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Abstract 

Our research aims at analysing the life cycle performance 

– in terms of primary energy and emissions – of 

classrooms in certified school buildings located in a 

humid subtropical climate considering two ventilation 

strategies (single-sided, SSV, and cross ventilation, CV) 

and four building envelope scenarios through different 

life cycle metrics. Operational energy consumption was 

simulated for all scenarios. The impacts embodied in the 

shading elements were calculated considering a 50-year 

life cycle with maintenance. Although SSV classrooms 

and galvanized steel perforated screens clearly prevail in 

our sample, our results identified that CV classrooms with 

shaded windows had the lowest life cycle impacts. 

Key Innovations 

• Shading devices and other envelope design 

solutions influence both the operational and 

embodied contributions to a building’s life cycle 

primary energy and GHG emissions; 

• Increased operational efficiency may come at 

different embodied impacts and increase their 

proportion relatively to a building’s life cycle 

figures. Such relation is enlightened by e.g. 

embodied-to-operational ratio, but other life 

cycle metrics, such as LCER and LC quotient, 

convey complementary information to support 

design decision making and should be jointly 

considered; 

• Few studies cross-checked decisions made on 

environmentally certified buildings, particularly 

schools, and were rarely based away from 

temperate climates.  

Practical Implications 

A high energy-efficient building during its operational 

phase may have a higher embodied energy, according 

with the material configuration adopted. Therefore, 

parameters that relate embodied, operational and life 

cycle impacts should be also considered during design, to 

select the best solution from the life cycle perspective. 

EUI results for galvanized steel perforated screen and 

horizontal aluminium shading device ensured their 

functional equivalence for LCA purposes. Ceramic 

cobogó, however, delivers half of their operational 

savings and is not functionally equivalent. 

Introduction 

Energy is consumed during the whole life cycle of a 

building, being the operational (80-90%) and the 

embodied energy (10-20%) the main contributors to the 

building energy demand (Ramesh et al., 2010). The 

former is defined as the annual amount of energy required 

for use (e.g. heating, cooling, ventilation, lighting) during 

the life of a building (Giordano et al., 2017), while the 

latter refers to the energy used to extract, process, 

manufacture and transport building materials and 

components (Yohanis & Norton, 2002).  

Building energy assessments are usually focused on the 

operational phase, for it has historically represented the 

largest portion of the energy consumed over a building’s 

life cycle (Kovacic et al., 2018), and little attention is 

given to the embodied energy contribution (Resalati et al., 

2020) and related emissions. Indeed, construction 

standards and building certifications, developed to 

regulate new buildings and increase their energy 

efficiency, typically focus exclusively on operational 

performance. Yet, developing high-performance 

buildings may result counterproductive from the life cycle 

perspective, due to the trade-off between operational and 

embodied impacts (Copiello, 2017). Increasing the energy 

efficiency of buildings decreases the operational impacts, 

but the envelope materials, added insulation and building 

services systems may significantly increase the embodied 

share (Crawford et al., 2016; Shadram et al., 2020). Su et 

al. (2020), for example, found out that passive buildings 

used almost one third less operational energy than 

conventional ones, but higher values of embodied energy 

and CO2 emissions (+37.6% and +16.2%, respectively). 

Burden shifting from operational to embodied 

contributions have been mostly studied for residential 

(Koezjakov et al., 2018; Kovacic et al., 2018; Najjar et al., 

2019; Resalati et al., 2020; Shadram et al., 2020; Shadram 

& Mukkavaara, 2019; Su et al., 2020; Tagliabue et al., 

2018) and office facilities (Giordano et al., 2017; Ma et 

al., 2017). Investigations performed in countries like Italy, 

Germany, China, USA and UK defined building envelope 

scenarios for a case study or selected a few case studies to 

compare energy consumption and CO2 emissions. Their 

results showed that the embodied energy ranged between 

12.5% and 46% of the life cycle energy demand, and the 

CO2 emissions ranged between 20.9% and 59% of the life 

cycle emissions, depending on the climate and the design 

solutions adopted. Indeed, climate-dependent heating 
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and/or cooling requirement may significantly affect the 

operational impacts and, by extension, the life cycle 

figures, which are typically dominated by the operational 

proportion (Ma et al., 2017).  

Hence, not only operational performance, but parameters 

that relate embodied and operational or life cycle impacts 

should be considered during design, to enable selecting 

the best solution from a complete perspective. Brambilla 

et al. (2018) proposed the life cycle efficiency ratio 

(LCER) as a performance indicator to evaluate the 

potential of ventilative cooling and thermal inertia from a 

life cycle-driven approach. Gomes et al. (2020) also used 

the embodied-to-operational ratio (E/Op) to enlighten 

retrofit decision-making. 

Most studies that analysed embodied and operational 

trade-offs were published in the last five years, 

confirming that this is a relatively new subject, powered 

by increased research interest. Yet, few studies cross-

checked decisions made on environmentally certified 

buildings, particularly schools, and were rarely based 

away from temperate climates. Therefore, our research 

contributes to this growing field by analysing the life 

cycle - energy and emissions - performance of classrooms 

of certified green school buildings located in a humid 

subtropical climate (state of Sao Paulo, Brazil), 

considering four building envelope scenarios and 

different life cycle metrics.  

Method 

This study is supported by energy performance simulation 

and life cycle assessment (LCA) and was developed in 

five main steps (Figure 1). 

 

Figure 1: Research method 

Step 1 - Selection of representative cases studies 

Since 2010, the Foundation for Education Development 

(FDE), responsible for enacting the state of São Paulo’s 

educational policies, requires that new school buildings 

are certified under the AQUA (Alta Qualidade Ambiental 

– High Environmental Quality) program, the Brazilian 

adaptation of the French HQE (Haute Qualité 

Environnementale) certification. So far, 20 FDE school 

buildings designed between 2002 and 2014 have been 

certified.  

The FDE-standardized classrooms’ dimensions are 

7.20 m x 7.20 m (Figure 2). Window frame type and size 

(Table 1), as well as construction materials (Table 2) are 

also standardized.  

Two representative cases studies were selected from the 

collection of certified school buildings, to illustrate cross-

ventilated and single-sided ventilated classrooms (Figure 

1). Both cases studies are located in Campinas, state of 

Sao Paulo, Brazil, characterized by a humid subtropical 

climate. The outdoor façade (louver windows) was 

oriented north, since the south façade in Campinas does 

not receive direct sunlight. 

 

Figure 2: FDE standard classroom layout (FDE, 2016) 
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Table 1: FDE standardized window frame 

Window 
type 

Position Dimension Operable 
area 

Top Hung Corridor 180 x 80 cm 18.3% 

Louvers Façade 180 x 210 cm 71.5% 

Table 2: FDE standardized construction materials 

Component Material U 
(W/m²

K) 

TC* 
(kJ/m²

K) 

Solar 
Absorpt

ance 

SHGC*
* 

Wall 
Concrete 

block 
2.78 209 0.9  

Floor and 
slab 

Honeycom
bed slab 

  0.9  

Window 
Clear 

glass 3 
mm 

5.7   0.87 

* Thermal capacity | ** Solar Heat Gain Coefficient 

Step 2 - Envelope scenarios settings 

Four envelope scenarios were pre-set: no shading 

elements (Scenario 1), galvanized steel perforated screen 

(Scenario 2), horizontal aluminium device (Scenario 3) 

and ceramic cobogó (Scenario 4). The latter is a solar 

protection device widely used in Brazil. Scenarios 2 and 

3 are commonly used solutions in FDE school buildings. 

Step 3 - Operational energy simulation 

Operational energy consumption was simulated through 

EnergyPlus version 9.3 software. The weather file of 

Campinas is based on data from the National Institute of 

Meteorology (INMet). The building was considered 

isolated (with no surrounding buildings) and the 

classroom observed was modelled as a single thermal 

zone (Figure 3). The side walls (facing adjacent 

classrooms), the wall between the classroom and the 

corridor (only in the single-sided ventilated classroom), 

floor and ceiling were considered adiabatic, without direct 

contact to the external environment. 

   

Figure 3: Cross ventilated and single-sided ventilated 

classrooms without shading elements (Scenario 1) 

In order to account for thermal discomfort hours, a mixed-

mode ventilation operation was considered, in which the 

air-conditioning system was turned on whenever the 

operative temperature was off the ASHRAE 55-2017 

adaptive method tolerance limits.  

Natural ventilation modelling used the Airflow Network 

model, considering a discharge coefficient of 0.6 and 

window pressure coefficients set by the software 

database. Window openings were set according to Table 

1 and construction materials according to Table 2. 

Lighting power and equipment followed RTQ-C (Quality 

Requirements for Commercial Buildings) (INMETRO, 

2010) for the defined occupancy (Table 3) and use 

schedule (Table 4).  

Table 3: Internal Loads 

Occupants per 
room 

Lights Equipment 

36 10.7 W/m2 9.7 W/m2 

Table 4: Schedule 

Schedule Months Hours 

Monday 
to Friday 

March-June, August-
November 

8 h-12 h, 14 h-
18 h 

Step 4 – Environmental impacts estimation  

Potential environmental impacts of the three shading 

configurations were estimated according to ISO 

14040:2006 (ISO, 2006a), ISO 14044:2006 (ISO, 2006b) 

and EN 15978:2011 (CEN, 2011). EN 15978:2011 

standard sets procedures for whole-building LCA and 

considers all life cycle stages, from the material and 

components’ production to their end of life.  

Galvanized steel, aluminium, ceramic and ‘rest of world’ 

(RoW) processes for the electricity mix and water use 

were extracted from the Ecoinvent database and adapted 

to the Brazilian context.  

Life cycle impact assessment used Cumulative Energy 

Demand (CED) and the CML-IA baseline midpoint 

impact methods. Total primary energy PEt (indicated by 

the sum of embodied and operational cumulative energy 

demand, CED) and contribution to climate change 

(indicated by the corresponding global warming potential, 

GWP) relative to the shading alternatives and to the 

operational phase were modelled from cradle-to-grave, 

using a 50-year reference period (Table 5).  

Brazilian performance and maintenance standards or 

guidelines do not explicitly address shading elements, 

thus the national practice of re-painting façades every 5 

years was considered for Scenario 2 (galvanized steel 

perforated screen).  

Step 5 - Results analysis 

Energy use intensity (EUI - kWh/m².year) was set as the 

operational energy output and cooling-degree-hours 

(CDH - °Ch) were set as the thermal comfort output. The 

CDH calculation was based on the ASHRAE 55-2017 

adaptive thermal comfort model, i.e., indoor operative 

temperature acceptable ranges for naturally ventilated 

spaces. The number of heating-degree-hours was zero for 

all scenarios, and therefore disregarded.  

The EUI results were converted into operational energy 

and corresponding PEt and GWP and embodied, 

operational and life cycle energy were all expressed in 

terms of energy demand (CED). The envelope scenarios 

for single-sided and cross ventilated classrooms were then 

compared through four life cycle-oriented metrics: 

Embodied-to-operational impact ratio (E/Op); Embodied-

to-life cycle impact ratio (E/LC); Life cycle efficiency 

ratio (LCER) given by operational savings/embodied 

gradient (Brambilla et al., 2018); and Life cycle quotient 

(LC quotient), given by (operational savings – embodied 

impact)/ life cycle baseline, tentatively proposed herein. 
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Table 5: LCA modelling aspects 

Parameter Description 

Assessment methodology ISO 14040:2006; ISO 14044:2006; EN 15978:2011 

Reference period 50 years 

Life cycle stages  
Cradle-to-grave (A1-3; A4-A5; B4; C1-C2-C4), for embodied impacts. B6 considered for 

operational energy. 

Geographic boundary Campinas/SP - Brazil 

Functional unit 1m² of shading element 

Reference flows* 

Scenario 1: reference 

Scenario 2: 440.15 kg steel + 87.15 kg Galvanized Steel + 13.00 kg Epoxy painting 

Scenario 3: 159.53 kg Aluminium + 25.17 kg Aluminium sheet 

Scenario 4: 586.22 kg Ceramic cobogó + Cement mortar: 259.50 kg 

LCA software SimaPro 8.5/9.0 

Inventory database Ecoinvent 3.4/3.5 (RoW processes adapted to Brazilian electricity mix and water use). 

Impact assessment method / 

Indicators 

CED v1.11 (renewable and non-renewable Primary energy - PEt). 

CML-IA baseline v3.05 (Global warming potential – GWP). 

Assumptions for construction 

process stage 

A4: Distances and fuel consumption represent the situation of the city of Campinas. 

A5: Fuel consumption/m² of shading element. Material wastage was factored in this module. 

Assumptions for use stage B4: maintenance (re-painting steel device every 5 years). 

Assumptions for end-of-life stage 

C1: Fuel consumption/m² of shading element. 

C2: Distance and fuel consumption represent the situation of the city of Campinas. 

C4: 100% inert material landfill. 

*changes in the structural frame/foundations due to shading addition were disregarded 

 

Results 

Operational energy 

For all scenarios, the energy use intensity (EUI) of the 

cross ventilated (CV) classroom was about 33%-40% of 

the single-sided ventilated (SSV) version (Figure 4). 

The CV classroom presented more thermal comfort 

hours during the year, which decreased air-conditioning 

system use. Therefore, the benefit of adding shading 

devices was higher for the SSV classroom.

EUI results for galvanized steel perforated screen and 

horizontal aluminium device were very similar, for both 

ventilation cases studied. This ensured their functional 

equivalence for LCA purposes (see ‘Embodied and life 

cycle impacts’). The cooling-degree-hours follow the 

same trend: the CV classroom presented about 61-65% 

less cooling degree hours than the SSV classroom 

(Figure 5). Finally, for all operational outputs analysed, 

the ceramic cobogó performed slightly worse than its 

counterparts.

 

Figure 4: Energy use intensity (EUI)

Figure 5: Cooling degree hours (CDH) 
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Embodied and life cycle impacts 

Figure 6 presents the embodied impacts added by shading 

the classrooms openings (Scenarios 2 to 4). All 

observations and conclusions for life cycle primary 

energy, PEt, presented below also apply to life cycle 

emissions.  

Embodied energy and emissions across the three shading 

types varied substantially (cobogó and horizontal 

aluminium shading devices respectively embodied 15% 

and 69% of PEt and 25% and 91% of GWP relatively to 

the steel screen).  

Despite the slight change in best performing alternative 

according with the type of ventilation - the galvanized 

steel perforated screen works best for CV, but ranking 

reverses for SSV – the horizontal aluminium device and 

the steel screen are functionally equivalent, i.e.: their 

operational (energy and emissions) performances are 

fundamentally identical.  

Cobogó shading was included in this study for its 

omnipresence in the Brazilian built environment. During 

operation, however, this shading enabled only half of the 

energy savings achieved with the steel and aluminium 

devices, whilst ending up with a 10% higher operational 

consumption. Cobogó indeed had the lowest embodied 

impact, but, from the LCA perspective, is not functionally 

equivalent - and therefore a comparable competitor – to 

the other shading alternatives.  

 

 

     

 

Figure 6: Total Primary energy (PEt) and Global Warming Potential (GWP) embodied in the shading alternatives 

studied. 

 

From the life cycle perspective (CED and GWP), the 

horizontal aluminium devices perform best regardless of 

the ventilation configuration (Figures 7 and 8). Despite 

the considerable difference in their embodied impacts, life 

cycle figures of steel and aluminium shadings differ only 

about 1%, because the embodied share relatively to the 

life cycle impacts is very small (<6% in CV | <2% in SSV, 

for CED, and <7% for CV | <3% for SSV, for GWP). 

Maintenance of galvanized steel perforated screen 

responded for nearly half of its embodied impacts. This 

result is directly influenced by the maintenance intensity 

– herein defined by a 5-year re-painting interval.  

As to the metrics tested, only the LC quotients are shown 

in Figures 7 and 8, for clarity sake. Due to the enormous 

weight of the operational component in the life cycle 

account, E/Op ratio and E/LC ratio basically show the 

same trend, by respectively relating embodied to 

operational and lifecycle impacts. LCER and LC quotient 

distort less by relating added impacts to the operational 

savings. The difference between the life cycle impact 

reduction achieved (i.e. LC quotient) with steel screen and 

aluminium shading devices is negligible for both CV and 

SSV. The CV configuration was even less sensitive to the 

shading type (Tables 6 and 7).  

Table 6: Embodied, operational and lifecycle primary energy and respective lifecycle metrics (best results highlighted). 

Case 

study 
Shading device 

PEe 

[kWh]* 

PEop 

[kWh] 

PEop 

[kWh] 

PELC 

[kWh] 
E/Op E/LC LCER  

CV 
Galvanized steel perforated screen 4,779 -15,730 79,363 84,142 6.0% 5.7% 3.3 

Horizontal aluminium device 3,284 -15,301 79,792 83,076 4.1% 4.0% 4.7 

SSV 
Galvanized steel perforated screen 4,779 -87,657 204,437 209,216 2.3% 2.3% 18.3 

Horizontal aluminium device 3,284 -87,943 204,151 207,435 1.6% 1.6% 26.8 

PEe / op / LC = Embodied / Operational / Life cycle primary energy | PEop = Operational PE reduction | E/Op = Embodied-to-operational ratio |  

E/LC = embodied-to-life cycle impact | LCER = life cycle efficiency ratio 

1,605

2,666

493

407

552

158

2,677

89

66

75

0

1000

2000

3000

4000

5000

Galvanized steel
perforated screen

(Scenario 2)

Horizontal
aluminium device

(Scenario 3)

Ceramic cobogó
(Scenario 4)

P
E

t (
kW

h)

301

620

161

57

99

29

426

7
4

9

0

100

200

300

400

500

600

700

800

900

Galvanized steel
perforated screen

(Scenario 2)

Horizontal
aluminium device

(Scenario 3)

Ceramic cobogó
(Scenario 4)

G
W

P
 (

kg
 C

O
2e

q)

791 
722 

199 

4,779 

3,284 

726 

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
3152

 
 

https://doi.org/10.26868/25222708.2021.30589



Figure 7: Life cycle primary energy and Life cycle quotient for the shading scenarios considered. The cobogó shading 

is not functionally equivalent to the other shading alternatives, hence not comparable. 

 

Table 7: Embodied, operational and lifecycle GWP and respective lifecycle metrics (best results highlighted). 

Case 

study 
Shading device 

GWPe  

[kg CO2eq]  
GWPop 

[CO2eq] 

GWPop 

[kgCO2eq] 

GWPLC  

[kg CO2eq] 
E/Op E/LC LCER  

CV 
Galvanized steel perforated screen 791 -2,276 11,481 12,272 6.9% 6.4% 2.9 

Horizontal aluminium device 722 -2,213 11,544 12,266 6.3% 5.9% 3.1 

SSV 
Galvanized steel perforated screen 791 -12,681 29,576 30,367 2.7% 2.6% 16.0 

Horizontal aluminium device 722 -12,722 29,535 30,257 2.4% 2.4% 17.6 

GWPe / op / LC = Embodied / Operational / Life cycle global warming potential (GWP) | GWPop = Operational GWPreduction | E/LC = embodied-to-

life cycle impact | E/Op = Embodied-to-operational ratio | LCER = life cycle efficiency ratio 

 

 

Figure 8: Life cycle GWP and Life cycle quotient for the shading scenarios considered. The cobogó shading is not 

functionally equivalent to the other shading alternatives, hence not comparable. 
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Discussion 

Performance of the shading scenarios studied varied little, 

especially when comparing the galvanized steel 

perforated screen and the horizontal aluminium shading 

device. As the cross ventilation performed well, the 

shading elements had a minor contribution in such 

scenarios, decreasing the differences between the design 

options (12% between worst and best scenarios). 

Contrastingly, for the SSV classrooms, the shading 

elements contribution was more important as the 

difference between the unshaded (baseline) and the 

shaded scenarios differed by 25-29%, despite the 

negligible differences between the shading alternatives. 

The baseline unshaded scenario presented the highest 

operational energy and emissions in both ventilation 

configurations (Figures 7 and 8). The shading scenarios 

with the lowest life cycle impacts (perforated screen and 

horizontal aluminium devices) also embodied most PEt 

and GWP. Still, the decrease in operational impacts 

surpassed those embodied in the shading elements added, 

especially in the SSV scenarios.  

The highest embodied energy contributions were 

registered for the most energy efficient configurations. 

The embodied impacts ranged between 2-6% for CED 

and 2-7% for GWP. Considering insulation and active 

strategies could have brought different outcomes. 

E/Op ratio (and E/LC) are informative metrics, which 

enlighten the relation between embodied and operational 

components (and the life cycle figure) but offer no insight 

on life cycle significancy. Contrastingly, LCER and the 

LC quotient focus on the savings obtained, relatively to 

the embodied ‘investment’ to achieve them. E/Op (and 

E/LC), LCER and LC quotient metrics convey different 

and complementary information and should be jointly 

analysed or prioritized according with the study’s goal 

and scope. 

Conclusion and outlook 

Once the best performing alternatives have been selected 

based on their life cycle performance, decision-making 

should be governed by the least embodied impact. Final 

decision-making would then rely on life cycle costs and 

other practical aspects, such as local availability, 

constructability and maintenance ease. 

In our case, ceramic cobogó shading had significantly 

lower embodied impacts than the galvanized steel 

perforated screen and horizontal aluminium device. While 

cobogó was not comparable – by LCA principles, the 

horizontal aluminium device used about one third of the 

galvanized steel perforated screen’s primary energy, but 

its benefit in terms of GWP was modest (~9%, see Figure 

6).  

From a broader view, most environmental certifications 

focus on operational performance. In our study, embodied 

impacts were always counter-balanced by operational 

savings, and by far for the SSV mode. However, trade-

offs between embodied and operational impacts should be 

specially assessed for high-performance buildings, which 

might operate more efficiently, but at higher embodied 

impacts. A shift towards life cycle assessment is therefore 

more adequate and strongly encouraged, even when 

designing simple solutions such as shading devices. 

This paper adds data and information on certified school 

buildings in a humid subtropical climate to this 

discussion. Our simulations covered the most common 

shading solutions found in certified FDE school 

buildings. Single-sided ventilated classrooms clearly 

prevail (18 out of the 20 schools), and galvanized steel 

perforated screens are more frequent (12 schools) than 

horizontal aluminium devices (5 schools). This prevalent 

design solution however contrasts with our findings 

regarding the lowest life cycle impact scenario (cross 

ventilated classroom, with horizontal aluminium 

devices), even though using the steel perforated screen 

instead would influence very little. However, at a larger 

scope of analysis, cross-ventilated classroom buildings 

might have a lower compacity, with a higher envelope to 

floor ratio, and thus more embodied impacts. This aspect 

was disregarded and therefore is a limitation of our study. 

As repainting accounted for over half of the galvanized 

steel perforated screen’s embodied energy (56%) and 

GWP (54%), designing for maintenance and 

environmentally improved maintenance procedures offer 

important room for optimizing standard envelope 

specification for public school buildings. 

The small sample and number of envelope scenario 

variations may prevent results generalization. For this 

paper’s scope, embodied impacts calculations 

encompassed impacts added by the shading elements 

only, but that might not suit other purposes. Also, life 

cycle economic assessments can support more robust 

decision-making in future studies. 

More research is needed to further examine trade-offs 

between embodied and operational impacts - of buildings 

in general and of environmentally certified ones, in 

particular - in order to ensure analysis of the embodied 

impacts during decision-making and to improve building 

standards and regulations accordingly. 
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