
  

 

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 paper is to assess retrofit impacts on building energy needs, assess pollutant emissions and impacts on user 

satisfaction, comfort and behaviour, and quantify potential economic viability. The case study analysed is a public elementary 

school, Escola Básica 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 was 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% 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. 
 

Index Terms— Energy audit, Retrofit, School buildings, Thermal comfort, User feedback 

 

 

I. INTRODUCTION1 

A. Motivation 

In Portugal, the consumption of electrical energy in 

buildings reached 60% on 2008 [1] and, globally, buildings 

are expected to account between 20 to 40% of the total final 

energy consumption of developed countries [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. However, buildings aren’t easy to replace. 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 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 as simple. 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. 

 
1 

. 

The European Union, in order to tackle this problem, 

created several directives, such as the European 

Performance of Buildings Directive (EPBD) in 2010, and 

the Energy Efficiency Directive (EED) in 2012 [4], to 

incentivize and guide the process of building retrofit, which 

were transcribed by the member-states into national 

legislation, cutting building energy consumption in half 

when comparing to buildings from 1980 [4]. 

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 [4]. 

In average, slightly over 60% of the buildings in Portugal 

are from before 1991, the period before significant strides 

in building energy performance were made, as seen in 

Figure 1 [5].  

 
Figure 1 - Portuguese residential buildings distributed 

by period of construction (DGEG, 2018) [5] 
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In Figure 2, before 1991, which consists of the majority of 

Portuguese residential buildings, it can be seen that around 

90% of the buildings are of energetic class C or lower [5], 

which motivates the need to improve these existing 

buildings. From 2000’s onwards, building energy 

performance skyrocketed, resulting in the constructed new 

buildings having better energy certifications. 

 
Figure 2 - Evolution of the energy performance in 

buildings by construction period (DGEG, 2018) [5] 

 

The Sharing Cities Lighthouse program is a project that 

started on 2016 consisting of 3 lighthouse cities, which 

Lisbon belongs to, with the objective of working together in 

developing and implementing replicable urban digital 

solutions and models for collaboration, such as building 

retrofit [6]. 

While retrofitting buildings is the act of improving an 

existing building, doing so in an optimized manner can be 

difficult. 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 literature 

suggests educating users can lead to energy consumption 

reductions to 15% [7]. 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. 

 

B. Framework 

This paper will aim at assessing the impacts of retrofit on 

energy consumption and assess pollutant emissions using a 

public elementary school building as a case-study. 

Additionally, an assessment of the impacts of retrofit on 

students and school staff comfort and behaviour will also be 

performed through the conduct of questionnaires and 

interviews. In order to perform this analysis, experimental 

data collected on-site and historical data obtained through 

simulation and retrofit on energy consumption were taken 

into consideration. Questionnaires, interviews and 

educational activities performed with students and schools 

staff enabled the assessment of impacts on behaviour and 

comfort. Furthermore, an analysis on retrofit economic and 

social impact was also performed. The work was conducted 

within the scope of the European Lighthouse programme 

Sharing Cities, more particularly in what concerned the 

implementation of smart and digitalized solutions for 

building energy efficiency improvement, such as public 

service buildings. The case-study was the public elementary 

school Engenheiro Duarte Pacheco.  

 

C. Contribution 

The work developed will contribute to enable not only a 

quantitative assessment of the results but also a qualitative 

overview of the impacts on the school community, which 

will allow creating educative tools that can further boost 

and incentive this type of intervention and, consequently, 

promote the development of sustainable and smart cities, 

promoting citizen’s quality of life. 

II. CASE-STUDY 

A. Building description 

The retrofitted building, presented in Figure 3, 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 meters above sea level. This location 

fits in the I1-V2 Portuguese climatic zone. 

The building finds itself isolated in an area 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 was in a good, but 

degraded, condition, constructed with appropriate solutions. 

The retrofit was performed 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 programme which seeks to develop 

affordable smart city solutions. 

 

 
Figure 3– Rear (north west) view of primary school 

Engenheiro Duarte Pacheco (post-retrofit) 

 

B. Retrofit measures 

The building had an apparent good thermal isolation; 

however, the materials had degraded over time, and weren’t 

as effective as they used to be, resulting in air infiltration 

and water leakages. With the renovation, an update to the 

building’s construction was made to comply with 

legislation, however, building construction legislation was 

updated shortly after. The windows, which had a U-value of 

5.82 W/m²ºC were replaced with double pane windows. For 

the main hall, two double glass windows with a U-value of 

2.55 W/m²ºC. For the classrooms, 80 double glass windows 



  

were used, with a U-value of 2.61 W/m²ºC. For the 

remaining windows, they were replaced with double glass 

windows with a U-factor of 2.66 W/m²ºC. For the climatic 

zone which this building is inserted to, I1, the maximum U-

value for a glazed surface is 4.30 W/m²ºC, which, with the 

renovation, this building complies. Furthermore, the 

building’s roof had a U-value of 0.859 W/m²ºC, which was 

replaced with a retrofitted roof with a U-value of 0.134 

W/m²ºC, complying with current Portuguese legislation 

which state opaque horizontal surfaces should have a U-

value lower than 0.5 W/m²ºC. The interior floor, which 

previously had a U-value of 2.24, was replaced with a new 

floor with a U-value of 1.091 W/m²ºC which doesn’t 

comply with current legislation. 

To tackle the overheat in the classrooms, 80 blinds were 

placed in the classrooms, with a solar gain factor of 0.37, 

lower than the maximum solar gain for the location’s 

climatic zone, V2, of 0.56. 

The school building used common fluorescent lights which 

were replaced with lamps with LED technology. 

Furthermore, the school’s existing 18 solar panels were 

dislocated to another school, and 320 PV units were 

acquired, encompassing an area of over 520m², producing 

around 118 MWh per year. 

III. METHODS  

In order to evaluate the retrofit energetic impact, 

EnergyPlus® and SketchUp® Make 2017, with the 

respective OpenStudio® 2.8.0 plugin [7-9], 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. With the calibrated model, the 

building was studied, which enabled the analysis of the 

building, quantifying the retrofit effect and providing 

feedback to the community with behavioural solutions that 

would help improve both the user wellbeing and reduce the 

building energy consumption. This procedure is illustrated 

in Figure 4. 

 
Figure 4 - Work methodology 

 

A. Data gathering 

An audit to the building was made to collect the building 

actual consumption. For the building’s energy consumption, 

a Fluke-1735 power logger was installed on the building’s 

switchboard, as shown in Figure 5, which, during operation, 

was securely closed and locked. The power logger 

measured the building’s energy consumption over a week, 

between 24th September and 1st October. The data provided 

by the logger allowed to secure a weeklong measurements 

of the building’s actual energy use, which then would allow 

calibrating the simulation model regarding energy use.  

This, however, is insufficient to fully calibrate the model. 

To determine if the simulation model behaves similarly to 

the actual model, temperature measurements were 

conducted in the fourth graders classroom, using the OM-

DAQPRO-5300. Connecting the thermocouples (Type J) in 

various points of the classroom, and one measuring the 

outside temperature, the indoor air temperature variation 

based on outside air temperature was obtained. This data 

would validate the model from a construction point of view 

and allow the obtained results regarding theoretical cooling 

and heating needs to be reasonable. This device measured 

for a week, and from this data, 2 days were selected to 

compare with the model: Thursday and Saturday, since they 

represent the school when it’s in use, and when it’s closed. 

Furthermore, to measure the general indoor air quality in 

the same classroom, the Chauvin Arnoux 1510 was placed 

and measured air data throughout the week. This device 

measured the air’s relative humidity, and carbon dioxide 

concentration, which led to drawing conclusions regarding 

occupant health, indoor air quality, and building infiltration. 

 

 
Figure 5 – Fluke-1735 installation 

 

B. Energy simulation 

EnergyPlus® was the chosen whole-building energy 

simulation software to create the building’s simulation 

model. To visualize the model created, SketchUp® Make 

2017 was used, as shown in Figure 6, which is a 3D 

modelling computer program owned by Trimble Inc. 

Furthermore, as a bridge between these last two software, 

OpenStudio® was used, as it allows users to quickly create 

building geometry to plug in EnergyPlus®, while also 

providing tools such as the ResultsViewer to examine the 

simulation outputs. 

 

 
Figure 6 - School building model (SketchUp® Make 

2017) 
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C. Model calibration 

The initial simulations were made with standardized 

dynamic simulation profiles, which, while being able to 

compare the effect the retrofit has, doesn’t qualify as a one-

to-one model in real conditions. For example, the schedules 

used ranged from 8 AM to 8 PM, while the school’s classes 

finished at 3:45 PM, and closed at 6 PM. Hence, calibrating 

the model became a necessity to provide actual retrofit 

energetic impact. 

To do so, the building’s schedules were updated to be as 

close as possible to the actual building’s timetable, this led 

to the creation of several classroom schedules depending on 

the building thermal zone, instead of one global schedule. 

Furthermore, initial energetic assumptions proved to be 

significantly higher than the building’s measured energy 

consumption, from data provided by Fluke-1735. The 

15W/m² lighting considered for the classrooms led to 

significant errors. This was replaced with 9 18 W lamps for 

each classroom which led to energy errors within 

acceptable levels. 

To consider the simulation as validated, two criteria were 

used: the Mean Bias Error (MBE (%)) and the Coefficient 

of variation of the Root Mean Squared Error (CvRMSE 

(%)) [10]. These statistical indices, to validate the 

simulation model, had to be less than 5% and 20%, 

respectively, as per the International Performance 

Measurements and Verification Protocol. Applying these 

indices to the power comparison, presented in Figure 7, 

between the simulation model and the average of the three 

measured schooldays, an MBE of 2.79% and a CvRMSE of 

18.96% were obtained. 

 
Figure 7 - Model power usage comparison 

 

Furthermore, while the mentioned indices are more used for 

building energy comparison rather than temperature 

comparison [10], the same indices and standards were used 

when comparing the simulated model’s indoor temperature 

to measured indoor temperature from the OM-DAQPRO-

5300. 

During this process, the temperature logger’s measured 

temperature was inserted into specific dates in the 

EnergyPlus weather file (03/10/19- Thursday, 05/10/19-

Saturday). This enabled the comparison between the 

simulated indoor air temperature with the measured indoor 

temperature for similar exterior conditions, presented in 

Figure 8. These two dates were selected to validate both the 

indoor temperature when occupancy is zero (Saturday), 

validating the construction of the model, and when there is 

occupancy (Thursday), validating the model when there are 

additional factors, such as natural ventilation. The obtained 

MBE and CvRMSE for 03/10/19 and 05/10/19, 

respectively, are 4.73% and 7.64%, and 1.36% and 3.93%. 

 

 
Figure 8 - Temperature comparison (5th Oct) 

 

This temperature calibration was required so that the 

predictions regarding heating and cooling needs would 

reflect actual cooling and heating needs. Combining the 

power calibration with the temperature calibration, the total 

energy needs of the building can be predicted using the 

building model, as such, Figure 9 illustrates the 

characterization and the impact of each end-use in the 

building’s total power demand. 

 
Figure 9 - Building predicted total power demand with 

HVAC (03/10/19) 

 

Using this calibrated model, 3 different simulations models 

will be analysed. A “Baseline” model, which will replace 

the current model’s construction and equipment with the 

construction and equipment of the building before the 

retrofit, a “Reference” model, which will be used to 

determine the building certification, and is obtained by 

plugging in a standard reference construction, and a 

“Retrofit” model, which is the result of the model 

calibration and represents the building after the retrofit. 

Simulating the models for a whole year, Table 1 was 

obtained, which shows the annual end-use energy 

consumption in kWh for each model. 

 

Table 1 - Simulation annual end-use energy 

consumption [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 



  

Regarding air quality, the measured indoor carbon dioxide 

concentrations were within acceptable levels, having, on 

average, 836 ppm, 824 ppm, and 692 ppm on the measured 

days 25th Sep 26th Sep and 27th Sep, respectively, shown in 

Figure 10. 

 
Figure 10 - Measured carbon dioxide concentration 

D. Photovoltaic system 

The building before the retrofit had already 18 PV panels, 

which were then transferred to another school during the 

retrofit process. 320 PV units equivalent to S-Energy 

SN265P-10 Solar Panel - 265-Watt model [11] were 

acquired, which have a rated efficiency of 16.22 % and a 

unit area of 1.652 m², leading to 529m² total PV area, 

shown in Figure 11. 

To calculate the effect these PV panels would have, table 

A2.3a from Goswami (2015) [12] was used. This table 

provides global horizontal average solar radiation in 

MJ/m²day for various locations. This data leads to a 

horizontal solar radiation of 1745 kWh/m²year. 

 

 
Figure 11 - School building's PV system (post-retrofit) 

 

Multiplying by the rated efficiency, considered 0.15, the 

module performance, assumed 0.75, the total area, 529 m², 

and a tilt factor of 1.14, factors obtained from the supplied 

documents from the Beato parish, a yearly production of 

118 MWh was obtained. To determine the original 18 panel 

yearly production, 118 MWh was divided by 320, and 

multiplied by 18, giving 6672 kWh. 

E. Greenhouse gas emissions 

Portuguese law establishes carbon dioxide conversion 

factors for each kilowatt-hour unit of primary energy of 

different energy sources. For a kWh of electricity, the 

defined kilogram of carbon dioxide emitted is 0.144 kg 
CO2/kWhPE electricity, where PE is used to denote 

primary energy [13]. 

To obtain the primary energy of each end-use, a conversion 

factor of 2.5 kWhPE/kWh was used [13] and the mentioned 

carbon dioxide emissions conversion factor, 0.144. 

To account for the original PV effect, for the baseline 

model, the produced energy was subtracted from the 

baseline model’s electricity needs, and then multiplied by 

the conversion factors. For the retrofit model, since the 

amount of energy produced outweighed the amount of 

energy the building required, the remaining energy was 

divided by a factor of 2.5, to represent the losses on its 

course to supply the grid [13]. The end result of the 

building yearly carbon dioxide emissions, in tons, are 

shown in Table 2. 

 

Table 2- Building yearly carbon dioxide emissions (in 

tons) 

 Reference Baseline  Retrofit Retrofit 

with 

PV 
CO2 

emissions  10.14 10.04 6.56 -5.78 
 

F. Building certification 

Portuguese law stipulates, for non-residential buildings who 

are subject to grand interventions, a maximum energetic 

class of C [14]. To determine a non-residential building’s 

energetic class, four energy efficiency indices (IEE) must 

be calculated,  the energetic efficiency index which 

takes into consideration heating, cooling, interior and 

exterior illumination, etc.,   which considers the 

remaining equipment not included in ,  which 

represents the production of electrical and thermal energy 

from renewable heat sources. The last index is the reference 

building’s energetic efficiency index, . Summing the 

buildings energetic efficiency indices and dividing it by the 

energetic efficiency of a reference building, the energetic 

efficiency index ratio is obtained, as shown in Equation 1 

[15], which gives directly the energetic class of the 

building, as stipulated in Table 3. 

 

 

(1) 

 

Table 3 - Non-residential building energetic classes 

Energetic class  
A+  ≤0.25 
A 0.26 <  ≤ 0.50 
B 0.51 <  ≤ 0.75 
B- 0.76 <  ≤ 1.00 
C 1.01 <  ≤ 1.50 
D 1.51 <  ≤ 2.00 
E 2.01 <  ≤ 2.50 
F  ≥ 2.51 

 

To account for the effect of linear thermal bridges, the 

heating contribution to the building’s IEE was multiplied by 

1.05. Multiplying the values in Table 1 by the primary 

energy conversion factor, 0.29 kgoe/kWh [16], as kgoe, 

kilogram oil equivalent, is the unit used to determine the 

energy efficiency index [17],  and dividing the result by the 

area, 1507 m², the building energetic class is determined as 

shown in Table 4. 
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Table 4 - Building certification calculation 

 Baseline Reference Retrofit 
Electricity 1.631 1.631 0.714 
Equipment 1.441 1.441 1.441 
Heating 1.735 1.816 0.565 
Cooling 0.643 0.621 0.813 
Total 5.449 5.509 3.532 

 1.297 --- 22.825 

 4.152 5.509 <0 

 0.754 1 <0 

Class    
 

G. Economic analysis 

To evaluate the economic viability of the retrofit project on 

the school building, two financial viability indices were 

used, the Net Present Value (NPV) and the Simple Payback 

Period (SPP). The NPV takes into account the investment 

and the resultant cash flows. Projects with positive NPV’s 

are worth more than they cost. The NPV is defined as 

Equation (2) where I represents the initial investment, C(i) 

is a cash flow from period t and r is the rate of return. 

 

 

(2) 

The SPP represents the number of years an initial 

investment will be repaid from resulting cash flows, defined 

by Equation (3). The shorter the SPP, the more attractive 

the investment is. 

 

 

(3) 

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 consumption and multiplying 

that difference in energy by an electricity cost conversion 

cost, the yearly cash flow is obtained. The electricity cost 

was assumed to be 0.14 €/kWh. 

The retrofit measure costs of the project was not disclosed 

and as such, investment costs from similar measures found 

in literature were gathered. From literature, the values 

presented in Table 5 were obtained. 

 

Table 5 - Retrofit measures SPP 

Source Measure Unitary 

cost (€) 

Investment 

(€) 

SPP 

(years) 

[16] LED 19/unit 2,736 4.48 

[18] Roof 39.1/m² 31,601 186.6 

[18] Blinds 42€/m² 8,870 --- 

[19] Windows 43 11,458 13.1 

Building --- ---- 54,665 39.52 

City 

Hall 

PV --- 112,480 8.9 

Total --- --- 167,145 12.4 
 

When studying the NPV of the project, using Equation (2), 

it was seen that, for a period of 25 years (which was the 

duration of the warranty of the solar panels [11]), the rate of 

return had to be lower than 7%, for the NPV to be positive. 

H. Thermal comfort 

To evaluate user thermal comfort, during the summer, some 

assumptions were made regarding user clothing and activity 

level. From ASHRAE [20], the values for typical clothing 

and activity levels were extracted. For the students, a value 

of 0.36 clo and 60 W/m² were used. As this 60 W/m² is 

indicated for adults, this value was adapted to 87 W/m² by 

multiplying the original metabolic rate by a standard adult 

superficial area, and then dividing it by a standard 10 year 

old superficial area. For the teachers, a value of 0.57 clo 

and 70 W/m² were considered. With these values and 

resorting to the model simulation to provide indoor air 

conditions, allowed to plug in the necessary data into 

Fangers thermal comfort equation [21], shown in Equations 

(4 and 5). 

  

 

 

 

 
 

(4) 

(5) 

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

the thermal body load [W/m²]),  is the air temperature 

[ºC],  is the mean radiant temperature [ºC],  is the 

clothing area factor,  is the mean temperature of the 

outer surface of the clothed body [ºC],  is the convective 

heat transfer coefficient [W/m²ºC], and  is the water 

vapour pressure in ambient air [kPa]. W is considered zero 

to obtain conservative results. The PMV is suggested to be 

between -0.5 and 0.5. 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 Equations 4 and 5. 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. 

IV. RESULTS 

A. Energy needs 

To quantify the energy needs impact, the difference 

between the model before the renovation and the model 

after the renovation was analysed. In Figure 12, in dark 

gray, we see the baseline model with the prior construction, 

which, when compared to the green line, which represents 

the retrofit model, demonstrates the difference in energy 

needs due to the retrofit measures applied. 

 



  

 
Figure 12 - Model energy comparison 

 

Comparing the new baseline energy needs to the retrofit 

energy needs, the retrofit energetic impact was obtained. A 

decrease of 9,672 kWh/year was registered, a 35% energy 

needs drop, when not taking into consideration the PV 

panels effect, which produces significantly more energy 

than the building consumes, leading to annual savings of 

3,988 € and the possibility to gain 9,537 €/year by selling 

green energy at 0.095€/kWh, leading to a simple payback 

period of 12.4 years. 

The building being sustainable with its own PV system 

leads to a drastic decrease in equivalent carbon dioxide 

emissions per year, as seen in Figure 13, from the results 

presented in Table 2. 

 

 
Figure 13 - CO2 emission comparison 

 

It can be seen that the retrofit building, by itself, cut its 

potential emissions in 35%, and, due to the PV system, the 

self-sustainability nature of the building, and the ability to 

provide green energy to the grid, leads to “negative” gas 

emissions. 

Building certifications was made for the building before 

and after the retrofit, which, the initial baseline energetic 

class of B- was verified, which was indicated in provided 

documentation from the city hall. The energetic class for 

the retrofitted building is A+, as presented in Table 4. 

B. Thermal comfort study 

A thermal comfort analysis was made for summer 

conditions under the conditions set in section III-H. The 

difference in activity and clothing levels which reflect 

typical classroom conditions is already an indicative of 

diverging thermal preferences. Hence, a study was made to 

study temperatures which would be comfortable for both 

ends of the spectrum. 

Figures 14 and 15 compare the PMV obtained for the 

teachers and students, respectively, for temperatures 

ranging from 24 to 28ºC, for the conditions mentioned 

above. 

 
Figure 14 – Teachers’ summer PMV 

 
Figure 15 – Students’ summer PMV 

 

Standard thermal comfort levels is often comprehended 

between -0.5 and 0.5 PMV. As seen in Figures 14 and 15, 

26ºC presents itself as an ideal temperature solution for this 

case, as it doesn’t lead to user discomfort, and, being over 

24ºC, demands less cooling demand from the HVAC, 

consequently, avoiding consuming energy needlessly. 

C. Community engagement 

As mentioned in section III-I, to further understand the 

normal school operation, the school community was 

approached, analyzing their day-to-day activities through 

surveys and interviews. Survey results show that the 

students and the adults placed environment over money as 

their main reason to save energy (Adults – 91%, Students- 

46%). When asked how the school could consume less 

energy, the three most selected options by the school staff 

were: “Students should change their behaviours” (100%), 

“Schools should self-regulate” (91%) and “There should be 

reminders spread around the school with tips” (91%). When 

questioned regarding the impact the renovation had on 

them, 82% answered that they noticed the school had better 

daylighting, there was an increase in comfort and student 

wellbeing and an increased work satisfaction. When the 

surveys and interviews were being conducted, the HVAC 

system had not been turned on yet, which led to the 

respondents claiming it was still hot during the afternoons. 

D. Impact of retrofit on comfort and behaviour 

To understand the school’s situation before the renovation 

took place, surveys and interviews were made towards the 

school’s community. The students selected were 20 fourth 

graders, with ages ranging 9-12, as they were on their final 

year in that school, they experienced the school building’s 
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conditions before the retrofit. Before surveying the 

children, a small presentation was made, discussing energy 

efficiency and its benefits, followed by an activity with the 

students whether or not the measures presented were in fact 

implemented in the school, which yielded a positive 

reaction, and discussion among themselves. For this 

activity, two volunteers were selected from the class, who 

would place the discussed energy efficiency measures on 

the blackboard, on the “Check” column if they had been 

applied, and on the “Cross” column if they had not been 

implemented, which yielded results presented in Figure 16. 

  

 
Figure 16 - School energy activity results 

 

A separate survey was made for the school’s staff, and 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. 

These interviews shed light on the school building’s 

situation before the renovation. For example, an 

interviewee commented “The building had a good 

construction and was safe, however, it was cold, and when 

it rained, my morning routine was to take water from within 

the building” which was also reinforced by the school’s 

coordinator, which stated “The classes were humid and the 

floor was wet, which led to the students getting irritable 

easier. Now, they’re calmer.”. The school coordinator also 

mentioned that, if the renovation had not occurred, the 

school would have been closed.  

With the renovation, some tips were left for the school 

community, such as labels which were spread around the 

kitchen. The renovation also impacted the users’ behaviour, 

as the school coordinator commented “We leave the 

corridor windows open to improve air circulation and aid 

the school cooling, and we prefer to not turn on the lights 

when possible, not due to illumination costs, but the 

associated heating”. 

The community was satisfied with the renovation, ranging 

from students, parents, teachers, and operational assistants, 

stating that their motivation increased. 

From the surveys made, 82% of respondents replied that the 

new renovated building had better daylighting, more 

comfort, noticed an increase in students’ motivation, and 

their satisfaction had increased. However, it was still too 

early to draw conclusions regarding the correlation between 

student comfort and their grades, as shown by 36% of 

respondents saying that they did not notice an improvement 

in that area, and the remaining did not respond. 

Regarding temperature, the surveys were made when the 

school renovation was concluded, but the HVAC had yet 

not been turned on, which led to 71% students saying it’s 

comfortable during the mornings and, during the 

afternoons, 48% saying it’s hot, while 82% of the school 

board find the mornings hot, and, during the afternoons, 

55% found the school building hot, and 18% replied with 

very hot. 

E. Beyond the retrofit 

When asked about other possible measures to implement to 

further improve the school, the inquiries suggested several 

ideas that were not implemented. 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 preschool 

educator, shared this opinion, encompassing too the sunny 

days, since prolonged exposure to sun would be detrimental 

for the children’s health. Two preschool educators also 

commented on the overheat of the classrooms, despite 

having blinds. 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, despite the natural 

illuminance provided by the sun, considering it an energy 

waste which she can’t control, due to being automatic. 

 

V. DISCUSSION 

A. Building certification 

The building improved from a B- to A+ hugely due to the 

PV system installed, however, it is worth noting the impact 

the retrofit had on the building itself. For a scenario where 

the PV panels are not considered, the original building 

would have a B- ranking with a RIEE of 0.99. The retrofit 

measures aside from the new PVs would lead to a building 

with a RIEE of 0.64, effectively changing the building 

energetic class from B- to B alone. The new building 

energetic class was delivered as a bullet point in a pamphlet 

for the school community which summarized the findings 

of this work. 

B. Thermal comfort 

Surveys made to the students and employees revealed that 

71% of students found mornings to be comfortable, and 

48% found afternoons to be hot, and 33% considered 

afternoons to be very hot. Initial student PMV studies using 

a metabolic rate of 60 W/m² suggested students being 



  

comfortable in the baseline scenario, and cold in the retrofit 

scenario. Teli et al. (2016) [22] suggests that, when 

studying children, using PMV is limited in nature due to 

having studied adults’ thermal preferences, and can lead to 

misleading results when studying children. To face this, the 

adult metabolic rate value was adjusted to children, which 

suggested PMVs that coaligned with the surveys made, as 

shown in Figure 17. 

 

 
Figure 17 - Student PMV model comparison 

 

For adults, similar models provided that the baseline 

scenario led to PMVs higher than 0.5 after midday, which, 

when compared to the surveys made, coincided. The 

surveys returned with 71% of adults found it comfortable 

during the morning, and, during the afternoons, 48% found 

it hot while 33% found it to be very hot. 

This led to a need to cool down the classrooms temperature, 

which, in the baseline scenario, could easily surpass 28ºC. 

28ºC being too hot motivated the study of different indoor 

temperatures. This founding was delivered to the school, so 

that the 24ºC cooling setpoint doesn’t become a fixed value 

throughout the year, and that it may increase based on 

user’s clothing level.   

C. Economic viability 

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. The 

roof before the retrofit, 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. 

When retrofitting a B- building to A+, the results will seem 

poorer than when comparing the retrofit of an E building to 

A+, for example, since the difference in energetic needs is 

higher. 

This investment led a reduction of 2,280 € in annual 

energetic bills, 9,537 € by selling green energy produced by 

the PV system, resulting in an annual incoming cash flow 

of 13,525 € (accounting baseline heating and cooling 

needs), leading to a simple payback period of 12.4 years. 

Furthermore,  the elimination of the 10.04 tons of gas 

emissions the building emitted per year, and even 

contributing close to 6 tons of “negative” gas emissions in 

the form of green energy back to the grid and, as the 

principle mentioned, the economic viability also increases 

due to the fact that the school no longer closes, and also 

appeals to more potential students, which, in itself, includes 

more funding. 

D. Suggestions 

Gathering the collected data, a short report was prepared for 

the school which was distributed which concisely contained 

a brief definition of building retrofit, the retrofit measures 

that were taken, the impact of said retrofit measures, and 

some brief suggestions which aimed to further boost the 

impact of the retrofit. 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. 

VI. CONCLUSIONS 

In this work, an assessment of the impacts of retrofit 

intervention on energy needs and assessment of pollutants 

emissions was performed. Furthermore, the impact on 

behaviour and comfort was also evaluated. Findings 

indicated that the audit of the building after the retrofit 

presented results significantly different from the initial 

predictions, which was due to insufficient building data and 

resorting to standardized values. The retrofit measures 

improved the construction of the building, updating the 

construction to fit with current legislation requirements. 

The economic return, from an energetic needs point of 

view, was of 12.4 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, in great deal due to the 

implementation of 320 PV panel units, which produces 

more energy than the building consumes.  

With the upgraded infrastructure, the school’s coordinator 

plans to increase the number of students, which already 

showed results. Many fourth graders had graduated, but 

many new students enrolled into the school’s nursery, 

effectively rejuvenating the school’s students. With the 

renovation, the staff 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.  

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 
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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. 

Lastly, to maximize the efficiency of this retrofit project, a 

pamphlet was given to the school which summarized the 

findings of this work. In this pamphlet, suggestions were 

made which alerted users to some cost-effective measures 

that would benefit the school from not only an energetic 

standpoint, but also the student’s well-being. 
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