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Abstract 

Slightly over 60% of Portuguese buildings were built before 1991, before significant strides in building 

performance were made. Data shows that only around 10% buildings constructed before 1990 had an 

energetic class higher than C, leading to the need of improving old buildings. This will lead to the 

promotion of sustainable and energy-efficient cities and improve the population’s quality of life. 

The objective of this dissertation is to assess retrofit impacts on building energy needs, assess pollutant 

emissions and on user satisfaction, comfort and behaviour, and quantify potential economic viability. 

The case study analysed is a public elementary school, Escola Engenheiro Duarte Pacheco, in Lisbon, 

whose building was retrofitted within the scope of the European Lighthouse programme Sharing Cities. 

To achieve the objectives proposed, a quantitative and qualitative approach were adopted involving the 

collection of on-site experimental data, collection of energy consumption historical data, and the conduct 

of questionnaires and interviews. 

Results revealed a reduction in 35% of the energetic needs of the school building after the retrofit. The 

installation of the PV system can produce 650% than what the school consumes, resulting in an annual 

return of 13,525€. Regarding the impacts of retrofit on the school community, results indicate that the 

community is aware of the measures applied and find themselves more motivated. 

The analysis performed enabled the creation of an educational pamphlet for the school in which the 

main findings related with the retrofit impact and behavioural advices were presented aiming to 

maximize the retrofit effectiveness. 
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Resumo 

Mais de 60% dos edifícios portugueses foram construídos antes de 1991, antes dos principais avanços 

no desempenho de edifícios. Dados revelam que somente 10% dos edifícios portugueses dessa época 

tem uma classe energética superior à C, levando à necessidade de melhorar edifícios já existentes e, 

consequentemente, à promoção de cidades mais sustentáveis e eficientes e melhorará a qualidade de 

vida dos seus cidadãos. 

O objetivo desta dissertação é a avaliação dos impactos do retrofit no consumo energético do edifício, 

a avaliação dos poluentes emitidos, na satisfação dos ocupantes, conforto e comportamentos, e 

quantificar a viabilidade económica das medidas efetuadas. O edifício estudado foi a Escola Básica 

Engenheiro Duarte Pacheco, em Lisboa, que foi renovado dentro do âmbito do programa farol europeu 

Sharing Cities. Para alcançar os objetivos propostos, foi realizada uma abordagem qualitativa e 

quantitativa, envolvendo a coleção de dados experimentais e históricos e a realização de questionários 

e entrevistas.  

Resultados revelam uma redução de 35% das necessidades energéticas do edifício apos a renovação. 

A instalação do sistema fotovoltaico produzirá 650% das necessidades energéticas da escola, 

resultando num retorno anual de 13,525€. Quanto ao impacto do retrofit na comunidade escolar, 

resultados indicam que a comunidade está consciente das medidas aplicadas e encontra-se mais 

motivada e satisfeita. 

A análise efetuada permitiu a criação de um panfleto educacional para a comunidade escolar que 

resume os resultados principiais obtidos do retrofit efetuado e conselhos comportamentais foram 

apresentados com o objetivo de maximizar a eficácia do retrofit. 

 

Palavras-chave: Auditoria energética, Conforto térmico, Edifícios escolares, Feedback, Retrofit 
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1. Introduction 

1.1. Motivation 

Buildings are estimated to account for 20 to 40% of the total final energy consumption of developed 

countries [1]. In Portugal, the consumption of electrical energy in buildings reached 60% in 2008 [2]. It’s 

known that buildings account for a significant portion of any country’s final consumption, and that 

improving the energy efficiency in this area will lead to significant energy waste cuts. Most of the 

buildings that will exist by 2050 are already built [3], and, if we want to make significant progress in this 

field and attain energy and environmental related goals, we need to not only act on new buildings, but 

also on buildings that already exist. Building retrofit is the improvement of existing buildings through 

energy conservation measures. While these measures are known, optimizing a solution taking into 

consideration all measures and interactions between them isn’t a simple procedure. Buildings are 

diverse in nature due to different location, materials, functions, occupant behaviour, etc. meaning that 

replicating results isn’t as simple as copying the energy conservation measures applied to another 

building. A final energy consumption by end-use study made by the International Energy Agency (IEA), 

shown in Figure 1, registered that the residential sector represented a 20% share of the final energy 

consumption in IEA countries, with residential space heating representing roughly half of that energy 

(12652 PJ out of 25402 PJ). In Portugal, the same study shows that the residential sector represents 

18% of the Portuguese final energy consumption and space heating accounts for around a fifth of that 

energy (23 PJ out of 110 PJ). 

 

Figure 1 - Energy end-uses in IEA countries, 2016 [4] 

The European Union, in order to tackle this problem, created several programs to incentivize and guide 

the process of building retrofit, from which, the Energy Performance of Buildings Directive (EPBD) in 

2010, and the Energy Efficiency Directive (EED) in 2012 are the EU’s main legislative instruments [5]. 

Being directives, they were transposed by the member states into national legislation. Thanks to these 

directives, new buildings consume only half as much as typical buildings from the 1980s [6]. When 

comparing the energy intensity per floor area of residential space heating by country, as shown in Figure 
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2, comparing known values of 2000 and 2016, it can be observed that there’s a significant reduction in 

energy intensity and that countries in colder climates expend more energy than countries in warmer 

climates. For Portugal, the energy intensity per floor area reduction reaches over 35%.  

 

Figure 2 - Energy intensity per floor area of residential space heating by country, 2000-2016 [4] 

In both residential and services buildings in the EU, space heating is the end-use with largest impact. 

However, this data contains data from both hot and cold countries, and space heating energy 

consumption varies significantly on the region. In northern Europe, space heating needs can reach 

values as high as 65% [7] of the total final energy demands in buildings, while in southern Europe, 

space heating needs can be lower than 50%, illustrated in Figure 3. 

 

Figure 3 - Residential and services sub-sectors energy consumption by end-use for EU (27), 2010 [7] 

Improving building energy efficiency will result in not only cuts in energy consumption and utility bills, 

but also a better building green footprint and improvement of user thermal comfort and performance [6]. 

This is an important aspect for users who occupy buildings for long periods of time. Retrofitting buildings 

can also increase the property value, reduce maintenance expenditures, increased rents and 

occupancy rates [8]. The following graph presented in Figure 4 shows the distribution of building 

construction period, in different regions in the country. It can be seen that, in average, slightly over 60% 

of the buildings in Portugal are from before 1991, the period before significant strides in building energy 
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performance were made. The National Statistics Institute (INE) conducted an analysis in the current 

Portuguese building stock and reported that roughly one third of the total of buildings needing big repairs 

or hugely degraded are located in five regions: Metropolitan area of Porto and Lisbon, Tâmega, Douro 

and Algarve [9]. 

 

Figure 4 - National residential buildings distributed by period of construction [8] 

In Figure 5, the evolution of building performance is registered. An improvement can be observed in 

buildings constructed in 1990-1999, with significant decrease of buildings with poor performance and 

an increase of buildings with high energy performance. This improvement is due to the implementation 

of the first regulation on building thermal characteristics, published in decree law 40/90 of 6 February 

1990 [10]. From 2000’s onwards, building energy performance skyrocketed, resulting in the constructed 

new buildings having better energy certifications. 

 

Figure 5 - Evolution of the energy performance in buildings by construction period  [8] 
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The Sharing Cities “lighthouse” programme is a project started on 2016 that seeks to develop 

affordable, integrated, commercial-scale smart city solutions with high market potential [11]. The 

objective is to change cities attitude and procedures for them to devise and implement replicable smart 

cities solutions [12]. It consists of 3 “lighthouse” cities- Lisbon, London and Milan, and 3 “Fellow” cities-

Bordeaux, Burgas, and Warsaw. The 3 “lighthouse” cities are committed to working together in 

developing and implementing replicable urban digital solutions and models for collaboration, such as 

building retrofit, shared electric-mobility services, energy management systems installation, smart lamp 

posts and an urban sharing platform, while the “fellow” cities will co-develop and play a very active role 

in driving the adoption and exploitation of solutions more relevant to their programmes. Lisbon has 

foreseen several measures ranging from mobility to buildings. In the case of buildings, several 

measures were selected for the various types of buildings [13], which include, but not limited to, window 

replacement, insulation reinforcement, light replacement, installation of PV tiles, and equipment 

replacement. One of these buildings, which ranged from private building, public housing and public 

service buildings, was an elementary school, Escola Básica Engenheiro Duarte Pacheco, located in 

Olaias, Lisbon. This building and the measures applied to improve its energy efficiency is the main 

focus of the present thesis 

While retrofitting buildings is the act of improving an existing building, doing so in an optimized manner 

can be difficult. This is due to the influence a measure taken can have on another aspect, which can be 

positive or negative. Currently, the approach to solve these problems is through whole-building multi-

objective optimization, and resorting to life cycle analysis (LCA).With multi-objective optimization, the 

intent is to pit multiple measures together, and through a multi-objective method, like genetic algorithms 

(GA), swarm optimization (SO), artificial neural networks (ANN) [14] , etc., and through carefully 

selected criteria, like economic factors such as net present value (NPV) or payback period (PBP), or 

environmental factors such as life cycle energy use (LCE) or energy savings [15]. Besides the 

complexity of achieving an optimal solution, two other barriers that currently exist is uncertainty and 

financing  [16, 17].  

While the retrofit itself will improve the building’s energetic efficiency significantly, not informing the 

users of the retrofit measures can reduce its impact, as seen that educating the users can lead to an 

energy consumption reduction by 15% [18]. A user can leave the HVAC on and open the windows to 

attempt a combined effect between the two, only to waste energy instead. This leads to a need of taking 

the building’s occupants behaviour into account as well, and a need to inform and spread awareness 

to enhance the potential retrofit impact. To achieve this, supplying positive feedback in the form of 

seminars and reporting intermittent consumption data can improve user’s awareness and enhance their 

motivation [19].  

This thesis will focus on assessing the impacts of building retrofit in a public service building, more 

specifically an elementary school building intervened by the European Lighthouse programme, Sharing 

Cities. The analysis will contemplate energy consumption and 𝐶𝑂2 emissions savings, payback period, 

and user behaviour and satisfaction towards the building retrofit intervention. This will be achieved 

through auditing the building post-retrofit and calibrating the simulation model to represent the building 
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accurately, enabling comparisons. Additionally, in the scope of the thesis, surveys and interviews were 

performed towards the school community to gauge whether or not there was communication between 

the project and the community, how the retrofit impacted the school community’s routine, and whether 

or not the community’s behaviour altered due to the renovation process. 

1.2. Objectives 

The main objectives of this thesis are to assess and validate the retrofit intervention performed in an 

elementary school in the city of Lisbon as part of the activities proposed within the European Lighthouse 

programme Sharing Cities. Furthermore, this thesis will also analyse the consumers’ satisfaction, 

comfort and potential behaviour changes. This can be divided into several smaller objectives: 

- Assessment of retrofit impacts on building energy through on-site direct measurements and model 

simulation. 

- Assessment of user satisfaction, comfort and behaviour through surveys designed for children and 

adults. 

- Comparison of user feedback with conclusions obtained from applying user comfort prediction models. 

- Quantification of economic impacts of the retrofit intervention of the applied retrofit solutions. 

The work developed within this thesis will provide additional post-retrofit data collected on-site, correlate 

the simulated results to the real results, and analyse the retrofit’s economic and social impact, aiming 

to serve as motivation for future building retrofits in similar contexts. 

 

1.3. Thesis outline 

This thesis is organized in five chapters. This initial chapter aimed to contextualize the problem, and 

report details of this case study. 

Chapter two is a more detailed state-of-the-art chapter, where several energy efficiency measures are 

discussed and reported, results are gathered, and values established by legislation are identified. 

Chapter three describes the tools and methods used in more detail, so that the procedure and results 

can be replicable. 

Chapter four analyses the results obtained and compares them with existing benchmarks in the field 

and draws conclusions between the data obtained and the users’ feedback. 

Chapter five will conclude with the most major results obtained and recommendations for future work. 

The Annexes section will present, in more detail, additional information relevant to the thesis. 
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2. State-of-the-art 

There are numerous existing measures to retrofit buildings, however, each building is unique, the 

solution for one building may lead to undesired results in another building. Within the large number of 

retrofit technologies, selecting the optimal measures for a specific building will require solving a multi-

objective optimization problem whose optimal solution would be obtained by taking into consideration 

energy and non-energy related factors, such as economic, environmental, social and regulations. 

A difficulty associated with building retrofitting is the interactivity between the solutions, improving one 

aspect can be beneficial or not when focusing on another aspect. Until recently, the solutions created 

were mostly focused to solve a single problem [15], while not taking into account the whole family of 

systems connected to it, which lead to oversizing or unforeseen issues. Another issue is financing, 

these investments can be quite costly, and often drive private investors away [17]. Recently, building 

retrofitting has been approached in a more integrated manner, denominated “whole-system” thinking, 

which maximizes benefits available in a retrofitting project by considering the influence each subsystem 

has with each other. 

Fluhrer et al. (2010) [20] conducted a study on the Empire State Building to compare the difference 

between the typical retrofit approach, commonly used by Energy Service Companies (ESCOs), and the 

whole building retrofit. The project development team presented several solutions to the owner, for 

example, solutions which maximized the NPV and another which maximized CO2 savings. However, 

these didn’t align with the owner’s needs, which resulted in the creation of NPV neutral and NPV mid 

solutions. After performing a sensitivity analysis, it was shown that the NPV mid package would provide 

a reduction of 38% in energy use and would save over 105,000 metric tons of CO2 in the following 15 

years. Cascio et al. (2017) [21] performed a case study on an Australian student accommodation where 

several Energy Conservation Measures (ECMs) were considered: light replacement, air leakage 

reduction, roof insulation, glazing upgrade, and a solar collector to heat water. However, only once an 

economic analysis was made, only light replacement and air leakage reduction proved to have a 

positive NPV. Having settled for the ECMs except the solar collector, a numerical simulation was made 

which indicated that the sum of these measures would result in 58.4 MWh/year electricity savings (14%) 

and 19.6 MWh natural gas savings. Ferrari and Romeo (2017) [22] conducted a case-study on a 

common historical school building, simulating the results obtained when applied near Zero Energy 

Building (nZEB) requirements, while also complying with the protection constraints. The envelope 

interventions would lead to a 60% of primary energy consumption reduction, and the most cost-effective 

contribution was from the added roof insulation. Upgrading the building’s equipment would lead to a 

further reduction of primary energy of 35%, with great contributions from LED lamps with lighting 

controls and photovoltaic. 

While the measures and procedures are known, actual savings aren’t frequently reported, since these 

studies are based on numerical simulations [15]. Researching and reporting actual values will increase 

the level of confidence of private investors to retrofit and ease the financing issue. 
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Due to the oil crisis in the 70’s, talks about energy efficiency within the EU started and only in the 90’s 

building regulation was advancing. In Portugal, this led to the creation of the Building Characteristics 

and Thermal Behaviour Regulation (RCCTE) in 1990 [23], followed briefly by the Building Climatization 

Energetic Systems Quality Regulation in 1992 (which would come to be known as Building Climatization 

Energetic System Regulation (RSECE) in 1998). 

2.1. Theoretical concepts of building retrofit 

This chapter will define the several concepts that will be used herein, accompanied by respective 

existing solutions and reported data. 

2.1.1. Energy audit 

An energy audit is a systematic assessment of a building’s energy use that identifies how and where 

energy enters the building, how it is used, and where it can be used more efficiently [24]. An energy 

audit provides a cost-benefit analysis for potential energy efficiency measures and can be performed 

with varying levels of rigour and expense [25]. American Society of Heating, Refrigerating and Air-

conditioning Engineers (ASHRAE) designates a preliminary analysis and three levels of energy audit. 

• Level 1 - Walk-through analysis 

• Level 2 - Single system or targeted audits 

• Level 3 - Investment-grade audits  

These audits can be broken down into three phases: 

• Pre-site visit analysis, where a preliminary investigation of past audits and utility bills is 

conducted, and research of building plans and construction is performed. 

• Site visit data gathering, where the auditor observes and inspects the building’s operations. 

• Post-site visit analysis and reporting, where the auditor will conduct an engineering and 

financial analysis, providing Energy Efficiency Measures (EEM) ranked by payback period, or 

other priorities, like cost-effectiveness. 

In south-eastern Virginia, USA, the largest school division, Virginia Beach City Public Schools, with 

69,365 students and 15,750 employees and a gross floor area of 984.8 thousand m² was subjected to 

a complete retrofit intervention [24]. While the energy audit performed had a cost of $420,854, which 

represented a bit over 7% of the total costs of the retrofit ($5,849,657), it led to 15.2% site energy 

savings and a simple payback of 10 years. 

2.1.2. Energy Model 

Due to the coexistence of ECM, quantifying the combined effect isn’t as simple as adding the effect of 

each individual ECM [15]. For example, changing the lighting results in a different energy balance, 

which can affect the need of HVAC. To quantify the combined effect of several solutions, energy models 

are often used. These take into account several inputs to provide a detailed representation of the 

building, leading to more accurate solutions. 
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2.1.3. Thermal comfort 

ASHRAE (2009) [26] defines thermal comfort as ““that condition of mind that expresses satisfaction 

with the thermal environment” which, by itself, doesn’t quantify how one can achieve thermal comfort, 

however, there is a range of temperatures and relative humidity which are considered globally 

comfortable. During the winter, the indoor temperature should approximate 18ºC and during the 

summer it should approximate 24ºC, having an average value of relative humidity between 35% and 

70% [27]. Thermal comfort has two main focuses: the thermal environment factor and the individual 

factor. According to Fanger (1973) [28], there are 6 main parameters that influence thermal comfort, 4 

are related to the thermal environment, and 2 related to the individual: airflow velocity (𝑣), air 

temperature (𝑇𝑎), mean radiant temperature (�̅�𝑟), relative humidity (RH), clothing type and activity level. 

To have a quantitative basis to analyse thermal comfort, there exist various tools that take these factors 

into account, for example, the Predicted Mean Vote (PMV) and the Predicted Percentage Dissatisfied 

(PPD), which are widely used to represent thermal comfort [29]. PMV predicts the mean response of a 

large group of people according to ASHRAE thermal sensation scale [26], and is defined by Equation 

(1): 

 𝑃𝑀𝑉 = (0.303𝑒−0.036𝑀 + 0.028) ∗ 𝐿 (1) 

 𝐿 = (𝑀 − 𝑊) − 3.05[5.73 − 0.007(𝑀 − 𝑊) − 𝑃𝑎] 

−0.42[(𝑀 − 𝑊) − 58.15] − 0.0173𝑀(5.87 − 𝑃𝑎) 

−0.0014𝑀(34 − 𝑇𝑎) − 𝑓𝑐𝑙ℎ𝑐(𝑇𝑐𝑙 − 𝑇𝑎) 

−3.96 × 10−8𝑓𝑐𝑙[(𝑇𝑐𝑙 + 273)4 − ( �̅�𝑟 + 273)4] 

(2) 

Where M is the metabolic rate of a human body [W/m²], and L is the thermal body load [W/m²], defined 

by Equation (2),𝑇𝑎 is the air temperature [ºC], �̅�𝑟 is the mean radiant temperature [ºC], 𝑓𝑐𝑙 is the clothing 

area factor [dimensionless], 𝑇𝑐𝑙 is the mean temperature of the outer surface of the clothed body [ºC], 

ℎ𝑐 is the convective heat transfer coefficient [W/m²ºC], and 𝑃𝑎 is the water vapour pressure in ambient 

air [kPa]. W is considered zero to obtain conservative results, and the other variables are defined 

differently depending if ISO 7730 or ASHRAE are used. This value is suggested to be in between -0.5 

and 0.5 according to ASHRAE Standard-55 [30]. 

Using ASHRAE, the set of variables that determine the thermal body load are calculated by Equations 

(2-7) 

 𝑇𝑐𝑙 = 35.7 − 0.028(𝑀 − 𝑊) − 0.155 ∗ 𝐼𝑐𝑙{3.96 × 10−8𝑓𝑐𝑙[(𝑇𝑐𝑙 + 273)4 − ( �̅�𝑟 + 273)4]

+ 𝑓𝑐𝑙ℎ𝑐(𝑇𝑐𝑙 − 𝑇𝑎)} 

(3) 

 ℎ𝑐 = 2.38|𝑇𝑐𝑙 − 𝑇𝑎| 0.25𝑓𝑜𝑟 2.38|𝑇𝑐𝑙 − 𝑇𝑎| 0.25 > 12.1√𝑣 (4) 

 ℎ𝑐 = 12.1√𝑣 𝑓𝑜𝑟 2.38|𝑇𝑐𝑙 − 𝑇𝑎| 0.25 < 12.1√𝑣 (5) 

 𝑓𝑐𝑙 = 1 + 0.2𝐼𝑐𝑙  𝑓𝑜𝑟 𝐼𝑐𝑙  < 0.5 𝑐𝑙𝑜 (6) 

 𝑓𝑐𝑙 = 1.05 + 0.1𝐼𝑐𝑙  𝑓𝑜𝑟 𝐼𝑐𝑙  > 0.5 𝑐𝑙𝑜 (7) 

This is valid for M in between 46 and 232 W/m², 𝐼𝑐𝑙, the thermal resistance of clothing, between 0 and 

2 clo, 𝑇𝑎 between 10 and 30ºC, �̅�𝑟 between 10 and 40ºC, wind speed, 𝑣, between 0 and 1 m/s, and 𝑃𝑎 

between 0 and 2700 Pa [31]. 
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PPD represents the percentage of individuals who felt more than “slightly warm or cold”, suggested to 

be under 10%, determined by Equation (8). 

 𝑃𝑃𝐷 = 100 − 95𝑒−(0.03353𝑃𝑀𝑉4+0.2179𝑃𝑀𝑉2) (8) 

Kamar et al. (2018) [29] compared the measured PMV of 5 collection points with simulated results from 

installing fans in three different orientations, having a PMV of 0.5 as a reference line. It was found that 

the added ventilation would reduce drastically the PMV and discomfort would reduce to acceptable 

levels, as seen in Figure 6. 

 

Figure 6 - Ventilation impact on PMV and PPD [29] 

Almeida (2017) [32] conducted a study assessing the thermal comfort of the Civil Engineering building 

in Instituto Superior Técnico (IST). One of the thermal zones studied, thermal zone 108, is composed 

by four east-faced classrooms. Table 1 was obtained which featured the hourly PMV of the thermal 

zone during June of 2017. The results were able to demonstrate the clear discomfort the students were 

having and the lack of insulation the zone had which permitted the temperature vary so dependently on 

the season. 

Table 1 - PMV table of thermal zone 108 during June [32] 

 

In the study of thermal comfort, several subjective scales have been developed, mostly resorting to 

categorical scales [33]. These surveys differ in amount of points, but this doesn’t necessarily improve 

the accuracy of the results [34]. In fact, when surveying children, the opposite holds true [35]. Studying 

thermal comfort has historically been through surveying adults, which has been proven to not 

necessarily align with the comfort of children, resulting in a lack of data for this demographic. According 
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to Holaday et al. (1991) [36], children over the age of 9 should be able to produce reliable responses 

for a properly structured survey. A properly structured survey should be simple, have associated 

pictures and colours, an appropriate scale, suggested to be between 4 and 7 points, similar to Figure 

7, based on age. 

 

Figure 7 - Likert 7-point thermal sensation scale [37] 

Haddad et al. (2012) [33] conducted a study where 2 groups of children were surveyed during regular 

class sessions and observed that it is of great advantage to motivate children to answer the questions 

using different techniques, for example, pictorial presentations. A thermal comfort survey may have 

questions regarding the general thermal comfort, the time of day where comfort is at its lowest, the 

reason for the discomfort, occupant clothing and activity level, etc. 

2.1.4. Building envelope 

Building envelopes comprise a range of elements, with roofs, walls, windows, foundations and air 

leakage being the primary elements that affect building heating, cooling and ventilation loads. Mass 

transfer is done by ventilation and infiltration and, with it, there’s an associated energy transfer, to heat 

or cool the new air in the building. Energy transfer also occurs through the building envelope as a 

combination of conduction and convection.  

Existing ECM include applying insulation in walls, roofs and floors to reduce heat losses, reflective roof 

coatings, installation of high-performance windows with multiple glazing, low e-coatings, noble gas 

fills/vacuums, etc. 

The thermal performance of a building material or window is indicated by the U-value, the overall 

thermal transmittance coefficient value. It’s a measure of the rate at which heat passes through a 

component or structure when there is a temperature difference, propagated by conduction, convection 

and radiation. Besides the U-value, another common term is the thermal resistance, shown as an R-

value, which is the inverse of the U-value. Low U-values (high R-values) result in a lower heat loss. 

When retrofitting a building, according to Eskander et al. (2017) [14], it can be of interest having the 

new U-value as a function of the thickness of the added insulation, as represented by Equation (9). 

 
𝑈𝑛𝑒𝑤 = 𝑈𝑒𝑥𝑡

𝐾

𝐾 + 𝑈𝑒𝑥𝑡𝑡
 

(9) 

 

Where 𝑈𝑛𝑒𝑤 is the U-value of the retrofitted wall [W/m² ºC], 𝑈𝑒𝑥𝑡 is the U-value of the wall pre-retrofit 

[W/m² ºC], K is the thermal conductivity of the isolation [W/m ºC], and t the isolation thickness [m]. 
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For windows, along with the U-value, there is also the solar heat gain coefficient (SHGC), expressed 

as a dimensionless value between 0 and 1, the lower this value is, the less heat the window transmits. 

There are still windows being sold in the world today that are only single glazed with clear glass and 

inefficient metal framing, having U-values of 5.6 W/m²K [38] while Portuguese recent code requirements 

impose a U-value of 4.30 W/m²K or less, as shown in Table 2. 

The steady-state heat transfer through a fenestration can be calculated using Equation (10): 

 𝑄 = 𝑈𝐴𝑝𝑓(𝑡𝑜𝑢𝑡 − 𝑡𝑖𝑛) + 𝑆𝐻𝐺𝐶𝐴𝑝𝑓𝐸𝑡 (10) 

Where Q is the instantaneous energy flow [W], U is the overall heat transfer coefficient [W/m²ºC], 𝐴𝑝𝑓 

is the total projected area of the fenestration [m²], 𝑡𝑜𝑢𝑡 and 𝑡𝑖𝑛 are the outdoor and indoor temperatures, 

respectively [ºC], SHGC the solar heat gain coefficient [dimensionless] and 𝐸𝑡 the total incident radiation 

[W/m²]. 

If the building is being heated, the window should retain the heat in the building, and let in as much 

solar radiation as possible. On the other hand, if the building is being cooled, the windows should keep 

out heat, while still making use of natural daylight. 

The Portuguese legislation, under Ordinance n.º17-A/2016, establishes maximum surface heat transfer 

coefficient values for opaque elements, glazed surfaces, and elements in contact with the ground, in 

function of the climatic zone and whether the building is located in continental Portugal or the 

autonomous islands [39], as can be seen in Table 2. 

Table 2 - Maximum surface heat transfer coefficient values for opaque and glazed surfaces [39] 

𝑼𝒎𝒂𝒙 [W/m²ºC] Climatic zone 

Continental Portugal 

 I1 I2 I3 

Opaque vertical elements 0.70 0.60 0.50 

Opaque horizontal elements 0.50 0.45 0.40 

Glazed surfaces 4.30 3.30 2.20 

Autonomous regions 

Opaque vertical elements 1.40 0.90 0.50 

Opaque horizontal elements 0.80 0.60 0.40 

Glazed surfaces 4.30 3.30 3.30 

 

The values presented in Table 2 were set after 31 December 2015, which means that buildings 

constructed before likely have higher U-values. In Table 3, the U-values from different construction 

periods are compared with the current reference U-values. It is possible to see the U-value decline of 

each building surface for each period, in specific, the decline acceleration which started in 1990. 
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Table 3 - Evolution of typical surface U-value by construction period [40] 

 <1960 60-90 90-06 06-13 Reference 

Roofs 2.77-2.98 2.67-2.78 2.19-2.42 0.48-0.54 0.30-0.40 

Windows 4.29-4.40 4.20-4.26 3.73-3.84 2.61-2.94 2.20-2.80 

Walls 1.97-2.02 1.30-1.36 0.99-1.10 0.49-0.54 0.35-0.50 

Floors 0.87-1.01 1.00-1.02 1.00-1.03 0.73-0.83 0.5 

 

Thermal inertia of a building is the building’s capacity to oppose to temperature variations, due to its 

capacity to retain heat in its constructive elements. The absorption velocity and the quantity of heat 

absorbed determines the buildings thermal inertia [41], that is quantified according to Equation (11): 

 
𝐼𝑡 =

∑ 𝑀𝑠𝑖𝑟𝑆𝑖

𝐴𝑝

 
(11) 

 

Where 𝑀𝑠𝑖 is the superficial useful mass of the element i [kg/m²], r is the factor of superficial useful mass 

reduction, 𝑆𝑖 is the interior superficial area of element i and 𝐴𝑝 is the useful interior area of the floor [m²]. 

In accordance to Regulamento dos Edíficios de Habitação, REH (2013), the Portuguese residential 

building regulation, there are three thermal inertia classes [42]: weak, average and strong, defined as 

seen in Table 4: 

Table 4 - Thermal inertia class according to Portuguese legislation [42] 

Thermal inertia class 𝑰𝒕 (kg/m²) 

Weak 𝐼𝑡 ≤ 150 

Medium 150 < 𝐼𝑡 ≤400 

Strong 𝐼𝑡 ≥ 400 

 

Depending on the building’s thermal inertia class, Ordinance nº 349-B/2013 [43] imposes maximum 

solar factors, in function of the climatic zone, presented in Table 5. 

Table 5 - Maximum solar factor according to Portuguese legislation [43] 

𝒈𝑻,𝒎𝒂𝒙 Climatic zone 

Inertia class V1 V2 V3 

Weak 0.15 0.10 0.10 

Medium 0.56 0.56 0.50 

Strong 0.56 0.56 0.50 

 

In 2017, Berardi et al. (2017) [44] conducted a retrofit project of a school in Catalonia, Spain. This 

building was highly constrained due to the location and surrounding, which prevented the application of 

passive solar heating, which is highly beneficial in the Mediterranean area. Despite this, a significant 
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decrease in building energy demand was obtained, reducing the heating consumption by 56%. The 

most effective strategies were passive solutions like adding insulation to the building envelope, 

decreasing the U-value, and the replacement of all windows with double glazing low emitting ones.  

2.1.5. Indoor environmental health 

Indoor air quality is directly linked to occupant health and performance, which has been brought up as 

a HVAC concern by increased reports of building occupants regarding poor health associated with 

exposure to indoor air, such as dry eyes, skin rashes, etc [26]. Legionella is another example of a 

building related disease. It’s a bacterium that can be found in aquatic systems like tubes, cooling towers, 

evaporative condensers, etc. However, they are not transmitted through contaminated water nor from 

person to person, but through inhalation of contaminated aerosols. These bacteria cannot survive 

temperatures above 70ºC. For this reason, the Portuguese department of public health Direção-Geral 

de Saúde [45] provides a few basic measures to avoid infection, through regulating water storage 

temperature and chlorine concentration. 

Comfort and Indoor Air Quality (IAQ) depend on many factors, including thermal regulation; pollutant 

control; Insufflation of acceptable air; extraction of unacceptable air; proper construction, operation, and 

maintenance of building systems [26]. To dilute indoor air and remove indoor air contaminants, outdoor 

air is often used [26], however, conditioning this outside air can be a significant portion of the total 

space-conditioning load. 

A common strategy to improve IAQ in a building is increasing the ventilation rate, which reduces air 

pollutant concentration [46]. However, natural ventilation has the disadvantage of being an uncertain 

load to the energy consumption, and its quality varies according to the external air quality, which can 

be quite harmful in cities, since there is no filtering system like mechanically ventilated buildings. 

In Portugal, as per Ordinance nº 353-A/2013 [47], the minimum new air flow for a classroom is 24 

m³/h.person and for a gymnasium it’s 98m³/h.person. However, Almeida and Freitas (2014) [48] 

investigated nine Portuguese school buildings, seven of which were recently retrofitted, and concluded 

that the 2 non-retrofitted schools did not provide suitable thermal comfort/ IAQ conditions. The 

temperature in winter was significantly lower than the winter design temperature, 20ºC, and the schools 

did not have heating systems and had a high U-value building envelope.  

2.1.5.1. Ventilation  

Ventilation is the intentional exchange of air between the outside and the building, which can either be 

done naturally or mechanically [26]. Natural ventilation is occupant controlled, for example, opening a 

window which is driven by natural and/or artificially produced pressure differentials. Natural ventilation 

may not be desirable for commercial and institutional buildings since it may lead to energy consumption 

uncertainties and discomfort. To avoid this, these buildings are often pressurized to reduce natural air 

exchange and rely on mechanical ventilation [26].  
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Nabinger and Persily (2011) [49] performed a retrofit study in an unoccupied house to investigate the 

link between air-tightening on ventilation rates and energy consumption. The results demonstrated that 

reducing the house infiltration rates depends on weather conditions and the heating & cooling control 

method, but in general the infiltration rate was reduced by one third due to the retrofits. Kamar et al. 

(2018) [29] conducted a study on the thermal conditions in a main hall of a Mosque, determining the 

locations where occupants would experience greater discomfort, exceeding the upper limit established 

by the ASHRAE standard-55. Employing a CFD method, they studied the effect of installing exhaust 

fans on the thermal condition inside the hall, which would increase airflow velocity and decrease air 

temperature. The results suggested that the PMV index would reduce between 75 and 95% and the 

PPD index between 87 and 91%, which were significant improvements in the occupant’s thermal 

comfort conditions. 

2.1.5.2. Air infiltration 

Air infiltration is the unintentional exchange of air between the outdoors and the building through cracks, 

unintentional openings, material porosity, etc [26]. Infiltration is also known as air leakage into a building, 

while exfiltration is the opposite. Like natural ventilation, infiltration and exfiltration are driven by natural 

and/or artificial pressure differences. When designing a room/building, infiltration or exfiltration can be 

prioritized depending on the building function. For example, in high-level biosafety laboratories, 

airtightness is a critical parameter, where there cannot be exfiltration [50]. 

Most commercial Building Energy Simulation (BES) programs use simplified pressure coefficients 

obtained from standard datasets or analytical models to calculate air infiltration [51]. A more precise, 

but more computationally intensive alternative, is the usage of CFD simulations, which more accurately 

predicts the wind flow around buildings. 

2.1.5.3. 𝑪𝑶𝟐 effects 

As mentioned in chapter 2.1.5, the Portuguese legislation imposes a level of 24m³/h.person of fresh air 

in classrooms. This value is established so that the average interior concentration of 𝐶𝑂2 does not 

surpass 1250 ppm , a value slightly higher than ASHRAE’s initial 1000pm guideline. 

Bluyssen et al. (2018) [52] measured the air quality in diverse Dutch classrooms and average values of 

𝐶𝑂2 concentration of over 1000 ppm were found, despite this, they could not find a relationship between 

air quality responses from conducted surveys and 𝐶𝑂2 measurements. Pegas et al. (2010) [53] analysed 

14 Portuguese elementary schools reporting the indoor and outdoor concentrations of 𝑁𝑂2, 𝐶𝑂2, and 

other comfort parameters. It was seen that the concentration of 𝐶𝑂2 greatly exceeded the value of 1800 

mg/m³ (1000 ppm), showcasing the possibility of either overcrowded classrooms or lack of ventilation. 

2.1.6. Lighting 

Lighting is an early consideration in the process of retrofitting due to their impact in other systems, such 

as heating and cooling loads. Building orientation and advanced fenestration technologies can offer 

significant lighting demand reduction. While natural illumination can be both energy efficient and good 
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for occupant’s health, it can also cause glare and overheating, and therefore, become a detriment for 

the occupant’s well-being. 

The illumination of a surface is given in lux [lx] and has established minimum values for different 

activities and environments. In Portugal, for schools, the average lux should be in between 350 and 400 

lux at desk level [27]. 

2.1.6.1. Natural lighting 

Natural lighting is achieved through fenestration, where the zone is lit up depending on the exterior 

conditions. This can be either beneficial, or detrimental, for the building’s energy performance, 

depending on the time of the year and building location. Having a glass façade in a hot country will 

result in intense solar gains, which will be problematic since it requires the HVAC system to remove 

more energy. However, there are techniques to maximize the amount of lighting obtained naturally while 

also minimizing the heat gains, through daylighting. Examples of daylighting strategies are solar sinks, 

sawtooth roofs, shown in Figure 8, external reflectors, skylights, light shelves, etc.  

 

Figure 8 - Indirect top lighting using sawtooth design [24] 

Michael and Heracleous (2017) [54] investigated the natural light performance of schools in Cyprus, 

performing an in-depth lighting analysis supplemented by a questionnaire targeted to students and 

teachers alike regarding the typical lighting conditions. The questionnaire showed that, despite the 

classrooms having sufficient natural lighting levels and lighting uniformity, artificial lighting was still used, 

due to the glare experienced, which resulted from inappropriate shading devices. 

2.1.6.2. Artificial lighting 

Natural lighting can be insufficient in some cases, and impossible in others. In those cases, it’s 

necessary to artificially light up the area. There are several types of lights: Incandescent, fluorescent, 

CFL, LED, etc. Incandescent were often the cheaper solutions in the market but offered poor efficiency. 

Less than 5% of the electricity consumed was converted into light, while the remaining is wasted as 
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heat [55]. Fluorescent lights are more efficient than incandescent lights and are often a cheaper 

alternative than incandescent lights when taking life costs into account [56]. 

Lighting represents about 14% of electricity consumption in a typical school, not including its impact in 

cooling loads, and tend to be one of the most important cost-saving ECMs, possibly saving up to 50% 

of lighting energy and having shorter payback times than other building system retrofits [24]. 

Jradi et al. (2017) [18] performed an energy simulation in 2 Danish daycare centers, one in Runevej 

and another at Bøgevangen, implementing the same energy renovation measures and comparing their 

individual results. From which, in both sites, installing LED lights resulted in a net saving gain, sacrificing 

heating energy losses with electricity savings, obtaining a payback period from 1.1 to 1.6 years. 

2.1.6.3. Glare 

Glare is associated with the difficulty to see in the presence of bright light, for example, direct sunlight 

reflected in a tv screen or artificial light from car headlamps [57]. This implies that an excess of incident 

light will affect a person’s visual comfort. Providing appropriate indoor lighting must take into account 

the balance between direct and indirect light. A common glare reduction strategy is to increase window 

size, this will increase indoor brightness while the window brightness remains the same, reducing thus 

the maximum brightness ratio [58]. 

2.1.6.4. Energetic efficiency 

For light bulbs, information regarding the product energy consumption will be provided under the 

lightbulb energetic efficiency label [59], shown in Figure 9: 

• The energetic efficiency class; 

• weighted energy consumption (𝐸𝑐) in kWh per 1 000 hours, calculated and rounded up to the 

nearest integer. 

 

Figure 9 - Light bulb energetic efficiency label 
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The energy efficiency index (EEI) is calculated using Equation (12) and rounded to two decimal places, 

which then categorizes the lamp according to Table 6: 

 
𝐸𝐸𝐼 =

𝑃𝑐𝑜𝑟

𝑃𝑟𝑒𝑓

 
(12) 

Where 𝑃𝑐𝑜𝑟 is the corrected rated power [W], calculated by multiplying the rated power with a correction 

factor accounting for the external control gear, and 𝑃𝑟𝑒𝑓 is the reference power [W]. 

Table 6 - Energy efficiency classes for lamps [60] 

Energy efficiency class EEI for non-directional 

lamps 

EEI for directional lamps 

A++ EEI ≤ 0.11 EEI ≤ 0.13 

A+ 0.11 < EEI ≤ 0.17 0.13 < EEI ≤ 0.18 

A 0.17 < EEI ≤ 0.24 0.18 < EEI ≤ 0.40 

B 0.24 < EEI ≤ 0.60 0.40 < EEI ≤ 0.95 

C 0.60 < EEI ≤ 0.80 0.95 < EEI ≤ 1.20 

D 0.80 < EEI ≤ 0.95 1.20 < EEI ≤ 1.75 

E EEI ≥ 0.95 EEI ≥ 1.75 

2.1.7. Equipment 

The EU has promoted energy efficient products by requiring energy performance labels with “A+++” 

(green), the most efficient products, to “G” (red), the least efficient products, category ratings. This 

constitutes an easy and fast method for a consumer to compare the energetic performance of 2 

products. Considering these products can reach a lifespan of over 10 years, the difference in 

consumption will pile up. However, consumer choice shouldn’t be based on efficiency alone, but also 

their needs. There is no need to acquire a fridge of 300L with A rating when only a 100L fridge is 

needed. 

2.1.8. Space conditioning 

Properly minimizing heating and cooling needs requires an integrated analysis of the building in 

question, since every prior retrofit measure would influence the energy demand. Sunlight is free and 

reduces heating needs during the winter while natural ventilation can help minimize cooling demand in 

the summer. These design principles can reduce the heating and cooling loads and thus avoid the 

acquisition of an oversized HVAC system. Common retrofit measures to reduce energy usage in space 

conditioning are performing monthly maintenance and setting back the thermostat when the building is 

unoccupied. 

2.1.9. Renewable energy technologies 

To achieve nZEB, there are essentially four ways to reduce energy consumption in a building: Passive 

building design, low embodied energy materials, low operational energy and building integrated 
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renewable energy technologies. When the total building energy requirements is completely met by the 

renewable energy system, then the building is known as a highly energy efficient or zero emission green 

building [61]. According to Tan et al. (2016) [62], the most promising renewable energy technologies 

are photovoltaic (PV), solar thermal energy and geothermal heat pump systems. 

Ovelha (2017) [63] projected a solar system in a habitational building in Elvas, Portugal and verified 

that the NPV was positive, and the payback period for the project was of 11.6 years, which was within 

the system’s lifetime. 

2.1.10. Building certification 

Buildings also have energy certificates, issued by qualified experts, ranging from “F” to “A+”. Buildings 

with A+ rating have an annual primary energy lower than 25% of the annual primary energy of a 

standard building. The Portuguese legislation, under Ordinance n.º 42/2019 [64], imposes some 

maximum values for the building certificate, depending if it’s new or existing, presented in Table 7. 

Table 7 - Maximum building energy consumption according to Portuguese legislation [64] 

Context Limit 

nZEB 𝐼𝐸𝐸𝑆≤ 75% 𝐼𝐸𝐸𝑟𝑒𝑓,𝑆 𝑅𝐼𝐸𝐸 ≤ 0.50 

New building 𝐼𝐸𝐸𝑆≤ 100% 𝐼𝐸𝐸𝑟𝑒𝑓,𝑆 𝑅𝐼𝐸𝐸 ≤ 1.00 

Building subject to grand 

intervention 

--- 𝑅𝐼𝐸𝐸 ≤ 1.50 

 

For households, the buildings energetic class is determined as the ratio between the building’s annual 

primary energy consumption (𝑁𝑡𝑐) and the regulated value (𝑁𝑡), as described by Equation (13) and 

defined by Table 8, extracted from Dispatch n.º 15793-J/2013 [65]: 

 
𝑅𝑁𝑡 =

𝑁𝑡𝑐

𝑁𝑡

 
(13) 

 

Table 8 - Residential building energetic classes [65] 

Energetic class 𝑹𝑵𝒕 

A+ 𝑅𝑁𝑡 ≤0.25 

A 0.26 < 𝑅𝑁𝑡 ≤ 0.50 

B 0.51 < 𝑅𝑁𝑡 ≤ 0.75 

B- 0.76 < 𝑅𝑁𝑡 ≤ 1.00 

C 1.01 < 𝑅𝑁𝑡 ≤ 1.50 

D 1.51 < 𝑅𝑁𝑡 ≤ 2.00 

E 2.01 < 𝑅𝑁𝑡 ≤ 2.50 

F 𝑅𝑁𝑡 ≥ 2.51 
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For commercial buildings, the energetic class is determined by Equation (14): 

 
𝑅𝐼𝐸𝐸 =

𝐼𝐸𝐸𝑆 − 𝐼𝐸𝐸𝑅𝐸𝑁

𝐼𝐸𝐸𝑟𝑒𝑓,𝑆

 
(14) 

 

Where 𝐼𝐸𝐸𝑆 is the energetic efficiency index, depending whether the building is new, existing, or object 

to a large renovation, as shown in Table 9; 𝐼𝐸𝐸𝑅𝐸𝑁  is the renewable energetic efficiency index 

associated to the production of electric and thermal energy from renewable energy sources and 𝐼𝐸𝐸𝑟𝑒𝑓,𝑆 

is the reference energy efficiency index associated to the energetic annual consumption. 

Table 9 - 𝐼𝐸𝐸𝑆 classification for small and big commercial and services buildings [65] 

 𝑰𝑬𝑬𝑺 calculation 

Building type New Existing Grand intervention 

PES 𝐼𝐸𝐸𝑝𝑟,𝑆 𝐼𝐸𝐸𝑒𝑓,𝑆 or 𝐼𝐸𝐸𝑝𝑟,𝑆 𝐼𝐸𝐸𝑝𝑟,𝑆 

GES 𝐼𝐸𝐸𝑝𝑟,𝑆 𝐼𝐸𝐸𝑒𝑓,𝑆 or 𝐼𝐸𝐸𝑝𝑟,𝑆 𝐼𝐸𝐸𝑝𝑟,𝑆 

GES with PRE and 

HVAC improvement 

measures 

n.a. 𝐼𝐸𝐸𝑝𝑟,𝑆 n.a. 

GES with PRE 

without improvement 

measures 

n.a. 𝐼𝐸𝐸𝑒𝑓,𝑆 or 𝐼𝐸𝐸𝑝𝑟,𝑆 n.a. 

 

Label: 

• PES: Small commercial/services building 

• GES: Big commercial/services building 

• PRE: Energetic rationalization plan 

• 𝐼𝐸𝐸𝑝𝑟,𝑆: Predicted IEE 

• 𝐼𝐸𝐸𝑒𝑓,𝑆: Effective IEE 

These values are calculated according to the decree-law 118/2013, Ordinance nº349-D/2013 [66], 

changed in 2016 to Ordinance nº 17-A/2016 [39], which establishes the conception requisites relative 

to the thermal quality of envelopes and the efficiency of the technical systems buildings. 

The intervals associated to calculate the energetic efficiency class of commercial/services buildings is 

equal to the intervals shown in Table 10. 
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Table 10 - Non-residential building energetic classes [65] 

 

In Portugal, the energetic performance index (IEE) is calculated using Equation (15): 

 𝐼𝐸𝐸 =  𝐼𝐸𝐸𝑆 + 𝐼𝐸𝐸𝑇 − 𝐼𝐸𝐸𝑟𝑒𝑛 (15) 

Where 𝐼𝐸𝐸𝑆 is the component which represents the energy consumptions which will be considered to 

calculate the building’s energetic classification,  𝐼𝐸𝐸𝑇 represents the remaining energy consumption, 

and 𝐼𝐸𝐸𝑅𝐸𝑁 is determined by the production of electrical and thermal energy from renewable energy 

sources,  resulting in primary energy over unit of useful area (
𝑘𝑊ℎ𝐸𝑃

𝑚²𝑦𝑒𝑎𝑟⁄ ). Table 11 describes which 

energy consumptions belong to which category. 

Table 11 - Energy consumption considered in 𝐼𝐸𝐸𝑆 and 𝐼𝐸𝐸𝑇 [66] 

𝐼𝐸𝐸𝑆 𝐼𝐸𝐸𝑇 

-Heating/ Cooling and 

humidification/dehumidification  

-Ventilation and pumping in conditioning systems 

-Water heating of domestic water and pools 

-Interior illumination 

-Elevators, escalators and treadmills 

-Exterior illumination 

-Ventilation and pumping not associated to 

thermal load control 

-Cold equipment 

-Dedicated illumination and of punctual use 

-Remaining equipment not included in 𝐼𝐸𝐸𝑆 

 

To determine the variables for the buildings energetic class, formulas (16-18) are used: 

 
𝐼𝐸𝐸𝑆 =

1

𝐴𝑝

∑(𝐸𝑆,𝑖𝐹𝑝𝑢,𝑖)

𝑖

 

 

(16) 

 
𝐼𝐸𝐸𝑇 =

1

𝐴𝑝

∑(𝐸𝑇,𝑖𝐹𝑝𝑢,𝑖)

𝑖

 

 

(17) 

 
𝐼𝐸𝐸𝑟𝑒𝑛 =

1

𝐴𝑝

∑(𝐸𝑟𝑒𝑛,𝑖𝐹𝑝𝑢,𝑖)

𝑖

 

 

(18) 

Energetic class 𝑹𝑰𝑬𝑬 

A+ 𝑅𝐼𝐸𝐸 ≤0.25 

A 0.26 < 𝑅𝐼𝐸𝐸 ≤ 0.50 

B 0.51 < 𝑅𝐼𝐸𝐸 ≤ 0.75 

B- 0.76 < 𝑅𝐼𝐸𝐸 ≤ 1.00 

C 1.01 < 𝑅𝐼𝐸𝐸 ≤ 1.50 

D 1.51 < 𝑅𝐼𝐸𝐸 ≤ 2.00 

E 2.01 < 𝑅𝐼𝐸𝐸 ≤ 2.50 

F 𝑅𝐼𝐸𝐸 ≥ 2.51 
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Where 𝐴𝑝 is the useful interior area [m²], 𝐹𝑝𝑢,𝑖 is the energy conversion factor to primary energy, 

according to DGEG [
𝑘𝑊ℎ𝐸𝑃

𝑘𝑊ℎ
⁄ ], 𝐸𝑆,𝑖 and 𝐸𝑇,𝑖 are the consumption of energy per energy source i for 

equipment of type S and of type T, respectively [kWh/year], and 𝐸𝑟𝑒𝑛,𝑖 is the production of energy per 

energy source i from renewable energy sources for consumption [kWh/year]. 

Besides these indicators, there are also the predicted IEE (𝐼𝐸𝐸𝑝𝑟), the effective IEE (𝐼𝐸𝐸𝑒𝑓) and the 

reference IEE (𝐼𝐸𝐸𝑟𝑒𝑓) [66] defined by Equations (19-21): 

• 𝐼𝐸𝐸𝑝𝑟 translates the building’s annual energy consumption based on its localization, envelope 

characteristics, and efficiency of the technical systems. 

 𝐼𝐸𝐸𝑝𝑟 = 𝐼𝐸𝐸𝑝𝑟,𝑆 + 𝐼𝐸𝐸𝑝𝑟,𝑇 −  𝐼𝐸𝐸𝑝𝑟,𝑟𝑒𝑛 

 

(19) 

• 𝐼𝐸𝐸𝑒𝑓 gives information regarding the building’s annual energy consumption, based on past 

energy bills and /or from recent energetic evaluation results. 

 𝐼𝐸𝐸𝑒𝑓 = 𝐼𝐸𝐸𝑒𝑓,𝑆 + 𝐼𝐸𝐸𝑒𝑓,𝑇 − 𝐼𝐸𝐸𝑒𝑓,𝑟𝑒𝑛 

 

(20) 

• 𝐼𝐸𝐸𝑟𝑒𝑓 is a value which shows the building’s annual energy consumption if it was applied 

reference solutions to its envelope and technical systems, maintaining the remaining 

characteristics. 

 𝐼𝐸𝐸𝑟𝑒𝑓 =  𝐼𝐸𝐸𝑟𝑒𝑓,𝑆 +  𝐼𝐸𝐸𝑟𝑒𝑓,𝑇 (21) 

Portuguese dispatch nº 15793-D/2013 [67] establishes the primary energy conversion factors for carbon 

dioxide emissions, as shown in Table 12. 

Table 12 - Carbon dioxide emissions conversion factors per energy source [67] 

Energy source 
Conversion factor [

𝒌𝒈𝑪𝑶𝟐

𝒌𝑾𝒉𝑬𝑷
⁄ ] 

Electricity 0.144 

Diesel 0.267 

Natural gas 0.202 

LPG (channelled propane) 0.170 

LPG (bottles) 0.170 

Renewable 0.0 

 

Zero Energy Buildings 

Passivhaus was a german programme initiated in 1990 which specified very stringent building envelope 

requirements to ensure the building is comfortable independent of the climate. These buildings 

presented low cooling and heating demand which were achieved through extremely high levels of 

insulation and very low infiltration. Specifications set in 1990 (less than 15kWh/m² for heating, cooling 

and ventilation per year) are still among the best performance being achieved today [7].  
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A nZEB is defined as a building with a very high energetic performance. Its low energetic needs should 

be covered mostly from renewable energy sources [68], illustrated in Figure 10. The concept of nZEB 

reflects the fact that renewable energy and efficiency measures work together [69]. The EPBD directive 

requires all new buildings to be nZEB by the end of 2020, and all new public buildings by 2018. For the 

different EU climatic zones, there are benchmarks for the energy performance of nZEB [70]. To achieve 

these goals, EU member states have developed national plans with guidelines. In Portugal, DGEG 

(2018) [8] published the Portuguese national plan to increase the number of nZEB, where it defines 

minimum and maximum requirements for the diverse energy in building contributing factors.  

 

Figure 10 - nZEB illustration [8] 

Solar XXI (Figure 11) is an example of a Portuguese nZEB, built with a highly insulated envelope, a 

design that takes advantage of numerous natural energy sources and is integrated with PV to provide 

energy for lighting and electrical appliances. The photovoltaic system occupies 96m² and produces 12 

MWh/year (vertical surface) corresponding to 70-80% of the building’s energy consumption, managing 

to avoid 8 ton of 𝐶𝑂2 [71]. 

 

Figure 11 - Solar XXI daylighting [71] 
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Plus House Larvik (Figure 12) is a building completed in 2014 in Lavik, Norway with a size of 200m². 

By optimizing architectural qualities and technological solutions, the house serves both the living and 

energy needs of a family house, in addition to generating enough energy surpluses to power an electric 

car year-round [72]. 

 

Figure 12 - Plus House Larvik Illustration [72] 

2.2. Building retrofit legislation 

Building legislation sparked in the 90’s due to the United Nations Framework Convention on Climate 

Change (UNFCCC) and the Kyoto protocol. The UNFCCC was created in 1992 with the goal to achieve 

stabilization of greenhouse gas concentrations in the atmosphere within a time frame to allow for 

ecosystems to adapt naturally [73]. This convention led to the Kyoto Protocol in 1997, a treaty based 

on the scientific consensus that a global warming is occurring and that it’s largely derived from human-

made 𝐶𝑂2 emissions [74]. For the participants, the goals set were achieved, however, it wasn’t enough 

to offset the emissions from developing countries. 

On 2015, the Paris Agreement took place [75], which had the goal to hold the increase in global average 

temperature to well below 2ºC above pre-industrial levels, leading again to reducing global emissions. 

2.2.1. EU guidelines 

After the oil crisis in the 70s, EU started to develop a set of regulations in the energy sector to make it 

more safe, reliable and with less environmental impacts. In the 70’s, the goal was to make efforts in 

improving efficiency rates and promote the introduction of natural gas networks; In the 80’s,EU 

regulation aimed to reduce emissions, and improve combustion technologies, which would operate at 

lower temperatures and emit less; In the 90’s, there were significant progresses with standards and 

regulations related to energy in buildings, regulations on IAQ and reduction of heating and cooling loads; 

In the 2000’s, the effort was aimed towards optimization methods, introduction of smart buildings and 
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systems, integrating renewables and attaining Net or Nearly Net Zero Buildings (NZEB) [57]. In 2007, 

the EU leaders set the 2020 climate & energy package, which headline Europe’s 2020 strategy for 

smart, sustainable and inclusive growth. This package sets 3 objectives for 2020 [76]: 

• 20% cut in greenhouse gas emissions (GGE) (when compared to 1990); 

• 20% of EU energy from renewables; 

• 20% improvement in energy efficiency. 

In 2016, EPBD was updated to help promote the use of smart technology in buildings, streamline 

existing rules and accelerate building renovation, as part of the Clean Energy for All Europeans 

package. 

In 2018, EPBD was amended with the objective of accelerating building renovation and introducing 

control systems and building automation as alternatives for physical inspection, implement the 

necessary infrastructure for e-mobility and introduce a smart indicator to evaluate the technological 

preparation of the building [77]. Another ambitious goal of this recast was the reduction of the EU 

greenhouse gas emissions in 2050 by 80-95% compared to 1990 [78]. 

2.2.2. Portuguese legislation 

Following the European progress in building regulation, on 1990, the RCCTE was established and was 

the first Portuguese legislative that imposed project requirements for new buildings and big renovations, 

representing the first and an important step for the improvement of building construction in Portugal.  

In 1998, Building Climatization Energetic Certification Regulation (RSECE) was formed to complement 

RCCTE, and replace RQSCE, since it didn’t regulate the dimensions of HVAC systems [79]. 

In 2006, due to the penetration of HVAC systems, RCCTE was reviewed so that it considered the 

energy consumption in a more realistic fashion so that buildings could evolve towards better thermal 

isolation demands [23], and RSECE was reviewed to introduce measures to establish maximum limits 

for the systems that were installed in buildings to avoid oversizing and avoiding unnecessary 

investments [80]. RSECE also establishes minimum values of air renewal, guaranteeing the Internal Air 

Quality (IAQ), and establishing maximum values for the concentration of some pollutant substances. In 

the same year, Buildings Certification System (SCE) was formed to inform future users of the potential 

energy consumption. SCE had the objective of evaluating and categorizing the building energetic 

performance and the IAQ, guaranteeing the RCCTE and RSECE demands and ensure that, during the 

whole process, formed technicians intervene and suggest economically viable measures that can 

correct or improve the building’s energy efficiency [81]. 

In 2010, Portugal defined a new national energy strategy, ENE 2020. ENE 2020 defines a “plan for the 

competitiveness, growth, and energetic and financial independence of the country, by betting on 

renewable energy and promoting energetic efficiency, guaranteeing  supply security and economic and 

environmental sustainability of the economic model” [82] with the objectives of reducing the energetic 
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dependence, promote sustainable growth, renewable energy usage and energetic efficiency, and 

reduce the GGE [83]. Under ENE 2020, the Energetic efficiency plan on public administration (ECO.AP) 

was formed on 2011. This programme has the objective of reaching an energetic efficiency of 30% in 

public administration area, without this energetic efficiency goal raising public expenditure [84]. 

On 2013, EPBD recast was transposed into national law through decree-laws no. 118/2013 and 

194/2015, resulting in Rules of the Energy Performance of Housing Buildings (REH), Buildings Energy 

Certification (SCE) and Regulation on Energy Performance of Office and Commercial Buildings 

(RECS). Separating housing buildings from office and commercial buildings would facilitate the 

technical treatment and the administrative management of these facilities while also recognizing the 

technical specifications of each type of facility and what is relevant for the characterization and the 

improvement of the building’s energy performance [85]. REH is based on the thermal behaviour and 

the efficiency of systems, and RECS, besides the pillars mentioned for REH, is also based the 

installation, use and maintenance of the technical systems. Moreover, the regulations also specify 

specific requisitions for new buildings, buildings subject to big interventions, and existing buildings. 

2.3. Impacts of retrofit in consumption and on the 

environment 

The impact of different retrofit measures is commonly evaluated through energy simulation, for which, 

there are several whole-of-building energy simulation packages and models, for example, EnergyPlus 

and TRNSYS. Santamouris et al. (2007) [86] used TRNSYS to investigate the energy saving potential 

of green roofs, reaching the conclusion that the green roof enabled a significant decrease in cooling 

load without significantly increasing the heating load. Chidiac et al. (2011) [87], who used EnergyPlus 

to study the difference in evaluating the retrofit impact on a building by summing individual retrofit 

measures with a whole-building simulation, reached the conclusion that the sum of singular retrofit 

measures overpredicted the actual impact,  and Ascione et al. (2011) [88], who resorted to EnergyPlus 

to perform a dynamic simulation on a historical building which, when calibrated, allowed to study the 

effectiveness of potential retrofit measures. 

Besides BES packages, a variety of energy simulation models have been developed and used to 

estimate energy performance of different retrofit measures. The models range from detailed physical 

models to gray box models and black box models. Eskander et al. (2017) [14] used the metaheuristic 

Genetic Algorithm (GA) to determine the retrofit solutions that maximized energy savings for different 

locations and budgets, reaching the conclusion that the best solutions would be near the slope change 

in the Pareto front, suggesting the installation of heat pumps, lighting replacement and envelope retrofit. 

Additionally, locations based on simple payback period was suggested, such as, Bragança, where the 

same retrofit measures would have a lower payback period than if applied in similar contexts in Lisbon. 
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2.3.1. Building retrofit 

As mentioned in chapter 1, buildings are responsible for 20 to 40% of the total final energy consumption 

in developed countries according to Pérez-Lombard et al. (2008) [1], and the majority of existing 

Portuguese  buildings were built before significant building legislation was created [8], leading to a need 

to improve buildings which don’t comply with the minimum standards set today. Hens (2010) [89] 

reported on the results on a retrofit of a two-story house built in 1957. It was shown that the benefits 

from better insulation, energy efficient windows, better airtightness outweighed the benefits of using 

solar boiler and PV panels. Feliciano (2016) [90] studied the possibility of converting a big commercial 

building in Vila Nova de Gaia, Portugal to a nZEB. The building had a C energetic class and consumed 

283,587 kWh/year. A simulation was made which predicted 299,850 kWh/year, being only 5.73% higher 

than the actual energy consumption, however, by considering a different reference value, the simulated 

energetic class was B-. Five energy conservation measures were proposed, from which: light 

replacements, window replacement, envelope improvement, PV installation and adjusting the heating 

and cooling setpoint. The first measure would reduce consumption by 46,998 kWh/year (15.67%), the 

second measure would reduce consumption by 6,512 kWh/year (2.07%), the third would reduce 

consumption by 5,432 kWh/year (1.81%), the fourth would produce 44,381 kWh/year (14.80%) and the 

fifth would reduce the consumption by 19,462 kWh/year (6.49%), this last measure would change the 

heating setpoint to 18ºC from 20ºC. The simulated result of combining these measures would lead to 

an annual energetic consumption of 187,473 kWh/year, a difference of 112,377 kWh (37.48%), 

transforming the energetic class of this building to A+.  

Chen et al. (2015) [91] evaluated a residential building built in 1990’s in Tangshan, China. When 

comparing the results pre-retrofit (2009) and post-retrofit (2010), and standardizing the outside 

conditions, it was seen that the retrofit measures reflected an energy saving rate of 49.2% and a 

reduction in coal usage by 41.2 tons every year. When conducting an economic analysis, it was seen 

that the payback period was 17.4 years, but the NPV results weren’t promising, concluding that 

subsidiaries from the government were necessary to promote this retrofit package. A survey was 

conducted in 2009 and 2010 and it was seen that the occupant’s comfort had increased. In 2009, 61% 

of the families of the building were unsatisfied, while in 2010, 66.7% were satisfied. Jradi et al. (2018) 

[92] performed a case study on four day-care centres in Aarhus, taking note that there was room to 

improve these buildings to comply with the Danish building standards. Eight measures were taken: light 

replacement, installation of daylight sensors, window upgrade, wall insulation, roof insulation, 

equipment upgrade, controlled ventilation and water circulation pump upgrade. By plugging these 

measures into the OpenStudio Parametric Analysis Tool, each individual measure’s performance was 

evaluated, from which, LED lights was the measure with the lowest payback period of 1-2 years. When 

evaluating retrofit measure packages for the buildings, payback periods between 3 and 34 years were 

obtained. Evaluating the energetic impact of a retrofit package along with a PV system, energy cuts up 

to 71% were reported (167.5 kWh/m² to 47.4 kWh/m²). A summary of these past studies can be found 

in Table 13. 
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Table 13 - Results summary for non-educational buildings 

Source Year Country Energy efficiency measures 

applied 

Observations 

Hens [89] 2010 Belgium Insulation, window upgrade, 

airtightness 

Insulation, window upgrade, and 

airtightness were applied had 

more impact in energy 

consumption than the solar boiler 

and PV panels installed 

Feliciano 

[90] 

2016 Portugal Light/window replacement, 

envelope improvement, PV 

installation, heating/cooling 

setpoint adjustment 

Global annual consumption of 

283.6 MWh in 2011 reduced to 

177938 after retrofit measures 

Chen [91] 2015 China Wall/window/floor retrofit; 

space heating system 

upgraded 

Retrofit reduced energy 

consumption by 49.2%, and a 

reduction in coal usage by 41.2 

tons/year. Payback period of 17.4 

years but mostly negative NPV  

Jradi [92] 2018 Denmark LED lights, daylight sensors, 

window upgrade, envelope 

insulation, equipment 

upgrade,4kWp PV system 

Up to 71% savings on the primary 

energy consumption (115 

kWh/m²) 

 

 

    

2.3.2. School Retrofit 

Schools represent a unique building typology, where its resources are mostly used during the day and 

its energy consumption are typically governed by lighting and heating/cooling. As mentioned in chapter 

2.1.6, there are several rules regarding the lighting levels in a school building, as it’s associated to both 

the students’ visual comfort and their school performance. Retrofitting schools therefore poses the 

challenge of choosing cost-effective retrofit solutions with an increased consideration on the school 

community’s (which consists in both adults and children) satisfaction. 

Recent findings [93] have shown that children prefer lower temperatures than adults which isn’t backed 

up by Fanger’s PMV model, which suggests that children, with a modified lower metabolic rate value, 

would prefer hotter temperatures. Teli et al. (2016) [93] conducted a study in Swedish elementary 

schools to further research into children’s thermal comfort. It was observed that the temperature 

guidelines were outdated and were not properly fitted for the children’s thermal comfort zone. The PMV 

model predicted a higher comfort temperature than the report, and the Swedish guidelines 

recommended a lower comfort temperature. 
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Santamouris et al. (2007) [86] investigated the energy and environmental performance of an 

experimental green roof system installed in a nursery school building. The green roof system would 

reduce the cooling load during the summer and resulted in energy saving. Stefano (2000) [94] assessed 

the payback of various lighting technologies at Melbourne University: Electronic, T8 Magnetic, T8 

Electronic and T5. From these, only the T8 magnetic had a positive NPV and had the potential to cut 

20% of the campus 𝐶𝑂2 emissions (1352 tons 𝐶𝑂2) and energy consumption (72 MWh/year) while a 

negative NPV T5 solution had the potential to cut 65% emissions (4273 tons) and energy consumption 

(228 MWh). Berardi et al. (2017) [44] performed a real case retrofit project of a school in Catalonia, 

Spain. After the application of 10 EEM, the total intervention cost was €1,369,276.40 and the payback 

period was 41 years. Alfaris et al. (2016) [95] performed a study of a school in Dubai with a total energy 

consumption in 2013 of 3,632,550 kWh (438 kWh/m²year). Through the application of ECMs adequate 

for the building, acting upon the ventilation schedule and type of lighting,  the energy model predicted 

an annual energy consumption of 2,360,680 kWh (285 kWh/m²year), resulting in an energy  and 𝐶𝑂2 

emissions reduction of 35%, Rospi et al. (2017) [96] performed a study in eight schools in Matera city, 

By assessing the effect five retrofit packages would have in each school, significant energy savings 

was reported, the highest being a 93% energy cut  for when the thermal plant and the envelope were 

retrofitted, and, in average, 66.5% in all schools. The results gathered from these studies are presented 

in Table 14. 

Table 14 - Results summary for educational buildings 

Source Year Country Energy efficiency 

measures applied 

Observations 

Santam

ouris 

[86] 

2007 Greece Green roof  Green roof barely had impact on the 

heating load, but significantly 

reduced the cooling load 

Stefano 

[94] 

2000 Australi

a 

Lighting technologies T5 lighting technology saved the 

most electricity but had a negative 

NPV. T8 magnetic was the only 

technology with positive NPV. 

Berardi 

[44] 

2017 Spain Envelope  insulation, window 

upgrade, light shafts 

Retrofit package led to heating 

consumption reduction by 56% 

Alfaris 

[95] 

2016 UAE Schedule change, lighting 

technologies, envelope 

improvement 

The application of the ECM’s would 

lead to a reduction to 285 kWh/m² 

Rospi 

[96] 

2017 Italy Building envelope retrofit, 

window upgrade 

Envelope improvement lead to an 

average primary energy consumption 

reduction  of 66.5% in all schools 
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2.4. Impacts of behaviour in consumption 

The most successful retrofit measures can be rendered ineffective by careless occupant behaviours; 

thus, training students and staff about the measures and how their actions can affect the measure 

effectiveness is vital. Therefore, besides installing energy-saving technologies, energy-efficient 

occupant behaviour is also needed to guarantee sustained reductions in energy consumption [97]. An 

occupant behaviour which can impact building energy consumption can be changing/adjusting clothes, 

adapting to whether it’s cold or hot, which can save heating and cooling energy. Owens and Wilhite [15] 

performed a survey that showed that between 10 to 20% of domestic energy use in the Nordic countries 

could be saved from occupant behaviour changes alone. Bartiaux [98]  studied the impact children 

could have in transmitting energy-saving messages to their families. The study found children who were 

generally more agentive were better able to influence their parents in relation to energy. However, a 

study by Fell and Chiu (2014) [99] illustrated the existence of communicational barriers between 

children and their parents. The present difficulties lie on the fact that determining the quantitative impact 

of occupant’s behaviour on building energy consumption can be difficult, and that user-based decisions 

can negatively impact another users’ comfort. Lefkeli et al. (2018) [99] conducted a survey towards 5th 

and 6th graders of the prefecture of Evros, Greece, consisting in 612 questionnaires throughout 17 

elementary schools. The questionnaire consisted of questions concerning subjects such as household 

energy management, recycling, transportation to school, and the importance of saving energy and 

showed that the young respondents had developed energy saving behaviour and were sensitive to the 

issues at hand.  

Throughout this chapter it was observed that current literature, while building retrofit impact is 

extensively studied, and user behaviour is also extensively studied, there is a lack of data that manages 

to couple these two areas. In this thesis, user feedback will be intertwined with the retrofit simulation 

and impact, resulting in an exchange of information between the user to the simulation model, 

complementing it, and vice versa, from the simulation model to the users, further boosting the retrofit 

project. 
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3. Methodology 

As previously mentioned, this thesis aims to quantify the impact a retrofit had on a building and its users. 

The building in which this thesis focuses on is an elementary school retrofitted as part of Sharing Cities 

programme. To achieve this, EnergyPlus® and SketchUp® Make 2017, with the respective 

OpenStudio® 2.8.0 plugin, were used. With the school’s building information provided by the parish’s 

council, a precise model was created with SketchUp® and defined in OpenStudio® and analysed, 

obtaining results of energy simulations of the model before and after the application of the retrofit 

measures. To calibrate the simulation results, several visits to the school were made to collect 

information about the school’s envelope, equipment, systems, lights, occupancy and their respective 

schedules.  

In this thesis the target school building was audited and compared to initial dynamic simulations, which 

were then calibrated to quantify the difference observed energetically and economically between the 

building before and after the retrofit. 

To understand the building occupant behaviour, surveys were made. To represent the children, a 4th 

grade class was surveyed with simple questions regarding energy and their wellbeing. For the adults, 

a lengthier survey was made to assess their energy related knowledge, energy saving behaviours, and 

thoughts on the renovation impact. To further understand the building before the renovation, and gather 

the user's thoughts on the renovation, interviews were made with school personnel volunteers from 

different operational backgrounds, who each provided different insights to the building and renovation 

process. The data collected enabled the analysis to perform behavioural suggestions to improve overall 

energy consumption. 

On the building’s end, energy consumption was monitored with a power logger. Furthermore, the 4th 

grade classroom had a more in depth monitorization, studying the indoor air temperature, the carbon 

dioxide levels and the relative humidity. 

With data gathered from the surveys and the building audit, the simulation file was calibrated to 

represent the studied building more accurately. With this calibrated retrofit model, further studies were 

originated, such as the creation of a baseline and reference model, which would represent the building 

before the renovation and if the building had standard materials, respectively, which would allow the 

quantification of the retrofit impact, from an energetic, economic, and environmental point of view. With 

the calibrated retrofit model, a user thermal comfort was analysed, and different indoor temperatures 

were suggested that account for both ends of the user spectrum, the teachers and the students. 

The building was also classified into a new building energetic class and, lastly, suggestions were given 

back to the school community with measures that could help improve both the user wellbeing and 

reduce the building energy consumption. 

A summary of the methodology is illustrated in Figure 13. 
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Figure 13 - Thesis methodology 

3.1. Case study 

The retrofitted building (Figure 14) is a big service building, an elementary school constructed in the 

50’s with strong thermal inertia located in Olaias, Lisbon, an urban zone in the Beato parish, roughly 17 

km away from the coast and 61 metres above sea level. This location fits in the I1-V2 Portuguese 

climatic zone [100]. 

The building finds itself isolated in a zone with average urban density, having thus rare opportunities of 

being shadowed from the surrounding buildings. Its facades are facing NW, NE, SW and SE. 

Before the retrofit, the building had a good, but degraded, construction. The retrofit was conducted to 

comply with the new legislation, not only to satisfy its thermal and energetic requirements, but also to 

improve its accessibility, for example.  

The retrofit took place from 2015 to 2019 funded by the Sharing Cities program which seeks to develop 

affordable smart city solutions. The main building consists of 2 stories and its classrooms are located 

towards the south-eastern facade. There are 192 students, 15 teachers, 5 educational assistants and 

2 people for administration. The school had planned to increase its student body in the school year 

2019/2020, however, the number of students did not increase. 

 

Figure 14 – Rear (north west) view of elementary school Eng. Duarte Pacheco post-retrofit 
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3.1.1. Retrofit measures  

As mentioned in section 3.1., the building had a good, but degraded construction. This is, from a building 

certification standpoint, the building had a B- class, however, building occupants mentioned the 

envelope being “rotten” and complained about constant water leaks and air infiltration. In Table 15, a 

summary of the building initial characteristics, along with the measures applied, will be described. 

Table 15 - Applied retrofit measures summary 

Retrofit measure Retrofit description 

Window frame 

replacement 

New double glass anodized aluminium windows Lamiglass 3+3//16//3+3, 

Lamiglass 4+4//16//4+4, Lamiglass 6+6//16//6+6 

𝑼𝒐𝒍𝒅=5.82, 𝑼𝒏𝒆𝒘=2.55-2.66 [W/m²ºC] 

Roof replacement Insert metallic plate sandwich layer with 3cm thickness and mineral wool  

layer of 5 cm 

𝑼𝒐𝒍𝒅=0.859, 𝑼𝒏𝒆𝒘=0.134 [W/m²ºC] 

PV replacement 18 solar panels were removed (went to another school), 320 PV panels were 

acquired 

Interior floor Insertion of a 2 cm Celenit cork layer and a 2cm gypsum board layer 

𝑼𝒐𝒍𝒅=2.24, 𝑼𝒏𝒆𝒘=1.03 [W/m²ºC] 

Acquisition of 

roller blinds 

Blinds were placed in every classroom window. Manual, white, Blackout B5 

fabric 

Light replacement Fluorescent lights replaced with LEDs 

 

The solar gain factor was 0.7, higher than the legislated value of 0.56 for a strong built building located 

in the climatic zone V2. By introducing blackouts, this solar gain value reduced to 0.37, as shown in 

Table 16. 

Table 16 - Window solar gain factor 
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The original roof had a U-value of 0.859 W/m²K. This was retrofitted to a roof consisting of: a false roof, 

a celenit board, a ceiling slab, mineral wool, an air layer and a sandwich panel, having a U-value of 

0.134 W/m²K. The new U-value reduces the heat transfer through this surface by a factor of 6.5. 

The interior floor had an initial U-value of 2.242 W/m²K was retrofitted to comply with the legislated 

value of 1.65 W/m²K (the heat transfer was reduced 1.4 times). It now consists of: A layer of ceramic 

tiles, a layer of reinforced concrete, celenit cork, a layer of gypsum board, and a layer of stucco coating. 

Legislation compliance 

The building is located in Lisbon, 61m above sealevel, corresponding to the climatic zone I1 (Winter) 

and V2 (Summer). The maximum superficial thermal transmission coefficients of opaque surfaces and 

the maximum admissable solar factors for glazed spans are presented in Table 17 and 18 , respectively, 

according to Ordinance n.º 17-A/2016. It can be seen that some elements do not comply with current 

legislation, but, during the planning process, Ordinance n.º 17-A/2016 had not been issued, meaning 

that the maximum U-values considered were of the previous building envelope legislation, Ordinance 

n.º 349-D/2013, which were higher than the envelope solutions considered. 

Table 17 - Envelope surfaces legislation verification 

Typology Building Climatic zone 

I1 

Check 

U calculated 

[W/m²ºC] 

U max (2016) 

[W/m²ºC] 

 

Exterior elements 

Opaque vertical zones 0.915 0.70 

 

No 

Opaque horizontal zones 0.134 0.50 

 

OK 

 

3.2. Simulation tools 

The tools used in the development of the simulation section for this thesis were EnergyPlus® V9.1, 

SketchUp® Make 2017 and OpenStudio® version 2.8.0. 

3.2.1. EnergyPlus® 

EnergyPlus® is a whole building energy simulation program that engineers, architects, and researchers 

use to model both energy consumption- for heating, cooling, ventilation, lighting and plug and process 

loads – and water use in buildings [101].  

EnergyPlus® played a fundamental role in model calibration, allowing the quick modification of 

classroom schedules, as shown in Figure 15. Using EnergyPlus® enabled the whole building analysis, 

resulting in annual discretized energetic consumption and simulated indoor temperatures. 
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Figure 15 - EnergyPlus® interface 

Simulation inputs 

In order to be able to perform the simulation of the data, some inputs were needed. Some of these 

inputs were obtained from literature, such as weather conditions. The total assumed power of the 

equipment is 1,012 W, resulting from 11 groups desktop+screen (73W+19W). ASHRAE (2009) [26] 

also indicates a lighting density of 15 W/m² for classrooms and 5 W/m² for the corridors. Since there 

are no locker rooms, there was no water heating load considered. Additional technical references [27] 

establishes the heating and cooling setpoint of 18ºC and 24ºC, respectively, the average relative 

humidity between 35 and 70%, and the air renovation should be 3 air changes per hour. Table 18 

presents a summary of the simulation inputs. 

Table 18 - Summary of simulation inputs 

Occupation Equipme

nt 

Illumination Heating 

setpoint 

Cooling 

setpoint 

Relative 

humidity 

Infiltrati

on 

0.236 

occupants 

/m² 

1.16 W/m² 15 W/m² 

classrooms,  5 

W/m² corridors 

18ºC 24ºC 35% - 

70% 

3 ACH 

 

The weather file used for the simulation was the weather file for Lisbon 

(PRT_Lisboa.085360_INETI.epw) provided by EnergyPlus® site [102]. 

Initial supplied simulation files from the city hall had schedules for occupation, illumination, equipment 

usage, natural ventilation and heating/cooling that were based on the school year calendar (bank 

holidays and holidays), pre-defined educational establishment schedules [103], along with inputs 

established in Table 18 and the building’s construction from before and after the retrofit, along with a 

reference model used. These models will henceforth be denominated “Supplied Baseline”, “Supplied 

Retrofit” and “Supplied Reference” . Due to resorting to pre-defined schedules, while it could evaluate 

the impact of the retrofit measures and attribute an energetic class, it did not reflect actual building 

consumption, and became the basis of the model calibration. 
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3.2.2. SketchUp® 

Sketchup® is a 3D modelling computer program currently owned by Trimble Inc. which has several 

applications, from architectural to civil and mechanical engineering. There is a free web-based 

application, Sketchup® Free, a freeware version, Sketchup® Make, and a paid version, Sketchup® Pro, 

which has some extra functionalities [104]. Sketchup® Make 2017, the free-to-use version destined for 

home, personal and educational use, will be the version used for this thesis. 

The SketchUp® model, as shown below (Figures 16 and 17)  was reconstructed from the given 

“Supplied Retrofit” EnergyPlus® model mentioned in section 3.2.1.. 

 

Figure 16 - Southwest facade of the case study post-retrofit 

 

Figure 17 - Northeast facade of the case study post-retrofit 

The building shown in Figures 16 and 17, rendered by construction demonstrate the distribution of the 

new windows. The original building, shown in Figure 18, had single pane windows with a U-factor of 

5.82 W/m², well above the legislated value of 4.3 W/m².  The windows coloured green are double pane 

windows with a U-value of 2.55 W/m², the windows coloured red have a U-value of 2.61 W/m², and the 

windows coloured white have a U-factor of 2.66 W/m². Additionally, some windows were removed from 

the northern facade, as shown in Figure 18, which shows the recreation of the “Supplied Baseline” 

model in SketchUp®. 
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Figure 18 - Northeast facade of the case study pre-retrofit 

3.2.3. OpenStudio® 

OpenStudio® is a cross-platform collection of software tools to support whole building energy modelling 

using EnergyPlus® and advanced daylight analysis using Radiance [105]. The OpenStudio® 

SketchUp® Plug-In is an extension to Trimble’s SketchUp® 3D modelling tool that allows users to 

quickly create geometry needed for EnergyPlus®. It’s a fully featured graphical interface which include 

envelope, loads, schedules and HVAC while also providing tools, such as the ResultsViewer and 

Parametric Analysis Tool to study and examine the outputs of the simulation. 

In OpenStudio®, the buildings envelope characteristics, and energy usage definition and schedules 

were defined and enabled a more user-friendly overview of the simulation model, as shown in Figure 

19. 

 

Figure 19 – OpenStudio® interface 

3.3. Building audit 

The building energy consumption before the building retrofit, through energy bills from before 

September 2018, could not be obtained. Instead, the “Supplied Baseline” simulation file mentioned in 

section 3.2.1. provided by the city hall, was used to recreate the baseline model and determine its 

energy needs.  

In order to obtain the post-retrofit energetic consumption of the building, an audit was made between 

24th September and 8th October 2019. The data monitored were the temperature, relative humidity and 

𝐶𝑂2 concentration for the classroom which was used to teach 4th graders, and the building’s electricity 

consumption.  
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The relative humidity and the 𝐶𝑂2 concentrations were obtained using the Chauvin Arnoux 1510 (C.A 

1510) which is a portable user-friendly device which is able to record and monitor air quality such as 

𝐶𝑂2 with an accuracy of 50ppm +3% of the measured value and relative humidity with an accuracy of 

2% RH. This device stores up to 1 million values and transmits the data either through a USB cable or 

through Bluetooth to a computer. 

The C.A. 1510 was set on its record setting and left on top of a cabinet over a week, shown in Figure 

20, in the mentioned classroom, between 24th September and 30th September 2019. 

 

Figure 20 - Chauvin Arnoux 1510 

The values for the surface temperatures were also monitored with an accuracy of 0.5ºC, using the OM-

DAQPRO-5300 by OMEGA. Sticking the thermocouples (type J) to various walls such as the external 

wall, the internal wall, the ceiling and the floor, etc. the evolution of the temperatures were monitored, 

allowing to calibrate the simulation model by analysing the measured indoor temperature response to 

the exterior air temperature. 

In Figure 21, from left to right, the thermocouples are seen measuring the interior wall, the exterior wall, 

the outside air, and the interior air temperatures in the same designated classroom. Besides the 

thermocouples shown, a thermocouple was used to measure the floor temperature and another to 

measure the interior wall temperature in another point of the room, closer to the window.  

 

Figure 21 – OM-DAQPRO-5300 thermocouples 
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The electricity consumption was obtained by using Fluke-1735, which was implemented on-site, shown 

in Figure 22, and gathered data automatically between 24th September and 1st October 2019. The 1735 

Power Logger conducts power studies to determine existing loads with an accuracy of ± 2.2% of the 

measured value. 

 

Figure 22 - Fluke 1735 installation 

Connecting the Logger to the school’s switchboard, as shown in the figure above, the school’s power 

consumption was registered during a week. After the picture in Figure 22 was taken, the switchboard 

was closed, locked, and the key was removed to guarantee the safety of the students. 

3.3.1.  Air quality 

The air quality was measured with the C.A. 1510 as mentioned in section 3.3. on top of a cabinet in a 

classroom attended by fourth graders. It recorded the relative humidity and the carbon dioxide levels 

from the 24th to the 30th September, taking values every 15 seconds. From the device’s computer 

application, air quality reports are readily available, shown in Figure 23.  

𝐶𝑂2 levels were measured to both study the 𝐶𝑂2 concentrations along the day, and to study the room’s 

infiltration, through the concentration decay at night. As seen in Figure 23, the carbon dioxide levels did 

not increase during the weekend days on the 28th and 29th. The carbon dioxide levels varied between 

370 ppm and 1410 ppm.  

 

Figure 23 - Carbon dioxide concentration [ppm] (24-Sep to 30-Sep) 
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Extracting this data to Excel and studying the carbon dioxide concentration levels during the 3 monitored 

weekdays, 24th to 27th, Figure 24 was obtained. It can be seen that the carbon dioxide levels rarely 

surpass the 1250 ppm value, only surpassing it on the 25th for about 6 minutes, and on the 26th for 

about 20 minutes.  

 

Figure 24 - 𝐶𝑂2 concentration levels during monitored weekdays 

Table 19 presents a summary of the measured carbon dioxide data, proving that it does indeed satisfy 

carbon dioxide safety levels. 

Table 19 - Measured carbon dioxide levels summary 

Day Min [ppm] Max [ppm] Average [ppm] 

25-Sep 487 1281 836 

26-Sep 481 1355 824 

27-Sep 486 1082 692 

 

ASHRAE 62-2001 [106] standard suggest 𝐶𝑂2 levels below exterior 𝐶𝑂2 levels+700ppm (around 1200 

ppm at most) which is shown in Figure 24 to be surpassed, indicating a possible need to ventilate the 

classroom. Daisey et al. (2003) [46] suggest a statistically significant correlation between 𝐶𝑂2 

concentration levels from 1500 ppm to 4000 ppm and student experiencing dizziness, headaches, 

difficulties concentrating and tiredness. While the carbon dioxide measured did not reach 1500 ppm, it 

did still reach above suggested ventilation levels and may affect student performance and wellbeing. 

From the carbon dioxide concentration decay, the air change rate can be measured. 𝐶𝑂2 concentration 

decay is shown in Equation (22). 

 𝐶(𝑡) = 𝐶0𝑒−𝜆𝑡 +  𝐶𝑎𝑡𝑚 
 

(22) 

The variable C representing the concentration of carbon dioxide, in ppm, 𝐶0 being the initial 

concentration, at t=0h, 𝐶𝑎𝑡𝑚 represents the concentration of carbon dioxide in the atmosphere, which is 

typically around 450 ppm, leaving 𝜆 the variable which indicates the air change rate, in ℎ−1. To extract 

the air change rate, the graph plotting the concentration of carbon dioxide can be linearized, as shown 

in Figure 25. 
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Figure 25 - Logarithmic measured carbon dioxide concentration 

The data of Figure 25 was obtained from the data collected from the 26th September, with t=0 at 3:30 

PM, which is when the classes in the selected classroom finishes. The linear equation comes in the 

form of Equation (23).  

 ln(𝐶(𝑡)) = ln(𝐶0) − 𝜆𝑡 (23) 

With t being the x shown in the linear regression equation, making the slope 0.9 the value of the air 

change rate (ACH= 0.8875ℎ−1). This infiltration value would come to replace the initial 3 ACH mentioned 

in section 3.2.1.. The volume of the classroom is roughly 204m³, making the quantity of fresh air per 

hour in that interval 181 m³/h, higher than the minimum 24m³/h established in section 2.1.5.. 

3.3.2.  Power usage 

The power demand was obtained from the Fluke 1735 installed on site, from 24th September to 1st 

October 2019, both Tuesdays, allowing to observe the buildings power demand throughout a typical 

school week, showing data from two scenarios: When the school is in use, typically weekdays, and 

when the school is not in use, during the weekends and bank holidays. During this week, the HVAC 

had yet not been turned on. 

In Figure 26 it is possible to observe the maximum total active power is shown throughout the week, 

having a maximum power demand of 9.6 kW, which occurred at 10:44 AM on Monday 30th, September 

2019. 

 

Figure 26 - Measured average active total power 
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To determine the building’s demand during weekends, presented in Figure 27, which plots the average 

total active power, in Watts, an average constant power of 800 W, from lighting (exterior and interior) 

and 24h equipment (in the main school building and in the kitchen) was considered in the EnergyPlus® 

simulation file as a singular “Other Equipment” demand in the non-climatized main hall. 

 

Figure 27 - Measured weekend power demand 

The buildings power demand during a typical weekday is shown in Figure 28, with data collected with 

the Fluke-1735 power logger on the 30th September (Monday). 

 

Figure 28 - Measured total active power 

It can be seen that at 8 AM the school opens,  and equipment are turned on up until 3pm (a trend which 

is seen for every other monitored day). During this week, as mentioned, the HVAC was not yet turned 

on, and several other equipment were still not functional, like the doorbell and the elevator. The graph 

shown in Figure 28 mostly shows the power demand derived from lighting and equipment. 

3.3.3. Temperature monitoring 

The indoor temperature of the classroom which 4th grade students attend to was monitored using the 

OM-DAQPRO-5300 from the 1st to the 8th October 2019, from which, Thursday October 3rd and 

Saturday October 5th were used to calibrate the simulation model. These days were chosen so that the 

model calibration would take into account two scenarios: when there is activity in the classroom 

(Thursday) and when there is no activity (Saturday). The temperature variations for these days are 

presented in Figure 29 and 30. 
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Figure 29 - Temperature monitorization (Thursday, 3-Oct) 

 

Figure 30 - Temperature monitorization (Saturday, 5-Oct) 

In Figure 29 a sharp temperature increase was registered at 9:20, 20 minutes after the students entered 

the classroom, while in Figure 30, due to the lack of activity, the temperature increase was solely due 

exterior heat transfer and solar gains, presenting a more gradual increase. 

3.4. Model calibration 

During the measured week, the school’s electricity consumption was irregular. The total electricity 

consumed in each weekday had discrepancies close to 10%, as summarized in Table 20, leading to a 

need to compare the models with the average of the three measured weekday’s energy consumption. 

Table 20 - Energy consumption comparison 

 26-Sep 27-Sep 30-Sep Average 

Energy consumption (Wh) 43,144 36,136 40,149 39,810 
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An initial power comparison between the averaged measured energy data obtained from three school 

days and the “Supplied Retrofit” model suggested a need to calibrate the given model. As shown in 

Figure 31, the supplied models did not account for the 24hour equipment/lights and overestimated the 

power usage during work hours. 

 

Figure 31 - “Supplied Retrofit” power comparison 

To calibrate the model, a 24h 800W power was considered in the school’s main hall, and the classroom 

lighting was altered. The classrooms have 9 LED lamps, considered 18 W, changing the 15 W/m² value 

previously considered (which would suggest 870 W per classroom) to 135 W. Furthermore, the lighting 

schedule was then altered to reflect each classroom schedule, taking into consideration the actual use 

of each zone. These changes led to a model which reflected the building’s energy use more precisely, 

as shown in Figure 32. 

 

Figure 32 - Calibrated power demand 
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To evaluate the validation of a model, there are some variables which quantify model accuracy, which 

would determine how well simulated data would match real data during a certain timeframe [107]. From 

these variables, statistical indices have been recommended by three main international bodies [108]: 

• American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 

Guidelines 14 (St.14); 

• International Performance Measurements and Verification Protocol (IPMVP); 

• M&V guidelines for the US Federal Energy Management Program (FEMP). 

The statistical indices used herein will be the Mean Bias Error (MBE)  and the Coefficient of variation 

of the Root Mean Square Error (CvRMSE), defined by Equations (24-27): 

 
𝑀𝐵𝐸(%) =

∑ (𝑆𝑖 − 𝑀𝑖)
𝑛
𝑖

∑ 𝑀𝑖
𝑛
𝑖

 × 100% 
(24) 

 

𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑 = √
∑ (𝑆𝑖 − 𝑀𝑖)²𝑛

𝑖

𝑛
  

(25) 

 
𝐴𝑝𝑒𝑟𝑖𝑜𝑑 =

∑ 𝑀𝑖
𝑛
𝑖

𝑛
  

(26) 

 
𝐶𝑣(𝑅𝑀𝑆𝐸)(%) =

𝑅𝑀𝑆𝐸𝑝𝑒𝑟𝑖𝑜𝑑

𝐴𝑝𝑒𝑟𝑖𝑜𝑑

× 100% 
(27) 

Where 𝑆𝑖 represents the simulated values, 𝑀𝑖 stands for the measured values, the subscript i indicates 

the time interval, and n is the number of time intervals in the monitored period. For a model to be 

considered calibrated, the mentioned international bodies define limit values for the previous statistical 

indices. For an hourly calibration, St.14 and FEMP consider a range of ±10%, while IPMVP considers 

a range of ±5% for the MBE. For the CvRMSE index, St.14 and FEMP consider a max limit value of 

30%, while IPMVP considers a max limit value of 20%. 

Comparing the average measured data with the model results, shown in Figure 32, an MBE value of 

2.79% and a CvRMSE value of 18.96%, which are within the limits established above. 

To further validate the model, the simulated temperature of Space 1, the space where the fourth graders 

have classes, was calibrated with the measured temperature data obtained from the OM-DAQPRO-

5300 mentioned in section 3.3.3. Through this, the energy needs from the simulated HVAC needs, and 

the model physical construction, would be validated. To achieve this, two different days were used to 

compare the measured data with the simulated data, Saturday (5th October) to evaluate the temperature 

of the space during a non-school day, and Thursday (3rd October) to evaluate the temperature of the 

space during a school day. Although the above indices are more often used for energy consumption 

rather than indoor temperature [107], these values served as a calibration guide. 

To further approach the simulation to the experimental scenario, the measured outdoor air temperature 

replaced the outdoor air temperature in the EnergyPlus weather file for the selected comparison days. 

In Figures 33 and 34, the temperature comparison for the two cases are presented. 
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Figure 33 - Temperature comparison (3rd  October) 

 

Figure 34 - Temperature Comparison (5th  October) 

From the Figures 33 and 34, the following statistical indices presented in Table 21 were obtained, 

thus, validating the model construction and thermal behaviour. 

Table 21 - Temperature statistical indices 

 MBE(%) Cv(RMSE)(%) 

Thursday, 3rd October 4.73 7.64 

Saturday, 5th October 1.36 3.93 

 

This calibrated model will henceforth be called “Retrofit”. Applying the baseline materials from “Supplied 

Baseline” to “Retrofit” will create the “Baseline” model and applying the standard materials from 

“Supplied Reference” to “Retrofit” will create the “Reference” model. These new models will allow the 

quantification of the retrofit impact, and the determination of the new building energetic class. 
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Summarizing, the results analysis will contemplate three scenarios: 

• 1- Baseline, referring to the calibrated model with materials from the construction before the 

retrofit; 

• 2- Reference, referring to the calibrated model with standard reference materials; 

• 3- Retrofit, referring to the calibrated model obtained from the building audit, representing the 

building after the retrofit. 

In Table 22, the annual energy needs of each scenario, by end-use, in kWh, is presented. 

Table 22 - Simulation annual end-use energy needs  [kWh] 

 Baseline Reference Retrofit 

Lighting 8,473.30 8,473.30 3,711.40 

Equipment 7,488.63 7,488.63 7,488.63 

Heating 8,587.03 8,989.29 2,793.90 

Cooling 3,339.55 3,228.68 4,222.97 

3.5. Solar radiation 

From table A2.3a from Principles of Solar Engineering [109], the data for the global horizontal average 

solar radiation (MJ/m²day) for many cities can be extracted. In Table 23, the data for the city of Lisbon 

is presented.  

Table 23 - Worldwide Global Horizontal Average Solar Radiation [MJ/m²day] 

 

The solar panels bought, shown in Figure 35, are equivalent to S-Energy SN265P-10 Solar Panel - 265-

Watt model [110], with a rated module efficiency of 16.22% and an area of 1.652 m². Since 320 units 

were bought, the overall area is 528.64 m². 

 

Figure 35 - Installed PV panels 
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To determine the amount of electricity produced per square meter, the horizontal radiation from Table 

23 was multiplied by the module efficiency factor (considered 0.15) and the performance factor 

(considered 0.75) and a tilt factor (considered 1.14) resulting in the potential solar produced energy 

monthly distribution presented in Table 24. These considered factors were extracted from the provided 

PV energy production estimates from the city hall  This data was used to evaluate  whether the building 

could function solely due to energy provided by the sun. 

Table 24 – Monthly solar energy production 

 MJ/m²day kWh/m².day Effective 

kWh/m².day 

Effective 

kWh/day 

Effective 

kWh/month 

January 9.24 2.57 0.33 174.45 5,407.99 

February 11.60 3.22 0.41 219.01 6,132.22 

March 17.52 4.87 0.63 330.78 10,254.11 

April 18.49 5.14 0.66 349.09 10,472.74 

May 24.64 6.84 0.88 465.20 14,421.30 

June 29.02 8.06 1.04 547.90 16,436.93 

July 28.14 7.82 1.01 531.28 16,469.78 

August 22.20 6.17 0.79 419.14 12,993.22 

September 19.76 5.49 0.71 373.07 11,192.06 

October 13.56 3.77 0.48 256.01 7,936.40 

November 7.18 1.99 0.26 135.56 4,066.75 

December 4.83 1.34 0.17 91.19 2,826.90 

Total     118,610.4 

 

The existing 18 solar panels in the school before the retrofit were relocated to another school (School 

Jorge Barradas). Using the same methodology as above, these solar panels produced 6,672 kWh/year. 

3.6. Greenhouse gas emissions 

As mentioned in Table 12 of section 2.1.10., the factor to convert primary energy to kilogram equivalent 

of 𝐶𝑂2 emissions, for electricity, is 0.144 (and then dividing by 1000 to get the equivalent weight in tons). 

To determine the equivalent carbon dioxide emissions from the resulting primary energy of each end-

use, shown in Table 22, a conversion factor of 2.5 kWhEP/kW [67] was considered. 

In Table 25, to determine the PV effect, for the baseline model, the produced energy was subtracted 

from the electricity needs, and then multiplied by the conversion factors, for the retrofit model, since the 

produced energy was higher than the consumed energy, the remaining produced energy was divided 

by a factor of 2.5 kWhEP/kW [67], to represent the losses on its course to supply the grid.  
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Table 25 - Building yearly carbon dioxide emissions (in tons) 

 Baseline Baseline (with 

PV) 

Retrofit Retrofit (with PV) 

Lighting + Equipment - PV 5.75 3.34 4.03 -5.78 

Cooling 1.20 1.20 1.00 0.00 

Heating 3.09 3.09 1.52 0.00 

Total 10.04 7.64 6.56 -5.78 

3.7. Building certification 

As mentioned in section 2.1.10, as per equation 15, to determine the energetic class for a commercial 

building, four indices must be determined, 𝐼𝐸𝐸𝑆, 𝐼𝐸𝐸𝑇, 𝐼𝐸𝐸𝑟𝑒𝑛 and 𝐼𝐸𝐸𝑟𝑒𝑓 . The first two are determined 

by calculating the end-use of heating, cooling, lighting and equipment, multiplying by a primary energy 

factor and dividing by the building area. An increase of 5% was considered in the calculation of the 

heating energy needs in the IEE formula to account the effect of the linear thermal bridges. The third 

index is determined by determining the amount of yearly produced energy, multiplying by the primary 

energy conversion factor of 0.29 kgoe/kWh [42], which represents the kilogram oil equivalent, unit used 

to express IEE [103], per kWh, and dividing by the building area. The fourth and final index is the sum 

of the first two indices had they been in a similar building with standard materials. To obtain this variable, 

the retrofit model was altered with standard materials to obtain the reference building model. Table 26 

presents the procedure to calculate the buildings energetic class for the baseline and retrofitted 

scenarios, using the end-use energy needs data from Table 22. 

Table 26 – Energetic efficiency index calculation 

𝑰𝑬𝑬𝑺+𝑰𝑬𝑬𝑻 Baseline Reference Retrofit 

Lighting 8,473.30 × 0.29

1,507
= 1.631 

8,473.30 × 0.29

1,507
= 1.631 

3,711.40 × 0.29

1,507
= 0.714 

Equipment 7,488.63 × 0.29

1,507
= 1.441 

7,488.63 × 0.29

1,507
= 1.441 

7,488.63 × 0.29

1,507
= 1.441 

Heating 8,587.03 × 0.29 × 1.05

1,507

= 1.735 

8,989.29 × 0.29 × 1.05

1,507

= 1.816 

2,793.90 × 0.29 × 1.05

1,507

= 0.565 

Cooling 3,339.55 × 0.29

1,507
= 0.643 

3,228.68 × 0.29

1,507
= 0.621 

4,222.97 × 0.29

1,507
= 0.813 

Total 5.449 5.509 3.532 

 

With the data from Table 26, and the solar energy production values mentioned in section 3.5., the 

building energetic class can be evaluated, shown in Table 27. 
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Table 27 – Building certification calculation 

 Baseline Reference Retrofit 

𝑰𝑬𝑬𝑺+𝑰𝑬𝑬𝑻 5.449 5.509 3.532 

𝑰𝑬𝑬𝒓𝒆𝒏 6,740.11 × 0.29

1,507
= 1.297 

---- 118,610.4 × 0.29

1,507
= 22.825 

𝑰𝑬𝑬 5.449 − 1.297 = 4.152 5.509 3.546 − 22.825 < 0 

𝑹𝑰𝑬𝑬 0.754 1 <0 

Class 𝑩−  𝑨+ 

 

The baseline presenting a B- energetic class is reinforced by documentation provided by the city hall. 

3.8. Economic analysis 

To evaluate the economic viability of this retrofit project, two financial viability indices were used, the 

Net Present Value (NPV) and the Simple Payback Period (SPP). The NPV takes into account the project 

investment plus any cash flow and projects with positive NPVs are projects that are worth more than 

they cost [111]. NPV is defined using Equation (28). 

𝑁𝑃𝑉 = ∑
𝐶𝑖

(1 + 𝑟)𝑡
 –  𝐼0 

 

(28) 

Where 𝐼0 represents the initial investment cost, 𝐶𝑖 is a resulting cash flow from period t, r is the rate of 

return and t is year which the cash flow is verified. 

The SPP is the number of years that an initial investment will be repaid from resulting cash flows, 

defined by Equation (29). The shorter a payback period is, the more attractive an investment is. 

𝑆𝑃𝑃 =
 𝐼0

∑ 𝐶𝑖

 
(29) 

To determine the cash flow resulting from an investment, simulations will be performed to the baseline 

model with the applied measure, for example, “Baseline-Roof” will have the baseline model, with the 

retrofit roof. This resulted in a change of annual energy needs. This change in annual energy needs, 

multiplied by an electricity cost, will result in a yearly cash flow resulting from that investment.  

From supplied energy measurements by the school’s Parish from September 2018 to August 2019, it 

was seen that the school has a schedule which accounts for “Null” period, “Full” period, and “Rush” 

period. The null period ranges for 7 hours, and costs 0.0731 €/kWh, the full period accounts for 14 hours 

and costs 0.1142 €/kWh and the rush period lasts for 3 hours and costs 0.301 €/kWh. A weighted 

average electricity cost of 0.143 €/kWh will be used in this thesis to determine the resulting cash flows 

from investments. Similar values have been used in literature: Feliciano (2016) [90] considered a value 

of 0.14 €/kWh, Gomes (2019) [107] used a value of 0.2 €/kWh. The bigger this value is, the more 

effective a retrofit solution appears to be, since it would result in higher cash flows. 
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Since the retrofit measure costs of the retrofit project was not disclosed, investment costs from similar 

measures found in literature was gathered. 

Ferrari and Romeo (2017) [22] presented in table 2 some costs required to meet nZEB envelope 

requirements, from which the cost of roof insulation of 39.1 €/m² and the cost of blinds of 42 €/m² were 

obtained. For the school building’s roof consisting of 808.21 m², this resulted in a cost of 31,601 €. The 

80 units of blinds bought have an area of 1*2.64 m², resulting in a total cost of 8870 €. From 

geradordeprecos.info [112], the cost of a double glass window with a U-factor of 2.7 W/m²ºC with glass 

thickness of 4mm and air gap of 16 mm was obtained in which the cost of 43 €/m² is found. For the 

building’s total glazed area of 266.5 m², this resulted in an investment of 11,458 €. From Feliciano 

(2016) [90] the costs of 18 W LED lamps was obtained. These 18 W LED lamps were also considered 

in the model calibration in section 3.4.. The cost of 19 €/unit, multiplied by the total amount of school 

classroom lights (144) resulted in total cost of 2,736 €. The cost of the PV panels, with all necessary 

auxiliary costs, were provided by the town hall, which presented a cost of 112,480 € without tax. The 

sum of all these investments leads to a total investment of 167,145 €. To determine the economic impact 

resulting from the excess produced energy, a factor of 0.095€/kWh was used [113]. 

These financial tools will be used to determine the viability of the building retrofit and compare payback 

periods with payback periods of similar retrofit measures reported in literature. Table 28 summarizes 

the financial index calculation procedure 

Table 28 – Simple payback time index calculation 

Retrofit 

measure 

Unit 

cost 

Area/ 

units 

Total 

cost [€] 

kWh 

saved 

% kWh 

saved 

€ saved SPP 

Roof 39.1 808.21 31,601.01 1,184.46 4% 169.4 186.6 

Windows 43 266.47 11,458.21 874.93 3% 125.1 13.10 

LED 19 144 2,736 4,267.65 15.3% 610.3 4.48 

PV --- --- 112,480 118,610.4 --- 12,606.6 8.92 

Blinds 42 211.2 8,870.4     

Building 

(no PV) 

--- --- 54,665.6 9,671.62 34.7% 1,383 39.53 

Total --- --- 167,145.6 --- --- 13,525.4 12.4 

 

When evaluating the NPV of the project, using Equation (28), the results are shown in Table 29, for 

different rate of returns. Here, a period of 25 years was considered, as the solar panels have a warranty 

of that period [110]. 

Table 29 – Project NPV 

 r=3% r=5% r=6% r=7% 

NPV 68,375 23,481 5,755 -9,526 

 Accept Accept Accept Consider 
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3.9. Thermal comfort 

To evaluate user thermal comfort during the summer, some assumptions were made regarding user 

clothing and activity level. From ASHRAE’s Fundamentals (2009) [26] chapter 9, table 7, the values for 

typical clothing were extracted. For students, a value of 0.36 clo was used, and a value of 0.57 clo was 

used for the teachers (Walking shorts, short-sleeved shirt and trousers, short-sleeved shirt, 

respectively). From table 4 of the same chapter, the values regarding metabolic activity was extracted. 

For students, 60 W/m² was considered (seated, quiet) and then multiplied by a 20-year-old girl surface 

area of 1.623 m² and divided by a standard 10-year-old girl surface area of 1.116 m²  to obtain an 

adapted metabolic rate of 87 W/m² for the students The values for the average height and weight were 

obtained from average height to weight charts [114] and the surface area was calculated using Du Bois 

method from [115] . This metabolic rate change was performed to adapt the initial 60 W/m² value set 

for adults to a new value more adequate for children. For the teachers, 70 W/m² was used (standing, 

relaxed). Assuming these variables for the user’s, the indoor air conditions was obtained by running the 

Baseline and Retrofit simulations, which would allow the thermal comfort comparison during summer 

before and after the retrofit. In the baseline simulation, the ideal loads were turned off, to represent the 

non-climatized nature of the classrooms. With this, the PMV for the two situations could be calculated 

using the equations in section 2.1.3.. To study the thermal comfort of the users for different maximum 

indoor temperatures, the cooling setpoint for each climatized zone in the retrofit simulation file was 

successively increased and registered. Using the same activity and clothing assumptions as before, the 

PMV for both students and teachers could be calculated for each different maximum indoor 

temperature. 

3.10. Thermal comfort survey development and school 

activity  

A school visit was conducted on June 3rd, 2019 with the goal of interacting directly with the students 

and analyse their perception in energy saving methods and the conduction of a survey to gather data 

on their thermal comfort in their classroom. The students selected were 20 fourth graders, with ages 

ranging 9-12, as they were on their final year in that school, they had experience with the pre-retrofitted 

school’s comfort conditions. As mentioned in section 2.1.3, according to Holaday et al. (1991) [36], 

these students are able to provide reliable answers. 

As a prelude to the survey, and to give the necessary background to the students, a small activity was 

conducted, where a presentation was made about energy and retrofitting, followed by a group activity. 

The presentation, shown in Figure 36, was structured in 2 parts: “Why save energy?” and “How can I 

save energy?”. The students showed interest to the subject, and, with their own answers, gave their 

own reasons to save energy. During the “How can I save energy?” section, the students already knew 

about solar collectors, and high- efficient lamps, and were aware of other retrofit measures, resulting 

in, in some cases, debate and discussion within themselves.  
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Figure 36 – Energy efficiency measures presentation 

Following the presentation, the students partook in a game, where, with the measures presented 

previously, categorized them whether they were or not applied to the school. These measures were 

shown with the projector and were printed, so the students could place them in their respective 

categories. 2 volunteers were chosen from the students, who, in the majority, raised their hand to 

volunteer. During the game, the students showed interest and debated whether or not the measure 

shown was precisely taken. An example of this was with the image of a tap which was activated by a 

proximity sensor.  The discussion resulted from the fact that the new school taps weren’t activated by 

the sensor, but needed to be turned on by the user, and would automatically turn off after a set time 

interval. Figure 37 shows the result of the game, where images under the “Check” category were 

measures taken by the school, and images under the “Cross” category were measures that were not 

taken. 

 

Figure 37 – School energy activity results 
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After the game, the students and teacher answered the survey. The survey was one page long and had 

six questions: two for survey discretization purposes, age and sex, two regarding energy saving, and 

the remaining two concerning their school comfort. The survey is under Annex B (in Portuguese). 

A separate survey was made for the school’s staff, being 5 pages and 21 questions long, going into 

more detail regarding energy efficiency and their behaviour, both at home and at school. This survey is 

under Annex C (in Portuguese). A group of school workers, ranging from school principle to canteen 

worker, were selected to partake in an in-depth interview regarding the impact the renewed school had 

in their job activities, and possible behavioural changes consequence of the retrofit work done. The 

school’s principle was subject to a longer interview which discussed the management of the school 

during the renovation, the impact the renovation had on the school, the students, the employees and 

ideas about how to improve the school further. The interviews, with the cited answers from the 

volunteers, are presented under Annex D (in Portuguese).  
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4. Results and discussion 

In this chapter the individual results from the simulation, audit and surveys are presented and analysed. 

From these, common variables such as overall energy needs and user comfort will be compared and 

discussed, resulting in some conclusions regarding the efficacy of this retrofit, from an energetic, 

economical, and user point of view. 

4.1. Calibration results 

Using the calibrated model and discretizing the energy by end-use, Figure 38 was obtained, which 

shows the clear weight lighting has in this scenario. The simulation for a typical school day without 

HVAC showed a daily energy needs of 40.92 kWh, similar to the measured results presented in Table 

20 of section 3.4.. 

 

Figure 38 – Characterization of the power usage 

Expanding on this simulation, adding the effect of the HVAC, had these been turned on, the next graph 

presented in Figure 39 is obtained, where the classroom cooling takes over lighting as the end-use with 

the most weight. A reduction from 11 AM to 12 PM is explained by the fact that only the nursery section 

of the school has classes from 11:30 AM to 12:30 PM, while the other classrooms do not have classes, 

and the HVAC for those classrooms is turned off. A stronger reduction is present from 1PM to 2PM, 

also because there are no classes from 12:45 PM to 2 PM. 

 

Figure 39 – Extrapolated power characterization with HVAC (October 3rd) 
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This scenario indicates a daily electricity needs of 95.14 kWh, below the predicted daily electricity 

production from the PV system for a day in October (256.01 kWh), shown in Table 24 present in section 

3.5., meaning that in this month the building can use only energy provided by the sun. Table 30 

demonstrates predicted monthly energy needs and solar energy production. 

Table 30 – School monthly energy balance 

 Simulated needs (kWh) Simulated production (kWh) Self-sufficient 

January 2,026.373 5,407.99 Check 

February 1,560.522 6,132.22 Check 

March 1,373.429 10,254.11 Check 

April 870.3626 10,472.74 Check 

May 1540.082 14,421.30 Check 

June 1609.302 16,436.93 Check 

July 595.2 16,469.78 Check 

August 595.2 12,993.22 Check 

September 2,894.462 11,192.06 Check 

October 2,143.27 7,936.40 Check 

November 1,173.457 4,066.75 Check 

December 1,835.241 2,826.90 Check 

 

4.2. Heating and cooling needs 

Heating and cooling play a role in both the school’s energetic consumption and the community’s comfort 

and performance. This subchapter will discuss the heating and cooling trends throughout the year. 

In Figure 40, the facade shown is facing southeast, the yellow represents the administrative zone, 

Space 10, where the principal’s office and teacher’s lounge are located, the red and pink represent the 

space 1 (student classes) and 3 (student classes and extra-curricular activities) respectively, and the 

green and blue represent space 2 (student classes) and 4 (nursery/kindergarten), respectively. The 

nursery has its own schedule slightly different from the rest of the school. Space 3 has a similar schedule 

to spaces 1 and 2 but is also where students have extra-curricular classes after school. The arrow in 

black indicates North. 

 

Figure 40 – Identification of school’s relevant spaces 

1 

2 

4 

3 10 



 

56 
 

Figure 41 and 42 show that the heating needs takes place from November to April, and the cooling 

needs is prevalent between April and October. 

 

Figure 41 – School’s annual heating needs 

 

Figure 42 – School’s annual cooling needs 

In Figures 41 and 42, it can be seen that Space 10, the administrative zone, competes with the other 

Spaces, the classrooms, when it comes to heating needs, despite its smaller size, while its cooling 

needs is significantly smaller than the classrooms. This can be explained by the infiltration which was 

set to 3 ACH in this thermal zone, which led to significantly higher heating needs. Changing this 

infiltration to 0.9 would have decreased the heating needs of this thermal zone significantly, but it was 

kept at 3 ACH since the airtightness test took place in a classroom. When comparing Space 1 and 

Space 2 (since these spaces have the same schedules), it can be seen that Space 1 requires less 

heating than space 2, and likewise, requires more cooling than Space 2. This can be explained by the 

fact that Space 1 has more area receiving sunlight throughout the year when compared to Space 2. 

Space 3 and 4 can’t be compared the same way space 1 and 2 were, since each have their unique 
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schedule. Space 3 has extra-curricular activities which take place after school, leading to an extra 

heating/cooling needs which can be detected when comparing to space 1’s heating/cooling needs. 

When comparing space 2 and 4, it can be seen that space 4 requires less heating and more cooling 

than space 2. This can be explained by the different lighting schedule this space has. While also due 

to the different classroom schedule, lighting was not considered fully turned off since kindergarteners 

could remain inside to play. 

4.3. Renovation impact 

To evaluate the impacts of the renovation on the school, an energy needs analysis was performed, 

comparing the results obtained from two scenarios: baseline and retrofit. In this chapter, the building 

monthly energy needs, the monthly maximum power demand, the yearly gas emissions will be 

compared. An analysis on users’ thermal comfort will also be made, comparing predicted thermal 

comfort from the baseline building, to the predicted thermal comfort of the renovated building. Lastly, 

an economic analysis will be made to evaluate the economic effectiveness of these type of retrofit on 

school buildings. 

4.3.1. Impact in energy needs 

To quantify the energy needs impact, the difference between the model before the renovation and the 

model after the renovation must be analysed. To do this, however, since the initial models provided 

lacked concrete information regarding the school’s actual use and schedules, a new model, “Baseline”, 

was created to reflect the audited and calibrated model energetic needs, had it been with the 

construction and equipment of the building before retrofit, shown in dark gray in the Figure 43. During 

the months of July and August, where the school is not occupied, the calibrated retrofit and baseline 

models share the same energy needs and reach a maximum difference peak during January. This is 

due to both the decreased lighting and increased heating needs. 

 

Figure 43 – Retrofit energy needs impact 
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The annual total site energy in the retrofit scenario is 18,217 kWh, slightly more than half than the 

annual total site energy needs in the baseline scenario, 27,889 kWh, meaning that the retrofit 

intervention led to a 35% decrease in energy needs of the building.  

A comparison between the “Baseline” and the “Retrofit” discretized energy needs is shown in Figure 

44. It is seen that the energy used in lighting has decreased, this is due to changing the pre-defined 15 

W/m² lighting level, typical to fluorescent lighting, which the school before the retrofit had, to LED. 

Regarding heating and cooling, a significant impact is seen in heating, while the impact in cooling was 

a minimal increase, due to the increased airtightness. There is no registered difference in the 

“Equipment” category, since the same standard values were used for both models. 

 

Figure 44 – Annual model energy end-use comparison 

In Table 25, the building’s equivalent carbon dioxide emissions were obtained, presented in Figure 45, 

where the reduction in annual carbon dioxide equivalent emissions, in tons, is illustrated, and the 

decrease in emissions due to the retrofit is evident. The retrofit simulation was split into two scenarios: 

the first scenario, demonstrated simply as “Retrofit” serves to demonstrate the impact the difference in 

the building’s energy needs has on the carbon dioxide emissions, roughly registering a 35% decrease 

in carbon dioxide emissions, when compared to the Baseline model without PV, due to the primary 

energy conversion factor for each end-use was considered the same, and the second scenario, 

demonstrated as “Retrofit with PV”, where it takes into account the self-sustainability nature of the 

building, presenting a negative value due to the building’s green energy contribution. By providing green 

energy, this building prevents other buildings from emitting close to 6 tons of carbon dioxide per year, 

hence appearing with a negative value. Similar results were found in literature. Jradi et al. (2018) [93] 

analysed 4 buildings from which obtained the possibility up to 7.4 tons/year in average. Using the given 

consumptions and conversion factors, a baseline average emission of 15.4 tons/year was obtained. For 

the retrofit package associated to an energy cut of 27.7%, gas emissions would decrease 5.1 tons/year 

(a reduction of 33%) while for the retrofit package associated to an energy cut of 49.6%. 
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Figure 45 – Retrofit environmental impact 

4.3.1.1. Building certification 

As mentioned in section 3.7., the building before the retrofit had an energetic class of B-. This doesn’t 

take into account the degraded nature of the building, however. It may be of interest pointing out that 

the new retrofitted building by itself, without relying on the PV system, has an IEE of 3.532, less than 

the Reference, resulting in a ratio of 0.64. The upgrade of the thermal envelope and lighting alone 

significantly upgraded the B- building (without the 18 PV panels) to a B building (0.99->0.64). The new 

retrofit building taking into account the PV system easily attains the A+ energy certificate. Since the 

𝐼𝐸𝐸𝑆 of the retrofitted building is under 75% of the 𝐼𝐸𝐸𝑆 of the reference building and the  

𝑅𝐼𝐸𝐸 is lower than 50%, under table I.06a of Ordinance n.º 42/2019 [64], this building can be considered 

an nZEB.  

4.3.1.2. Economic analysis 

Being a building in already good conditions, the retrofit measures taken to improve its structure, from 

an energetic point of view, yielded less attractive simulated results. Table 3 from section 2.1.4. shows 

that the old roof, which had a U-value of 0.823 W/m²ºC, is similar to those constructed in the 2000’s, 

meaning that its retrofit to a U-value of 0.123 W/m²ºC naturally resulted in poorer results than what one 

would expect from retrofitting a roof with a superior U-value, justifying the obtained simple payback 

period of 187 years. The same table shows that the windows had very poor U-values, from the 

construction era between the 60’s and 90’s. 

The simple payback period observed for the building without taking into consideration the PV panels, 

shown in Table 28 is of 39.5 years. Chen et al. (2015) [92] considered a remaining building life of 20 to 

40 years, which would mean the obtained payback period is barely within life expectancy. The measure 

with most efficacy was the installation of solar panels for electricity production, costing 112,480€ and 

an expected effect of 118,610 kWh/year. The PV system can produce enough energy to supply the 

school enough energy throughout the year and selling excess green energy to the grid. This resulted in 

a payback period of 8.9 years. The yearly return of the building renovation alongside the installed PV 

system is 13,525 €/year, which, for a 167,146 € retrofit cost, obtained by summing the building 
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renovation with the PV costs, results in a simple payback period of 12 years. When evaluating the NPV 

of the project, considering a small lifetime of 25 years, constrained by the PV panels warranty, it was 

seen that the project is rentable up to rate of returns of 6%. Any higher would require a more in-depth 

study. 

Table 31 provides a summary of the efficacy of each retrofit measure applied, with literature data for 

comparison [18,24,44,63,90,116-118]. 

Table 31 – Economic summary 

Measure kWh saved % kWh 

saved 

SPP SPP (Literature) 

Roof 1,184.5 4% 186.6 Feliciano- 102; Jradi- 21.9, Beccali-46.2 

Windows 874.9 3% 13.1 Feliciano- 48 

LED 4,267.7 15.3% 4.5 Feliciano-2.98. Jradi- 1.6 

PV --- --- 8.9 Ovelha- 11.6, Feliciano- 14, Asdrubali- 4.9 

Whole 

building 

27,888.52 --- 12.4 Berardi- 41, Asdrubali– 5,30, Testi- 13, 

Virginia(U.S DoE)- 10 

4.4. Impact on users’ comfort 

June is a problematic month for student’s comfort, not only due to its high temperatures, but also being 

a month where students have their final tests. This section studies the case of temperature profile, for 

Space 1, for the “Baseline” model, calibrated with no HVAC, and “Retrofit” with HVAC scenarios, during 

the last 2 school weeks of June 2019 (8th until 22nd), in particular the 21st, which occurred on a Friday. 

Space 1, as mentioned in section 4.2., refers to the thermal zone where students have their classes, 

and is where the audit air quality tests were performed, mentioned in section 3.3. 

 

Figure 46 – Space 1 temperature profile between the 8th and 22nd, June 2019 
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overheat the students and teachers complain about. During the weekdays, the calibrated models 

approach the set 24ºC cooling setpoint, but often go above it, due to the defined HVAC schedule which 

only turns on only when the classrooms are occupied. 

A more detailed approach to simulated thermal comfort was done for June 21st, taking into account the 

space humidity, temperature, activity and predicted clothing. 

Figure 47 shows that the teachers in the baseline building suffered from high temperatures, as stated, 

having a PMV significantly higher than the 0.5 threshold, even with the low amount of clothing 

considered, mentioned in section 3.9.. In the renovated building, the temperatures are such that the 

teacher’s find themselves within the comfort limits during working hours. 

 

Figure 47 – Teacher’s PMV (21st June 2019) 

Similarly, as stated, the students, despite the lower clothing level, due to the adapted metabolic activity 

considered, found the baseline building hot during the afternoon classes. With the building renovation, 

the classroom temperature is such that the PMV is within the PMV=0.5 threshold. as shown Figure 48. 

 

Figure 48 – Student’s PMV (June 21st, 2019) 
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Analysing different maximum indoor temperatures using the calibrated retrofit model with HVAC on, the 

PMV of the students and teachers in Space 1 are presented in Figures 49 and 50. 

 

Figure 49 – Student’s PMV for different maximum indoor temperatures 

 

Figure 50 – Teacher’s PMV for different maximum indoor temperatures 
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having less clothing in the assumptions made, due to their increased metabolism, feel hotter than the 
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4.5. Impacts in user behaviour 

4.5.1. Student survey results 

The survey turnout was 100% from the 21 surveyed, 20 students + 1 teacher (male), there were 12 

females and 9 males, with ages ranging from 9 to 12 (students) and the teacher was 38 years old.  

For the third question: “What reasons motivate you to save energy?”, shown in Figure 51, the most 

selected reason was to “Save money” (41%), followed by “Energy is limited” (26%) and “Save the 

environment” (20%), while 5% considered saving energy wasn’t necessary. One of the answers in the 

“Other” checkbox was “To help my parents” . 58% of the answers consisted of selecting more than 1 

checkbox. 

 

Figure 51 – Children survey results: Reasons to save energy 

For the fourth question: “Select the energy saving measures you already knew”, shown in Figure 52, 

the most selected energy saving behaviour was a tie between “Turning lights off when leaving the room” 

and “closing door/windows when HVAC is turned on” (86%), followed by “Turning equipment off when 

not in use” and “Make use of solar light” (81%) and “Showers instead of baths” (71%). The least selected 

behaviours were “Green equipment” and “Regulate shower temperature” (43%) and “More efficient 

lamps” (48%). The results show that the students were aware of energy saving measures where there 

was no need for investment but weren’t that aware of the benefits when purchasing different 

equipment/lamps. In this question, multiple behaviours were selected by the students. No student 

selected only 1 measure, 2 students selected 2 measures, and the rest selected more than 3 measures. 
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Figure 52 – Children’s survey results: Known energy saving measures 

For the fifth question: “After the retrofit measures taken, in my classroom…“ the results showed that 

light and overall comfort wasn’t a problem in that classroom, however, the sunlight posed a problem, 

bothering 14 out of the 21 surveyed, and 9 reported coughing without being sick, presented in Figure 

53. 

 

Figure 53 – Children’s survey results: Classroom comfort 

For the sixth and final question: “Classify the classroom temperature in the morning and the afternoon”, 

exhibited in Figure 54, it was shown that the morning temperature was overall considered comfortable, 

and the afternoon temperature was considered hot or very hot. This overheat in the afternoon is partially 

explained by the south-facing classrooms, with significant glass to wall ratios. 
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Figure 54 – Children’s survey results: Classroom thermal comfort 

4.5.2. School board survey results 

From the 12 surveys delivered to the school’s staff, 11 agreed to take part, while another refused to 

answer. From the 11 respondents, 10 are female, and 1 is male, as discretized in Figure 55. 

 

Figure 55 – Ages of the respondents 

From this dataset, 4 were professors, 3 preschool educators, 1 cafeteria maid, 2 operational assistants 

and 1 school coordinator. 

When asked to rate importance they attributed to energy saving, on a scale from 1 to 5, 5 being very 
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The respondents offered their reasons to save energy shown in Figure 56, which shows that the 

dominating motive to save energy is environmental, followed by economical and, lastly, social. 

 

Figure 56 – Respondent’s motives to save energy 

When asked what difficulties they faced when saving energy, five claimed that they faced none, since 

they were already adopting energy saving measures. The options most selected by those experiencing 

difficulties was “Lack of habit”, followed by “Forgetting”, as presented in Figure 57. 

 

Figure 57 – Difficulties faced when saving energy 
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Figure 58 – Respondent’s opinions on energy saving 

The inquiries then answered what would motivate them further to save more energy, both at home and 

at school, shown in Figure 59. It’s seen that the environment is consistently the most selected motive, 

and that at home, electricity costs would have a stronger impact than at school. 

 

Figure 59 – Reasons to adopt energy saving measures 
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Figure 60. 
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Figure 60 – Respondent’s energy saving habits 

The top 3 selected energy saving behaviours at home were: Turning off lights in unused rooms (Always-

100%), use natural lighting when possible (Always-100%), and opening windows for natural ventilation 

(Always-90.9%, Frequently- 9.1%). 

The top 3 selected energy saving behaviours at school were: Turning off lights in unused rooms 

(Always-90.9%, Frequently-9.1%), opening windows for natural ventilation (Always-72.7%, Frequently-

18.2%, Sometimes- 9.1%) and closing water taps (Always-72.7%, Frequently-9.1%, Sometimes-9.1%, 

Does not apply-9.1%). 

To improve the school’s energy consumption, the respondents were asked where they considered 

would be optimal to act upon, answered in Figure 61. 

 

Figure 61 – Areas to reduce school energy consumption 
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In Figure 61, it is shown that the school’s staff believes that educating the children will impact the 

school’s energy consumption, this would be aided with a self-regulating school and reminders spread 

around the school. Whether or not further educating both the teachers and staff would positively impact 

the school’s energy consumption proved to be the least one-sided option. 

When asked if the renovation improved thermal comfort, 64% replied with “Yes” and 36% replied with 

“Maybe”. The “Maybe” can be understood when taking into account that the HVAC had not been turned 

on at the time of this survey, and many believed it was too early to take conclusions. Whether or not 

the renovation contributed to energy saving, 55% replied with “Yes” while 45% replied with “Maybe”.  

Table 32 shows what differences the school board noticed after the renovation. 

Table 32 – School board survey: Noticed retrofit impact 

Retrofit impact Yes No Did not answer 

Better daylighting 82% 9% 9% 

More comfort 82% 18% 0% 

Sun still bothered 45% 45% 9% 

Coughed without being sick 0% 91% 9% 

Noticed improvement in student’s well-being 82% 9% 9% 

Noticed improvement in student’s motivation 73% 9% 18% 

Noticed students having better grades 0% 36% 64% 

More satisfied at work 82% 0% 18% 

 

It can be seen that overall comfort improved significantly, 82% respondents noted being more satisfied 

at work, 82% noticed the school having better daylighting, being able to make use of the solar light. A 

picture showing a daylighting technique is presented in Figure 62, which was pointed out by one of the 

operational assistants. This daylight technique is similar to the one used by Solar XXI, as shown in 

Figure 11. 82% respondents also considered this new school to be more comfortable and noticed that 

the students felt better. Regarding air quality, no respondent reported having cough related issues 

indoors, and many considered too early to answer whether there was an improvement in student’s 

grades due to the renovation. 

 

Figure 62 – Roof daylighting 
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Lastly, to analyse the school board’s thermal comfort, they were asked to classify the temperature 

during the morning and during the afternoon. A similar trend to the questionnaire to the students was 

observed, the results indicated high temperatures during work hours, especially during the afternoons, 

as depicted in Figure 63. 

 

Figure 63 – School board survey results: Thermal comfort 

This result will be improved significantly when the HVAC is functional, lowering thus the indoor 

temperature. 

4.5.3. Interview results 

As mentioned in section 3.10., besides surveys for both the students and the school’s staff, interviews 

were made for a few volunteers of different professions: A cafeteria maid, an operational assistant, a 
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Before the school renovation 

Regarding the state of the school before the retrofit, the operational assistant described the school 
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shared, stating that “the classrooms were humid and the floor was wet,  which led to the students 

getting irritable easier. Now, they’re calmer.”. The preschool educator also reiterated that the 

classrooms were cold, adding that there wasn’t much light, and, outside, the playground didn’t have 

adequate equipment, nor the floor was adequate for children. This led to a positive satisfaction with the 

renovation, not only from the school staff, but also the students and the parents. 

During the school renovation 

The renovation, however, was not a smooth process. The school coordinator commentated on two 
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school coordinated described the occasional water shortage as “her greatest despair” due to having 

children of the age of 3 wanting to drink water, and not having water to give them. Bubbles appeared 

on the walls which were resolved on one side of the school, however, the school director claims that, 

for the other side, “apparently it’ll stay like that”.  The school coordinator was also asked if they were 

also involved in the reunions where the proposals were suggested. They commentated on not having 

the power to completely change existing ideas, however, having a say in the matter, and being able to 

convince the engineers and the parish to steer some decisions to another direction. 

Besides the construction difficulties the renovation process presented, there was also the problem of 

maintaining a functional school despite the construction. The school was renovated in two phases, a 

half at the time, which meant that, while one half was being renovated, the whole school community 

was found concentrated in the other half of the school. From a management point of view, the school 

coordinator admitted the compromises which had to be done, such as, no longer having a gym, and 

reusing that space as a teacher’s lounge, office, assistant room, support room all in one, only having 1 

toilet, and during the winter, due to the lack of covered area outside, the students were in the hallways. 

In Figure 64, it can be seen that some energy efficiency tips were spread around the kitchen. On the 

left, reminding to cook with a lid on when possible, and to verify the oven door is closed, giving a 23% 

value of energy lost per opening. On the right, reminding to not open the fridge door in excess, stating 

that leaving the door open can increase the energy consumption by 12%. 

 

Figure 64 – Existing energy efficiency labels in the kitchen 

After the school renovation 

When questioned whether any awareness activity occurred to explain the measures and how to properly 

take use of the measures to the staff, all inquiries denied it. The school coordinator commented on this 

by stating that “It was said that there was going to be an explanation, from the emergency plan to the 

rest, but it has not yet happened, which is an issue since everyone should be aware of the emergency 

plan.” However, the school coordinator affirmed that an engineer had taught to leave windows open to 
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improve air circulation and the aid cooling the school, as shown in Figure 65, and the school coordinator 

also preferred to not turn on the lights when possible, except when necessary, like during the winter, 

explaining that it was not only due to illumination, but due to the heat the lights emitted. 

 

Figure 65 – Hallway open windows 

Whether or not the renovated school had increased the satisfaction and motivation in the workplace, 

the inquiries replied positively. However, when asked if the school would see an economical return to 

the investment, slight doubts appeared. The operational assistant claimed that: “Perhaps. It won’t be 

something we’ll see overnight, but in the long run it’s a possibility”. The preschool educator added to 

this statement by commentating on the role of the solar panels. 

Regarding whether or not the staff took from this experience a change of attitude and behaviour both 

at home and at school, the cafeteria maid replied that she was already used to practicing energy saving, 

the operational assistant commentated that she had children which also had already taught her about 

energy saving techniques, the preschool teachers answered that they haven’t learnt anything yet, and 

what they know, they had brought from home. 

After the renovation process had concluded, the operational assistant admitted to not having thought 

that the school would look as good as it does now. The inquiries share the opinion of having an 

overwhelmingly positive satisfaction of the renovated school. The operational assistant considers the 

construction itself the change which led to the biggest increase in her comfort, while the preschool 

educator found herself delighted over the aesthetic of the classrooms, and their illumination. The 

inquiries also share the opinion that the renovation process was a positive experience for the whole 

community, the cafeteria maid showed concern over the lifetime of these changes. The school 

coordinator commentated: “The classrooms are fabulous and when the HVAC is running they will be 

more fabulous, because the classrooms are still hot, despite reaching the colder months.(…) When the 

HVAC is running this will be marvellous, the teachers will have a room, there will be support classrooms, 

I’ll finally have a place to sit, and the classrooms are functional.(…) I had never seen a playground like 

this.”. The school coordinator had also commentated that if this renovation didn’t occur, the school 

would have had to close. 
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On September 13th, the 2019/2020 school year started, with a presentation of the new renovated school 

to the students and parents, on September 17th, the Parish’s president inaugurated the renovated 

school, as shown in Figure 66.  

 

Figure 66 – Inauguration date of the renovated school 

When asked about the students’ and parents’ reaction to the new school on the presentation day, the 

school coordinator commented that they were delighted, showing satisfaction of the new school. 

Regarding if the renovation would have an economical payback, the school coordinator commented 

that, from an energy point of view, the answer would be yes, highlighting the importance of solar panels, 

and that she had already been explained that selling excess produced electricity was an option. She 

also added that the school would also see a payback from a rise on the number of students. 

Beyond the renovation 

When asked about other possible measures to implement to further improve the school, the inquiries 

suggested several ideas that were not implemented. The cafeteria maid suggested having tiles on the 

kitchen walls to ease the cleaning process, and also educating the children about taking care of the 

school to increase its lifetime. The operational assistant commented that a flaw of the school was having 

a very big playground with not enough covered area, commenting on the constraints during the rainy 

seasons. A second preschool educator, which replied intermittently during the interview of the first 

preschool educator, shared this opinion, encompassing too the sunny days, since prolonged exposure 

to sun would be detrimental for the children’s health. The school playground is shown in Figure 67. Both 

preschool educators also commented on the overheat of the classrooms, despite having blinds, 

commentating that the windows only turned, and not tilted. The school coordinator shared the opinion 

of the chaotic nature during the rainy days due to the lack of covered area, and also commented on the 

fact of the exterior lights being on all day, shown in Figure 68, despite the natural illuminance provided 

by the sun, considering it an energy waste which she can’t control, due to being automatic. 
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Figure 67 – School playground 

 

Figure 68 – Exterior lighting 

Since the teacher present on the school activity detailed in section 4.5.1. had left by the time the 

interviews took place, only the school coordinator could reply to the question whether there was any 

feedback from the students regarding the school activity. The school coordinator replied that she had 

asked them about what was explained to them, and they had retained the information and had broken 

it down for her. 

To improve the school community’s comfort further, a few prepositions were made to the school 

coordinator. The idea of using shading surfaces to reduce sun intrusion and reduce heating seemed 

interesting to the school coordinator. When asking about the window usage as a means to regulate the 

temperature, the school coordinator replied with “The small windows are already left open, and when it 

rains, due to being tilted, water does not enter the building. While I can make use of windows, I prefer 

using the windows over the HVAC.(…) The blinds are always down.”. 

Lastly, to comment whether the school would adopt new programmes to solidify energy saving 

behaviours, the school coordinator commented that the teachers are used to doing some projects 

regarding both energy and water saving at home. She also added that: “Ideal would be having 
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specialized people from outside to talk about the need of behaviour change, (…) not only for energy, 

but also water, plastics, and recycling…”. 

4.6. Results summary 

Building retrofit 

• 35% reduction in total energy needs; 

• Lighting and cooling represent the current energy sinks; 

• More than 67% of the heating needs was eliminated; 

• -3.5 tons 𝐶𝑂2 emitted per year in building energy needs; 

• Sold PV green energy can avoid the emission of 5.8 tons of 𝐶𝑂2; 

• B- building improve to B (without taking into account PV) and to A+ (with PV); 

• 12-year payback period; 

• Cooling setpoint can be increased to 26ºC without raising discomfort, depending on user 

clothing. 

Surveys 

• Children found the temperatures during the afternoon hot; 

• Children revealed knowledge on retrofit measures and already practiced some energy saving 

behaviours at home and school; 

• School board believes students should change their behaviours; 

• Teacher’s believe it’s still early to determine whether there was an effect in student’s grades; 

• School board found the temperatures during the morning and afternoon to be hot. 

Interviews 

• The school has a good construction, however there were many leakages when it rained, and 

the floor of the school would often be wet; 

• If the renovation did not occur, the school would have had to close; 

• The renovation process led to situations where the water supply was cut; 

• Energy efficiency tips were spread around in the form of labels; 

• While there hasn’t been an official retrofit awareness activity, the school coordinator is aware 

of broad energy saving and thermal comfort tips, such as lighting increases indoor temperature, 

leaving windows open overnight helps cool down the building and the ability to sell produced 

electricity to the grid; 

• The solar panels are believed to play a vital role in the economical rentability of the project; 

• The overall satisfaction of the renovation is positive, highlighting the new school aesthetic, the 

use of natural daylight, the new playground equipment; 

• The school board believes the school can further be improved, such as increasing the covered 

area of the playground, turning off the exterior lights during daytime, the usage of exterior 

shading surfaces. 
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4.7. Recommendations for school building retrofit 

measure implementation  

Gathering the collected data, a short report was prepared for the school which bullet pointed 

synthesized information on the impact the renovation had on the school, highlighting the reduction of 

gas emissions, the self-sustaining nature of the school building, the new energetic class, conclusions 

on thermal comfort, economic savings, and tips regarding potential behavioural changes which can 

further boost the retrofit effectiveness, shown in annex E (in Portuguese). These tips suggested are 

shown in Figure 69.  

 

Figure 69 – Suggested tips sent back to the school 

From these suggestions, planting trees that leaf during the summer on the south side of school property 

would lead to a reduction of cooling needs during the summer while also providing the students shade 

to play in the playground, a concern which some employees in their interviews raised. This, however, 

does not solve the issue of lack of playground coverage during the rain, and can potentially, if not 

carefully selected, create irritability for the students who suffer from asthma. Further suggestions include 

simple behavioural changes that even the students can help with, such as: 

• Making sure the doors and windows are closed when the HVAC is on; 

• Suggesting a higher cooling setpoint during the summer; 

• Suggesting leaving the classroom door open during breaks to cool down the classrooms 

naturally. 

Since the classrooms are facing south east and are where the heat gains are located (people/ 

equipment/ lighting) these would often be at a higher temperature than the corridors connecting the 

classrooms, as seen in Figure 70, which are blocked from the sun, and are facing north-west. With this 

suggestion, the school community might take into consideration natural zero-cost cooling from 

classroom-hallway air exchange during the summer.  
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Figure 70 – Corridor cooling suggestion (Summer scenario) 

During the winter, the doors to the corridor must be closed when possible, as the corridors are too 

cold, as shown in Figure 71, and would result in undesired higher heating needs for the classrooms. 

 

Figure 71 – Winter scenario – Classroom and corridor temperatures 
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5. Conclusions 

This thesis intended to verify and validate the predicted results from the applied retrofit measures in the 

elementary school Engenheiro Duarte Pacheco. A study was made, through surveying the students 

and the teachers and interviewing volunteers from various occupational backgrounds, to know, in further 

detail, their behaviours regarding energy use. The community feedback and the building audit allowed 

to calibrate EnergyPlus® models, which enabled an in-depth study of the building retrofit, such as, the 

impact of individual retrofit measures, which then allowed to quantify their effectiveness, the retrofit 

impact on the building energy needs and associated environmental emissions, and the possibility of 

alternate scenarios which would then be suggested back to the school community, such as the 

possibility of increasing the cooling setpoint during the summer without forgoing user comfort, and the 

possibility of natural cooling classrooms by using the colder air in the corridors.  

In this work, the audit of the building after the retrofit demonstrated results significantly different from 

the initial predictions of the supplied models, which was due to insufficient building data and resorting 

to standardized values. While the initial prediction did not represent the building’s energetic needs, it 

did demonstrate the impact the renovation would have in a similar building. The audit showed that the 

building before the renovation had an energetic class of B-. The building reportedly had good materials, 

however, user feedback counter the quality of the building’s initial construction, reporting that, while it 

did have good materials, these had longed been degraded which resulted in water leakages and higher 

air infiltration, increasing the user’s discomfort and irritability. During the winter, the building was cold 

due to air infiltration and lack of heating, and when it rained, puddles would be formed inside the school 

building. During the summer, the building was hot, due to intense solar gains, resulted from the south 

east facing classrooms with high window-to-wall ratios, and lack of cooling. 

The retrofit measures improved the construction of the building, updating the construction to fit with the  

legislation requirements of the time. The economic return, from an energetic needs point of view, was 

of 39.5 years. This is due to the apparent low difference between the initial construction, which did not 

take into account the degraded nature of the building, and the retrofit model. However, the building went 

from a B-  building to an A+ building, due to the implementation of 320 PV panel units, which produces 

more energy than the building consumes. This additional measure increased the economic viability of 

the retrofit project significantly, decreasing the simple payback period to 12.4 years, due to the self-

sustaining nature of the school building and the possibility to sell green energy to the grid. 

With the upgraded infrastructure, the school’s coordinator plans to increase the number of students, 

which already showed results. The bottleneck of 4th graders had graduated, but many new students 

enrolled into the school’s nursery, effectively rejuvenating the school’s students. 

Since each classroom’s temperature can be regulated by the users, an analysis on user thermal comfort 

was conducted for different indoor temperatures was made for typical classroom conditions during the 

summer. This led to the conclusion that the 24ºC cooling setpoint can be increased to 26ºC without 

forgoing user thermal comfort, which leads to a reduction in energetic consumption. 
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To study the impacts of the building renovation from a user point of view, surveys and interviews were 

made during the renovation. From the surveys directed at the students, an assessment of the students 

understanding of energy related concepts and a thermal comfort evaluation was conducted, which 

demonstrated the students had an interest in this topic and were already aware of measures to improve 

energy efficiency and, in school, they found the temperature to be comfortable during the mornings, 

and hot in the afternoon. From the surveys and interviews directed at the school employees, a more 

detailed assessment regarding energy concepts and their own behaviours regarding energy 

consumption was made, from which the turnout proved to be positive, the workforce understood the 

need to save energy and already practiced energy saving measures in a day-to-day basis, from 

economical motives to climate consciousness. With the renovation, the employees noticed that the 

building used natural daylighting better, was more comfortable, students feeling better and more 

motivated, but it was still early to assess a correlation between the upgraded comfort and their grades. 

Regarding thermal comfort, the school board found it to be hot during the mornings and afternoons. 

5.1. Future work 

During the elaboration of this thesis the retrofit works on the school were still ongoing due to delays 

which was not initially expected. As such, it is possible to ascertain that some further analysis could be 

performed had the retrofit works been completed and all the equipment installed and running. The 

HVAC had yet not been turned on, and it was far too early to make correlations between the impact the 

renovation had on student’s grades. Furthermore, the economical return of different solutions can be 

made to further enhance the retrofit of the building, such as, adding exterior shading to the classrooms 

to decrease summer cooling needs. A more detailed analysis can be made to the building’s PV system, 

measuring the quantity of energy is produced, if it is indeed enough to feed the building and whether 

the building is selling energy to the grid. Lastly, with the energy bills of the school year 2020, a 

comparison between model predictions and actual building energy use can be made. A summary is 

presented below in Figure 72. 

 

Figure 72 – Future work ideas 

Playground coverage

•Sunlight will become less of an issue during hot days;

•During rainy days, students have more floor area covered.

Exterior shading

•67% students reported being bothered by sunlight;

•Exterior shading prevents direct sunlight, reducing solar gains and cooling needs;

•Regulatory nature allows solar gains during the winter.

Student grades

•The increase in student performance can be another factor to further motivate 
school retrofits.
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Annex C 

Questionário ao quadro dos funcionários da escola Duarte 

Pacheco 

 
Obrigado por tomar parte deste inquérito. Este inquérito enquadra-se no desenvolvimento de 

uma tese de Mestrado em Engenharia Mecânica do Instituto Superior Técnico destinado ao 

quadro dos funcionários da escola Duarte Pacheco. A sua participação é totalmente voluntária 

e poderá desistir a qualquer momento do seu preenchimento. O preenchimento do questionário 

é de curta duração (10 minutos) e ao longo do mesmo poderá encontrar instruções específicas 

para o seu preenchimento. Qualquer dúvida relativa ao preenchimento poderá ser colocada por 

e-mail para marco.lourenco1995@gmail.com. Os dados fornecidos serão totalmente 

confidenciais e serão utilizados exclusivamente no âmbito da investigação a ser realizada. 

 

Obrigado,  

Marco Lourenço 

 

*1. Consentimento informado 

Ao responder a este questionário, declaro ter tomado conhecimento dos objetivos do inquérito 

e da participação que me é solicitada, participando voluntariamente, tendo-me sido garantida a 

possibilidade de, a qualquer altura, desistir de participar sem qualquer tipo de consequências. 

Aceito participar neste estudo e permito a utilização dos dados que de forma voluntária forneço, 

confiando que serão trabalhados exclusivamente no âmbito dos objetivos a que este estudo se 

dirige e nas garantias de confidencialidade e anonimato apresentadas pelo/a investigador/a. 

Tomei ainda conhecimento que os dados serão eliminados quando o estudo terminar e ainda 

que posso a qualquer altura enviar um email para que os dados sejam eliminados. 
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1. Qual é o seu sexo? 

☐ Feminino 

☐  Masculino 

 

2. Quantos anos tem? 

 

 

3. Qual é a sua profissão? 

 

 

4. Na sua opinião, considera que o consumo energético tem influência nas alterações 

climáticas? 

☐ Sim 

☐  Sim, mas pouca. 

☐  Não 

 

5. Por favor indique numa escala de 1 (nada importante) 5 (muito importante) o grau 

de importância que atribui à poupança de energia? 

Nada importante ☐1  ☐2 ☐3 ☐4 ☐5 Muito importante 

 

5.1.Se escolheu “Não” à pergunta anterior, por favor indique por que motivo não 

considera importante poupar energia elétrica? 

Não é necessário  

Não é uma preocupação  

Já poupa o suficiente  

Não sabe como o fazer  

Não tem tempo  

Requer demasiado 

trabalho 

 

Outro  

 

5.1.1. Se na resposta anterior seleccionou a opção outro, por favor especifique 

 

 

5.2. Se escolheu “Sim”, por que motivo considera importante poupar energia elétrica? 

Redução de fatura (€/ano)  

Reduzir emissões de CO2  

Porque é socialmente bem visto  

Contribuir para um ambiente mais 

sustentável 

 

Poupar os recursos do planeta  



 

C3 
 

Outro  

 

5.2.1. Se na resposta anterior seleccionou a opção outro, por favor especifique 

 
 

6. Por favor indique quais as dificuldades que enfrenta ao poupar energia 

☐ Falta de hábito 

☐ Falta de conhecimentos 

☐ Exige esforço 

☐ A diferença é mínima 

☐ Esqueço-me 

☐ É caro 

☐ Falta-me tempo 

☐ Nenhuma, já adotei comportamentos para poupar energia. 

Outro: 

 

 

7. Quanto à energia, assinale as afirmações com as quais concorda. Pode 

seleccionar mais do que uma opção. 

☐ A energia não renovável é limitada e temos de a poupar. 

☐ Ao poupar energia, poupa-se dinheiro. 

☐ Não acha que poupar energia seja necessário. 

☐ Acha que poupar energia é necessário, mas o seu impacto pessoal é insignificante. 

☐ Ao poupar energia, espera influenciar outros a poupar também. 

Outro: 

 

 

8.  Por favor indique o que o motiva ou motivaria a adotar comportamentos para 

reduzir o consumo de energia 

 

 Em casa Escola 

Os custos elevados 

da eletricidade 

  

Reduzir emissões 

de poluentes 

  

Poupar os recursos 

do planeta 

  

Contribuir para 

melhorar a saúde 

  

Nada   

Outro   
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9.  Pratica alguma medida para poupar energia? 

 Em casa Escola 

Sim   

Não   

 

10. Por favor indique quais os comportamentos que practica para poupar energia EM 

CASA. 

 Nunca Raramente Às 

vezes 

Muitas 

vezes 

Sempre Não se 

aplica 

Usar pilhas recarregáveis       

Deixar equipamentos ligados à ficha       

Desligar os equipamentos que não estão a 

ser usados 

      

Recarregar os cartuchos de tinta da 

impressora 

      

Desligar as luzes quando sai de um quarto por 

uns minutos 

      

Desligar as luzes quando sai de um quarto por 

longos tempos 

      

Usar água quente para lavar as mãos/dentes       

Fechar a água quando se ensaboa/ lava os 

dentes 

      

Abre as janelas para ventilar       

Fechar as cortinas ou estores quando está calor       

Aproveitar a luz solar para iluminar a casa       

Comprar lâmpadas/equipamentos tendo em 

conta a etiqueta energética 

      

 

 

11. Por favor indique quais os comportamentos que pratica para poupar energia NA 

ESCOLA. 

 Nunca Raramente Às 

vezes 

Muitas 

vezes 

Sempre Não se 

aplica 

Certificar que as luzes da sala estão 

apagadas quando sai 

      

Certificar que os equipamentos estão 

desligados 

      

Certificar que as torneiras estão fechadas       

Abrir as cortinas durante o dia para 

iluminação 

      

Abrir as janelas para ventilar a sala       

Fechar as cortinas para poupar no 

arrefecimento 

      

Falar de energia/poupar energia aos alunos       

12. Por favor complete a frase em baixo assinalando as opções com as quais concorda: 
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Para a escola consumir menos energia... 

 Concordo Discordo 

Os alunos teriam de mudar os seus hábitos.   

O corpo docente da escola teria de mudar os seus hábitos.   

O corpo não docente da escola teria de mudar os seus hábitos.   

A escola teria de se regular sozinha (E.g. Sensores de presença, 

sensores de proximidade, temporizadores). 

  

Teria de haver um voluntário (do corpo pessoal ou aluno) que fizesse 

verificações periódicas às instalações (Verificar se os equipamentos se 

encontram devidamente desligados, se as luzes estão desligadas, se não 

há perda de água) 

  

Teria de haver lembretes espalhados na escola com dicas de poupança 

energética. 

  

 

13. Na sua opinião, onde acha que a escola consome mais energia 

☐ Iluminação 

☐ Aquecimento 

☐ Arrefecimento 

☐ Equipamentos elétricos na escola (E.g. impressora, projetor, elevador, computadores, 

etc.) 

☐ Equipamentos elétricos no refeitório (E.g. arca congeladora, frigorífico, fogão, forno, 

máquina de lavar loiça, etc.) 

Outro: 

 

 

14. Considera que as obras efetuadas na escola melhoraram o conforto térmico? 

☐ Sim 

☐  Não 

☐  Talvez 

 

15. Considera que as obras efetuadas na escola contribuiram para a poupança de 

energia? 

☐ Sim 

☐  Não 

☐  Talvez 

 

16. Durante as obras na escola, reparou se houve um aumento de consciencialização 

para esta temática de poupança energética? 

 

 Sim Não Talvez 

Do corpo docente    
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Do corpo não-docente    

Dos alunos    

 

17. Por favor complete a frase em baixo assinalando as opções com as quais concorda: 

Depois das obras na escola... 

 Concordo Discordo 

...há melhor aproveitamento da luz solar.   

...sinto-me mais confortável.   

...o sol ainda me incomoda.   

...encontro-me a tossir sem estar doente.   

...reparei que os alunos se sentem melhor.   

...reparei que os alunos se encontram mais motivados.   

...reparei que as notas dos alunos aumentaram.   

...estou mais satisfeito(a) com o local de trabalho.   

 

18. Numa escala de 1 a 5, por favor classifique a temperatura na escola de manhã (8h 

às 12h) 

Muito frio  ☐1 ☐2 ☐3 ☐4 ☐5  Muito quente 

 

19. Numa escala de 1 a 5, por favor classifique a temperatura na escola à tarde (12h 

às 18h) 

Muito frio  ☐1 ☐2 ☐3 ☐4 ☐5  Muito quente
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Annex D 

Guião entrevista 

Obrigado por tomar parte nesta entrevista. Esta entrevista enquadra-se no desenvolvimento de 

uma tese de Mestrado em Engenharia Mecânica do Instituto Superior Técnico destinado ao 

quadro dos funcionários da escola Duarte Pacheco. A sua participação é totalmente voluntária. 

Esta entrevista é de curta duração (5 minutos). Os dados fornecidos serão totalmente 

confidenciais e serão utilizados exclusivamente no âmbito da investigação a ser realizada. 

 

Obrigado,  

Marco Lourenço 

 

*1. Consentimento informado 

Ao tomar parte nesta entrevista, declaro ter tomado conhecimento dos objetivos da entrevista 

e da participação que me é solicitada, participando voluntariamente, tendo-me sido garantida a 

possibilidade de, a qualquer altura, desistir de participar sem qualquer tipo de consequências. 

Aceito participar neste estudo e permito a utilização dos dados que de forma voluntária forneço, 

confiando que serão trabalhados exclusivamente no âmbito dos objetivos a que este estudo se 

dirige e nas garantias de confidencialidade e anonimato apresentadas pelo/a investigador/a. 

Tomei ainda conhecimento que os dados serão eliminados quando o estudo terminar e ainda 

que posso a qualquer altura enviar um email para que os dados sejam eliminados. 

 

- Quando foi proposta a renovação da escola, como imaginou que alterações a escola iria 
sofrer, tanto ao nível estético e térmico? 

Empregada refeitório: “Não estava cá.” 

Assistente Operacional: “Não, nunca pensei que a escola ficaria tão boa.” 

Educadora de infância 1: “Não estava nessa altura. Eu estive antes antes antes. Nunca 
imaginei (que mudasse tanto) foi uma grande surpresa quando aqui cheguei.” 

 

- Qual o seu grau de satisfação com a renovação? Porquê? 

Empregada de refeitório: “Mais ou menos, no meu local de trabalho há coisas que podia estar 
melhor tipo o chão (rachaduras) haver azulejos nas paredes da copa da cozinha para ser 
mais fácil de limpar coisa que não tem.” 

Assistente Operacional: “Agora estou satisfeita, bastante, em relação ao que já passei aqui 
estou bastante satisfeita. Porque quando vim para esta escola isto estava mesmo a dar as 
últimas. Eu de manhã quando entrava inclusivamente o meu trabalho era andar a tirar a 
água se de noite chovia tinha que tirar água para a rua, entrava frio pelas janelas, tínhamos 
que andar de casacos. Agora está completamente diferente, agora é que se dá bem.” 

Educadora de infância 1: “Muito, elevado.” 
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- Qual foi a diferença que mais notou na escola após a renovação? 

Empregada de refeitório: “Não estava cá.” 

Assistente Operacional: “(…) (Água?) Pois, talvez fosse.” 

Educadora de infância 1: “Em todo. Nas salas, no exterior…” 

 

- Pode comentar sobre a situação em que a escola se encontrava antes da renovação, tanto 
em nível térmico, de construção, de segurança e de nível estético? 

Empregada de refeitório: “Não.” 

Assistente Operacional: “Estava frio, a construção em si era boa porque isto era uma escola 
muita antiga e antes as coisas eram construídas de raíz só que já tem mais de 50 anos. Seguro 
era, também não podemos exagerar que isto não ia cair. Já estava muito degradado.” 

Educadora de infância 1: “Pouca luz, mais frias, as salas, em termos de lá fora, os 
equipamentos ou eram inexistentes e mesmo o piso não era própria para as crianças.” 

 

- Quando tomou conhecimento das medidas de renovação que iriam ser implementadas na 
escola, como imaginou que seriam as alterações que escola iria sofrer, tanto ao nível 
estético como térmico? 

 Empregada de refeitório: “Não estava cá.” 

Assistente Operacional: “Não nunca pensei que a escola ficaria tão boa.” 

 

- Foi realizada alguma ação de sensibilização para a renovação da escola? Por exemplo, foi-
lhe explicado as medidas implementadas e qual o seu potencial impacte?  

Empregada de refeitório: “Não… nada. Só entrei em meio.” 

Assistente Operacional: “Não, não explicaram nada.” 

Educadora de infância 1: “Nessa parte não sei, não estava.” 

 

- Qual a medida que considera ter tido um maior impacte no seu conforto na escola? 
Porquê? 

Empregada de refeitório: “Não, pois.” 

Assistente Operacional: “As próprias obras, o melhorar o edifício em si.” 

Educadora de infância 1: “As salas como tem iluminação, principalmente.” 

 

- Considera a renovação uma experiência positiva para a escola e para professores, alunos 
e funcionários? Porquê? 
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Empregada de refeitório: “Considerar considero, agora no meio destes meninos acho que 
não vai durar nem 6 meses, acho.” 

Assistente Operacional: “Foi para toda a gente.” 

Educadora de infância 1: “Sim, sem dúvida.” 

 

- Acha que outras medidas poderiam ter sido implementadas para além destas ou em vez 
destas? O que poderia ter sido feito de forma diferente? 

Empregada de refeitório: “Azulejos nas paredes e consciencializar os meninos e os pais que 
isto é de todos não é só de 1 para não estragarem isto.” 

Assistente Operacional: “Esta escola o mal dela sempre foi um recreio muito grande mas 
tem pouco espaço coberto. Quando chove, as crianças não cabem todas aqui né e nessa 
parte não pensaram.” 

Educadora de infância 2: “Eu tenho. Um toldo para os equipamentos exteriores. Os 
brinquedos, o escorrega, etc. Mesmo para o sol.” 

Educadora de infância 1/2: “(de forma diferente) As janelas, as janelas das salas da pré-
escolar que abrem devia ser basculante, ao nível da cabeça das crianças. E o sol bate todo o 
dia, temos os estores mas mesmo assim torna-se quente.” 

 

- A renovação alterou de alguma forma o seu trabalho? De que forma? A quantidade de 
tarefas diminuiu com a renovação? Quais? 

Empregada de refeitório: “Não.” 

Assistente Operacional: “(Já falou que já não tem que limpar a água) Pois já não apanho 
água tantas vezes. Mudou, e a quantidade de tarefas diminuiu.” 

Educadora de infância 1: “(Ficou mais fácil, comparado a antes) Sim. (Tarefas) Não.” 

 

- A renovação aumentou a sua satisfação e motivação no local de trabalho? E dos seus 
colegas/alunos?  

Empregada de refeitório: “Satisfeita estou e com condições agora aí está ainda há muita 
condição para melhorar.” 

Assistente Operacional: “Sim, Sim. (dos colegas e dos alunos) Também,  Não é confortável a 
gente saber que como chegamos quando tínhamos contentores lá fora a fazer de refeitório já 
durante a obra a gente quase que se tinha passar os miúdos em peso para o refeitório para 
eles não por os pés nas poças de água passamos aqui um bocado com eles nessa altura mas 
agora graças a deus está todo como deve ser.” 

Educadora de infância 1: “Sim, Eu pelo menos venho mais… é uma escola nova. (E dos 
colegas/alunos) Sim.” 
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- Considera que a renovação foi uma experiência com retorno económico para a escola? 

Assistente Operacional: “É capaz não é uma coisa que se veja de um dia para outro mas a 
longo prazo é capaz de se notar alguma coisa.” 

Educadora de infância 1: “Isso já não sei.. Com economia não interfiro muito. Mas sim ao 
nível energético tem a energia solar não é, daqui a uns anos já se vai notar.” 

 

- Esta experiência alterou de alguma forma os seus comportamentos em casa? E na escola? 
De que forma e porquê?  

Empregada de refeitório: “Não já estava habituada a fazer.” 

Assistente Operacional: “Não porque é assim eu tenho filhos mais ou menos da tua idade e 
eles preocupam-se um bocado com essas coisas e são eles que estão sempre a incentivar a 
mim e ao pai. Pois já sabia, todo o que sei veio de casa não aprendi nada aqui.” 

Educadora de infância 1/2: “Ainda não. Nós é que trazemos de casa para cá.” 

 

- Ponderaria aplicar algumas destas medidas de requalificação em sua casa? Quais e 
Porquê? 

Empregada de refeitório: “Eu? A única medida que poderia aplicar mas como moro num 
prédio é difícil seria a instalação de painéis solares.” 

Assistente Operacional: “Não porque as coisas que se faz aqui já eu há bastante tempo que 
eu faço em casa.” 

Educadora de infância 1: “Sim, sim, claro.” 
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Guião entrevista 

Obrigado por tomar parte nesta entrevista. Esta entrevista enquadra-se no desenvolvimento de 

uma tese de Mestrado em Engenharia Mecânica do Instituto Superior Técnico destinado ao 

quadro dos funcionários da escola Duarte Pacheco. A sua participação é totalmente voluntária. 

Esta entrevista é de média duração (15 minutos). Os dados fornecidos serão totalmente 

confidenciais e serão utilizados exclusivamente no âmbito da investigação a ser realizada. 

 

Obrigado,  

Marco Lourenço 

 

*1. Consentimento informado 

Ao tomar parte nesta entrevista, declaro ter tomado conhecimento dos objetivos da entrevista 

e da participação que me é solicitada, participando voluntariamente, tendo-me sido garantida a 

possibilidade de, a qualquer altura, desistir de participar sem qualquer tipo de consequências. 

Aceito participar neste estudo e permito a utilização dos dados que de forma voluntária forneço, 

confiando que serão trabalhados exclusivamente no âmbito dos objetivos a que este estudo se 

dirige e nas garantias de confidencialidade e anonimato apresentadas pelo/a investigador/a. 

Tomei ainda conhecimento que os dados serão eliminados quando o estudo terminar e ainda 

que posso a qualquer altura enviar um email para que os dados sejam eliminados. 

 

- Quando foi proposta a renovação da escola, como imaginou que seriam as alterações que 
escola iria sofrer, tanto ao nível estético como térmico? 

Olívia: “Quando vim para cá já a escola estava em mudança portanto não passei essa fase. A 
mudança obviamente é muito significativa. Aquilo era mau de mais.. chovia.. era frio.. eles 
estavam de casacos” 

 

- Pode comentar sobre a situação em que a escola se encontrava antes da renovação, tanto 
em nível térmico, de construção, de segurança e de nível estético? 

Olívia: “Antes não estava cá” 

- Qual o seu grau de satisfação com a renovação? Porquê? 

Olívia: “Esta escola está excelente, isso sem dúvida algum” 

 

- Encontrou-se envolvida no processo da escolha das propostas? 

Olívia: “Aquilo que nos tínhamos era reuniões tipo de 2 em 2 meses com engenheiros câmara 
e todo  em que eu falava do que achava agora dizer que “isto devia estar assim e não assim” 
aí não tinha poder agora eu dava alguma opinião e uma das coisas por exemplo foi os 
corredores no recreio  que não são funcionais os miúdos não chegam e de facto o arquiteto 
e a câmara já cederam e vão alterar são umas pequenas alterações” 
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- Quando lhe apresentaram as medidas de renovação que iriam ser implementadas, já tinha 
conhecimento das medidas? Sabia para que iriam servir?  

Olívia: “Não porque não estive nessa apresentação. Já cheguei depois” 

 

- Acha que outras medidas poderiam ter sido implementadas para além destas ou em vez 
destas? o que poderia ter sido feito de forma diferente? 

Olívia: “Eu por exemplo as questões sensoriais das luzes há aqui luzes lá fora que estão 
sempre ligadas eu por exemplo uma coisa que funciona e que devia funcionar em todas as 
escolas só ligarem quando deteta a tua presença porque obviamente existem dois auxiliares 
no fim que verificam todo, as janelas pequenas ficam abertas porque e se fosse tudo, porque 
não é tudo, se tudo fosse por presença, tudo bem, agora as luzes lá fora não tem lógica 
nenhuma estarem o dia todo ligado não percebo porquê está um dia de sol e as luzes estão 
ligadas já disse a toda a gente aos engenheiros e tudo mas eles dizem que é assim e pronto 
e não tem muito sentido. Por exemplo aquelas luzes grandes só ligarem no inverno a partir 
das 6 até as 7, 5:30 a 6 no inverno, porque no verão nem é preciso. (…) No inverno só tenho 
este espaço aqui (coberta) é um caos. O que acontece, os pequeninos, tenho 60 na pré às 
vezes vão ao ginásio fazer um jogo, ou na sala a ver um filme, e os grandes ficam a aqui (zona 
coberta) que isto de facto não foi pensado… está bonito, tem um recreio fabuloso agora no 
inverno…” 

 

- A renovação da escola alterou de alguma forma a gestão do edifício em termos de 
consumo de energia? Porquê? 

Olívia: “Basicamente o que nós fizemos foi, assim, as luzes eu quero todas apagadas, 
obviamente no inverno nas salas tem que se acender o que eu fiz foi as pequeninas (janelas) 
em todas as salas que o engenheiro disse para circular ar estão sempre abertas noite e tudo. 
E de resto não faço assim nada de especial não controlo as luzes lá fora é automático.” 

 

- A escola encontrou-se num funcionamento à meia carga, enquanto uma metade estava 
em obras, a outra continuava o seu funcionamento normal. Qual o impacte que esta 
mudança teve no funcionamento e gestão da escola? 

Olívia: “(Tendo só metade da escola) era todo a molhe e fé em deus, por exemplo, o outro 
lado é igual a este, as turmas davam para estar, não havia ginásio, só havia uma casa de 
banho e depois o ginásio era sala de professores era gabinete, era sala de auxiliares, era 
sala de apoio… No inverno, os meninos estavam no corredor.” 

 

- Qual a medida que considera ter tido um maior impacte no seu conforto na escola?  

Olívia: “As salas estão fabulosas e quando o HVAC estiver a funcionar mais fabulosas, 
porque estão muito quentes, não estamos no tempo muito frio ainda mesmo assim estão 
quentes. O HVAC estiver a funcionar por exemplo agora desligaram, mas quando funcionar 
vai ser uma maravilha é pá os professores têm uma sala existem salas de apoio, existe 
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finalmente uma zona para me sentar, as salas estão funcionais.. nunca tinha visto um 
recreio assim” 

 

- Qual foi a diferença que mais notou na escola após a renovação? 

Olívia: “A estética e o comportamento. Quando vim para cá as salas estavam húmidas, o 
chão estava húmido que levou a problemas e que se (os alunos) irritem mais facilmente. 
Eles aqui estão calmos.” 

 

- Recorda-se de alguma fase durante a renovação na qual foram encontrados imprevistos? 

Olívia: “Houve principalmente fiquei sem água foi o meu maior desespero os meus meninos 
de 3 anos a querer beber água e não tinha. As obras atrasaram por causa do lado da frente 
que estava todo podre, e eles não imaginaram isso, embora a antiga coordenadora alertou. 
Por tanto tiveram que por todo de novo várias vezes me tiraram a água a questão é que posso 
dizer aos mais velhos “aguentem a casa de banho durante uma manhã” embora acho isso  
uma agressividade mas posso dizer  e eles aguentam eles respeitam, os meus meninos de 3 
anos não  Então tive que me chatear bastante e pôr por escrito para toda a gente e mais 
algum que isto era inadmissível. O máximo uma hora. Mas tive muitas vezes falta de água.” 

 

- Informou que as obras estavam a criar problemas relacionados com a transpiração nas 
paredes. Esse problema resolveu-se? Surgiram outros imprevistos? 

Olívia: “O engenheiro explicou me que nas paredes não era água era ar, (o papel) tinha 
ficado mal aplicada ou seja ficaram bolhas de ar. Num lado puseram uma técnica e resolveu, 
noutro não, pelos vistos vai ficar assim.” 

 

- No dia 3 de junho realizou-se uma atividade sobre energia e a sua poupança na escola com 
os alunos do 4º ano. Notou se essa atividade influenciou de alguma forma os alunos quanto 
às suas atitudes e comportamentos energéticos/ambientais? 

Olívia: “Eles me explicaram depois o que fizeram, tive a perguntar o que tinha acontecido e 
eles explicaram” 

 

- Não foi adquirido um sistema de arrefecimento para as salas de aulas. Dado que tanto os 
alunos como os professores reclamam de desconforto térmico durante as tardes dos meses 
quentes, como planeia encarar esta situação? Que planos tem para o futuro da escola? 

Olívia: “Não os professores têm ar condicionado, nas salas tenho o HVAC, só que o HVAC, tal 
como o gás, tal como a internet, tal como a campainha, não funcionam ainda, por exemplo, 
o almoço sé será feito cá e é feito no bairro da amadora e vem as 11h para cá. Não há gás na 
escola, o HVAC, segundo o engenheiro terá que funcionar até o próximo mês.” 
“O facto de ter aberto as 2 janelinhas já refresca então se ela puser um bocado o HVAC, as 
pessoas estarão mais confortáveis” 
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- Considera que a introdução de palas de sombreamento para reduzir os ganhos solares no 
verão, para as salas de aula poderia ter sido uma medida da renovação? 

Olívia: “Sim, era o ideal, era muito bom mas não me parece” 

 

- Considera deixar as janelas abertas durante a noite, durante o verão, para arrefecer a 
escola uma solução viável para o sobreaquecimento das salas durante o dia? (Janelas no 
segundo andar, semiabertas, com proteção devida) 

Olívia: “Sim, nas salas as pequeninas abertas, e nos corredores ficam abertas, e quando 
chove, não vem para dentro por causa da forma da janela. Enquanto tiver a janela prefiro 
abrir a janela (quanto ao HVAC) porque para além disso tenho miúdos com asma e não sei 
até que ponto posso ter aquilo ligado tem que ser ligado em pontos mortos.” 

 

- De dia, no verão, as janelas abertas permitem a entrada do ar quente do exterior e ganhos 
solares por radiação. Os professores deixam estas janelas abertas para ventilação e 
iluminação natural, ou fecham tanto as janelas como os estores para reduzir os ganhos 
térmicos? 

Olívia: “As janelas têm que estar todas fechadas, e é uma questão de segurança, os estores 
estão sempre para baixo” 

 

- Devido às obras, a escola encontrou-se num funcionamento peculiar sem iluminação. 
Considera que, nos dias com pouca nebulosidade, as luzes podiam/deviam estar desligadas 
para aproveitar a luz exterior? 

Olívia: “Acho que deviam ser todas como esta casa de banho tu entras, acende, sais apaga. 
(As luzes nas salas com boa visibilidade deviam estar desligadas?) Sim acho que até se faz por 
outra razão, é que são tão quentes se ligas as luzes, ainda é pior. Só vejo luzes ligadas 
quando começa a escurecer” 

 

- Foi realizada alguma ação de sensibilização para a renovação da escola? Por exemplo, 
explicar ao corpo docente e não docente as medidas implementadas e qual o seu potencial 
impacte? Porquê? 

Olívia: “Quando estive aqui não, disseram que iria haver, uma explicação desde o plano de 
emergência e para todo o resto disseram que iria haver, mas ainda não houve, até porque 
o plano de emergência toda a gente devia ter conhecimento” 

 

- No dia 13 de setembro houve uma apresentação da escola aos pais. Neste dia, foi 
apresentado aos alunos, pais, corpo docente/não docente a renovação da escola? Porquê? 

Olívia: “Deliraram. Está um deliro autêntico” 
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- Notou se os alunos, pais, corpo docente/não docente, se mostraram satisfeitos com a 
escola renovada? 

Olívia: “Sim” 

 

- Considera a renovação uma experiência positiva para a escola e para professores, alunos 
e funcionários? Porquê? 

Olívia: “Mais que positiva, a escola teria que fechar se continuasse como estava” 

 

- Considera que a renovação foi uma experiência com retorno económico para a escola? 
Porquê? 

Olívia: “Em termos de energia, os painéis foram de facto um investimento enorme, gigante. 
Eles me explicaram isso (vender energia a mais, no verão). Eu penso que sim.” 

 

- Esta experiência alterou de alguma forma os seus comportamentos em casa? E na escola? 
De que forma e porquê? 

Olívia: “Os professores estão habituados a fazer alguns projetos em que explicam em casa 
podes poupar até água não só energia, e este ano um dos projetos será uma abordagem mas 
penso que será só uma turma, O ideal seria haver pessoas externas especializadas a falar 
nisso disso, é que já estive numa escola em que havia disso, houve uma sensibilização inicial, 
não só de energia, água, plásticos, reciclagem…” 

Olívia: “O número de alunos é o mesmo mas ao mesmo tempo aumentou. O crescimento 
parece que não cresce porque o número é o mesmo, mas cresce, porque é da pré para cima. 
Há dois anos era 1, o ano passado era dois, este ano são três.” 

 

- Ponderaria aplicar algumas destas medidas de requalificação em sua casa? Quais e 
Porquê? 

Olívia: “O grande problema é que são medidas caras, isto é caríssimo, a obra ficou para 2 
milhões e 600 e ultrapassou chegou aos 3 milhões. Cada painel são 100 mil. Lá em cima são 
400 mil.” 
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