific objectives of this thesis are aligned with the research articles developed during its 
execution. 

 

ARTICLE 1 

Real-reference buildings for urban 
energy modelling 

1. Establish energy consumption baselines for the 
educational stock in Barcelona, Spain and Quito, 
Ecuador.  

2. Define real-reference schools through a reduced 
domain bottom-up physics-based model. 

ARTICLE 2 

Sustainability assessment of rooftop-
farming technologies in schools 

3. Develop a holistic sustainability framework for 
evaluating URFs feasibility as passive retrofit 
strategies. 

4. Provide quantifiable data on the sustainability of 
three BIA systems 

ARTICLE 3 

Co-simulation for thermodynamic 
coupling crops in buildings 

5. Couple the heat and mass balance of crops with 
building energy performance simulation 

6. Quantify the thermal improvement of BIA 
systems on uninsulated buildings 

FUTURE ARTICLE 

Mosaic optimization of the building 
envelope: a surface-by-surface 
approach (article in progress) 

7. Assess the surface-level performance of 
uninsulated schools as a multi-objective 
optimization problem. 

8. Compare the surface-by-surface “mosaic” thermal 
performance to whole-building approaches. 

 

1.4. Scope and Limitations 

Passive energy renovation strategies aim to reduce energy demand by improving a building 
envelope`s thermal response and creating a microclimate independent of its HVAC system. The 
performance of a passive building is related to three aspects: the thermal comfort criteria, the 
performance target, and the local climate [50]. The envelope performance target (EPT) is the level 
at which a building envelope is expected to regulate the indoor environment. The limitations of this 
thesis follow the three aspects mentioned above and are further described in the following section.  

 

1.4.1. Thermal comfort criteria 

Thermal comfort relates to physical parameters such as air temperature, humidity, solar 
radiation, wind speed, clothing insulation, metabolic rate, and psychological parameters such as 
adaptation and expectation. In naturally ventilated classrooms – provided that air is not stagnant – 
the temperature is the critical parameter affecting comfort [24]. In naturally ventilated spaces, 
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thermal comfort surveys have shown that people accept more significant temperature fluctuations 
than users in air-conditioned buildings. Therefore, to predict comfort in free-running buildings, the 
use of adaptive comfort criteria is commended [37].   

Adaptive comfort models are based on acclimatization, recognizing that people’s adaptation to 
their natural environment is a determining factor in comfort perception. People’s preferences and 
expectations depend on the outdoor climate and the level of control over the indoor environment. In 
adaptive comfort models, the neutral temperature varies daily according to outdoor conditions. 
ASHRAE-55 [23] and EN:16798-1 [68] adaptive models are those most commonly used to assess 
free-running buildings.  

The adaptive comfort model described in EN:16798-1 will be used as comfort criteria. The 
graphical explanation for this model is shown in Figure 9 (a). This model classifies environments 
into thermal categories: CAT I for high requirement environments that guarantee less than 6% 
percentage of people dissatisfied (PPD), CAT II for typical environments with a 10% PPD, and CAT 
III for less stringent spaces with 15% PPD. The thermal thresholds used correspond to category II 
environments, i.e. typical environments. This model's applicability is illustrated for Barcelona´s 
climate in Figure 9 (b). The mathematical description for the temperature indexes used in this 
comfort standard is below.   

Running mean 
temperature 

𝑇𝑇𝑟𝑟𝑟𝑟 = (𝑇𝑇�𝑖𝑖−1 + 0.8 𝑇𝑇�𝑖𝑖−2 + 0.6 𝑇𝑇�𝑖𝑖−3 + 0.5 𝑇𝑇�𝑖𝑖−4 + 0.4 𝑇𝑇�𝑖𝑖−5
+ 0.3 𝑇𝑇�𝑖𝑖−6 + 0.2 𝑇𝑇�𝑖𝑖−7)/3.8 

(1) 

Neutral temperature 𝑇𝑇𝐶𝐶𝑖𝑖 = 0.33𝑇𝑇𝑟𝑟𝑟𝑟 + 18.8  

Upper threshold 𝑇𝑇𝑢𝑢 = 0.33𝑇𝑇𝑟𝑟𝑟𝑟 + 21.8  

Lower threshold 𝑇𝑇𝑙𝑙 = 0.33𝑇𝑇𝑟𝑟𝑟𝑟 + 14.8  

Where 𝑇𝑇�𝑖𝑖 is the mean outdoor air temperature for the day i. The constants and coefficients are taken 
from the EN:16798-1 standard.  

  

1.4.2. Envelope Performance target 

Passive energy renovations increase the free-running capacity of buildings, improve indoor 
environmental quality, foster users' control over their environment, and reduce energy use by 

Figure 9. EN:16798 adaptive comfort model, (a) allowable indoor operative temperature as a function of runnin 
mean temperature, and (b) application of CAT II adaptive temperature thresholds for Barcelona, Spain. 
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lessening the dependence on HVAC systems. On this premise, this thesis focuses on the passive 
optimization of the educational building stock and specifically on optimizing external walls, roofs, 
and fenestration. Ground floors will not be studied due to a lack of technical feasibility.  

In this thesis, energy renovations measures are limited to: 

• Passive and low-energy strategies, specifically BIA technologies 
• Economically feasible  
• Available locally 
• Compliant with local energy and construction codes 

Two metrics are used to assess the free-running capacity of these buildings and their improvement 
due to ERMs. The first is the number of occupied hours in thermal comfort, and the second is the 
intensity of thermal discomfort (ITD). Thermal comfort hours refer to the percentage of time the 
operative temperature falls between comfort ranges. ITD assesses the dimensional change between 
the comfort limits and the operative temperature, and it is defined as the time integral of the 
temperature difference (see eq.2). 

𝐼𝐼𝑇𝑇𝐼𝐼 = �𝑇𝑇𝑑𝑑(𝑡𝑡)d𝑡𝑡 

With:  

𝑇𝑇𝑑𝑑 = �
𝑇𝑇𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑢𝑢 𝑖𝑖𝑖𝑖 𝑇𝑇𝑜𝑜𝑜𝑜 > 𝑇𝑇𝑢𝑢 

0 𝑖𝑖𝑖𝑖 𝑇𝑇𝑙𝑙 < 𝑇𝑇𝑜𝑜𝑜𝑜 < 𝑇𝑇𝑢𝑢
𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖 𝑇𝑇𝑙𝑙 >  𝑇𝑇𝑜𝑜𝑜𝑜

 

(2) 

Where ITD is the intensity of thermal discomfort for a year, Top is the operative temperature and, 𝑇𝑇𝑙𝑙 
and 𝑇𝑇𝑢𝑢 are the adaptive comfort lower and upper thresholds, respectively. All temperature units are 
°C. 

 

1.4.3. Building sample and climate 

Public buildings fulfil an exemplary role in energy efficiency and sustainability targets. They 
are open to the public, have dissemination potential, and have defined function and operation 
patterns. Most importantly, they are under the control of local authorities and city councils, 
facilitating the implementation of energy efficiency measures. Due to these reasons, the poor state 
of the existing educational stock and other factors mentioned in sections 1.1 and 1.2, this thesis 
focuses on primary school buildings. The following conditions delimitate this study’s sample. 

1. Replicability potential 
2. Under public management 
3. Located in consolidated urban areas 
4. Energy and construction data availability 
5. In need of refurbishment 
6. Construction before stringent energy codes 
7. Not historically listed   

Assessing every school building in an urban area is unfeasible due to time and resource 
constraints. Due to the age variability in educational facilities, this stock has different construction 
systems, envelope materiality, active conditioning systems, and internal distributions related to the 
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educational philosophy of their period. Therefore, selecting real-reference buildings (RBs) – or 
archetypes – was necessary to foster replicability of building-level results. This approach limits the 
sample to a few school buildings in each urban context while permitting extrapolation of results to 
the whole stock.  

Two distinct geographical and economic contexts were chosen: Barcelona’s metropolitan area 
in Spain and Quito’s urban area in Ecuador. Barcelona has a Mediterranean climate characterized 
by mild winters and hot summers. Quito has highland tropical weather with a year-round mild 
constant temperature and no seasonal variations. The need to retrofit its educational stock has been 
identified in both cities, though with different end goals, energy reduction in Barcelona [69] and 
health issues in Quito [70]. Chapter 2 details these seven limitations applied to the two case studies 
and the real-reference buildings for both cities. 

 

1.5. Outlook at the dissertation  

This thesis is article-based, and it is structured to emphasize the integral methodology followed 
throughout its execution. As shown in Figure 10, the proposed method has seven sequential steps. 
The first steps concern analysing existing school stocks in Barcelona and Quito, their typological 
classification, and the definition of real-reference schools to serve as case studies. Once the validity 
of these real-reference schools to represent their corresponding stocks was corroborated, they were 
modelled in energy simulation software based on post-occupancy evaluations and energy monitoring 
data. Following a survey of available BIA technologies, a sustainability assessment was explicitly 
conducted on their feasibility as passive renovation strategies for schools. Then, conventional ERMs 
and BIA screening were performed using simulation tools and mathematical models. Finally, the 
free-running capacity for these buildings was fostered through a surface-by-surface “mosaic” 
optimization.  

Figure 10. Methodology diagram and scientific articles scope. 
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The published and ongoing articles encompass specific steps in the overall approach. The 
specificities for each method and the mathematical models are detailed in the corresponding research 
papers.  The following section briefly describes the discrete steps and procedures used.   

 

1.5.1. Methods 

 

1.5.1.1. Step 1: Data Collection 

This first step involved the collection, review and organization of disparate data from several 
sources, including but not limited to local education authorities, cadastre, renovation projects, aerial 
images and construction documents. This data was corroborated on-site in photographic records and 
building factsheets. Two school building datasets were constructed: one for Barcelona, describing 
159 schools and a second for Quito, covering 268 schools. These datasets include the following 
information for each school: identification data, operational parameters, renovations, geometric 
aspects, urban settings, envelope materiality, lighting, heating, cooling and hot water systems (if 
applicable), ventilation type and energy source.  

 

1.5.1.2. Step 2: Case Selection (definition of real-reference buildings)  

The heterogeneity of the building sample made necessary the use of data mining to classify the 
school buildings into smaller groups with common hygrothermal, geometric and operational 
characteristics. Figure 11 illustrates the selection RBs using clustering techniques. K-mean 
clustering is a multivariate data-mining technique that groups individuals to maximize intra-cluster 
homogeneity and inter-cluster heterogeneity. This technique calculates the distance between 
individuals and “average” data centroids. As centroids represent imaginary buildings, real-reference 
buildings (RBs) were the individuals closest to the centroids.  

Six hygrothermal variables were used for clustering, considering the passive focus of this thesis 
and previous studies on the topic [71]. These variables were first standardized using z-scores to 
remove the influence of the dispersion for each variable. The clustering output validity check was 
two-fold: statistical and data-driven. Statistical validation uses mathematical indexes to prove the 
appropriateness of the clustering scheme. Data-drive validation evaluates the accuracy of the real-
reference buildings as representatives of their clusters.  

Figure 11. Flow chart describing the case-selection and definition of real-reference buildings. Compactness (S/V), ground 
floor area (Agf), external wall area (Aw), U-value of walls (Uw), U-value of roof (Ur), number of storeys (F), cluster’s 
gross floor area (Ak). 
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The results from these two first steps were presented at an international conference on “City and 
Territory” held in Barcelona in 2019. The published article is part of this thesis annexes, and it is 
available at [72].   

 

1.5.1.3. Step 3: Building monitoring 

 Each validated real-reference school was subject to a three-month monitoring campaign to 
collect hygrothermal, climate, operation profiles, and thermal sensations (Figure 12). The 
monitoring period varied between schools due to their availability and disposition. In each 
classroom, a mini-datalogger was installed to record air temperature and humidity every fifteen 
minutes. Figure 13 shows the mini-datalogger in one classroom. These were placed in the centre of 
walls at an appropriate height. Heat flux meters recorded the thermal resistance of external walls 
during peak winter conditions. Regarding climate, cities' meteorological networks provided all 
relevant data for the monitoring periods. Climate data came from the closest meteorological stations 
in a similar urban setting as the schools.  

Operational data and thermal perception were collected in questionnaires and guided interviews. 
The thermal survey follows the template in ASHRAE 55 [23]. Questionnaires also included 
operation schedules and day to day practices. Focus groups were limited to teachers and management 
personnel due to the age group of children in schools.   

 

 

Figure 12. Data collected during the monitoring campaign. 

Figure 13. Datalogger position in a classroom in Quito, Ecuador. 
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1.5.1.4. Step 4: Energy performance modelling and calibration 

Energy dynamic simulation was used to assess the free-running capacity in the RBs. Calibration 
guarantees that simulation accurately represents the energy demand in the building’s as-is condition. 
It implies the creation and experimentation with computational models to mimic the response of the 
buildings to real scenarios over a period. These models were calibrated following ASHRAE 14 [73], 
although with more stringent thresholds to increase the model’s predictability and accuracy.  

 

1.5.1.5. Step 5: Sustainability assessment of BIA 

 The adequacy of BIA as passive energy conservation strategies was assessed through a multi-
criteria analysis tool, specifically the integrated value model for sustainability assessment (MIVES) 
[74]. This model produces a weighted global sustainability index that prioritises BIA systems more 
adequately to the end goal. Economic, environmental, social, and technical indicators were 
considered for this analysis. The performance indicators were selected during seminars with local 
construction experts, research professionals, and municipal authorities.  

 

1.5.1.6. Step 6: Energy screening of BIA systems 

Energy modelling gives insight into how a building would behave if ERMs are applied without 
reverting to real-life tests. This step evaluated the free-running capacity in the RBs if BIA systems 
and conventional insulation were installed. It served to rate the ERMs according to the performance 
target, pinpointing those more appropriate to each climatic condition and host-building. Due to the 
difficulty in modelling BIA systems, a co-simulation approach was favoured to couple the heat and 
mass balance of vegetation with a well-known building simulation engine. This co-simulation 
considers the crop’s growth and photosynthesis rate on its heat balance. Figure 14 depicts the co-
simulation approach used.  

 

1.5.1.7. Step 7: Passive energy optimization 

Standard practice is to combine the best performing individual ERMs in a whole-building 
renovation strategy. The downside of this approach is that the interrelation between ERMs is 
overlooked. Achieving high-performance buildings is a multivariate problem involving energy 
performance, visual and thermal comfort, and cost constraints. Therefore, multi-objective 
optimization is better suited to determine the best combination of ERMs. Due to the variations in 
wind exposure, direct solar radiation and adjacency of the different envelope components, this 

Figure 14. Flow-chart describing the co-simulation approach for BIA systems. 
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optimization was carried out for each surface. Figure 15 exemplifies the conventional and surface-
by-surface approach. 

Optimization was done against three cost functions – i.e. objectives: 1) reduction in upfront 
costs, 2) decrease the intensity of the thermal discomfort, and 3) reduce the hours outside comfort 
limits. The optimization algorithm implemented is an integer-constraint genetic algorithm.  

 

1.5.2. Organization 

The remaining sections of this thesis are organized as follows: 

Chapter 2. Provides a detailed description of the case studies used throughout this thesis, 
including a quick overview of the geographical context. It emphasizes the thermal 
characterization and performance of the real-reference school buildings for both 
case-study cities. This information is the backbone of the scientific articles but was 
not thoroughly presented.   

Chapter 3. Presents the article entitled “Real-reference buildings for urban energy modelling: a 
multistage validation and diversification approach”, published in Building and 
Environment in 2021. For 2020, this journal had a 6.456 impact factor and a Q1 
ranking in the “Construction and Building Technology” category. This article has 
one citation in Scopus. 

Chapter 4. Dedicated to the article “Bottom-up model for the sustainability assessment of 
rooftop-farming technologies potential in schools in Quito, Ecuador”, published in 
the Journal of Cleaner Production in 2020. This journal had a 7.246 impact factor 
and a Q1 ranking in the “Green & Sustainable Science & Technology category” for 
the year of publication. This article has eight citations in Scopus. 

Chapter 5. Presents the article “Co-simulation for thermodynamic coupling of crops in 
buildings. Case study of free-running schools in Quito, Ecuador”, published in 
Building and Environment in 2022. For 2020, this journal had a 6.456 impact factor 
and a Q1 ranking in the “Construction and Building Technology” category. This 
article has two citations in Scopus. 

Figure 15. Review of the proposed surface-by-surface passive optimization approach. 
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Chapter 6. Introduces the ongoing work entitled “Passive surface-by-surface optimization of 
school buildings to foster their free-running capacity”. This chapter serves as a 
proof-of-concept of the optimization model developed and its expected outcomes. 

Chapter 7. Summarizes the main contributions of this work and presents the conclusions. It also 
establishes the lineaments for future research. 

 



  

2 
 Case Studies 

 

“By analysing data on very large populations of buildings, it becomes possible to detect 
subtler and more nuanced effects and relationships.”  

˗ Philip Steadman 

 

 

 

 

 

2.1. Context and climate 

A necessary first step was a broad and complete diagnosis of the existing educational building 
stocks in the selected case-study cities: Barcelona, Spain and Quito, Ecuador. These cities were 
chosen due to the feasibility of acquiring and verifying their educational stocks' background 
information. There is a marked difference between the two cities' social and economic contexts, 
pedagogic models, and climate. These differences make these case studies appropriate and unbiased 
for the goals of this thesis, i.e. assess the free-running capacity and adequacy of building-integrated 
agriculture as passive retrofit measures for school buildings. 

Barcelona is located on the Mediterranean coast of the Iberic peninsula in a plain between two 
rivers. Its average elevation is 13 m.a.s.l, but as the city borders on the northwest with the Collserola 
range, at some points, the elevation reaches 516 m.a.s.l. It is the second most populated city in Spain, 
with a population density of 16149 hab/km2 in 2021 [75]. It is home to over 1.5 million inhabitants, 
of which 12.27% are school-aged children. The gross domestic product (GDP) per inhabitant rounds 
42.6 thousand €. According to the Koppen-Geiger climate classification, Barcelona has a typical 
Mediterranean climate (Csa) with hot summers and mild winters (see Figure 16).  The city’s mean 
annual temperature is 18.3 °C, with high and low peaks of 32.8 °C and 4.7 °C in summer and winter, 
respectively [76]. This city has a relatively low daily thermal amplitude with a mean value of 8 °C. 
The annual rainfall is around 600 mm, and the daily solar global radiation is 4.52 kWh/m2.  

Quito is the capital of Ecuador and the second-largest city in the country. As of 2010 (last census), 
the city had 2.2 million inhabitants with a population density of 5705 hab/km2. Children account for 
27.49% of the population [77]. For the school year 2021-2022, there were over 620000 students 
enrolled in the general basic education program. The GDP per inhabitant is significantly lower than 
in Barcelona, with 13.57 thousand €. It is located on a plateau in the Andean Mountains at an 
elevation of 2850 m.a.s.l. The city sits on the equatorial line at 0° 13' 07'' S and 78° 30' 35'' W. Its 
climate is proper to the that of the equatorial highlands, with an annual mean temperature of 15.6 
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Figure 16. Typical meteorological year for (a) Barcelona, Spain and (b) Quito, Ecuador. 
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°C and a monthly variation of ± 0.8 °C [78] (see Figure 16). It is classified as a subtropical highland 
climate with constant rainfall (Cfb). It is characterized by high daily temperature variations (>18°C) 
and low diurnal humidity (<50%) owing to its inland location and elevation. There are no seasonal 
variations but rather wet and dry periods. The wet periods are from February to May and from 
October to November. The annual rainfall is 835.6 mm, and the daily solar global radiation is 5.14 
kWh/m2.  

 

2.2. Educational building stocks 

There are over 27478 educational buildings in Spain, of which 45.45% are primary schools. In 
Barcelona, public educational centres account for 43% of its primary educational stock, with 159 
schools [79,80]. As shown in Figure 17, most public schools were built in the 60s and 70s in the 
city´s periphery, contrary to other periods with more homogenous distributions. These school 
buildings abandoned the traditional load-bearing masonry for concrete frames though their facades 
kept similar features. The first Spanish energy code in 1979 marked a before and after for the 
educational building typology departing from previous models.  

Most schools are 3-storey or 4-storey lineal buildings with a gross floor area between 2000 and 
4000 m2 responding to a specific minimum architectural program. This lineal configuration allows 
the main facades to open to courtyards and playgrounds. More complex building shapes usually 
relate to urban constraints and paired buildings in dense urban areas. In these complex shapes, the 
most common are rectangular, T, and C-shaped buildings with internal light shafts.    

The pre-energy code school buildings can be described as compact concrete frame uninsulated 
structures with cavity brick facades and flat concrete slabs. These buildings have a high window-to-
wall ratio (WWR). Their fenestration is usually clear single glazing in aluminium frames (no thermal 
break) with external roller shutters. Natural gas boilers provide centralized heating distributed 
through non-regulated water radiators in all occupied spaces. This description summarizes the 
overall typology and cannot be considered an accurate description of individual buildings. Figure 17 
(c) shows Barcelona schools' classification based on their building’s structural frame, external walls 
and roof materiality.    

Schools prior to 1979 have an average energy use intensity (EUI) of 100 kWh/m2 year [20], 
encompassing heating, lighting, plugs and service water heating loads. These schools do not have 
mechanical ventilation or air conditioning systems which is why the most common problems 
reported in energy audits are dampness, overheating and glare. In 2009, Barcelona City Council 
launched an energy efficiency plan to renovate schools’ plant systems, retrofit the buildings’ 
envelope and install building-management systems (BMS). These school buildings’ EUI is expected 
to be reduced by up to 30% [81]. 

On the other hand, in Ecuador, 76.74% of all educational centres are supported by public funds; 
however, in Quito, only 34.47% of the schools are public due to the higher quality of living in the 
capital city [82]. There are 268 public schools in the city, but some share infrastructure or use the 
same building at different schedules. Figure 18 (a) shows the development of schools in the city 
from 1945 onwards. Until the 1970s, schools were clustered in the historical district (city centre) 
with few schools in the north and south parts. This situation is due to the economic development of 
the northern districts favouring private schools and the consolidation of the south as an industrial 
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district. From 1972 public schools were built throughout the city, with the most extensive 
construction campaign during the “oil-boom” period in the 1980s. In recent years schools have been 
built almost exclusively in new urban settlements and low-income neighbourhoods.  

Schools in Quito are smaller than in Barcelona. The predominant size is between 500 and 2000 
m2 as the architectural program only includes classroom and service spaces, i.e. there are no 
complementary spaces like libraries, workshops, labs, among others. In many cases, kinder gardens 
were adapted to house schools despite space limitations. However, quintessential and renowned 
schools surpass the 10000 m2, and some even reach the 40000 m2. Thousands of students attend 
these schools, which have specialized labs, sports facilities, and, in some cases, museums and 
galleries. 

Overall, there are two standard construction systems used for schools: 1) concrete frame multi-
storey buildings and 2) modular steel frames for single-storey classrooms with lightweight pitch 
roofing. The vertical envelope comprises uninsulated one-leaf masonry walls of hollow concrete 
blocks or bricks and single clear glazing windows with wood or iron-cast frames. Larger school 
complexes usually encompass one main building and several modular units constructed over time. 
The main building encloses an enormous central courtyard, while the modular units are arranged in 
parallel rows in backyards.  

Figure 17. Barcelona’s public-school buildings (a) construction period map, (b) gross floor area of schools, (c) 
construction system and envelope materiality. 
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Like most buildings in the city, schools are free-running and naturally ventilated. There are no 
hot water systems or mechanical ventilation. According to the Ministry of Education, 23.6% of this 
educational stock requires renovation and 5.2% requires urgent interventions for safety and health 
reasons [82]. The most common problems in school buildings relate to daylight and ventilation 
availability and suboptimal thermal comfort conditions, with operative temperatures always falling 
below the comfort limit lower threshold [83]. In 2018, the government identified the need to renovate 
the entire educational stock in Quito with deep holistic renovations. This program, known as “My 
classroom to 100%”, aims to improve the indoor quality of classrooms and endow complementary 
services to schools [70].  

  

2.3. Building typologies 

Upon reviewing both educational stocks, it was deemed necessary to filter the sample to adhere 
to the limitations set for this thesis. As described in the previous section, the initial building sample 
encompassed all public schools in the urban consolidated areas for both case studies. The seven 
conditions set in section 1.4.3 were applied to downsize the sample to those schools in need of 
retrofit and with replicability potential. Table 1 describes the initial and final school building 
samples. The year 2006 was set as the threshold for “new construction” buildings due to the first 

Figure 18. Quito’s public-school buildings (a) construction period map, (b) gross floor area of schools, (c) construction 
system and envelope materiality. 
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approval of the most recent Spanish construction code and the “Millennium School” construction 
campaign led in Ecuador.   

As briefly explained in section 1.5, both educational stocks were subdivided into architectural 
typologies using the clustering k-means algorithm. It uses six uncorrelated hygrothermal parameters 
to classify the stocks. The best intra cluster homogeneity and inter-cluster heterogeneity were 
achieved with k=4 and k=2 in Barcelona and Quito, respectively; i.e. there are four and two different 
school typologies in each city. A thorough description and statistical validation for the clustering 
scheme applied is in [84].    

Figure 19 shows the distribution of building typologies for both samples. The sample in 
Barcelona is more heterogeneous than the one in Quito, owing to their double-layer envelopes and 
previous renovations. This mixture causes the resulting clusters to share similar features despite 
having good intra cluster homogeneity. Quito’s schools have a high correlation between the 
structural system, roof materiality and building morphology marking a clear differentiation between 
the two building typologies.  

The resulting six school typologies are detailed below.  

BCN.C1 Compact low-rise buildings with a central atrium or courtyard. Stepped and 
irregular shapes. Concrete frames, uninsulated cavity brick walls and ventilated 
roofing. In some cases, these buildings have pitched clay tiles roofing.        

BCN.C2 Mid-rise lineal buildings. Single-side circulations. Concrete frames, uninsulated 
cavity walls and inverted flat concrete slabs. High window-to-wall ratio.    

BCN.C3 Multi-block mid-rise buildings. These are insulated on their vertical enclosure 
either due to the materiality of the façade or to renovations. 

Table 1. Building sample population 

 Barcelona 
[N.o. schools] 

Quito 
[N.o. schools] 

Initial sample 159 269 
Incomplete information 1 8 
Schools without ownership of buildings 4 7 
Historically listed schools 22 19 
Buildings set to be demolished 3 0 
Newly built (>2006) 37 20 
Final sample 92 214 

Figure 19. Distribution of school building typologies in (a) Barcelona and (b) Quito.  
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BCN.C4 Disperse single storey schools with a high WWR and clerestory windows.  

UIO.C1 Modular one-storey building blocks. These are set on dispersed linear patterns, have 
steel pillars and trusses, lightweight pitch roofing generally made of zinc or 
asbestos-cements, and single-layer masonry walls with cement render.   

UIO.C2 Compact, two or three-storey lineal buildings. These are concrete-frame structures 
with waffle slabs and thick masonry walls with cement render. Open circulation 
spaces on the inner side give access to functional spaces open to the main façade.  

Cluster BCN.C4's gross floor area was less than 10% of the entire educational stock and, therefore, 
it had a low replication potential. For this reason, this building typology was no further included. 
Figure 20 exemplifies the remaining five typologies by representing: (a) the five-reference school 
buildings that synthesize each of the five cluster’s main characteristics and (b) four other randomly 
selected individuals for each cluster. 

Figure 20. Sample of school building typologies showcasing the reference buildings and randomly selected individuals. 
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Barcelona school typologies showed apparent differences in floor area, building height, compactness 
and thermal conductivity of the roofs but non-conclusive differences regarding their vertical 
envelope. A similar result was seen for Quito but with the vertical envelope having a null influence 
on the clustering outcomes.  

Real-reference school buildings (RBs) were selected as those closer to the cluster centroids 
(mean values in the sub-sample). The validity of these RBs to represent their typology was checked 
against energy performance metrics: annual energy consumption for Barcelona and hours outside 
thermal comfort for Quito (see Chapter 3). Of the five RBs – three in Barcelona and two in Quito – 
only four were shown to accurately represent their clusters discarding the RB for cluster BCN.C3 
due to uncertainties on its performance.    

 

2.4. Reference schools  

Buildings' energy performance depends on their physical parameters – envelope and systems – 
and operational parameters – occupancy, academic terms, clothing, metabolic rate. Due to the 
complexity of building energy performance simulation, some parameters are unknown and have to 
be assumed based on standards or common practices. This ambiguity introduces uncertainty in the 
simulation, which must be handled carefully to not bias the results. The following section gives a 
detailed description of the parameters used for BEPS.    

 

2.4.1. Characterization 

2.4.1.1. Operational parameters: 

Most operational parameters were based on actual data reported in the surveying campaign. The 
academic terms, non-mandatory periods, compact days and holidays were based on 2018-2019 data. 
The most relevant data is summarized below: 

Barcelona The academic term is from September 12 to June 19. There are two holiday 
periods: eighteen days during Christmas and seven days during Easter. The daily 
working schedule is from 9 am to 4:30 pm. There is a half-hour break at 11 am 
and two and a half hours break for lunch at 12:30 pm. A compact period is from 
June 8 onwards. Its working schedule is from 9 am to 1 pm.  

The average number of students per classroom is 25. 

Quito There are two academic terms, the first from September 3 to February 15 and 
the second from February 25 to July 5. The non-mandatory period refers to 
second-chance testing from July 10 to 19 and August 19 to 23. The daily 
schedule is from 7:15 am to 12:35 pm, with two twenty-minute breaks. The 
afternoon schedule – for evening schools – is from 1:15 pm to 6:45 pm.  

The number of students per classroom varies between 28 and 35.  

Clothing insulation and metabolic rate are determinants of thermal comfort. The first refers to the 
extra layer of insulation given by clothes and is expressed in clo units (1 clo = 0.155 m2K/W). Table 
2 shows the clo values for children in both cities. Two common values are generally used for clothing 
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ensembles in summer and winter. However, when uniforms are mandatory, these values should be 
calculated as in Quito's case. For Barcelona, the clothing ensembles were based on thermal surveys.  

The metabolic rate represents the heat generated within the body and is the most basic comfort 
determinant [85]. It depends on the level of physical activity, gender, age, weight and other 
individual factors. Children doing normal school activities – writing, drawing, quiet playing – 
generate between 63 and 84 W [86]. Considering a body surface area of 1.14 m2, the average 
metabolic rate for primary school children is 48.8 W/m2. For comparison purposes, the average 
metabolic rate for adults performing office work is 58.15 W/m2 [87]. 

Table 3 shows thermal and indoor air quality requirements in classrooms. Considering that the 
Spanish energy code is based on the European framework and the Ecuadorian code is based on the 
American framework, it was decided to cite the source codes. For the assessment and comparison 
of the performance of RBs, the most stringent code is used for both case studies.  

 

2.4.1.2. Physical parameters: 

The geometrical and envelope properties for the four validated RBs are shown in Figure 21 and 
Figure 22. The thesis author's article presented in Chapter 3 describes these buildings [84]. The 
characterization of their envelope's thermal transmittance was based on: 1) measurements of their 
heat flux during peak winter conditions, 2) steady-state U-values calculated according to ISO-13370 
for ground floors and ISO-6946 for other envelope elements, and 3) 2D thermal bridges modelled 
using Therm. Infiltration and natural ventilation air flow rates were based on operable window areas, 
operational profiles, and surface crack data and calculated via BEPS.    

Both RBs for Barcelona are heated by non-regulated water radiators served by centralized natural 
gas boilers. The heating period is from the second week of November to the first week of April. The 
daily heating schedule differs between schools with RB.BCN.C1 being heated from 8 am to 5 pm 
and RB.BCN.C2 from 7:30 am to 9 pm. Schedule differences are due to extracurricular 

Table 2. Clothing insulation for school children. Clo units. 

 Barcelona Quito 
 Winter Summer Spring/Autumn Uniform 
Girls 1.10 0.54 0.67 0.97 
Boys 1.01 0.36 0.57 1.01 

Table 3. Indoor environmental quality requirements for school buildings 

Standard 
Temperature 

[°C] 
Relative Humidity 

[%] 
Air 

velocity 
[m/s] 

Airflow CO2 

level 
[ppm] Winter Summer Winter Summer l/s·person l/s·m2 

ISO 17772a & 
7730b 22 ±2 24.5 

±1.5 - - 0.16-0.19 7 0.7 550 

EN:16798c 20 26 25 60 0.16-0.19 7 0.7 550 
ASHRAE 55d 
& 62.1e 21 25 - 

 60 0.2 5 0.9 700 
a [88], b [89], c [68], d [23], e [90]. 
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Figure 21. Envelope characterization for reference school buildings in Barcelona. 
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Figure 22. Envelope characterization for reference school buildings in Quito. 
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activities and daily cleaning. There are no cooling systems in classrooms but school RB.BCN.C1 
has a split system serving office spaces. Both schools have fluorescent lighting with an average 
lighting power density of 8.6 W/m2. The equipment power density was 4.5 W/m2 in classrooms and 
10 W/m2 in offices [91].  

As mentioned earlier, Quito schools are free-running, naturally ventilated, and lack hot water 
systems. Most schools have LED lamps in classrooms (2.25 W/m2) and compact fluorescent lighting 
on hallways, offices and complimentary spaces (7.05 W/m2). As classrooms do not have any 
computer equipment or electronic devices, plug loads were not assigned to these spaces. Office 
spaces had a 15 W/m2 process load for computer equipment [92].  

 

2.4.2. Building Performance 

2.4.2.1. Calibration and validation of simulation models 

BEPS models were validated according to metrics set in ASHRAE 14 [73], mainly the 
normalized Mean Bias Error (nMBE) and the Coefficient of Variation of the Root Mean Square 
Error (CvRMSE). As schools in Quito are free-running, calibration was performed against hourly 
measured indoor air temperature in classrooms. However, ASHRAE only sets validation criteria for 
calibration against actual energy consumption.  For this thesis, considering calibration was done 
against temperature, the validation criteria used were more stringent than ASHRAE. For example, 
ASHRAE sets maximums of 10% for nMBE and 30% for CvRMSE for hourly calibration, whereas, 
for this thesis, the maximum allowable errors were 1% for nMBE and 10% for CvRMSE.  

The results for model validation are in Table 4; these indexes are the average for all monitored 
classrooms in each school. Uncertainty and sensibility analyses were conducted to account for the 
ambiguity in the simulation due to uncontrolled parameters – either not measured on-site or 
simplified for simulation purposes. Six parameters were highlighted for assessment due to their 
significant effect on comfort and energy use: density, infiltration rate, metabolic rate, natural 
ventilation setpoint, heating setpoint, and shading device operation [93]. The uncertainty in indoor 
air temperature prediction does not surpass 0.6 °C, representing less than a 50% deviation complying 
with the maximum allowable uncertainty set in ASHRAE.  

Figure 23 displays the hourly air temperature prediction errors. All models have similar average 
hourly errors between -0.16 and 0.17 °C with a standard deviation of ±1.04 to ±1.27. The charts on 
the right in Figure 23 show the behaviour of the simulation models at varying outside air 
temperatures. Most prediction errors for school RB.BCN.C1 occur at low outdoor temperature 
conditions due to a mismatch in either the heating system operation or the thermal capacity of the 
building. In this case, the simulation model underestimates the indoor air temperature. A similar 
situation occurs for both schools in Quito but with the models overestimating the indoor temperature. 

Table 4. Calibration and validation indexes for the BEPS models 

 RB.BCN.C1 RB.BCN.C2 RB.UIO.C1 RB.UIO.C2 
nMBE -0.67 ±1.45 0.26 ±1.61 0.52 ±1.41 0.81 ±2.55 
RMSE 1.12 ±0.56 1.11 ±0.53 1.24 ±0.38 1.02 ±0.58 
CvRMSE 4.76 ±2.40 4.96 ±2.35 6.42 ±1.99 5.06 ±2.94 
Uncertainty 50.00% 47.75% 30.65% 56.86% 
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This overestimation is most likely due to the opening of windows motivated by odours and air quality 
rather than temperature. Simulation error in school RB.BCN.C2 increases as the outdoor temperature 
rises.  

It is worth remarking that schools were modelled using individualized operation profiles for 
calibration and validation to reflect the specificities of each classroom and school. This 
individualization implied some minor differences in the operation of the reference schools from 
typical standardized data. As an example, school RB.UIO.C1 had a 45-minute recess period instead 

Figure 23. Error between measured and simulated hourly air temperature. 
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of the standard two 20-minutes recesses. Additionally, models were calibrated using actual climate 
data for the period under assessment instead of standard Test Meteorological Year (TMY) weather 
files.  

2.4.2.2. Free-running performance 

The next chapter describes the energy performance of the four reference schools as part of the 
thesis author’s article [84]. This section focuses on the four RBs’ free-running capacity and relies 
upon the thermal comfort metrics introduced in Chapter 1. Adaptive comfort ranges were set 
according to EN:16798 for Category II environments. Figure 24 shows the hourly free-running 

Figure 24. Free-running temperature in reference school buildings.  
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temperature in classrooms in the four reference schools during a typical meteorological year. Non-
occupancy and summer periods were excluded from the analysis as these do not intervene in thermal 
comfort assessments. The occupancy hours for each case study were 1530 hours/year for Barcelona 
and 1477 hours/year for Quito.    

Despite the differences in materiality, shape and orientation of the two Barcelona RBs, both 
have a similar thermal curve during the year. The thermal comfort zone for Barcelona is between 18 
and 25 °C in winter and between 21 and 28 °C in summer. In summer, high comfort temperatures 
are due to reduced clothing insulation – half the insulation compared to winter – and people’s 
acclimatization. Classrooms’ operative temperature does not surpass the upper comfort threshold. 
However, during the first weeks of September, the operative temperature reaches 27 °C despite 
natural ventilation. Since climate predictions reckon a two-degree increment in air temperature, 
overheating problems will occur. In winter, operative temperatures are constantly below comfort 
limits showcasing the need for active heating. However, schools currently lack thermostat controls 
in classrooms to regulate heating gains causing air temperatures to rise above 25 °C in winter (as 
measured on-site). 

In Quito, the thermal comfort zone is between 19.5 and 26 °C during the whole year. Contrary 
to schools in Barcelona, the materiality differences between RBs significantly impact their thermal 
performance. The daily thermal amplitude in school RB.UIO.C1 is higher than in RB.UIO.C2, with 
the former surpassing comfort limits, i.e. there are overheating and overcooling hours. The low 
thermal inertia in school RB.UIO.C1 allows solar heat gains to be almost immediately transmitted 
and the accumulated indoor heat expelled. In school RB.UIO.C2, the concrete frame structure and 
thick masonry walls increase its thermal inertia causing a thermal lag effect and reducing the indoor 
temperature during the day and increasing it during the night as heat is flushed out.  

Figure 25 shows the thermal comfort hours and the intensity of thermal discomfort in 
classrooms. Interestingly, the operative temperature exceeds comfort limits only in school 
RB.UIO.C1 while the most common problem is overcooling either in winter (Barcelona) or during 
the first school hours (Quito). However, it is worth remembering that BEPS uses 20-year average 
weather files that do not represent accurately current climate trends. According to monitored indoor 
air temperatures, over 64 and 97 hours exceed 28 °C in schools RB.BCN.C1 and RB.BCN.C2, 

Figure 25. Thermal performance in free-running mode for the four reference schools. Intensity of thermal discomfort 
(ITD). 
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respectively. Therefore, special attention must be placed on summer overheating during the school’s 
renovation to guarantee the building’s resilience.  

In free-running mode, schools are thermally uncomfortable for 50 to 62% of occupied hours in 
Barcelona and 26 to 29% in Quito. Overall, schools in Barcelona and cluster C1 in Quito have a 2.3 
°C hourly temperature deficit to reach comfort conditions. The ITD for these schools was 1747.6 for 
RB.BCN.C1, 2171.2 for RB.BCN.C2, and 878.5 for RB.UIO.C1. Cluster C2 has a lower deficit of 
1.28 °C, signalling this typology feasibility to be operated annually in free-running mode. The ITD 
for this school was 544.6.   
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3 
 Urban Energy Modelling 

A validation and diversification approach 

 

“Every city has long-term goals, but nobody knows exactly how to 
plan for and measure them.” 

˗ Carlos Cerezo - MIT 

 

 

 

 

Building stock modelling is critical for assessing the existing park performance and aiding 
decision-making and policy implementation. The literature has many urban energy models (UEM) 
that vary in input requirements, disaggregation level, and data transparency. These models estimate 
baseline energy consumption, categorize the energy intensity by building typologies and end-use 
and facilitate exploring energy efficiency strategies. Some recurring lacks in these models are: 1) 
use of manual segmentation techniques relying on the modeller’s best judgement, 2) analysis of the 
building stock in its design state due to poor or inexistent historical records on renovations and 
additions, 3) reliance on energy metrics for the segmentation hindering the use of these models on 
free-running stocks, and 4) validation at an aggregated level flattening building error.   

This article presents a reductive bottom-up urban energy modelling strategy based on statistical 
analysis and building performance simulation. This article can be found at [84]. This UEM is a 
reductive physics-based model that combines clustering techniques to select real-reference buildings 
with detailed dynamic simulation models for their performance assessment. This new UEM was 
used to classify the educational stocks in Barcelona, Spain and Quito, Ecuador, into homogeneous 
clusters. Also, to identify real-reference school buildings (RB) that synthesized their clusters' main 
characteristics and estimate the final energy consumption at building and city scale for these two 
case studies. The final energy use estimation using this new UEM had an error below 1% compared 
to annual energy bills.  

This reductive model characterizes buildings based on their heat balance. This approach 
facilitates the model transferability among building stocks, i.e. conditioned and free-running stocks. 
This model validation is two-fold: (1) validation against building-by-building actual energy data to 
verify the accuracy of the RBs to represent their stock, and (2) validation using several statistical 
indexes to evaluate the goodness-of-fit of the clustering. A diversified and probabilistic upscaling 
method increased the model's prediction accuracy. This upscaling accounts for variations in building 
emplacement within urban limits. It is a reduced computational effort method to restore some of the 
lost variability in stock modelling using RBs as archetypes.  
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4 
 Suitability of Building Integrated Agriculture 

A sustainability model to assess their potential as passive retrofit strategies  

 

“Agriculture is our wisest pursuit because it will, in the end, contribute most to real wealth, 
good morals, and happiness.”  

˗ Thomas Jefferson 

 

 

 

Urban agriculture (UA) has the potential to transform leftover spaces – like rooftops – into 
productive, recreational and educational areas. Though there is a growing body of literature on the 
sustainability of UA, there is a lack of a systematic comparison of UA systems. This article presents 
an evaluation model that quantifies the global sustainability of rooftop-farm systems as passive 
renovation measures for the educational building stock. It does so by combining building stock 
modelling – through a bottom-up physics-based approach – with a multi-criteria decision-making 
tool to evaluate economic, environmental and social sustainability pillars simultaneously. This 
article can be found at [94]. 

The model has three consecutive stages: city, building information, and farm technology. These 
stages sought to assess rooftop-farming systems concerning their host buildings, i.e. considering the 
technical limitations posed by the building, the impacts of reconstruction, and the interaction with 
the building’s users. The building stock modelling (city stage) and the technical feasibility 
assessment (building stage) permitted the evaluation of the city’s food self-sufficiency capacity 
through a direct up-scaling of the sustainability results for the real-reference schools. The farm-
technology stage relied on the Integrated Value Model for Sustainability Assessment (MIVES) to 
characterise, rank, and evaluate the URFs systems. The global sustainability ranking allowed an 
objective comparison of URF systems and provided insights into the potential improvement points 
for each farm system. This latter is based on the quantification of discriminating indicators using 
common and accepted methods such as simplified LCA, direct costs, and irradiance simulation, 
amongst others.  

Three URF systems were assessed – and compared – as passive strategies for the free-running 
school stock in Quito, Ecuador. The URF systems tested were: edible green roofs, rooftop 
greenhouses, and integrated rooftop greenhouses. The sustainability indicators used were defined 
during seminars with local experts to address the most significant deficiencies in the city’s schools, 
mainly roof degradation, lack of green areas, and space inadequacy for implementing environmental 
projects. The results proved that a city’s particular conditions are essential in the sustainability 
quantification for URF systems, given the unexpected low sustainability indexes for the exhaust-
flow integration BIA alternatives. 
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 Thermodynamic coupling of crops in buildings 

Co-simulating building energy models and agronomic models  

 

“Urban farming is not only possible, but it is also crucial. Nevertheless, it 
cannot be like the farming techniques of yore.”  

˗ Homaru Cantu 

 

 

 

Building-integrated agriculture improves buildings' thermal and energy performance, 
particularly those uninsulated or in an advanced state of decay. Vegetation alters surrounding climate 
conditions by absorbing and emitting radiation, exchanging heat with air and – most importantly – 
transpiration. Though the energy and mass exchange between vegetation and the indoor climate is 
critical when assessing passive green envelope energy renovation measures, especially for free-
running buildings, these are seldom considered in building energy simulation.   

This article provides an energy simulation strategy to include vegetation’s effect on indoor 
microclimate into the EnergyPlus building simulation engine. This strategy is based on the co-
simulation of two subsystems: 1) host buildings and 2) crops. These subsystems are modelled 
independently and simulated in a distributed manner so that the outputs of one subsystem become 
the inputs of the other.  In this way, the dynamic heat and mass exchange between plants and their 
host buildings was accounted for in the coupled building and farm energy and thermal performance. 
Full article is available at [95]. 

Co-simulation enabled the modelling of complex mathematical functions for crop growth, 
energy balance and net-photosynthesis in an online closed-loop computation between EnergyPlus 
and MATLAB. The strengths of this co-simulation are 1) the use of a dynamic growth model as the 
basis for heat and mass flow exchange calculations; 2) the iterative exchange of information between 
building and vegetation models to reflect how plants regulate their climate and how that climate 
modifies plants transpiration; 3) the balance of heat and mass flows to model air exchange between 
farm and indoor occupied spaces; and 4) the inclusion of three vegetation transpiration and energy 
models – varying in complexity and input requirements – allowing modellers to choose between 
models.    

Through co-simulation, three BIA strategies were assessed on their potential improvement of 
the free-running capacity for the educational building stock in Quito, Ecuador. Simultaneously, and 
due to the simulation of mass flow exchange between farms and occupied spaces, the potential 
improvement of indoor air quality was assessed in terms of CO2 concentrations. Results showed the 
adequacy of BIA systems to improve the indoor environmental quality of classrooms.  
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 Surface-by-surface passive optimization 

 

“Efficiency is doing things right; effectiveness is doing the right things.”  

˗ Peter Drucker 

 

 

 

 

Envelope renovation is detrimental to energy reduction. Despite a 1.4% improvement in 
envelope performance in 2010-2018 [1],  sustained efforts are needed to reach the 30% improvement 
goal by 2025. Passive renovations demand planning from an early project stage and continuous 
feedback; they are subdued to compulsory building codes and require higher initial investments. 
Furthermore, there is a lack of understanding of the long-term benefits of passive renovations or 
their aggregated impact on a building’s thermal behaviour.  

Heat exchange through a building’s envelope is a function of the surface’s thermal resistance, 
heat capacity, and exposure to environmental factors (wind, direct solar radiation). Previous studies 
on schools show that 25% of heat losses occur through walls, 22% through roofs, 20% through 
ground floors and fenestration each, and 13% due to air leakage [96]. Based on these values, 
improving the thermal performance of external walls is the most effective renovation strategy. This 
statement is commonly accepted as external walls' surface is more considerable than roofs. However, 
the high roof-to-floor area and low window-to-floor area in sparse school buildings create specific 
conditions regarding their thermal performance.  

A whole-building approach is often favoured for passive renovations. Under this approach, a 
unified strategy is applied to all vertical or horizontal surfaces, i.e., the same insulation thickness for 
all external walls disregarding their orientation or exposure. Recently, studies and renovation 
projects proposed a component approach – dubbed in this thesis as the surface-by-surface approach 
– where each surface or group of surfaces are treated independently based on their thermal incidence 
[33,97]. These studies are motivated by the contradiction between a relatively good correspondence 
of the thermal behaviour on a building scale and the poor correspondence on a component scale.  

The component approach adds variability to the already complex problem of finding an optimal 
retrofit strategy. Best practice and commended retrofit energy renovation measures cannot be freely 
extrapolated as their performance is subject to the specificities of the site, building and its occupants 
[43]. Multi-objective optimization algorithms linked to building energy performance simulation 
models are used to identify preferable renovation actions [98,99]. This chapter presents an integer 
constraint genetic algorithm to optimize the surface-by-surface thermal performance in school 
buildings. 



 

 
 

Surface-by-surface passive optimization 98 

This chapter is organized into four sections: problematic, mapping, optimization and proof of 
concept. The first introduces the reasoning behind a surface-by-surface approach. The second 
section presents an approach for mapping highly complex buildings into surface typologies 
exemplified via a reference school in Quito due to its intricated geometry. The third section is 
devoted to a brief state-of-the-art review of optimization algorithms coupled with building 
performance simulation. The final section serves as a proof-of-concept of the surface-by-surface 
mosaic optimization developed in this thesis and its application to foster the free-running capacity 
of classrooms in two climatic contexts – the Mediterranean using Barcelona and equatorial using 
Quito. That last section provides the framework for the integer constraint genetic algorithm, its 
implementation and coupling with EnergyPlus, and the simulation methods for a pallet of energy 
conservation measures, including greenery strategies.  

 

6.1. Surface-by-surface problematic 

Envelope improvement requires reliable predictions of its thermal behaviour and the assessment 
of a pallet of available strategies. Passive strategies are more easily implemented in new buildings 
than in existing ones because of their architectural, technical and geographical constraints. These 
constraints are why the most cost-effective strategy in conditioned buildings is usually to upgrade 
the HVAC systems [36]. However, in free-running buildings, the required interventions for installing 
HVAC systems are more cost-prohibitive, not to mention technically unfeasible.  

Regarding prediction accuracy, there is a wide gap between the asset (expected) and operational 
energy performance (actual) due to considerable discrepancies in modelling building systems, 
envelope components, and occupants’ behaviour [100,101]. For existing buildings, discrepancies in 
envelope modelling can be due to uncertainties in thermophysical properties of the building 
materials, deviating building components, construction flaws, material degradation, and simplified 
simulation approaches [102].   

Even when the energy performance on a building scale has a good correspondence with 
predictions, at a component scale, the correspondences are poor [97]. As the complexity of the 
building envelope is difficult to capture accurately, it is inadequate to assess its thermal performance 
in a whole-building approach, particularly for free-running operations. A preferable approach is to 
examine each component of the envelope and its effect on the building behaviour [103].  

Energy simulation modelling provides a powerful and time-effective method to assess building 
components. The building envelope is disaggregated into discrete sections – individual or group 
surfaces – to analyse their heat capacity, time constant, thermal delay, and heat exchange rate. This 
type of analysis provides a deeper understating of the envelope performance and the thermal 
contribution of each component. If performed at an early design stage, this analysis could improve 
building energy performance. 

 

6.2. Surface mapping approach 

Envelope renovation is considered the most cost-prohibited strategy – at least on a cost 
investment basis. Renovations should focus on those components with a more decisive influence on 
a building’s energy performance to reduce investment [104]. The surface-by-surface approach 
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allows the valuation of each component but drastically increases the number of modelling 
parameters and non-dependant variables. Therefore, it is necessary to exclude non-significant 
components to reduce the number of surfaces and the computational cost of simulation.  

The most used parameters to quantify the thermal contribution of each surface are steady-state 
thermal transmittance (U or R-values), solar factor, heat capacity, decrement factor, and equivalent 
thermal conductivity. However, these parameters are inadequate for free-running buildings in high 
thermal amplitude climate zones. This inadequacy is because static parameters are unlikely to 
represent the performance of components due to local heterogeneities [97]. As recommended by 
[105], for free-running buildings, more appropriate parameters are surface lag time, periodic heat 
flow, and surface temperature amplitude. 

After thermal characterization of each surface, sensitivity analyses are conducted to identify the 
influence of each component on a building performance metric, e.g., free-running temperature, 
discomfort hours or intensity of thermal discomfort. The most common sensitivity method is linear 
regression using standardized regression coefficients (SRC), also known as Beta coefficients [106]. 
SRCs show the strength of the effect on the model’s output due to a change in one of the model’s 
inputs. The higher the SRC value, the stronger the effect. This method's ability to capture the model’s 
variability is measured by the coefficient of determination (R2), and it is often used to verify the 
robustness of the SRC ranking.  

This thesis proposes a surface disaggregation based on monthly heat flow and its impact on the 
classroom’s free-running temperature. A reference school in Quito is used to exemplify this 
approach. Figure 26 shows RB.UIO.1 disaggregation into envelope components. The building 
components were classified to simplify and reduce the number of surfaces assessed individually. 
First, surfaces were classified into main components, i.e., walls, partitions, floors, roofs, windows, 
doors, and exposed columns. Second, these components were subdivided regarding orientation. 
Infiltration and natural ventilation were included in the analysis due to their influence on the free-
running temperature.  

Figure 26. Left: Axonometric view of RB.UIO.1 with south walls highlighted, and right: standardized regression 
coefficient (SRC) for building components with respect to the free-running temperature. 
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As described in Chapter 2, the “RB.UIO.1” structure is exposed steel frames – without surface 
rendering or insulation – and has the most substantial effect on the building’s air temperature (SRC 
≈│5.5│). The metallic structure can increase (eastern orientation) or decrease (western orientation) 
indoor temperature depending on their face exposure. Southern and northern walls positively affect 
the temperature, contrary to the eastern walls. West glazing has the second-largest negative effect 
on indoor temperature, followed by external doors and infiltration. This SRC based ranking was 
verified using R2 coefficients with good compliance. Overall, the linear model has an R2 of 0.704, 
suggesting that additional parameters are needed to increase prediction accuracy. However, as this 
model is not used for prediction but sensitivity analysis, the coefficient of determination is 
considered adequate.  

Sensitivity analysis shows the importance of addressing walls, fenestration, and infiltration for 
retrofitting this building. However, floors, partitions, and roofs do not significantly contribute to 
indoor temperature. Due to the intricated geometry of this building, not all similar oriented surfaces 
have the same environmental exposure. Figure 27 depicts -monthly- heat flux histograms of each 
surface group. For example, most northern walls lose heat at a monthly rate of ≈ 5 kWh/m2. 
However, some northern walls are more exposed to direct solar radiation and gain heat at ≈ 12 
kWh/m2. This difference shows the need to classify the surfaces further.  

Ideally, all similar oriented surfaces should have an analogous heat flux, assuming the same 
materiality. A simple way of verifying if all surfaces in a group have akin behaviours is to consider 
a gaussian bell distribution (see figure 27). Statistically, data that differs by two standard deviations 
or more from the sample’s mean are outliers. Surfaces that fall outside this range for each component 
typology should be subdivided and assessed as separate surface groups. A proposed workaround 
uses a hierarchical clustering based on periodic heat flow, incident solar radiation and surface 
temperature gradient. This approach will be further considered in future research. 

 

6.3. Building performance optimization 

Building envelope parameters considerably influence energy performance, demanding optimum 
design and renovation strategies. Selecting the most appropriate energy measures is not 
straightforward, especially considering their combined thermal effect is not the sum of their impacts. 
Building performance optimization (BPO) determines the near-optimal design alternatives for high-
performance buildings. This method couples building energy simulation with statistical and 
optimization engines, either in BEPS software or third-party tools.  

Statistical tools refer to parametric and sensitivity analyses. Parametric simulations analyse how 
each variable affects the design objectives when all other variables are unchanged [107]. That 
method is time-consuming and only provides partial improvements due to non-linear interactions 
between the variables. Iterative models are therefore necessary to achieve optimal solutions with a 
less computational expense. These models, known as numerical or simulation-based optimizations, 
progressively find better solutions in the entire search space.  
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In BEPS, optimization is an iterative improvement process using computer simulation to achieve 
sub-optimal solutions [108,109]. Though optimization models were proposed in the 1980s, their use 
in building energy simulation started in the late 2000s. Non-automated methods such as brute-force 
search and expert-based optimization are not included in this definition. BPO methods are classified 
based on the optimization problem and the optimization algorithms. The first refers to the number 
of objectives in the optimization cost function: single or multi-objective. In single-objective 

Figure 27. Heat flux histograms for surface groups in school RB.UIO.1. Shaded areas marked the range outside two 
standard deviations. 
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problems, the function evaluation is straightforward, whereas, for multi-objective problems, 
weighted-sum or scalarization is often used, i.e., a weighting factor is assigned for each objective 
[110].  

Optimization algorithms (OA) differ in methods for sampling the search space and obtaining the 
optimum objective. There are three main types of OAs: exhaustive, calculus-based, and stochastic 
[110]. Exhaustive methods assess all points in the search space and guarantee to find the best solution 
but are computationally expensive and only commended for a few permutations. Calculus methods 
yield optimal values but require continuous variables and objectives incompatible with energy 
performance. Stochastic methods randomly select points in the search space and iteratively converge 
to the sub-optimal solution space. One of these methods – and the most common for BPO – is genetic 
algorithms (GA) [107].  

The general application of numerical optimization in BEPS is to find the optimal envelope and 
geometric configurations to reduce the energy consumption of buildings. Yigit et al. developed a 
MATLAB thermal simulation routine coupled to a genetic algorithm to optimize the heating load of 
a residential building in Turkey [111]. That study tested several types of walls, roofs, foundations, 
windows, translucent areas and absorptance coefficients. Penna et al. assessed the viability of a near-
zero energy building using a multi-objective genetic algorithm combined with TRNSYS for energy 
simulation [112]. That study assessed multiple insulation thicknesses to minimize the intensity of 
thermal discomfort, the heating load and the net present value.  

For an Italian educational building, the optimal retrofit solution favours the modernization of 
the energy system over the improvement of the building envelope to diminish heating and cooling 
loads and the percentage of discomfort hours [113]. The optimization variables included shifting 
heating and cooling setpoints obtaining more significant energy savings than envelope strategies. 
The most influential variables are glazing type and HVAC efficiency for retrofitting school buildings 
in Portugal with the lowest energy consumption, cost, and thermal discomfort [114]. However, that 
study also suggested that envelope strategies were the lowest cost solutions.  

There are several optimization tools for BEPS. The most known are: 1) GenOpt tool from the 
Lawrence Berkley National Laboratory compatible with several simulation engines but with limited 
optimization capabilities; 2) Opt-E-Plus, which adjusts certain factors in EnergyPlus; and 3) jEPlus, 
which is an easy-to-use optimization tool but with a limited number of variables. DesignBuilder 
software has an optimization feature using a genetic algorithm, but it is constrained to ten variables 
and two objectives. Most optimization tools provide friendly graphical interfaces at the cost of 
limited functionalities. For example, adding additional thermal zones, co-simulation routines, and 
altering surface exposition is not straightforward and requires additional programming.  

 

6.4. Proof of concept 

This section conceptualises the surface-by-surface thermal performance of uninsulated school 
buildings as a multi-objective optimization problem. For explanation purposes, single classroom 
modules are used throughout this section.  
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6.4.1. Classroom model 

A single classroom was modelled for a reference school building in Barcelona and Quito. Since 
these classrooms are simple shoe-box models, a clustering approach to group similar thermal 
surfaces is unnecessary. Surfaces were disaggregated into components based on face orientation (see 
Figure 28), as described in section 6.2. Surfaces were classified into external walls, windows, doors 
and roofs. Table 5 summarizes both classroom models' geometrical characteristics and their 
thermophysical and operational parameters as described in Chapter 2. 

 

6.4.2. Surface energy renovation strategies 

Figure 29 shows all ERMs considered for surface-by-surface optimization according to the 
envelope component acted. ERMs include conventional envelope strategies, i.e., thermal insulation, 
and greenery strategies, i.e., green roofs. Three types of glazing were tested: single clear (existent), 

Table 5. Building parameters for classroom models 

 BCN UIO 
Area 51.75 m2 39.90 m2 
Length 9.0 m 6.65 m 
Width 5.75 m 6.0 m 
Height 2.80 m 2.80 m 
Sill height 0.95 m 1.2 m 
Main axis orientation East-West North-South 
WWR North 28.27% 0% 
WWR East 0% 48.71% 
WWR South 41.67% 0% 
WWR West 0% 53.07% 
Annual occupied hours 1360.5 1266 

Figure 28. Axonometric view of a single classroom in a) Barcelona, b) Quito, and c) exploded view into components 
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double glazing, and double glazing with a low emissivity outer pane. Same conceptual strategies 
were tested for external walls and roofs alike, though with characteristics proper to the building 
component, i.e. waterproof and anti-root layers required for green roofs and green walls.  

Below is a brief description of each strategy and the simulation approach. Strategies with 
straightforward implementation in BEPS are presented first. Supporting components (slabs and 

Figure 29. Tested energy renovation measures for each surface typology 
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walls) were modelled to reflect actual materiality and thickness (see Chapter 2). Greenery strategies 
were modelled in simplified ways contrary to the co-simulation approach presented in Chapter 5. 
This decision was made to shorten simulation time during the optimization process. 

1. Glazing type (G1, G2, G3): the properties for the glazing components were defined directly 
on EnergyPlus through layered glazing panes. Table 6 summarizes the glazing systems' 
characteristics.  

 

2. Insulated façade/roof (Fi5, Fi10, Ri5, and Ri10): this strategy implies installing a layer of 
expanded polystyrene (EPS) on the outer pane of the existing envelope component – roof or 
wall. Two insulation thicknesses were assessed: 5 cm and 10 cm. Surface finish replicates 
the existing covering not to alter the building’s aesthetics, e.g., ceramic cladding in 
Barcelona school to mimic exposed brickwork. EPS thermal properties were: λ = 0.04 
W/mK, ρ = 15 kg/m3, Cp = 1400 J/kgK, αt = 0.9, and αs = 0.6. Table 7 shows the assemblies' 
thermal transmissivities for both classrooms. 

 

3. Ventilated façade/roof (Fve, Rve): refers to multi-layer envelopes with an air gap between 
the building component and the surface cladding. Ventilated skins are based on the 
“chimney effect” to trigger a natural flow of air by buoyancy. These systems also moderate 
heat, light, and air exchange between inner and outer panes. Ventilated components were 
modelled in EnergyPlus using the “ExteriorNaturalVentilatedCavity” object with the 
“GapConvectionRadiation” modelling type. The cladding properties were: ε = 0.9, αs = 0.65. 
The cladding was assumed to be an even surface with 2% gaps between tiles. The air 
exchange coefficient to wind was 0.1 and to buoyancy 0.5. For external walls, the thickness 
of the cavity was 5 cm and for roofs was 10 cm.   

 

4. Double skin façade (Fds): refers to three-part systems of an external glazing layer, an 
intermediate gap with depths varying from 10 cm to 2 m, and an inner façade [115]. Like 

Table 6. Glazing systems for optimization 

System 
BCN UIO 

U-value 
[W/m2K] SHGC VLT U-value 

[W/m2K] SHGC VLT 

Existent 5.770 0.857 0.890 5.894 0.861 0.898 
Double 
glazing 3.085 0.755 0.797 3.159 0.762 0.812 

Double lowE 2.344 0.690 0.737 2.470 0.600 0.769 

Table 7. U-value of envelope components for optimization 

Assembly 
BCN UIO 

Wall Roof Wall Roof 
Existent 1.328 0.388 1.973 3.696 
+ 5 cm EPS 0.493 0.250 0.538 0.591 
+ 10 cm EPS 0.305 0.191 0.322 0.340 
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ventilated façades, airflow is solar-induced by thermal buoyancy and wind pressure. Fds 
were modelled as separate thermal zones adjacent to the classroom walls; therefore, the 
inner facades are the existing walls. The cavity depth was 1 m, and the height was the same 
as the classrooms. Glazing materiality was 12 mm transparent polycarbonate (λ = 0.2 
W/m°K, ρ = 1200 kg/m3, Cp = 1200 J/kg°K, αt = 0.9, and αs = 0.7). Its optical properties 
were: τs = 0.75,  σs = 0.055, τv = 0.802,  σv = 0.057, ε = 0.9. Natural ventilation uses the 
“Zone Ventilation: Wind and Stack Open Area” object in EnergyPlus to model airflow rate 
as a function of wind speed and thermal stack effect. Openings were 20% of the glazing 
surface and set to operate whenever the cavity temperature exceeded 16 °C.  

 
5. Rooftop solarium (Rds): Rds are similar to Fds but consist of habitable fully-glazed rooftop 

spaces. Solariums are sunspaces with a thick mass envelope component to store direct heat 
gains, the roof slab [116].  The slab acts as heat retention (solarium side) and distribution 
source (classroom side). Solarium geometry was box-liked for simplification. Their 
footprint was the same as the classroom, and their height was 2.8 m. Ventilation was 
modelled as for Fds but assuming a 30% opening area in each wall.  

 
6. Façade and rooftop greenhouse (Fg and Rtg): to model the effect of plants on glazed 

cavities, the approach proposed by [117] was used. Plants are modelled as interior shading 
devices parallel to the glazing. In this manner, EnergyPlus simulates convective and 
radiative heat transfer between the plants and the glazing. The shade’s properties are 
assumed identical to those of the plant species under study. 𝛼𝛼𝑠𝑠_𝑜𝑜𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝 is the plant’s solar 
absorptance based on its albedo and LAI (see equation 3), with a 0.4 factor to include the 
plant's transpiration [118]. 

𝛼𝛼𝑠𝑠_𝑜𝑜𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝 = 0.4 ( 1 −  𝑒𝑒−𝐾𝐾𝑠𝑠∙𝐿𝐿𝐿𝐿𝐿𝐿 −  γ) (3) 

Where ks is the extinction coefficient, LAI is the leaf area index, and γ is the plant’s albedo. 
These constants and all shade properties used in EnergyPlus for a common perennial potted 
indoor plant are in Table 8 [119].  

Table 8. Properties for “greenery” shading devices 

Parameter Value 
Solar transmittance (τs) 0.5925 
Solar reflectance (σs) 0.23 
Visible transmittance (τv) 0.06 
Visible reflectance (σv) 0.09 
Thermal emissivity (ε) 0.98 
Thermal transmittance (τt) 0 
Thickness 0.001 [m] 
Conductivity (λ) 0.34 [W/m2K] 
Shade to glass distance 0.30 [m] 
Airflow permeability 0.25 
Solar absorptance (αs_plant) 0.1774 
Extinction coefficient (ks) 0.5 
LAI 2.24 [m/m] 
Albedo (γ) 0.22 

 

7. Living roof (Rlr): these are the most well-known envelope greenery strategy [120] proven 
to increase an uninsulated building’s thermal performance [121,122]. Their modelling in 
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EnergyPlus is straightforward through the “Material: RoofVegetation” object associated 
with the Eco Roof model. It models evapotranspiration, soil’s heat conduction, and 
convective and radiative heat exchanges between the plants’ canopy and the surrounding 
air. Living roof’s layers were: 15 cm lightweight expanded clay substrate, two drainage 
layers of polypropylene and high-density polystyrene, a low-density polystyrene and 
polyester anti-root layer, and an asphalt waterproof sheet [123]. The “roof vegetation object” 
is associated with the substrate layer with properties described in Table 9. Plants' properties 
are the same as for Rtg. 

Table 9. Properties for living roof model 

Parameter Value 
Height of plants 0.10 [m] 
Minimum stomatal resistance 150 [s/m] 
Thickness 0.15 [m] 
Conductivity of dry soil (λ) 0.31 [W/m2°K] 
Density of dry soil (ρ) 870 [kg/m3] 
Specific heat dry soil (Cp) 1602 [J/kg°K] 
Thermal absorptance (αt) 0.90 
Solar absorptance (αs) 0.60 
Saturation volumetric moisture 0.263 
Residual volumetric moisture 0.021 

 
8. Living wall (Flw): vertical greenery systems can be roughly classified into two categories: 

living walls and green walls. Their difference lies in the growing medium and plant type. 
Living walls use different natural or artificial substrates in planted vertical panels [124]. To 
accurately simulate living walls, additional subroutines are required [125]. Although the Eco 
Roof model is not tailored for vertical surfaces, it provides an excellent approximation to 
experimental values of living walls (surface temperature error ±0.9 °C and energy prediction 
error ±10.4 % [126]). Therefore, the Eco roof model is a suitable simplified method to model 
living walls for this optimization study. The properties of living walls are the same as those 
for the green roof but with a substrate thickness of 10 cm and the minimum allowable height 
of plants (0.006 m). This last was to lessen the effect of wind speed on heat transfer.  

 
9. Green wall (Fgw): contrary to living walls, green walls do not have a vertical substrate 

layer. Their composition is meshes and climbing plants (planted on pots or in the ground). 
To model green walls, two material layers were added to the existing walls: a small 3 cm 
thick soil layer (for potted plants), and a 5 mm vegetation layer with properties as those of 
a common climbing plant (λ = 0.34 W/m°K, ρ = 656 kg/m3, Cp = 2252 J/kg°K, αt = 0.98,  
αs = 0.44, and αv = 0.77)  [119]. The convective heat transfer was calculated at each 
simulation time step as described in equation 4 to model the sensible heat exchange between 
the plants and the surface. 

Convective coefficient: ℎ = 𝑁𝑁𝑢𝑢𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
𝐿𝐿

   With: (4) 

Nusselt number: 𝑁𝑁𝑁𝑁 = 0.37(𝐺𝐺𝐺𝐺 + 6.417𝑅𝑅𝑒𝑒2)0.25   

Grasshof number: 
𝐺𝐺𝐺𝐺 =

𝐿𝐿3𝑝𝑝2𝑔𝑔 ∙ ΔT ∙ 𝛽𝛽
𝑁𝑁2

 
  

Reynolds number: 𝑅𝑅𝑒𝑒 =
𝐿𝐿 ∙ 𝑉𝑉 ∙ 𝑝𝑝

𝑁𝑁
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Temperature difference [°C]: ΔT =  𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑝𝑝𝑖𝑖𝑟𝑟     

Thermal expansion coefficient [1/°K]: 𝛽𝛽 =
1
𝑇𝑇𝑓𝑓

 
  

Film temperature [°K]: 𝑇𝑇𝑓𝑓 =
𝑇𝑇𝑝𝑝𝑖𝑖𝑟𝑟 + 𝑇𝑇𝑠𝑠

2
+ 273.15 

  

Thermal conductivity of air [W/m°K]: 𝜆𝜆𝑝𝑝𝑖𝑖𝑟𝑟   

Height of wall [m]: L   

Gravity [m/s2]: g   

Density of air [kg/m3]: ρ   

Viscosity of air [kg/m·s]: 𝑁𝑁   

Air temperature [°C]: 𝑇𝑇𝑝𝑝𝑖𝑖𝑟𝑟   

Wall surface temperature [°C]: 𝑇𝑇𝑠𝑠   

This model was implemented in EnergyPlus through its runtime language programming 
combined with its Energy Management System (EMS). The new convective coefficients 
were set on EMS as actuators over the “exterior surface convection heat transfer 
coefficient”.  

 

6.4.3. Whole-building approach 

As introduced at the beginning of this chapter, the whole-building approach applies a unified 
renovation strategy to all vertical or horizontal surfaces. For example, 5 cm thick thermal insulation 
is applied to all opaque envelope components, or all fenestration is replaced for double low-E 
glazing. The downsize of this approach is that the interrelations amongst ERMs are overlooked. 

As depicted below, seven whole-building opaque envelope scenarios were devised based on the 
selected surface renovation strategies. These strategies did not include changes to the fenestration 
not to introduce permutations in the sample.  

1. 5 cm EPS insulated 
2. 10 cm EPS insulated  
3. Ventilated (VE) 
4. Double skins (DS): including double skin facades and rooftop solarium 
5. Vegetated double skins (DS_veg): including façade and rooftop greenhouses 
6. Green envelope (GE): green walls and living roofs. 
7. Living envelope (LE): living roofs and living walls. 

The free-running thermal performance of these strategies was compared to that of the non-
retrofitted classroom module. The metrics analysed were the intensity of thermal discomfort (ITD) 
and the annual discomfort hours (see Chapter 1). Figure 30 shows the results for the whole-approach 
scenarios. For each case-study city, results were organized in a descending manner according to their 
ITD.  
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All scenarios improve the classrooms’ free-running performance, showcasing the 
appropriateness of passive measures. Interestingly, green and ventilated envelopes are the least 
efficient. Green envelopes improve the free-running thermal performance by 14.4% and 31% for 
Barcelona and Quito, respectively, whereas ventilated envelopes improve by 18% and 52%. It is 
worth remarking that these results concern a single exterior classroom. Therefore, its performance 
differs from the reference school buildings despite having the same thermophysical and operational 
parameters. 

Although 10 cm insulation and living envelopes have similar values, double skins have the 
highest free-running performance for Barcelona. Vegetation in the solarium and the double skin’s 
glazed cavity lessens their performance as plants intercept direct solar radiation. As solar gains are 
reduced, the indoor temperature does not surpass minimum comfort limits.  This effect is beneficial 
in the summer months, but as schools are non-operative during this period, it is preferable to harvest 
maximum solar gains.  

Full continuous insulation of the building envelope is the most efficient strategy for classrooms 
in Quito, though over insulating the building causes the operative temperature to surpass comfort 
limits. Vegetated double skins are an excellent renovation strategy for this climate type as plants 
provide passive heating and cooling. Vegetation captures solar radiation during the day and releases 
heat during the nights, raising the cavity’s air temperature and indirectly heating classrooms.  

Even though whole-approach scenarios provide reasonable solutions, it is worth exploring if 
treating each surface independently provides better results. This hypothesis is explored in the 
following sections.  

 

6.4.4. Surface-by-surface approach: constraint genetic algorithm optimization 

As each surface in a building is exposed to specific environmental conditions – wind, radiation, 
noise – it is inadequate to assume all would have the same thermal performance. Therefore, the most 
appropriate renovation/design strategy will differ for each surface. There are 168 possible 
permutations for the ERMs introduced in section 6.4.2 (8 ERM_wall × 7 ERM_roof × 3 
ERM_glazing). Evaluating each solution, though time-consuming, is feasible. However, in a 

Figure 30. Free-running performance for whole-building passive renovation scenarios. Intensity of thermal discomfort 
(ITD) 
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surface-by-surface approach (four walls, one roof, and two fenestrations), the number of 
permutations in the search space is drastically increased (8×8×8×8×7×3×3 = 258048). As manually 
evaluating this search space is not practical, a constraint genetic optimization algorithm is proposed.  

Genetic algorithms (GA) are based on the survival-of-the-fittest evolution process. These were 
first proposed in 1975 by Jon Holland as a population-based algorithm that converges to a global-
optimum solution by breeding the highest-performance individuals [127]. GA is used in many BPOs 
(see section 6.3) because of their efficiency in significant search-space problems, their ability to 
handle highly constrained discrete values and find Pareto optimal solutions in each run, and their 
robustness to simulation failures [107,110]. GA does not assess every feasible solution but rather 
moves towards a global minimum. Therefore, finding the best overall solution is not guaranteed but 
provides good results within a reasonable computation time.  

GA attempts to find the minimum fitness solution to a problem. It does so by minimizing a cost 
function, either single or multi-objective. Equation 5 shows the three-objective function used in the 
optimization process of this GA: 

𝜒𝜒 = arg min(�‖ƒ (ITD, DIS, DC‖2) (5) 

Where 𝜒𝜒  is the state as a vector of optimal surfaces ERMs, ITD is the intensity of thermal discomfort, 
DIS is the discomfort hours, and DC is the renovation cost. The first two metrics are calculated in 
EnergyPlus based on equation 1 in Chapter 1. The renovation cost is calculated based on surface 
area and cost per area of ERM. Direct construction costs were obtained from local construction 
databases [128,129]. 

This multi-objective GA was implemented in MATLAB through its Global Optimization 
Toolbox, though minor modifications were done as described in the following paragraphs. Figure 
31 shows the flowchart for this approach. First, GA creates a random initial population of feasible 
solutions known as generation 0. It then sends this population as a simulation batch to EnergyPlus 
and retrieves each solution's annual energy and thermal outcomes. Third, GA scores each solution 
by its fitness value and ranks them from best to worst. Then, it selects the highest-performing 
members as parents to keep, reproduce, or mutate, giving way to a new population (generation 1). 
This new population is sent to EnergyPlus for building simulation, and the process repeats until the 
algorithm termination criteria are met.    

Each population is a set of individuals or potential solutions. Individuals have coded string 
structures known as “chromosomes”. Each member in the string (known as “gene”) is an 
optimization variable; in this case, the seven envelope components for the shoe-box classroom 
model (see figure 28). Genes were encoded to integer values representing the ERMs, e.g. 1 
represents “none”, 3 is “continuous 10 cm EPS insulation”, and 5 is “double skin”, amongst others. 
Figure 32 exemplifies the value encoding used. Variables were constrained to feasible ERMs so that 
genes vary within a pre-set range. For example, fenestration (variables 6 and 7 in the chromosome) 
could only take the values: 1 (none), 9 (double glazing), or 10 (lowE glazing).   

After the initial population, the parents' genetic code is operated upon to yield offspring for the 
next generation. Parents are selected through a ranking method scaling the cost function to a 0-1 
range known as “expectation value” [130]. The fittest parents have a higher probability of 
contributing offspring to the next generation. Genetic operators include elitism, crossover, and 
mutation [131]. The best individuals in a generation are kept in the next population; this is elitism.  
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Figure 31. Step-by-step diagram for this multi-objective constraint genetic 
algorithm (GA). 

Figure 32. Value encoding and genetic operations used in this genetic algorithm. 
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Crossover produces offspring by recombining the genetic code of two parents. A single random 
crossover point was used for each generation. The mutation was set to alter one or more genes in an 
elite randomly. This operator ensures essential information is not lost prematurely and maintains 
diversity in the population.  

Firstly, the GA termination criteria were a 0.0001 tolerance limit for population convergence. 
This criterion stops the algorithm if the average relative change in the fitness function over ten 
generations is less than the tolerance limit. Secondly, the maximum number of generations was 1000. 
Table 10 shows the most relevant configuration parameters for this GA. 

Table 10. Genetic algorithm settings       

Parameter Value 
Number of variables 7 
Population size 100 
Max number of generations 1000 
Tolerance limit 0.0001 
Max stall generations 10 
Variable description Roof Wall 1 Wall 2 Wall 3 Wall 4 Glass 1 Glass 2 
Constraint coded ERMs 7 8 8 8 8 3 3 

 

 

6.4.5. Optimization results 

In building energy optimization, the computational time of detailed hourly simulations – as 
necessary for thermal comfort metrics used here – is a concern. GA allows the concurrent evaluation 
of individuals through parallel BEPS simulations. In each generation, MATLAB calls a Phyton 
subroutine that writes a hundred .idf files according to the “chromosome” data given by the GA for 
each individual. Phyton also launches the EnergyPlus batch to simulate these files across multiple 
separate processor cores. The proposed BPO algorithm was run on a standard CPU, IntelCore i7, 
with 16 GB RAM.  

Table 11 depicts the GA performance in Barcelona and Quito. For both cases, the search space 
was 258048 feasible solutions. After 330 generations in Barcelona, the algorithm converged, having 
simulated 12739 feasible solutions. The GA did not converge in Quito, and the termination was due 
to the maximum number of generations. In this case, 32281 feasible solutions were simulated. These 
results will be explained individually for each case in the following paragraphs after a brief 
discussion on the algorithm’s performance. 

Table 11. GA termination flags 

  BCN UIO 
N.o. permutations 258048 
Warm-up GA runs 3 6 
Converged Yes No 
N.o. generations 330 1000 
N.o. EnergyPlus simulations 12739 32281 
Simulation time [min] 919.7 2602.7 
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The computational time required to run one generation with 100 individuals was ≈ 7.8 min. The 
required time to run a thousand generations would be five days and ten hours. As the GA uses an 
elitist approach, there are repeated individuals from previous generations in each generation. 
Therefore, to speed up the simulation, a subroutine stores a self-updating “simulation history” from 
which the GA recovers outputs from previously evaluated individuals. This approach significantly 
reduced the overall simulation time by 60%.  

Around 62-67 % of individuals evaluated are repeated across generations due to the problem’s 
constraint nature, inheritance rules, and elitism. Using constraint variables slows down the algorithm 
as there is no apparent direction change in the fitness slope by decreasing a variable’s value. 
However, unconstraint variables can only represent specific parameters in BPS, e.g., thermal 
transmittance, reflectance, and fenestration ratios, among other lineal metrics. Optimizing these 
parameters might result in unfeasible or not commercially-available solutions, e.g., non-standard 
insulation thickness. A constraint coding is unavoidable to include specifically tailored component 
envelope systems – such as greenery or rooftop greenhouses –  and accurate simulation approaches.    

Due to the three-objective optimization approach, Pareto surfaces present optimal solutions for 
both case studies. Pareto optima are non-dominated solutions for which no alternatives exist that 
increase the satisfaction value of an objective function without hampering the value of another 
objective. Though the best solution is understood as the one with the best fitness value (weighed 
objectives), Pareto solutions show the trade-off between the objectives as an aid to decision-making. 
Figure 33 shows the evaluated results and algorithm performance for the single-classroom 
optimization in Barcelona, and Table 12 characterizes its Pareto optima.  

Only seventeen strategies worsen the classroom's thermal performance from the 12739 feasible 
solutions evaluated for Barcelona (grey dots in Figure 33 (a)). All seventeen strategies include the 
replacement of the southern glazing for double low emissivity glass and the lack of insulation on 
walls. By exclusively replacing the southern glazing for double lowE, the hours in thermal comfort 
rise from 458 to 554, and the ITD from 713 to 893. However, lowE glazing paired with additional 
ERMs has the best performance (Table 12). These results confirm that by disregarding the 
interrelations between ERMs, appropriate surface strategies might be overlooked in whole-building 
approaches.  

There are 29 solutions in the Pareto optima, including not retrofitting the classroom since direct 
construction cost is an optimization objective (price 0 €/m2). The lowest ITD is 10 cm insulation in 
the roof and eastern wall, 5 cm in the northern and western walls, double skin façade on the south, 
and double lowE fenestration. The optimal solution to improve hours in thermal comfort is similar 
to that of the best ITD but with 10 cm insulation in the northern wall. However, both strategies 
require high economic investment ( >105  €/m2). Interestingly, there are seven vertical greenery 
solutions in the Pareto but non for the south façade due to a predilection for DSF. Greenery on the 
east and west facades best attenuate the surface’s thermal amplitude. For the rooftop, the only 
reasonable strategy is to add 10 cm insulation, but its economic investment is not justified.  

With the lowest fitness value, the optimal solution is to install a DSF on the south façade and 
insulate the east and north walls. This strategy reduces discomfort hours to 41.3, its intensity to 28.5, 
and has a construction cost of 63.9  €/m2. GA converged to this solution after 330 generations 
showing a relative low improvement in the average fitness value after the 100th generation (see 
Figure 33 (b)). During the first generations, the populations have to be fully simulated by 
EnergyPlus, requiring 20% more computational time for the first 100th generations.      
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The GA did not converge for Quito despite 32281 simulations (see Figure 34). Contrary to the 
case in Barcelona, there is no continuous change in the average fitness function after the 100th 
generation. This fluctuation shows no clear optimization slope, i.e. there is no predilection for 
specific surface strategies but rather for their combined effect. Therefore, a more diverse array of 
solutions fulfils the optimization objectives. Although the algorithm did not converge, the final 
population fitness values are close to the Pareto optima, showing the iterative process's 
appropriateness to reach a global optimum.  

Regarding computational performance, for every 100 generations, the simulation time decreases 
progressively by 7%. For Quito, the improvement in simulation time is not as stepped as for 
Barcelona since six warm-up trials were required to calibrate the GA parameters accurately; 

Figure 31. Multi-objective optimization for a classroom in Barcelona. a) all evaluated solutions in a 3D space where each 
axis is an optimization objective, b) average change in fitness function, and c) simulation time. 
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therefore, there was a larger simulation pool to recover information. Thanks to the data recovering 
feature implemented in the GA, the final thousand simulations required almost 40% less time.   

There are only four feasible strategies in the search space that increase the thermal discomfort 
hours in this classroom. These strategies refer to full insulation of the envelope paired with rooftop 
greenhouses. What is notorious is that these four strategies lower the ITD. Since the discomfort 
hours in these scenarios are due to overheating, simple ventilation strategies could solve it. 
Therefore, it is accurate to state that any passive renovation strategy is appropriate to increase 
thermal comfort in classrooms in Quito.  

Table 13 shows the 32 Pareto solutions for a classroom in Quito. The best solution for each 
objective is: 1) for the price, do not retrofit; 2) for discomfort hours, use a ventilated façade on the 
west, 5 cm insulation on the north wall, and 10 cm insulation in the remaining envelope components; 
and, 3) for ITD, use a 5 cm insulation in north and south walls, and 10 cm insulation in all other 
components. Thermal insulation is the predominant ERMs for all opaque components, though 

Table 12. Pareto optima solutions for retrofitting a classroom in Barcelona 

Optimization variables Optimization objectives 

Roof 
Walls Glazing 

East North West South North South Discomfort 
hours ITD Price [€ 

/sqm] 
R0 F0 F0 F0 F0 G1 G1 458.83 713.46 0.00 
R0 F0 F0 F0 F0 G2 G1 392.00 583.75 1.12 
R0 F0 F0 F0 F0 G3 G1 385.67 564.22 2.09 
R0 F0 F0 F0 F0 G2 G2 371.17 537.47 2.82 
R0 Fgw F0 F0 F0 G3 G1 362.67 528.01 11.08 
R0 F0 F0 F0 F0 G3 G2 362.83 518.07 3.79 
R0 F0 F0 Fgw F0 G3 G2 343.17 484.76 12.78 
R0 Fgw F0 F0 F0 G3 G2 345.00 484.64 12.78 
R0 F0 F0 Fds F0 G1 G1 209.00 291.79 15.42 
R0 F0 F0 Fds F0 G2 G1 176.50 235.82 16.54 
R0 F0 F0 Fds F0 G3 G1 166.83 222.62 17.51 
R0 F0 F0 Fds F0 G3 G2 149.33 187.96 19.21 
R0 F0 F0 F0 Fds G1 G1 112.83 125.93 21.08 
R0 F0 F0 F0 Fds G2 G1 92.17 92.70 22.20 
R0 F0 F0 F0 Fds G3 G2 85.33 83.63 24.87 
R0 F0 F0 Fgw Fds G3 G2 81.67 76.05 33.86 
R0 FiFi10 F0 F0 Fds G2 G1 72.00 58.23 37.64 
R0 FiFi10 F0 F0 Fds G3 G1 66.67 54.03 38.61 
R0 F0 Fi10 F0 Fds G2 G2 64.17 50.16 46.05 
R0 Fi10 F0 Fgw Fds G3 G2 56.33 43.95 49.30 
R0 Fgw Fi10 F0 Fds G3 G3 55.00 43.07 57.49 
R0 F0 Fi10 Fi5 Fds G3 G3 42.33 31.48 63.00 
R0 Fi10 Fve Fi5 Fds G3 G3 40.83 30.50 73.17 
R0 Fi10 Fi10 F0 Fds G3 G3 41.33 28.54 63.94 

Ri10 Fi10 Fi5 Fgw Fds G3 G2 33.67 23.32 98.41 
R0 Fi10 Fi10 Flw Fds G3 G3 34.33 22.29 88.31 
R0 Fi10 Fi10 Fi5 Fds G3 G3 34.33 21.17 78.45 

Ri10 Fi10 Fi10 Fi5 Fds G3 G3 30.33 20.94 106.75 
Ri10 Fi10 Fi5 Fi5 Fds G3 G3 31.00 20.39 105.40 
Uninsulated (R0, F0), 5 cm EPS insulation (Fi5), 10 cm EPS insulation (Ri10, Fi10), green wall (Fgw), living wall (Flw), 
ventilated façade (Fve), double skin facade (Fds), single clear glazing (G1), double glazing (G2), double lowE glazing 
(G3). Colour legend: greenery systems (green), multi-layer systems (red), and standard insulation systems (grey).  
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double skin envelopes are also commended for west walls. In most Pareto solutions, the eastern wall 
is not retrofitted as its heat gains balance its losses.  

The only greenery strategy in this Pareto is an eastern vegetated double-skin façade. The optimal 
solution is the previous greenery combined with 5 cm insulation on the roof, north and south walls, 
and double glazing on the western fenestration. The west wall is uninsulated to foster heat exchange 
through the least environmentally exposed surface. There are 22 hours a year outside thermal 
comfort with this renovation strategy, the ITD is below 16-degree hours, and the direct cost is 58 
$/m2. 

Figure 35 summarizes the optimal renovation strategies for both case studies. Some components 
do not require renovation, like the roof in Barcelona and the west wall in Barcelona and Quito. The 

Figure 32. Multi-objective optimization for a classroom in Quito. a) all evaluated solutions in a 3D space where each 
axis is an optimization objective, b) average change in fitness function, and c) simulation time. 
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construction cost saving is between 30 and 40% by acting only on surfaces affecting comfort rather 
than the entire envelope. Also, mosaic surface renovation improves building performance showing 
thermal metrics up to four times better than whole-building approaches.  

The optimal mosaic solution reduces discomfort hours by 60% and ITD by 71% compared to 
Barcelona's double skin envelope whole-building approach. In Quito, this mosaic approach reduces 
by half the discomfort hours and ITD of the best whole-building strategy – 10 cm insulation in all 
envelope components. Mosaic renovation guarantees a year-round free-running educational building 
in Quito (< 2% occupied hours outside thermal comfort range). Though for Barcelona, the optimal 
solution does not fulfil this parameter, its predicted performance suggests that active thermal 
conditioning would only be necessary for peak winter/summer.   

 

Table 13. Pareto optima solutions for retrofitting a classroom in Quito 

Optimization variables Optimization objectives 

Roof 
Walls Glazing 

North West South East West East Discomfort 
hours ITD Price 

[$/sqm] 
R0 FiFi0 Fi0 Fi0 Fi0 G1 G1 241.33 391.45 0.00 
R0 Fi0 Fi0 Fi0 Fi0 G1 G2 226.83 351.57 3.88 
R0 Fi0 Fi0 Fi0 Fi0 G2 G1 225.00 347.76 4.27 
R0 Fi0 Fi10 Fi0 Fi0 G1 G1 214.67 327.55 5.13 
R0 Fi0 Fi0 Fi0 Fi0 G2 G2 205.83 309.94 8.15 
R0 Fi0 Fds Fi0 Fi0 G1 G1 188.17 256.13 8.18 
R0 Fi0 Fi10 Fi10 Fi0 G1 G1 171.00 230.21 13.64 
R0 Fi0 Fds Fi0 Fi0 G1 G2 171.00 225.33 12.06 
R0 Fi0 Fi0 Fi5 Fi0 G2 G2 160.17 213.46 16.65 
R0 Fi5 Fds Fi0 Fi0 G1 G1 151.83 187.41 16.69 
R0 Fi5 Fi0 Fi10 Fi0 G1 G1 146.00 185.48 17.78 
R0 Fi0 Fds Fi5 Fi0 G1 G2 137.50 160.70 20.57 
R0 Fi5 Fds Fi0 Fi10 G1 G1 135.50 157.14 22.29 
R0 Fi5 Fi0 Fi5 Fi0 G2 G2 122.00 142.19 25.16 
Ri5 Fi0 Fi0 Fi0 Fi0 G1 G1 109.17 127.51 25.20 
R0 Fi5 Fi10 Fi10 Fi0 G1 G2 113.50 124.97 26.79 
R0 Fi5 Fi10 Fi10 Fi10 G1 G1 110.17 118.80 28.51 
Ri5 Fi0 Fi0 Fi0 Fi0 G1 G2 94.33 105.31 29.08 
Ri5 Fi0 Fi10 Fi0 Fi0 G1 G1 87.83 94.55 30.33 
Ri5 Fi0 Fi0 Fi0 Fi0 G2 G2 77.83 83.29 33.35 
Ri5 Fi0 Fds Fi0 Fi0 G1 G1 69.17 63.63 33.39 
Ri5 Fi0 Fi0 Fi5 Fi5 G1 G1 55.33 55.72 38.84 
Ri5 Fi0 Fi0 Fi5 Fi0 G2 G2 46.00 42.03 41.85 
Ri5 Fi0 Fi10 Fi10 Fi0 G1 G2 36.17 32.94 43.49 
Ri5 Fi0 Fi10 Fi5 Fi0 G2 G3 34.50 29.51 56.46 

Ri10 Fi10 Fi0 Fi5 Fi0 G1 G1 37.17 27.27 51.45 
Ri5 Fi5 Fi0 Fi5 Fg G2 G1 22.17 16.01 58.05 

Ri10 Fi5 Fi0 10 Fi0 G3 G3 18.50 13.98 79.51 
Ri10 Fi5 Fi10 Fi5 Fi0 G2 G3 20.33 10.36 73.44 
Ri5 Fi5 Fi10 Fi5 Fi10 G3 G3 12.00 7.83 81.00 

Ri10 Fi5 Fve 10 Fi10 G3 G3 10.50 6.70 94.51 
Ri10 Fi5 Fi10 Fi5 Fi10 G3 G3 13.00 6.14 89.47 
Uninsulated (R0, F0), 5 cm EPS insulation (Ri5, Fi5), 10 cm EPS insulation (Ri10, Fi10), greenhouse facade (Fg), 
ventilated façade (Fve), double skin facade (Fds), single clear glazing (G1), double glazing (G2), double lowE glazing 
(G3). Colour legend: greenery systems (green), multi-layer systems (red), and standard insulation systems (grey).  
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6.4.6. Conclusions 

This chapter presented a proof-of-concept for a surface-by-surface “mosaic” optimization 
algorithm that seeks to improve the free-running capacity of classrooms. It evaluates several feasible 
solutions in the search space and iteratively converges to a global optimum based on the natural 
selection of the fittest solutions. Thermal performance evaluation is done through building 
performance simulation using metrics compliant with international comfort standards. The mosaic 
optimization algorithm recovers simulation outputs to rank the solutions and provide tailored 
renovation measures for each surface. The main conclusions are: 

1. This chapter successfully assessed the thermal performance of passive renovating 
classrooms in Barcelona and Quito from a whole-building and surface-by-surface approach 
using conventional and greenery renovation measures. 

2. Surface-by-surface approach achieves two to four times lower discomfort indexes than 
traditional whole-building approaches. It also reduces upfront investments up to 40% by 
acting exclusively on surfaces that require renovation.  

3. The genetic constraint algorithm finds the best combination of passive renovation measures 
for each geographical context. It showcased the inaccuracy of transferring similar 
renovation approaches since none of the optimal surface strategies for a classroom in 
Barcelona is adequate for a classroom in Quito. 

4. There is a predilection for double skin facades on the south and 10 cm insulation on the east 
and northern walls for classrooms in Barcelona.  

5. Quito has no better strategy for each surface but rather a pallet of feasible mosaic renovation 
strategies. Here, the interrelations between passive strategies are more evident than in 
Barcelona.   

The proposed mosaic optimization has encouraging results at a classroom level. Its adequacy 
will be further evaluated at a building level. The proposed surface mapping will ease simulation and 
optimization time in more complex building models. Additional passive renovation strategies such 
as local shadings, phase change materials, cold paints and blue roofs will be considered in future 
work on this topic.

Figure 33. Optimal surface-by-surface renovation strategies for a classroom unit in Barcelona and Quito. 



  

7 
 Analysis of results 

 

“(On sustainable development) In terms of buildings, it implies resource efficiency, minimum 
energy use, flexibility and long life.”  

˗ Richard Rogers 

 

 

 

 

 

 

This thesis addressed the passive optimization by the existing educational building stock to 
foster its free-running operation. To date, most deep building renovations focus merely on energy 
reduction on the premise that mechanical systems guarantee indoor comfort conditions. However, 
thermal comfort is a pressing challenge in spaces without local controls that allow occupants to 
regulate their conditions. Such is the case of classrooms in primary schools where children do not 
control their environment and, thus, have limited adaptation possibilities. Additionally, children are 
less prone to take action to correct their discomfort and are more susceptible to sick building 
symptoms and concentration deficits. In these spaces, a predefined range of thermal conditions is 
less likely to be deemed comfortable since children have a higher sensitivity and preference level 
related to environmental conditions  

This work targeted energy building renovation from a comfort perspective because non-
comfortable spaces waste energy. In deep renovations, the first line of action is the passive 
improvement in the building envelope, taking advantage of favourable environmental factors. It is 
generally accepted that active (mechanical) and renewable strategies should be assessed only after 
passive optimization. Nonetheless, building optimizations are always based on energy metrics – in 
active operation – rather than thermal performance in passive operation. This thesis overcame these 
issues by resorting to a building’s free-running temperature as an accurate synthesiser of its indoor 
environment. Using temperature as an optimization metric allowed this thesis to 1) relate the 
thermophysical characteristics in a building with thermal comfort criteria simultaneously, 2) reduce 
energy demand by decreasing the dependence on HVAC systems, and 3) ease the assessment of 
double building skins – greenery or ventilated – based on thermal balance points. 

The four most significant hurdles described below were addressed to develop a feasible 
renovation pathway for building stocks. 

1. The thermal and energy performance-based classification for school buildings into 
typologies. 
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2. The adequacy, feasibility and sustainability of energy renovation measures tailored to 
building typologies and climate. 

3. The accurate simulation of building-integrated agriculture strategies as energy conservation 
measures. 

4. The thermal assessment of vast search spaces encompassing all feasible renovation 
strategies for each building surface.  

Solving these four issues provided a passive renovation mosaic strategy that fosters year-round 
free-running operation by school buildings in two distinct climate and context conditions. These 
strategies can be freely extrapolated to each case study's existent educational stocks. The solutions 
foster replicability due to the stock’s statistical – and validated – typological classification. The 
devised solutions and main findings for each of the four issues above are discussed in the following 
section. 

 

7.1. Main findings 

7.1.1. On the classification of the educational building stock (first research article) 

The considerable heterogeneity of the building stock made its segmentation into controlled 
categories necessary. This classification allowed the selection of representative buildings with 
common characteristics among group members. Several known methods were used to assess 
educational building stocks in Barcelona and Quito, bottom-up urban modelling and k-means 
clustering for segmentation, data-driven and energy performance simulation for validation, and 
statistical scaling for extrapolation. However, most methods rely on energy metrics and the HVAC 
system’s descriptors that are not compatible with free-running stocks.  

Bottom-up models work best for stocks with large group representativeness in which a low 
number of archetypes represents all or almost all of the stock. Such is Quito's case, where two 
reference buildings represent the entire stock, whereas, in Barcelona, two reference buildings only 
represent 61.73% of the stock. Whole-domain approaches are commended for very diverse stocks 
with low representation groups. The downside of bottom-up approaches is the diversity lost, as only 
the most discriminating parameters inform segmentation.  This thesis proposed a diversification 
procedure coupled with a probabilistic upscaling to overcome this issue. Through this 
diversification, the representative buildings are permuted based on non-discriminating parameters – 
in this thesis, urban aspects. This diversification is a less resource-intensive method than whole-
domain models.  

This bottom-up model and validation scheme characterise a building’s heat balance to foster its 
transferability. It has an on-demand segmentation capability – number and type of classifiers – to 
provide flexibility to target specific aspects of the studied stocks. Six to ten classifiers are sufficient 
to classify educational stocks as operational parameters and working schedules are alike. The 
selection of classifiers is strictly bound to the level of characterization required, similarities between 
buildings, and the end goal of the research. Therefore, statistical analysis should be conducted first 
to find classifiers best suited to the research requirements.  

Free-running building stocks hinder common validation approaches due to their dependence on 
energy metrics. Using a conditioned building stock as a control point allows assessing free-running 
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stocks with a high confidence level. While the prediction accuracy is not expected to be the same, it 
provides certainty in selecting archetype buildings.  

 

7.1.2. On the sustainability of greenery systems for building renovation (second research 
article) 

Implementing greenery systems in existing buildings poses technical, legal and economic 
challenges. It requires a detailed assessment of the host-building condition to devise feasible 
renovation strategies. Classifying the building stock into architectural typologies allowed using a 
few representative buildings as hosts for the greenery systems, thus easing their evaluation. While 
building stock segmentation facilitates assessing technical aspects of greenery strategies, multi-
criteria decision tools were needed to evaluate their sustainability fully.   

This thesis used a four-pillar decision tool pairing technical considerations alongside economic, 
environmental and social aspects. Generally, in sustainability evaluations, technical criteria serve 
for feasibility pre-screening rather than as ranking criteria. This fourth aspect increased the number 
of necessary indicators rendering the need to limit them to those more discriminating for the sample 
studied. This particularity limits the free application of this decision tool to other building stocks but 
does provide a common framework. 

In school buildings, open-air farming systems are favoured over controlled-environment 
systems to foster children’s contact with nature. Green roofs – and edible green roofs – are the best-
balanced system due to their rainwater collection ability, increased thermal resistance, and relatively 
low economic investment. Despite the higher harvesting rate in controlled environment systems, 
their drawback in schools is their size limitation due to technical and economic constraints. 
Integrated building-agriculture systems adequacy is highly linked to the host-building systems and 
the climate conditions, showing poor results in free-running buildings due to the high economic 
investment required.  

For Quito’s school stock, greenery systems were not the most well-rounded renovation strategy 
due to contrasting ranking indicators, i.e. none of the greenery systems had high performance in all 
indicators. Rainwater harvesting was the most discriminative indicator favouring green roofs and 
integrated greenhouses but compromising the economic performance of the latter. Green roofs might 
be a liability in geographic contexts with low precipitation rates if irrigated with potable water. 
Integrated greenhouses can significantly reduce fossil fuel consumption for thermal conditioning, 
but this characteristic is irrelevant for unconditioned buildings such as Quito’s schools.  

 

7.1.3. On the energy simulation of greenery systems (third research article) 

Building energy performance simulation is satisfactory for assessing a building's thermal 
demand since it solves thermal balance equations at sub-hourly steps. Its prediction accuracy 
depends not only on the simulation engine’s governing mathematical model but on the modelling 
and abstraction capabilities to represent a sub-system within the engine limitations. Most simulation 
engines have yet to incorporate functions to simulate greenery systems other than occasional routines 
for green roofs.  

The plant’s thermal balance equations should be coupled to the simulation engine either by in-
house routines or co-simulation to model greenery systems. This thesis proposed a co-simulation 
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approach between EnergyPlus and MATLAB. The latter calculates the sensible and latent heat 
exchange between plants and the surrounding air. The advantages of this approach were the online 
simulation of two detached models (building and plants), allowing the debugging of subroutines in 
specialized software. However, this approach increases the simulation time by half and requires a 
communication gateway between the two software.  

Simplified approaches that mimic the thermal behaviour of plants are possible within the 
boundaries of the simulation engine but reduce prediction accuracy. Such approaches might produce 
acceptable results for room energy demand and temperature prediction but are not appropriate for 
assessing the characteristics of the greenery systems, i.e. surface temperature, heat exchange 
between greenery layers, and others. Nonetheless, these approaches do not require additional 
programming or coupling of external subroutines and, therefore, do not increase simulation time. 
This last characteristic makes such approaches suitable for intensive computational analysis as 
multi-objective optimization.  

 

7.1.4. On the surface-by-surface optimization (future article) 

Building optimization is a multi-objective task. While some objectives might be correlated, 
objectives are expected to be unrelated and sometimes contradictory. This contradiction requires 
prioritizing objectives and finding all solutions best fitted for each objective. Building performance 
simulation coupled with stochastic search algorithms solves this problem. This thesis proposed a 
surface-by-surface optimization to find the best suitable passive energy measures for each envelope 
component or group of components with similar environmental exposure.  

By dealing with each surface individually, the search space for the algorithm is increased 
exponentially, thus requiring higher computational expense and simulation time. Based on this 
thesis, the search space – and required simulation time – is 1.5 thousand times larger than standard 
whole-building approaches. This exponential growth in the number of feasible solutions allowed to 
find renovation solutions that guarantee the free-running operation of classrooms, whereas whole-
building solutions failed to do so.  

Existent optimization tools for building performance simulation do not allow a straightforward 
set of stochastic algorithms for surface-by-surface search. Additionally, those tools usually limit the 
optimization variables and do not allow adding subroutines for simulating complex energy 
conservation measures, e.g., greenery systems. This thesis deals with both setbacks by developing 
an integer constraint genetic algorithm. In this algorithm, energy conservation measures are coded 
as integers that call upon specific simulation subroutines configured within EnergyPlus. However, 
constraint optimizations slow down algorithm performance and require more runs to converge. 
Therefore, this approach should be pursued only for energy conservation measures not implemented 
directly in energy simulation software.   

This “mosaic” approach to building renovation showcased the necessity to act on a component 
scale to reduce renovation costs and improve comfort and energy performance. It signalled that not 
all envelope components are to be acted. This mosaic search showcases the envelope components 
that have a more significant impact on indoor temperature and finds the best renovation strategies 
for each. This algorithm also showed that comfortable indoor conditions could be achieved by 
balancing the heat exchange between retrofitted and non-retrofitted components. 
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7.2. Conclusions 

Based on the findings in section 7.1 and building samples included in this thesis, the conclusions 
of this research project are summarized as follows: 

1. Indoor comfort as an optimization target poses the challenge that it is not a static target, and 
thus, its assessment requires sub-hourly quantifications. It demands establishing appropriate 
metrics and thresholds suitable for each context condition throughout the year – climate, 
operation, clothing. Nonetheless, comfort metrics such as free-running temperature are 
sound synthesizers for a building’s thermal behaviour and provide a holistic overview of its 
performance.  

2. Urban energy models for free-running stocks are scarce due to the inability to validate their 
outcomes. Simultaneously assessing two building stocks – a conditioned and a free-running 
stock – allows the use of the conditioned one as a control point comparing its results to 
aggregated energy metrics. This validation requires the urban energy model to be 
transferable and, therefore, it must rely on thermophysical building parameters rather than 
operational systems metrics. 

3. Reductive urban models cannot accurately represent an entire building stock if there is 
insufficient typology representativeness, i.e., if there are few and very diverse buildings in 
the sample. Such is the case for the primary school building stock in Barcelona, in which 
the scarcity of buildings in an architectural typology made their validation unfeasible. 
Nonetheless, reductive approaches allow proper segmentation and grouping for unforeseen 
similar buildings despite the inability to validate some sub-groups.  

4. For the sample buildings in this thesis, probability up-scaling for reductive energy models 
increases their accuracy but is not as significant to justify the additional effort required to 
conduct it. However, diversification is recommended for building-level analysis, such as 
assessing energy conservation measures.  

5. Year-round free-running operation of buildings is climate dependent. Appropriate 
combinations of passive energy measures can guarantee comfortable indoor conditions in 
Equatorial Highland and Mediterranean classrooms. However, in peak winter in 
Mediterranean climates, active heating should be provided during the first morning hours. 
Overheating is the primary concern in both climates as passive measures make buildings 
more airtight and prevent heat losses. As schools are closed during summer, this is not a 
problem for classrooms, but other building typologies will require active cooling. 

6. In free-running mode, the indoor temperature in schools in Barcelona and Quito does not 
reach comfortable limits for most of the school year. As such, thermal insulation, double 
envelopes and greenery systems increase thermal comfort as these reduce heat flow through 
the envelope.  

7. Airflow exchange between classroom and greenhouse provides fresh temperate air to the 
classrooms but increases heat losses. Exhaust airflow integration between classrooms and 
greenhouses is beneficial to displace cumulated CO2 from classrooms to serve as a natural 
fertilizer for the plants. Due to the occupancy density in classrooms, levels of CO2 
commonly exceed the maximum recommended values.  
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8. Greenery systems energy simulation required complex procedures not compatible with 
current tools implemented in energy simulation engines. Its assessment, therefore, requires 
additional programming to reflect the plant’s heat sink effect. Simplified simulation 
approaches produce acceptable results on indoor climate but poor performance on the 
greenery system itself.  

9. Mosaic surface-by-surface renovation approaches discriminate appropriate energy 
conservation measures based on thermal exchange and environmental exposure, thus better 
interpreting a building’s thermal balance and the optimal use of renovation technologies. 

 

7.3. Future work 

Further development of this research focuses on the experimental validation for the greenery 
systems simulation methods developed and the constraint mosaic optimization. Regarding building-
integrated agriculture performance simulation, additional research will relate to complex crop 
growth models, the diversification of crop types and cultivation systems, emphasising open-air 
systems and the effect of vegetation cover fraction. Additional work will directly implement 
transpiration, photosynthesis, and crop growth models on an energy simulation engine. This 
approach will eliminate the need for co-simulation and communication gateways.  

On the mosaic optimization, the application of the integer constraint algorithm is currently 
ongoing for the four school reference buildings validated in this thesis. This work combines a 
hierarchical cluster-based surface mapping approach with the mosaic optimization algorithm and 
aims to find suitable school renovation strategies. These renovation strategies will be 
probabilistically up-scaled to estimate the energy benefits at an urban scale. It is envisioned to model 
the propagation of uncertainty from the building level through the probabilistic modelling of the 
reference schools. Future work in this field will aim to the experimental validation of whole-building 
and surface-by-surface renovation strategies in controlled classrooms or testing modules.  

The simulation codes implemented in this thesis and these building energy models and building 
stock datasets for Barcelona and Quito will be released to the public domain. Additional research 
will aim to adapt – if necessary – and implement these codes to assess other building stocks and 
different energy renovation measures. In this regard, a first endeavour to use this thesis work as an 
integral part of a research project was conducted and will be further promoted as the basis for a 
European building stock classification and evaluation.   

 

7.4. Related publications and works 

Parallel to work developed for this thesis and its published articles, several other academic works 
were presented as follows: 

 

Conference papers: 

 Ledesma, G. et al. (2019). “Towards a More Energy Efficient Educational Architecture in 
Cities: Typologies of Barcelona and Quito Public Schools for Energy Modelling,” XIII CTV 2019 
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Proceedings: XIII International Conference on Virtual City and Territory: “Challenges and 
paradigms of the contemporary city,” Barcelona, Spain, October 2-4, pp. 8505, 2019. 

Salih, K.; Ledesma, G.; Saeed, Z. (2021). “Simulation of energy efficiency measures for the 
residential building stock: a case study in the semi-arid region”. IOP Conference Series: Materials 
Science and Engineering, Irak, pp. 1757-8981, 2021. 

 

Journal articles: 

Rivera, R.; Ledesma, G. (2019). “Improvement of thermal comfort by passive strategies. Case 
study: social housing in Mexico.” International Journal of Structural and Civil Engineering 
Research (IJSCER). vol.8, no.3, pp. 227-233, 2019. 

 

Research projects: 

e-HoPe “Integrated model for the Holistic assessment and benchmark of buildings based on the 
Performance of the European urban stock”.  

Research proposal for the European call “HORIZON-CL5-2021-D4-01-01 — Advanced energy 
performance assessment and certification” led by UPC. The project had eighteen partners: 
Universitat Politècnica de Catalunya (UPC), Spain; Institut Tecnològic de la Construcció (ITEC), 
Spain; Newcastle University (UNEW), UK; Università degli studi di Palermo (UNIPA), Italy; 
Coloma + Armengol (COL), Spain; Sistemes Avançats d’Energia Solar Tèrmica, SCCL 
(AIGUASOL), Spain; Fondazione ICONS (ICONS), Italy; University of Belgrade Faculty of 
Architecture (UBFA), Serbia; Universitat de Barcelona (UB), Spain; Catenda (CAT), Norway; 
National Kapodistrian University of Athens (NKUA), Greece; University of Bologna (UNIBO), 
Italy; Technological University of the Shannon (TUS), Ireland; DEERNS Nederland BV 
(DEERNS), Netherlands; Ajuntament de Sant Feliu de Llobregat (AJUSTF), Spain; ANCI Sicilia 
(ANCI), Italy; CLUID Housing (CLUID), Ireland; and Geetit s.r.l. (GEE), Italy. This proposal got 
a 3.5/5 in Excellence, a 2.5/5 in Impact and a 4/5 in Quality and efficiency of implementation. 

WiSeR “Waste-based Intelligent Solar-control-devices for Envelope Refurbishment”.  

Research proposal for the Spanish call “Ecological and digital transition” led by UPC. This 
proposal is currently under evaluation.  It aims at developing new intelligent modular solar control 
devices using waste-based materials through a holistic approach involving the building’s occupants 
as active protagonists. 
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Annexe 1 
Conference paper on school building typologies 

 

This article analyses the educational building stocks in Barcelona and Quito and presents a 
two-step typological classification based on user-defined bins and hierarchical clustering 
techniques. This article is available at https://upcommons.upc.edu/handle/2117/185535.  
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Annexe 2 
Thermal survey template 

 

Templated used for the thermal and active equipment survey in classrooms in Barcelona and 
Quito. Teachers, maintenance and administrative staff filled this survey. 
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Annexe 3 
Monitored indoor temperature 

 

The following charts show the fifteen-minute air temperature recordings in each classroom 
and school surveyed. The simulation results were plotted to show the models’ accuracy. 

 

Monitored temperatures for school RB.UIO.C1 

 

 

Monitored temperatures for school RB.UIO.C2 
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Monitored temperatures for school RB.BCN.C1 
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Monitored temperatures for school RB.BCN.C2 
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