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Abstract

The incorporation or the replacement of materials in buildings may decrease the energy use during the operational
stage but increase the embodied energy in a building's life cycle. In this study, three different solar control films (SCFs
A, B and C) with application on the existing windows of a building are investigated through an energy, environmental
and economic perspective over a defined life cycle period. The full replacement of the existing window with a new
one is also analyzed as an alternative retrofitting solution. Retrofitting solutions with higher light-to-solar gain ratios
showed higher energy savings during the use stage by decreasing the solar gains in a higher proportion than the decrease
of the visible transmittance. The best retrofitting solution, SCF C, showed a life cycle energy (LCE) (embodied plus
operational energy) and a carbon footprint of 4447 MJ/m?/40y and 380 kgCO»eq/m?/40y, respectively, whereas the
least performant solution, new window, showed a LCE 1.5 times higher than the average of the three SCFs. The higher
LCE value of the new window was found to be related to the higher value of the embodied energy when compared to

that of the three SCFs (~9 times higher than the average of the films).
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1. Introduction

Operational energy typically accounts for 80% of life cycle energy of a building and the majority of a building’s life
cycle GHG emissions [1], allowing for significant energy and cost saving potential. In fact, energy saving and
efficiency of energy use, as an intrinsic part of any country’s sustainable development, should not be only focused on
the building’s service life, but a more comprehensive approach is required: the entire life cycle of the construction. As
a result, not only the operational energy (OE) shall be accounted for but also the embodied energy (EE), which is the
total energy required for the extraction, processing, manufacturing and delivery of buildings [2]-[4].

Both OE and EE are an outcome of the Life Cycle Assessment (LCA) approach, which is widely recognized as the
reference method for estimating the overall environmental performance throughout the life cycle of a building, from
cradle to grave [5], [6]. This global approach that considers both energy consumptions to assess the energy efficiency
of a building is particularly justified by the better thermal insulation of a building. In a recent study [7], insulation
materials have proven to improve the EE of buildings, demonstrating that EE plays a significant share in the LCA of
energy efficient buildings. A study developed by Seo et al. [8] verified that when pre 2005 dwelling stocks are upgraded
to meet current minimum requirements for new houses in Australia, the heating and cooling energy can be reduced up
to 76%, but the EE needed for this upgrade is ~50% of the energy consumption. Having looked at different retrofitting
options, the authors also concluded that double glazing units and wall insulation materials were the retrofitting
solutions that showed higher values of EE. In fact, with the advent of energy efficient building systems and appliances,
operational energy of buildings has seen a remarkable reduction, which makes embodied energy and carbon emissions
increasingly significant in the building's life cycle and thereby an aspect of growing importance to be considered in the
design, construction, and operation of sustainable buildings.

Studies regarding the operational and the embodied energy of buildings through the use of the LCA approach can be
found in the literature (e.g. [9]-[12]). Praseeda et al. [9] showed that the share of operational and embodied energy
depends on the type of materials used in construction and on the extent of space conditioning adopted. In a review
study, Vilches et al. [13] concluded, in turn, that the relationship between the materials’ embodied energy (EE) and the
operational energy (OE) changes from 20%(EE) vs. 80%(OE) to 40%(EE) vs. 60%(OE), due to refurbishment and
renovations practices. These results show that retrofitting measures for reducing energy consumption in buildings may
increase the EE and, therefore, for a more complete and accurate estimation of the overall energy performance and
environmental impact of a building during its life cycle, both energy components shall be accounted for.

Windows are the weakest components of the building enclosure by increasing the heat losses in winter and the solar

gains in summer and the impact is proportional to the area they occupy in facades [14]-[16]. For these reasons,



windows are within the first building elements which demand attention as regards the implementation of energy
retrofitting measures. Thermal and visual comfort problems are more acute in office buildings since the proportion of
glazing areas found in fagades is greater than in the opaque areas.

In this paper two retrofitting solutions for the glazing areas of an office building are analyzed using the LCA
methodology. One alternative is the traditional solution of replacing the existing glazing by a more energy efficient
window from the visible light and solar heat gain standpoint. A comprehensive study involving film coatings in open-
plan office buildings in subtropical climate [17], [18] showed that the use of coatings in glazing coupled with daylight-
linked lighting control systems increased the lighting and cooling energy savings in ~28%. The influence of embodied
energy and carbon emissions in the LCA assessment of glazing systems has been investigated in several studies
including different transparent fagade systems [19]-[21], coatings and inert gasses [22], and frames [23]-[25]. The
competing alternative of replacing the existing window is the application of a solar control film (SCF) to obtain
modified solar and visible optical properties that reduce energy consumption while improving people’s comfort. SCFs
are thin laminates with specific optical properties that are applied to the glass after manufacture or installation to alter
their properties either by the method of reflection or absorption [26]. In the literature, there are examples of related
studies that indicate that the use of SCFs can save energy and thus enhance the energy performance of the buildings.
On this topic, [27]-[31] concluded that the use of SCFs can result in an annual decrease of energy consumption since
they reduce both the shading coefficient and the solar heat gain as well as the summer cooling load. A study of an
office building in a Mediterranean climate with single pane windows and a south facing fagcade showed an annual
decrease of energy consumption of up to 68.2% [31]. Another study on the daylight and energy assessment of window
films in double-pane windows with a south-west solar orientation [32] reported a decrease of incoming solar radiation
up to 60% and a decrease of indoor air temperature, in sunny days, of ~2-3°C. Recent studies [33], [34] concluded that
while reflective films can provide higher thermal and visual comfort in office rooms, spectrally selective films provide
higher annual energy performance by decreasing the cooling loads in a higher proportion than the increase of the
heating loads and electric lighting and can substantially reduce the environmental impacts related with CO, emissions.

To the knowledge of the authors, no previous study has analyzed the use of SCFs on glass as a retrofit solution for
energy efficient windows based on a complete LCA model, considering both EE and OE, and involving an economic
evaluation in an integrated approach.

The purpose of the present study is to assess the energy, environmental and economic differences of three different
SCFs as retrofitting solutions for the glazing areas of an existing building located in Lisbon and to enhance its energy

efficiency over a defined life cycle period. For comparison purposes, the full replacement of the existing windows for



new ones was also investigated. Based on experimental data collected in-situ, a building energy simulation was
modelled, and the operational energy was assessed for the different scenarios of the window. A life cycle analysis
study of the embodied (EE) and operational (OF) energy of the building required to ensure thermal and visual comfort
was then performed for the two alternative retrofitting scenarios considered — application of SCF or replacement with
new windows —, and the obtained results discussed. Also, an economic and environmental analysis was performed to
assess the investment costs and the greenhouse gas emissions associated with the retrofitting scenarios. Such an
approach can be useful to support the management of office buildings that present low thermal and/or visual comfort

conditions and high glazing areas in the fagcades which can be observed in temperate Mediterranean climates.

2. Materials and methods

2.1 Goal and scope of the LCA study

Regarding energy rehabilitation of buildings-related projects, the decision-making process on alternative strategies
is essentially based on the operational energy savings that can be achieved and the economic costs involved. Although
other factors such as the environmental sustainability and the life cycle of products are particularly important in
decision-making today, their effective consideration has been far from desirable. In this context, it is expected that the
LCA model can give a useful input in the decision-making process since it gives numerous life cycle outcomes of a
product, consequence of human activities, with potential impact on the environment and therefore can be used for
product comparison over the whole life cycle period.

The systems examined in the LCA process comprise the products and processes included in the life cycle of the
following three scenarios: Sc/) original window; Sc2) retrofitting of the existing window using a solar control film
(SCF) for three films (SCFs A, B and C); Sc3) retrofitting through full replacement with a new window (NW). Sc/ is
considered the base case scenario — no intervention is done to the building — and Sc2 and Sc3 the two alternative
retrofitting scenarios. Operational and embodied energy, as well as the carbon footprint, are the LCA outcomes used
in this study for comparative evaluation and supporting decision-making in retrofitting options of the building glazed
area. Further, a more holistic overview of the system performance, considers the economic costs incurred in the life
cycle of the three SCFs as well as the NW, which represent another performance measure and provide more comparison

information upon the different solutions for the building glazing area.



2.2 Databases and calculation tools

The LCA study was carried out using the SimaPro Life Cycle Assessment tool, which is a well-recognized
sustainability software package with which complex life cycles can be modelled and analyzed according to the ISO
14040 principles [35]. At the core of the LCA process is the life cycle inventory (LCI). To build the LCI dataset
regarding the materials and activities involved in the retrofitting works the Ecoinvent database [36] was employed.

In this study, the bill of quantities and works information of the construction project, essential to perform the
corresponding LCI, were not available whereas in the case of the glazing retrofitting scenarios they did not exist at all.
Measuring the layout elements concerned and using the Andalusia Construction Cost Database (ACCD) to obtain items
of work and schedule of quantities that allow compiling the final inventory were a way of bypassing the problem [37].
The applicability of this Spanish database ACCD to Portuguese buildings has been previously verified using the Carbon
Footprint indicator [38].

Complementary to the tools used specifically for the LCA approach, the popular building energy simulation program
EnergyPlus [39] is employed in this work to predict the OE use based on the required heating, cooling and artificial
lighting demand to maintain indoor thermal and visual comfort. An experimental campaign was also performed in one
office area where parameters such as the indoor and outdoor temperatures, global and diffuse solar radiation were
measured and used to verify the predictions of the building simulation model. The reliability of these predictions greatly
depends upon the quality and consistency of the data provided by the EnergyPlus. This includes the data on the solar
and visible optical properties of glazing systems, which implies the availability of credible and constantly updated
databases and tools able to handle this information and perform the calculations. Window and Optics [40] are software
packages widely accepted in the fenestration industry to determine performance indices and optical properties of
complex glazing systems. This makes these software programs appropriate to generate baseline data of optical
properties and for this reason they can be applied to measure the existing and retrofitting solutions of the glazed area

of the building.

2.3 Life cycle period of window retrofit

Since this study involves a comparison between three scenarios - existing window (Sc/), different SCFs (Sc2) and a
new window (Sc3) - using the LCA methodology for its evaluation, the life cycle period is considered to start when
retrofitting takes place. Given that the useful life of windows is established around 30-50 years [23], to enable a

comparable timeline between SCFs and NW, a life cycle period of 40 years was considered. As the useful life of the



SCFs selected for this study is estimated around 10 years [41], and given the building life cycle of 40 years, the film
will be installed three times after the first retrofitting.

Since retrofitting is a process that occurs after the building has been completed, the life cycle stages of the LCA
methodology do not involve the building itself but only encompass the new competing construction solutions, with the
building being regarded as a previously finished and consolidated system. Thus, the following stages are the focus of
the present work: Product stage, associated with raw material supply, transport and manufacturing only referring to
the retrofitting construction products; Construction stage, associated with transport to workplace and installation
construction process only of the retrofitting products, and Use stage, related with the impacts during the life-cycle only
of the implemented retrofitting solutions. Finally, the End-of-Life stage, which includes the disposal, recycle and reuse
stages, was not considered particularly interesting because the destiny of most products after use is uncertain, as such
it was not included in the study.

The life cycle of the proposed study is shown schematically in Figure 1. As Sc/ is related to the original glazing, no

major intervention is required besides normal maintenance during the life cycle period in this scenario.
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Figure 1. Timeline of events in the life cycle period for retrofitting scenarios Sc2 and Sc3

2.4 Organization of the work
The methodology proposed in this work is organized into two scales of approach - a room scale (a), adopted to collect
experimental data used to verify an energy simulation model representative of the building of the case study, and a

building scale (b), adopted for investigating the life cycle performance of the fenestration solutions under study.



The methodology provided in Figure 2 comprises the following steps:

a. experimental campaign in a representative office room in the existing conditions, i.e. with the original window
prior to any retrofitting intervention with SCF, to verify a building energy simulation model using the use of
EnergyPlus and Sketchup programs;

b. definition of the three analysed case scenarios: Sc/) original glazing of the base case study; Sc2) original window
for three alternative SCF solutions applied on the external surface of the glazing; and Sc3) replacement of the original
window by one alternative new window;

c. building energy simulation (BES) based on the EnergyPlus, SketchUp, Window and Optics programs to assess the
building operational energy (OF) of the three analysed scenarios;

d. embodied energy (EE), carbon footprint (CF) and economic costs (EC) assessment of the building for the three
analysed case scenarios through the LCA approach; in correspondence with the type of element installed in the
fenestration area - NW or SCF - the bill of quantities can be prepared from the work units concerned, taken from the
Andalusia Construction Cost Database, and surface area that fenestration occupies in the building envelope; with the
total amount of resources consumed (materials consumption in the retrofitting solutions) and the Ecoinvent database
[36] implemented in the SimaPro software, it is possible to obtain the energy and greenhouse gas emissions involved
in the production (materials extraction, transport and manufacture) of the retrofitting elements and determine the
environmental indicators: Embodied Energy (EE) and Carbon Footprint (CF). Likewise, the good execution of the
budget associated with materials and construction works, from data provided by ACCD, and the operational energy
costs provided by PORDATA [42], allows to perform the economic evaluation of the analysed scenarios.

e. finally, a comparison of the operational energy, environmental impacts and economic costs of the base case and

the retrofitting strategies for the glazing area of the facade is carried out.
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Figure 2. Methodology flowchart

3. LCA calculation process

3.1 Operational energy

Building energy modelling has become a preferred method to predict energy demand and evaluate different
retrofitting scenarios based on energy performance and other metrics in recent years [43]. In this study, the operational
energy (OF) is considered in the LCA approach as the primary energy required to maintain the thermal and visual
comfort in the case study building and was assessed through a whole building energy simulation (BES) using both the
EnergyPlus and the SketchUp 3D modelling software over the defined 40 years life cycle. Window and Optics
simulation tools were used to model the thermal and optical properties of the different windows retrofitting scenarios
[40]. BES models allow to predict the energy use under the influence of external inputs (e.g. weather, occupancy and
infiltration) to maintain specified performance criteria, such as, indoor temperature and humidity.

Firstly, one typical office area — representative of the office areas of a building — with a south facing fagade was
verified using data collected from an experimental procedure conducted during the heating and cooling seasons. The
accuracy of the model was assessed by two standardized statistical indexes - the Normalized Mean Bias Error, Nuvge,
and the Coefficient of variation of the Root-Mean Square Error, Cy rmse [44]. The verification of one typical office area

allows for a better modelling representation of the indoor spaces that are under study. Another consideration is that it



allows to tune and adjust the properties of the materials of the surroundings and have a closer agreement between
experimental and simulated indoor temperatures within the office areas. Secondly, a building energy simulation (BES)
model was dimensioned in the SketchUp and EnergyPlus software by using the complete architectural plans, detailed
construction descriptions, and the materials’ properties tuned through the verification process for the office areas in
the building.

The annual OF of the building was calculated as shown below (1):

ENheat + ENcool
copP EER

OE = < + ENlight) X PEF (1)

where
ENjeat = energy needs with heating
EN¢o0 = energy needs with cooling

ENjigni,= energy needs with lighting

These indicators were obtained from BES for the three alternative scenarios of the glazing. The efficiency ratios of
the HVAC equipment considered in the equation are: the coefficient of performance (COP) and the energy efficiency
ratio (FER) used to convert the energy needs into energy use and the primary energy factor of electricity generation,
Pgr, used to convert energy use into primary energy.

It must be noted that the OF considered in the calculations, only accounts for the share of the building energy charged
to the windows, to be coherent with the embodied energy calculation, which relates solely to the window systems. The
COP and EER used to convert the energy needs into energy use were 3.0 and 3.4 [45], respectively, and a primary

energy factor, Pgr, of 2.5 kWher/kWh [45] was considered.

3.2 Embodied energy and carbon footprint

To estimate the embodied energy and the economic and environmental impacts related to the glazing retrofitting
operations, it is necessary to quantify all the resources involved in the Product stage (raw material extraction, transport
to factory and manufacture of retrofitting products), the Construction stage (transport to site, assembly and installation
of retrofitting products), and in the maintenance operations (concerned to retrofitting products) during the Use stage
and make the subsequent conversion into energy and carbon emissions by multiplying the resource quantities by proper
coefficients representing the energy consumed and the CO; equivalent per resource unit (kg, liters, m?, m?) [46].

To obtain the consumed resources of the retrofitting works for the different analyzed scenarios, a methodology that

incorporates an internal economic and environmental cost database, based on ACCD, was employed in the analyzed



case study [47], [48]. This cost database uses a classification system organized hierarchically whereby each group is
divided into subgroups of similar characteristics [37]. The unitary costs representing the group of materials, necessary
to complete a unit of traditional construction work (work unit) are included at the lower level of the hierarchic structure.
Once the work units corresponding to the envisaged retrofit solutions are identified in the database and the involved
glazing areas are measured, it is possible to quantify the resources broken down into materials, manpower and
machinery. For the inventory, associated with the retrofitting systems, only materials are accounted for computing EE
and CF of the building life cycle.

To obtain both the EE and the CF of a particular product or building component, firstly, the mass of the constitutive
materials (kg) is obtained. Then, the Cumulative Energy Demand (CED) and the International Panel of Climate Change
100a (TPCC 100a) impact indicators are applied not only to respectively estimate the primary energy use to calculate
the EE but also to measure the total GHG emissions expressed in CO; equivalent to calculate the CF, per kg of
manufactured material. The environmental database used in both indicators, is Ecoinvent, implemented in SimaPro
and developed by the Swiss Center for Life cycle Inventories, due to its transparency in the development of processes,
consistency, references, and the outstanding fact that it fuses information from several international databases of the
construction industry.

The procedure which is applied in the retrofit of a building window for each scenario formerly analysed is shown in

the following equations:

EEy = Z M; X (Emati + Etransi) 2)
i

CFy = Z M; X (lmati + Itransi) 3)
i

where

EE}; and CF, = embodied energy and CO, equivalent associated with the material resources involved in the retrofitting
alternatives.

M = mass of a basic constitutive material of the retrofitting work.

Epnar and Eypqns = primary energy consumption of manufacture and transport of the material.

Lnar and Iipqns = CO; equivalent of manufacture and transport of the material.

The life cycle energy (LCE) for each retrofitting solution, throughout the 40 years life-cycle is given by the following

formula extended to the number of retrofitted windows:



i

where
EE) (equation 2) = embodied energy during the Product and Construction stages.

OE (equation 1) = operational energy during the Use stage.

On the other hand, the carbon footprint, CF’, associated with all the retrofit windows for each scenario throughout the

40 years life-cycle is shown below:

OF
CF = Z CFy, + Iog X — )
7 PEF

where
CFy; (equation 3) = CF during the Product and Construction stages and the CO, equivalent associated with the energy
use during the Use stage.

Ior = conversion factor from electricity to carbon emissions in Portugal (0.28271 kgCO,eq/kWh [49]).

The environmental and economic impacts associated with the maintenance and cleaning operations were assessed by

using data from [46], by built surface (11.42 m?), as provided in Table 1.

Table 1. Economic (EC) and environmental costs (EE, embodied energy and CF, carbon footprint, respectively), for

the maintenance and cleaning operations during the life cycle [46]

Item EC ECroraL EE EEroraL CF CFroraL

[€/m?y]  [€/m?/40y] [MJ/m?/y] [MJ/m?/40y] [kgCO2eq/m?/y] [kgCO2eq/m?/40y]
Cleaning 42.2300 19 294.04 0.916 418416.10 0.259 118 286.23
Maintenance 0.0104 4 755.06 4.563 2 084 756.20 1.290 589360.58

3.3 Economic costs
The economic costs, EC, associated with the different retrofitting solutions of the glazing system were determined
for all the window area of the building of the case study and for a 40 years life-cycle period according to the following

equation (6):

nkxr KN -1 Nk
=BG,y + Z ECpi x(1+4a) C,XO0Ex(1+a) (©6)
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where

EC = economic cost associated with each retrofitting solution.

ECi,i = initial cost with production and construction works of the retrofitting solution.
C. = current value of the electricity cost for domestic consumers.

o’ = harmonized index of consumer prices.

o. = discount rate based on a 10year government treasury yield.

N = life cycle period (N=40)

R = periodicity of the retrofitting scenario (R=10 in Sc2 and R=40 in Sc3).

The first sum represents the net present value of economic costs with product and construction works of the
retrofitting solution during its life cycle, the second sum represents the net present value of economic costs with the
annual operational energy imputed to the glazing systems (OF). Through the LCA methodology used in this study, the
initial costs, ECjy;, associated with the retrofitting works, cleaning and maintenance tasks were calculated considering
the bill of quantities and the work specifications taken from the ACCD. For the calculation of the net present value of
periodic and periodic fixed annual costs that occur in different periods of time, the harmonized index of consumer
prices obtained through the macroeconomic projections for the euro area by the European Central Bank [50], a’, as
well as the discount rate based on a 10 year government treasury yield [51], a, were considered. Regarding the

electricity cost for domestic consumers, C,, the current value of 0.215 €/kWh was assumed [42].

4. Case study

4.1  Description of the case study

The building considered in this study is in the south area of Lisbon, in Portugal, in front of the Tagus river (Figure
3). The city experiences a temperate Mediterranean climate (Koppen-Geiger: Csa/Csb) [52], [53] with an average
annual temperature of 16°C and minimum and maximum temperatures occurring from December to February, and

from July to September, respectively.



Figure 3. External view of the building considered in this work and internal view of a typical office room

The building has a total floor area of 17 400 m? and glazing area of 1 732 m?, approximately, and is divided into
three main areas: an area consisting of halls, security rooms and a conference room and two areas of office spaces, one
with south-north oriented fagades and three floors and the other with east-west oriented fagades and four floors.

Exterior walls are double brick (11 + 11 cm) with an air gap of 7 cm partially filled with extruded polystyrene (4 cm)
and floor slabs are in reinforced concrete (20 cm). The original windows have argon filled double glazed units with a
14mm argon chamber (from the outer to the inner panes of the glass: 8mm low-¢ glass, 14mm argon, 8+8mm laminated
glass with a polyvinyl butyral coating) and due to thermal discomfort associated with overheating in the office spaces,
a SCF was applied on the external surface of the outer pane in all the glass area of the fagade. The SCF, which was
applied before this study, with the purpose of decreasing the solar gains through the windows without compromising
the view, reached their end of life and revealed several problems regarding its integrity as shown in Figure 4. As a
result, the properties of the film were seriously affected, losing homogeneity throughout the glass area, and showing
differences from window to window depending on the type of problem and the level of deterioration of the film.
Therefore, the present study addresses the retrofitting solutions for the glazed area of the building considered in this

study using the LCA methodology.

Figure 4. Examples of windows of the building considered in this study with the damaged SCF



4.2  Simulation modelling

To assess the OE of the building, first one typical south oriented office area located on the 2™ floor (Figure 5a) was
selected to be monitored and the experimental data was used to verify an energy simulation model of the typical office
areas of the building. The experimental campaign was performed during the periods from 15% of August to the 14% of
September in the summer and from 1% to the 31" of January in the winter. Indoor and outdoor temperatures and outdoor
irradiance on vertical and horizontal plane were monitored continuously using T-type thermocouples and LI-COR
LI200R pyranometers connected to two data loggers Delta T DL2, one located in the office area and the other on the
roof, programmed to record averages every 10 minutes from 1 minute’s readings.

The existing damaged SCF was removed from the windows previously to the experimental procedure (Figure 5b)

due to the difficulty of accurately modelling a damaged material in a simulation program.
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Figure 5. a) Location of the office of the case study in the floorplan b) Removal of the existing damaged SCF

The operational energy (OF) of the building was assessed through dynamic simulation using the SketchUp and
EnergyPlus software, and the different scenarios of the glazing system were dimensioned using Window and Optics

tools from the Lawrence Berkeley National Laboratory. Figure 6 shows the 3D geometric BES model of the building.
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Figure 6. Geometrical model of the building executed on a SketchUp 3D modelling program

The performance of the BES model was verified by comparing the indoor temperature of the reference office obtained
through simulation and experimental procedures during both heating and cooling periods. The experimental collected
values of outdoor temperature as well as the global and diffuse radiation were set under the weather data file format of
EnergyPlus for the verification procedure. This verification was performed to assess the suitability of the input data
related to the construction characteristics (building geometry, building orientation, materials properties), and which
are invariable input parameters in the BES model. Once a good agreement between simulated and experimentally
values is achieved, the subsequent simulation to predict the results of the different retrofitting solution was carried in
nominal conditions.

The experimental, T; .y, and simulated, Tjim, values of the indoor air temperature of the reference office without the
damaged SCF for a selection of working and non-working days are shown in Figure 7 during one week of the heating
and cooling periods. A monthly average verification is also shown in Figure 8 and Table 2 presents the standardized
statistical indexes - Normalized Mean Bias Error, Nyzg, and Coefficient of variation of the Root-Mean Square Error,
C ruse [44] - calculated for all the days of the experimental procedure during the summer and winter periods and the
threshold values of the statistical indexes accepted in existing literature [54]—-[56]. A similar methodology for the
verification of simulated models’ accuracy was applied in previous studies [31], [33].

It can be observed in Figure 7 that the highest difference between the experimental and the simulated values are
related to the unpredictability of the usage of the HVAC system associated with the occupant’s behavior or preference
on those specific days. Although the building has a centralized program system to maintain a set-point temperature
during working hours, occupants can manually regulate indoor temperature through dedicated fan coils in their offices.
The fact that it is not possible to identify evident periods during working-hours with constant indoor temperature in
the office (Figure 7), shows the inconsistency of occupant’s individual behavior in the HVAC usage, observing even
cases where no HVAC is used. Indeed, intermittent periods of use of the HVAC system is common in Mediterranean

climates. During the weekend, when there is no occupancy and the HVAC is turned off, a smaller discrepancy between



experimental and simulation results is observed. The statistical index C, zuse (Table 2) supports these conclusions,
since during the non-working days the values are ~70-75% lower than the ones observed during the working days. A
thorough analysis by the monthly averages of the indoor experimental and simulated temperatures shown in Figure 8
indicate that, even though both values present some differences, the daily average values are very similar to each other.
In Figure 8 it is also possible to observe the discrepancy of the maximum and minimum daily values of the experimental
and simulated temperatures, especially in the cooling season (August and September) that are related to the
unpredictability of the usage of the HVAC system. In Table 2 it is possible to observe that the calculated values of the
statistical indexes for the indoor temperature of the BES model are both lower than the threshold limits for model
calibrations [54]-[56], which indicates a good fit between simulation and experimental data. The differences in Nyzg

and C, ruse were considered satisfactory for subsequence comparative analyses of different solutions for the glazing

facade.
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Table 2. Nuygr and C, ruse of the office room indoor temperature and threshold values during the cooling and heating

periods for working and non-working days for all the days of the experimental campaign

Cooling period Heating period Threshold limits
Working days Non-working days Working days Non-working days [54] [55] [56]
Nusr [%] -0.79 -2.48 -0.13 -0.11 +10 +10 +5

Cyruse [%] 8.43 2.52 10.18 2.55 +30 +30 +20




5. Results and discussion

In this study, two alternative retrofitting scenarios for double-glazing systems were studied: the application of SFC
on the external surface of the glass and the replacement of the existing window by a new one as shown in Table 3. SCF
A is a reflective film with silver color, 0.050mm thickness, and is manufactured through several layers of metallized
polyester attached with a pressure sensitive acrylic adhesive and a siliconized Polyethylene Terephthalate (PET)
protective liner as finishing layer. SCFs B and C are less reflective than SCF A due to the metal free manufacturing
process which consists of multi layers of Polymethyl Methacrylate (PMMA) and PET with a pressure sensitive acrylic
adhesive and a siliconized PET protective liner as finishing layer. Both films B and C are spectrally selective with
0.05mm thickness and different solar transmittances (higher for SCF C) and while SCF B shows a tinted dark-yellow
appearance when installed, SCF C shows a clear appearance and does not affect the color of existing glazing.

Table 4 shows the optical and thermal properties considering the different scenarios calculated through Window and
Optics programs [40]. Window has a broad database of glasses, applied films, coatings, and frames that allow
calculating total window thermal performance indices. Nonetheless, it is not always straightforward to select and
analyse different films due to the extensive amount of available data. Optics complements the Window program since
it provides access to a database of various applied films organized in a specific list, simplifying the process of selecting
the films to be investigated.

Table 3. Retrofitting scenarios

Scenario (Sc;.) Description
Sc2 Solar control films (SCFs) Application on the external layer of the original window without the damaged SCF
Sc2.1 SCF A Application of a reflective SCF
Sc2.2 SCF B Application of a spectrally selective SCF (lower solar transmittance)
Sc2.3 SCF C Application of a spectrally selective SCF (higher solar transmittance)
Sc3 New window (NW) With an air gap
Sc3.1 NW Increase the thickness of the glass layer and decrease the solar and visible transmittance

Table 4. Thermal and optical characteristics of the existing window and the alternative retrofitting scenarios: solar
transmittance, 7y, solar (front) reflectance, pys., absorptance (front), a,, visible transmittance, z,;, visible (front), pzyis,

and (back), ps,.is, reflectance, thermal transmittance, U (W/m2.K), and solar factor, g

. Tsol Prisol o Tyis Prvis Ph,vis U g
Scenario (c.) M el [ 6 %] %) [WtK] %]
Scl Existing window (EW) 32 36.6 16.6 40.9 56.4 14.2 9.82 14 48.0
Sc2 Solar control films (SCFs)

Sc2.1 SCF A 32 5.9 58.5 29.8 10.6 57.8 304 1.4 12.1

Sc2.2SCF B 32 11.9 254 52.5 24.5 8.35 11.5 14 234

Sc2.3SCF C 32 19.4 28.1 37.2 41.5 15.1 12.1 1.4 29.3
Sc3 New window (NW)

Sc3.1NW 38 12.0 25.6 48.6 28.4 233 26.4 1.1 29.6




The OF for the different scenarios of the glazing system was calculated, using the BES model with the original
synthetic weather data of Lisbon’s city [39], considering the lighting, heating and cooling energy use, from Monday
to Friday and from 8h00 to 18h00. The HVAC system was set to turn-on when the indoor temperature exceeds the
thermal comfort range of temperatures for Portugal (18 °C to 25 °C), according to [57]. The energy consumption with
water heating and appliances was considered independent of the type of the window system used on the fagade and

therefore was not considered in the OF calculation.

5.1 Operational energy
Figure 9 shows the lighting, heating, cooling, and the total variation of the operational energy, 40E, between the
retrofitting solution and the original glazing calculated per m? of floor area during the 40 years life-cycle, for: Sc2.1

retrofitting using SCF A, Sc2.2 retrofitting using SCF B, Sc2.3 retrofitting using SCF C, Sc3. 1 replacement with a NW.

600 L . .
— Lighting ®™Heating ®Cooling Total
400
g =
F 200
g 0
o -200
<
-400 283
-394
-600
800 SCFA SCFB SCFC NwW

Figure 9. Lighting, heating, cooling, and total variation of the operational energy, 4OE, per m” of floor area

When comparing the retrofitting scenarios for the glazing area of the building (Figure 9), it is possible to observe
that:

e all retrofitting solutions are feasible to increase the energy efficiency of the building of the case study during
the operational stage since they all show negative values of the AOF when compared to the original scenario
of the glazing system without SCF, Sc1;

e SCF B (40E= -283 MJ/m?/40years) and SCF C (40E = -394 MJ/m?/40years) show a higher AOE when
compared to SCF A (4OE= -105 MJ/m?*/40years). These differences can be explained by the higher visible
transmittance coefficient and solar factor of SCF B (z,,= 24.5; g=23.4) and SCF C (z.;= 41.5; g=29.3)

when compared to SCF A (7= 10.6; g= 12.1). In fact, previous studies [33], [58] show that the application



of SCFs on glazing systems decrease the cooling energy use and increase the heating and lighting energy
use of glazing systems. For the building of the case study, the cooling energy use represents ~62% of the
total OF and the lighting about ~29%. Therefore, retrofitting solutions with higher light-to-solar gain ratios
(tis/g) as SCF B (z,i/g= 1.05) and SCF C (z,i/g= 1.42) show a higher variation of the operational energy by
decreasing the solar gains in a higher proportion than the decrease of the visible transmittance.
e  SCFs show higher 4OF when compared to the alternative scenario of full replacement of the EW, especially
in the variation of the cooling energy. The higher insulation of the NW (1.1W/m?.K vs. 1.4W/m>.K, see
Table 4) decreased the heat losses during the night periods when compared to the other 3 SCFs, trapping
heat during the night, and requiring more cooling load in the summer periods and less heating load in the
winter periods in the first hours of the working-hours. These results are in accordance with O'Neill et al.
[22] who concluded that the combination of low U values and high solar factor in windows allows the entry
of more solar radiation during the day and less heat escapes during the night, increasing the energy needs
with HVAC consumption.
It is worth highlighting that a preliminary study that considered 3 NWs with comparable optical and thermal
properties to the 3 SCFs applied in the existing glazing was performed. It was concluded that the results of the 3 NWs
were very similar due to their similar optical and thermal characteristics and therefore only one of the NW is presented

in this study for comparison purposes.

5.2 Carbon footprint and economic costs

Following the methodology described in chapter 3,

Table 5 and Table 6 show the list and the quantity of resources (materials consumed and total hours of labor) and
corresponding disaggregated basic prices involved in Sc3.7/ and Sc2.3 scenarios for a single building window unit
(1.012 m?). The simple unit economic cost of the retrofit work of a window is equal to the sum of the products of the
quantities and the respective basic prices.

EF and CF were obtained by converting the original measure unit of each basic price (meters, square meters, tons,
cubic meters) into cubic meters, so that the established density available in supporting documents can be applied. Then,
equations (2-5) are applied to obtain EE and CF of each resource and the respective totals of the retrofit work of the

window.



Table 5. Disaggregated resources and basic prices, economic and environmental costs, and carbon dioxide emissions

for the replacement of a window unit

Economic Cost

Environmental Cost

Price code Qu. Un. Resource Description EC EC EE EE CF[38] CF
[€/un] [€] [MJ/un]  [MJ]] [kgCO,eq/un] [kgCO,eq]
01KLV90001 1.012 m?  Labor in selective demolition of window with aluminum profiles
TP00100 0.3 h Special labor 18.28 5.55 0.00 0.00 0.00 0.00
06WWRS80060 1.012 m?  Received from received from fagade fences.
WWw80010  0.09 kg TIPS 20x100 cm 7.42 0.68 0.00 0.00 0.00 0.00
AGMO00500 0.03 m’ Cement mortar M5 (1:6) CEM 11/ A-L 32.5 N
GW00100 0.263 m®  Water 0.55 0.00 31.06 0.25 7,40 0,06
GC00200 0.258 t Cement I / A-L 32,5 N insacks ~ 92.54 0.72 3778.06  29.59 786,09 53,34
AA00300 1.102 m*®  Gross sand 6.53 0.22 141.43 4.73 15,29 435
TP00100 1.030 h Special labor 18.28 0.57 0.00 0.00 0.00 0.00
TP00200 0350 h Professional workmanship 19.23 6.81 0.00 0.00 0.00 0.00
TA00100 0.350 h Assistant 18.42 6.52 0.00 0.00 0.00 0.00
11LVA80050 1.012 m?>  Window folding aluminum lacquer type IV with TBB (>3m?)
TO01600 0.15 h Workmanship carpentry 19.23 2.92 0.00 0.00 0.00 0.00
TP00100 0.17 h Special labor 18.28 3.14 0.00 0.00 0.00 0.00
KA01100 3 m  Pre-fence tubesteel galvanized 51 g4y 1543 55.95 1,16 0,59
fixed or fixed
) White lacquered aluminum
KL80300 1 folding window with TBB 230.00 23276 159596 1615.11 99,09 297,27
RWO01900 3 m Sealing gasket 1.30 3.95 6.12 18.59 0,13 0,40
WWO00300 1 y  Complementary material or 0.55 056  2.65 2.68 0,16 0,48
specials pieces.
12LTI80016 0.533 m?  Thermoacoustic lighting colorless polished lenses 8+14+8+8mm, air chamber 14mm.
Double reflective and colorless
VL04650 1 m? under emissive and solar control ~ 43.22 23.04 138.74 73.95 1,58 0,84
8+14+8+8mm, (air chamber)
VWO01500 3 m Neoprene “U” profile 0.40 0.64 91.09 145.65 2,62 7,85
TO01700  0.85 h Glass worker 19.23 8.71 0.00 0.00 0.00 0.00
Total (EC, EE, and CF) 306.24 1946.50 365.17

Table 6. Disaggregated resources and basic prices, economic and environmental costs and carbon dioxide emissions

for a window retrofitted with SCF C

Economic Environmental .
Carbon Footprint
Price code Qu Un. Resource Description Cost Cost
: : P EC EC  EE EE CF[38] CF
[€/un] [€] [MJ/un] [MJ]] [kgCO,eq/un]  [kgCOseq]
20FCL90026 1.012 m?  Outdoor window cleaning
TP00100  0.08 h Special labor 18.28 1.48 0.00 0.00 0.00 0.00
JLO0100  0.08 h Cleaning materials 0.70 0.06 2.87 0.23 0.23 0.00
ol i ;
12WWW00001 1.012 m Installa'tlon of outdoor window
protection film
TP00300 0.3 h Special labor 19.23 577 0.00 0.00 0.00 0.00
HWO01000 3 m? Scaffolding for sale in facade 0.40 1.20 0.00 0.00 0.00 0.00
N . .
090 ! m* Sheet for windows, exterior g4 5570 4858 49.16  3.90 11.70
placement, prestige 70
WW00300 2 u Scp‘:zli';llzmemary material or pzas. 3 61 265 537 0.16 0.32
Total (EC, EE and CF) 67.81 54.76 12.02

Table 7 shows the economic costs (EC), embodied energy (EE) and carbon footprint (CF) obtained for the retrofitting

scenarios normalized per m? of floor area without considering the contribution of the operational energy. The values



of EC, EE, and CF for Sc2 are indicated for each installation of the films as well as for the four necessary installations
in the life cycle studied. Sc3 comprehends only one replacement in the starting point of the life cycle under scope, so

the values of EC, EE and CF in the beginning and end of the life cycle are the same.

Table 7. Economic costs, £C, and embodied energy, EE, and carbon footprint CF, excluding the contribution of

operational energy for the 4 retrofitting solutions per m? of floor area

] ECi EE\+EEp CFy EC (w/o OF) EEy+EEp CFu
Scenario (Sci) [€/m¥10y] [MJI/m¥10y]  [keCOseq/m?10y] [€/m?/40y] [MJ/m%/40y] [keCOLeq/m*/40y]
Sc2 SCFs One installation in 10 years Four installations in 40 years
Se2.1 SCF A 2.69 4.64 1.06 11.72 18.57 426
S¢2.2 SCF B 6.57 5.85 1.30 28.65 23.39 5.20
S¢2.3 SCF C 6.67 539 1.18 29.08 21.54 473
Sc3 NW One replacement in 40 years
Se3.1 NW 30.12 191.46 35.93 30.12 191.46 35.93

The results show that during the life cycle period, the EC of SCFs B and C are very similar to the one of the NW and
the EC of those 3 retrofitting solutions are, in turn, ~2.5 times higher than the EC of SCF A. The EE of retrofitting
scenario Sc2 shows the lowest value for the reflective film SCF A (18.57 MJ/m?/40y) and the highest one for the
spectrally selective film SCF B (23.39 MJ/m?*/40y). The average of the EE of the three films is ~89% lower than the
EFE of the NW and the CF of the retrofitting scenarios Sc2 and Sc3 is 4.4 to 5.3 times higher than the value of the EF
of the retrofitting solutions, evidencing a high relationship between these two indicators during the Product and

Construction stages.

5.3 Energy, economic and environmental analysis

Table 8 shows the operational, OF, and embodied, EE, energy, and the life cycle energy, LCE, associated with the
retrofitting scenarios per m? of floor area. The ratio between the embodied energy and the life cycle energy is given by
the following formula: EE/LCE.

Comparing the values of the OF of the retrofitting solutions, it is possible to conclude that the OF varies between
420.84 and 551.66 MJ/m?/40y. And, as discussed in Section 5.1, SCF C shows the lowest value of OF because of the
higher light-to-solar gain ratio (z,;/g= 1.42) when compared to the other solutions. On the other hand, comparing the
LCE results for the four retrofitting solutions, it is possible to conclude that the LCE is lower using SCFs mainly due
to the lower values of EE when compared with the total replacement of the window. Observing the proportion of
embodied energy to life cycle energy, the embodied energy presents the highest and the lowest percentage of LCE for

NW (25.8%) and for the reflective SCF A (3.3%), respectively.



Table 8. Life cycle energy for the 4 retrofitting solutions: operational, OF, and embodied, EE, energy, life cycle

energy, LCE, and the ratio of the embodied energy to the LCE, EE/LCE

Scenario (Sci.) EE OE LCE EE/LCE
" [MJ/m?%/40y] [MJ/m%40y] [MJ/m?%/40y] [%]
Sc2 SCFs
Sc2.1 SCF A 18.57 536.63 555 33
Sc2.2 SCF B 23.39 465.19 489 4.8
Sc2.3 SCF C 21.54 420.84 442 49
Sc3NW
Sc3.1 NW 191.46 551.66 743 25.8

Table 9 shows the economic, EC, and environmental, CF, costs related to the retrofitting solutions during the 40
years life-cycle. SCF A and NW present the lowest (48 €/m?/40y) and the highest (1046 €/m?*/40y) economic costs of
the 4 retrofitting solutions, respectively. It is worth noticing that although SCF A shows the highest operational energy
costs (35.83 €/m?40y) of the three films, the total economic cost is the lowest of the retrofitting solutions due to the
lower production and construction works’ economic costs associated with this film (11.72 €/m%/40y).

Observing the results of the CF)y it is possible to conclude that the three SCFs generate almost the same amount of
CO, equivalent per m? of floor area (average of 4.73 kgCO,eq/m?*/40y). In terms of the NW, the CFy (35.93
kgCO,eq/m*/40y) is almost eight times higher than the average of the three films. The total CF of the four retrofitting
solutions show that the three SCFs analysed produce almost half of the amount of CO, equivalent per m?> when
compared to a new window replacement during the 40 years life cycle (which corresponds to the useful life of

windows).

Table 9. Economic and environmental costs, £EC and CF, respectively, for the 4 retrofitting solutions: inicial, C;, and

operational, ECog, economic costs; material, CFy, and operational, CFog, carbon footprint

Scenario (Sci.) Eg"E IZ;C CFy X CFor , CF .
[€/m?/40y] [€/m*/40y] [kgCO,eq/m*/40y] [kgCO,eq/m/40y] [kgCO,eq/m*/40y]

Sc2 SCFs

Sc2.1 SCF A 35.83 48 4.26 42.14 46

Sc2.2 SCF B 31.06 60 5.20 36.53 42

Sc2.3 SCFE C 28.10 57 4.73 33.05 38
Sc3 NW

Sc3.1 NW 36.84 67 35.93 43.32 79

Figure 10 shows the results of combined operational and embodied energy and the economic and environmental costs

that allow to identify the best solution from a multiple-criteria decision analysis for window retrofitting of



non-residential buildings in temperate Mediterranean climates. The combined results of operational and embodied
energy lead to the identification of the lower life cycle energy and carbon footprint retrofitting scenario - SCF C (LCE=
442 MJ/m?/40y, CF= 38 kgCOreq/m?/40y). It is also worth noticing that SCF A shows the lowest EC (48 €/m?/40y)
and the highest LCE and CF (LCE= 555 MJ/m?/40y, CF= 46 kgCO,eq/m?/40y) among the three SCFs, resulting in the

best SCF investment from an economic point of view, and the least effective from an energy and environmental

standpoint.
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Figure 10. Operational energy with lighting, heating, and cooling, embodied energy, EE, economic costs, EC, and

carbon footprint for the retrofitting solutions per m? of floor area during the life cycle period

6. Conclusions

The purpose of this work was to describe and assess the energy, environmental and economic impacts alternative
retrofitting scenarios for glazing areas of existing non-residential buildings using a LCA comparative study and to
quantify the relative importance of embodied and operational energy associated with solar control films (SCFs). The
scenario of three SCFs (SCFs A, B and C) with different thermal and optical properties and the scenario of a new
window (NW) replacement were the retrofitting scenarios considered in this study to improve the energy efficiency of
an existing office building located in Lisbon, considered as the case study. The methodology used considers the

building as a previously finished and consolidated system and therefore the life cycle stages of the LCA do not involve



the building itself but only the new construction solutions and the economic and environmental costs associated with
each one of the four retrofitting solutions (three SCFs and one NW). The established life cycle period was set in 40
years (useful life of windows) to enable a comparable timeline between the two alternative retrofitting scenarios.

This study showed that different retrofitting scenarios such as SCFs and NWs can reduce the total operational energy,
while meeting the current standards of thermal and visual comfort requirements in the work environment. The
operational energy results showed that retrofitting solutions with higher light-to-solar gain ratios (t.is/g), such as SCFs
B and C, exhibit higher operational energy savings by decreasing the solar gains in a higher proportion than the
decrease of the visible transmittance and therefore the reduction of the cooling energy needs is much higher than the
increase of the lighting and heating energy needs. The higher insulation of the new window (U=1.1 W/m?.K) was also
a factor that contributed to the lowest operational energy savings of this solution when compared to the ones obtained
for SCFs (U=1.4W/m? K), since it lowered the heat losses during the night periods, trapping heat during the night, and
requiring more cooling load in the morning periods.

As expected, all retrofitting solutions increased the embodied energy of the building since retrofitting interventions
have impacts associated with the production and transportation of the new components related to each retrofitting
solution. The found embodied energy for the four retrofitting solutions revealed that the NW shows the highest value
in the life cycle period when compared to the three SCFs (~9 times higher than the average of the embodied energy of
the films). In fact, the lower values of the life cycle energy of SFCs are related to the lower values of FE and OF of
the 3 SCFs when compared to that of the NW.

The Carbon Footprint results showed that the carbon equivalent generated to produce the films is between 38-46
kgCO,eq per m? of floor area for 40 years, whereas to manufacture NW is 2 times higher than the ones of the films.

Window retrofitting solutions such as SCF A with lower production and construction works’ costs can be economic
advantageous. However, while this film was found to be the best investment from an economic point of view when
compared to the other three retrofitting solutions, it also yielded the highest operational and environmental costs.

The results of this study show the importance of a combined operational and embodied energy analysis for retrofitting
solutions of existing glazing systems and presents valuable information to support the decision-making process towards
more efficient and sustainable buildings. Comprehensive studies of retrofitting scenarios should be thoughtfully
investigated before retrofitting interventions to promote accurate estimations on the life cycle energy and awareness

of possible environmental impacts during its life cycle.
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