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Abstract: This work analyzed the thermal behavior of an existing building, considering different
retrofitting strategies. The methodology starts with an in-situ survey that allowed for obtaining
information about occupation, work schedules, envelope materials, lighting, and equipment, which
was vital to develop an energy model of the building. Then, the thermal analysis, employing
simulations, demonstrates a higher relevance of heat flows through the building’s envelope than
internal loads and higher cooling rather than heating demands. Afterward, several retrofit strategies
focusing on modifying architectural elements were assessed. Finally, these strategies were compared
based on their impact on the air-conditioning energy demand. A systematic review identified a lack
of studies relating certification and energy policies to buildings retrofitting. Therefore, we assessed
the energy performance of the building, when modified to meet the baseline requirements set on the
Chilean certification requirements for sustainable buildings, to verify if the certification is a suitable
method to assess the energy efficiency of an office building. Although the study only involves
a single building, it aims to illustrate identified limitations using the energy policies for Chilean
public buildings. The Chilean certification for sustainable buildings seems not to be suitable for the
evaluation of energy consumption for the retrofit of existing buildings. Although this study does not
demonstrate general trends, it presents a precedent for subsequent studies to evaluate the relevance
of the Chilean certification guidelines.

Keywords: building retrofit; EnergyPlus; energy cost analysis; energy balance; certification

1. Introduction

The increasing issues associated with greenhouse gas emissions, fossil fuel depletion,
and energy demands have led to the research and implementation of technologies that
reduce energy consumption. In this context, buildings have a relevant role, making up a
total of 36% of the global final energy demand [1], of which 38% corresponds to Heating,
Ventilation, and Air Conditioning (HVAC) Systems [2]. Buildings are a relevant agent of
CO2 emissions; therefore, climate change policies must consider their impact [3]. Consider-
ing that thermal comfort affects productivity in office buildings [4], the challenge is thus to
reduce the energy consumed by HVAC systems while maintaining a high standard of the
indoor thermal environment. Building retrofitting gives tools to enhance energy efficiency
or decrease energy demand in existing buildings. Retrofitting refers to the modification of
building components and the installation or incorporation of new elements not considered
during the construction; in such a way, the building acquires new features which can
improve its energy performance. Usually, retrofitting interventions aim to save energy and
increase thermal comfort. The following sections describe the effect of the most commonly
analyzed building components during retrofitting and how these components interact
together in retrofit interventions.
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1.1. Lighting

One of the most common retrofitting interventions is replacing traditional lighting
technology with LED lighting. This intervention enhances energy efficiency and reduces
operating costs. A study performed in South African schools [5] evaluated the impact
of replacing fluorescent lights with LED lights. The study showed that lighting accounts
for 31% to 57% of electrical energy costs. Replacing fluorescent tubes with LED lighting
generates energy savings from 21% to 39%. A retrofitting based on incorporating LED
lighting systems at selected University Tenaga Nasional (Malaysia) buildings focused on
a cost-benefit Analysis [6]. The analysis revealed a 44% energy saving with a payback
period of 4.01 years by the proposed retrofit. Other research aims to reduce the electricity
consumption for exterior lighting at the Avsar Campus of Kahramanmaras Sütcü Iman
University (Turkey) [7]; for that purpose, the authors considered three guidelines: the
dimming method, optimization of lighting times, and incorporation of new lighting tech-
nologies, and seven strategies including dimming the lamps, installation of electronic timer
switches, replacement of old technology lamps with LED lamps, and combinations of the
later interventions. The authors obtained a reduction of 81.6% in energy consumption.

1.2. Windows

In the retrofitting strategies, windows play an essential role. Thermal transmittance
and solar gains through windows significantly impact a building’s energy balance and,
therefore, the heating and cooling loads. He, et al., [8] performed a theoretical study
to evaluate energy efficiency enhancement in a typical high-rise residential building by
window retrofitting. The authors considered three climatic zones: hot summer/warm
winter, hot summer/cold winter, and cold climate, representing Hong Kong, Shanghai,
and Beijing, respectively. They concluded that 6 mm Low-E double glazing with 13 mm
air fill has the best performance to reduce energy consumption in all studied climatic
zones. Additionally, tinted glass for hot summer/warm winter and hot summer/cold
winter climates and clear glass for cold climates gave higher energy savings. Ahn, et al., [9]
proposed a window retrofit strategy for residential houses based on the insulation level and
WWR. The authors concluded that: (i) for houses with a small WWR, the air-conditioning
energy demand decreases with increases of the envelope insulation, (ii) for a WWR between
50% and 70%, the solar gains increase, and therefore the total demand increases due to
higher cooling demand, (iii) in poorly insulated houses, a reduction in window thermal
transmittance (U-value) leads to a decrease in the total energy demand; however, when the
house is well insulated, the effect of window U-value on the energy consumed is lessened,
(iv) and in well-isolated houses with more oversized windows, the decreases in the solar
heat gain coefficient (SHGC) lead to decreases in the total energy consumption due a
reduction of solar gains. Mainini, et al., [10] evaluated different retrofitting strategies in
office buildings with transparent envelopes in Italy; generally, such structures have high
solar gains and internal loads. They found that applying a solar film on a double clear glass
reduces energy consumption and improves thermal comfort, especially during the cooling
season in hot climates. Double-pane Low-E and solar control windows are the best options
for mixed cold and hot climates.

1.3. Roofing

Retrofitting strategies cover roofs as vital envelope elements since significant solar
gains and heat transmission can occur through them. Therefore, roof characteristics such as
slope angle, materials type, and thickness impact the building energy balance. In order to
minimize HVAC power consumption, climate conditions play a fundamental role in the
roof design/retrofit. In general, high-reflectance roof reduces the energy consumed in office
buildings, except for cold weather. For low-reflectance roofs, thermal insulation highly
affects the energy building performance [11]. For houses in hot climates, applying cool roof
paint leads to energy savings compared with thermal insulation; besides, the environmental
impact is lower with cool paint [12]. Chen, et al., [13] performed an uncertainty analysis
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to evaluate the efficacy of the roof insulation levels of a Building in Shanghai; in their
analysis, they considered the urban heat island effect, building material, occupation, and
operation. The authors found that the insulation levels have little impact on the cooling
demand. Besides, increases in the insulation thickness led to decreases in HVAC total load;
however, this effect decreases as the thickness increases, and adding excessive insulation
is counterproductive.

1.4. Shading

Solar shading devices are another set of retrofit strategies that adequately control
solar gains as a primary goal. An efficient solar shading device should reduce solar gains
during summer, while, in winter, it should allow solar gains so that both cooling and
heating demands diminish. Depending on their position concerning the windows, shading
devices can be classified as internal, external, and intermediate; moreover, they can be
fixed or movable. External shading devices are more practical for preventing solar gains
since they block solar radiation before reaching windows avoiding radiation absorption.
Movable shading devices are more effective than fixed ones since they adjust according to
external conditions. However, fixed shading device design may consider the solar incident
angles in summer and winter to avoid solar gains in summer, whereas solar gains are
maximized in winter [14]. A study performed in a residential building in Ningbo, China,
evaluated the implementation of movable solar shades considering thermal comfort, visual
comfort, and energy savings [15]. The solar shade devices were controlled by occupants
and made of PVC and polyester fiber; with such intervention, energy demand reached
a reduction of 30.87%, including thermal and visual comfort improvements. Another
study compared external solar shading devices in Mediterranean climates analytically
and experimentally [16]; factors such as thermo-physical behavior, energy savings, natural
lighting, thermal comfort, and environmental impact were considered and evaluated during
the end of the summer and winter. The solar energy penetration strongly influenced the
performances. Ventilated double-glazed windows enable light transmission; besides, due
to a greenhouse effect, the internal glass presents overheating. Horizontal louvers diffuse
the direct radiation reducing the internal glass temperature peaks. Aluminum-perforated
screens absorb a significant fraction of the incident radiation, avoiding heating the internal
glass. Concerning materials, louvered systems made of wood prevail over aluminum
ones; since wood has a higher thermal capacity and insulation properties, the maximum
temperature during the day decreases, whereas the minimum temperature during the night
increases, which is a desirable behavior. Bellia, et al., [17] performed a simulation study of
the influence of solar shading devices on the energy requirements of an office building in
three Italian climates. The study found that: (i) the use of solar shading devices leads to
higher energy savings in warm summer climates, (ii) the optimal overhang depends on the
height of the windows, (iii) the effect of shading is negligible for uninsulated buildings in
cold winter climates, (iv) the reduction on energy consumption related to solar shadings are
higher in highly glazed buildings and (v) the thermal behavior depends on the orientation
of the building.

1.5. Retrofit Interventions

The optimal design of retrofit interventions must consider earlier thermal assessments
of comfortable thermal conditions and energy consumption. Detailed knowledge of the
mechanisms involved in heat gains and losses, and energy consumption patterns, enables
more targeted and efficient implementation of retrofit strategies. In households, the heating
and cooling electricity consumption is affected by occupancy patterns, the socioeconomic
level, and the age of the inhabitants, indicating that the socio-demographic and human
aspects can be crucial in energy efficiency policies [18]. Indoor air temperature, heat flux
measurements, and thermal-imaging surveys are valuable tools to determine the factors
affecting thermal comfort inside buildings [19]. Several reports related to retrofitting
interventions on existing or designed buildings include the simultaneous application
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of several strategies. The studies are conducted by simulations or by measurement of
parameters such as indoor temperature and energy consumption. In general, the main aim
is the reduction of total energy consumption without affecting thermal comfort. Below, we
briefly describe some of these reports with their more relevant results. Sharma, et al., [20]
evaluated the impact of three different retrofitting interventions on the reduction of energy
consumption; the studied building is in the Motilal Nehru National Institute of Technology
(MNNIT), Allahabad. A simulation model was validated experimentally and used to
predict the energy demands under the different retrofitting interventions. The authors
classified the interventions as minor, moderate, and major, including measures such as
insulation of the external opaque envelope, improvements of windows insulation, reduction
of intrusion rate, and ventilated walls. The reduction in energy consumption was 16.7%,
19.87%, and 24.12% for the minor, moderate, and major interventions. It was estimated that
a payback period of 10.6 years for the investment of the major intervention.

Hamdaoui, et al., [21] evaluated the thermal performances of different buildings with
intermittent occupancy patterns by simulations. The authors considered three construction
scenarios and six Moroccan cities in different climatic zones employing TRNSYS software.
The research shows that the appropriate interventions can achieve energy savings between
20% and 56%. The authors recommended natural ventilation to reduce cooling demands
and highly glazed buildings for the zones with high heating demand. Windows protection
could allow an appreciable decrease in air-conditioning demand, especially in buildings
with high WWR. Energy savings are reachable since the reductions in cooling demands are
higher than the increases in heating demands. However, windows protection increased
heating demand due to reduced solar gains.

The effects of façade properties on the energy efficiency of office buildings in Tokyo,
Japan, were evaluated by WUFI Plus simulations [22]. The authors found that to reduce total
energy consumption for heating and cooling, the SHGC and window U-value should be
low, whereas the opaque parts’ solar reflectance should be high. The most effective way to
reduce energy consumption is by lowering the SHGC value of the windows. Goia, et al., [23]
carried out a study to optimize the façade configuration of an office building in a temperate
oceanic climate. Apart from the heating and cooling demands, the researchers considered
the artificial lightning demand in calculating total energy demand. The authors concluded
that the optimal WWR must be between 35% and45% regardless of the orientation. The
north-exposed façade is the most affected if an inadequate WWR.

The headquarters of the ERGO insurance company (Milan, Italy) required an energy
retrofit methodology [24]. The building dates from 1998, and it has poor characteristics in
terms of thermal insulation and energy efficiency; therefore, there was a need to lower the
HVAC demands. The retrofit interventions included: (i) all windows replacement with
“extra clear” double-glazing panels filled with Argon, (ii) insulation of vertical opaque
walls with rock wool, (iii) a polystyrene layer on the spandrels, (iv) roof insulation with
glass wool, (v) shading system mechanically controlled by a system control; optimized
blinds inclination according to the solar geometry and weather conditions and (vi) dynamic
double skin facades that allow, according to their configuration, the refreshing of the façade
in summer and the maximizing of solar gains during winter. With the implemented retrofit
project, the authors found a reduction of 40% in primary energy consumption.

The challenges associated with greenhouse emissions, the energy crisis, and fossil fuels
depletion have led governments to implement strategies to reduce energy consumption.
Due to their enormous energy consumption, buildings have been the focus of energy poli-
cies. Under this context, several certification systems exist worldwide to evaluate buildings’
environmental and sustainability performances. Governments encourage building owners
to implement retrofit strategies to achieve “green” or “sustainable” certification require-
ments. Once the implementation of retrofit strategies, a certification system must reduce
energy consumption; detailed knowledge about energy savings is also necessary to develop
more efficient energy policies and perform a cost-benefit analysis. In the United States, there
are two voluntary green building certification systems: (1) Energy Star and (2) Leadership
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in Energy and Environmental Design (LEED). A study performed in Phoenix evaluated the
impact of the Energy Star certification on building occupants’ energy consumption; for that
purpose, the control group used three criteria: location, industry code, and pre-certification
energy consumption. The researchers found that the certificated buildings consume 8% less
energy, lower than the 10–35% of energy savings estimated by the environmental protection
agency [25].

Regarding the LEED certification, the authors did not find significant differences in
energy consumption between certified and non-certified buildings [26]. However, other
research found that the energy consumption of LEED Gold buildings decreases. However,
LEED buildings categorized as certified, and “silver” consume more energy than non-
certificated buildings [27]. In Switzerland, a study found that “green”-certified buildings
consume around 25% less energy [28]. From our perspective, few studies quantified
the thermal behavior and energy savings associated with retrofitting “green”-certified
buildings. One of the motivations of the present study is to assess the pertinence of the
Chilean certification system. Only one building was analyzed, so this research does not
intend to determine general trends; however, a precedent is presented for subsequent
studies to evaluate the certification system. The following systematic literature review
supports the contribution of the present work in building retrofitting.

1.6. Systematic Literature Review

The open-source software VOSviewer [29] allowed us to perform a systematic litera-
ture review using the Scopus database, based on Title-Abstract-Keywords fields (Figure 1),
throughout the entire timespan, until 7 March 2023. The systematic review required
two queries. Query 1 (Building AND Retrofitting AND Thermal AND Performance) fo-
cuses more on technical aspects, and Query 2 adds certification aspects (Building AND
Retrofitting AND Thermal AND Performance AND Certification). Query 1 (985 documents)
and Query 2 (12 documents) were limited to keywords with a minimum occurrence of 10
and 2, respectively. Therefore, Query 2 represents only 1.2% of the documents in Query 2.

Regarding Query 1, retrofitting, thermal insulation, energy performance, and com-
puter software have the most occurrences, and the distance among them presents a closer
relationship between these keywords. On the contrary, keywords of interest, such as energy
audit, are practically unrelated to the main keywords. Query 2 reinforces that energy,
retrofitting, and thermal insulation are the most common keywords. Moreover, the covered
subjects in the present work, such as certification and energy policy, are loosely related to
the main keywords. In recent years, topics such as energy performance, air renovation, life
cycle, and heat storage have received more attention. The main contribution of this work
lies in the assessment of the Chilean Sustainable Building Certification in the context of the
energy retrofitting of an existing building located in Santiago, Chile. Moreover, the results
help develop a more efficient certification system.

This paper presents the simulation results of the impacts of implementing different
retrofit strategies on the total annual energy demand for air-conditioning of an existing
office building. On-site inspections allowed us to obtain the data used to generate the
model, generating one closer to the actual use conditions than the design stage model. The
strategies were evaluated both individually and in different combinations among them.
Considering adequate indoor thermal comfort conditions, the building energy balance
estimated the heating and cooling demands. The presented results may be a guideline for
retrofitting buildings with similar characteristics in similar climates.
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Figure 1. Global overview of the keywords used on buildings retrofitting (a) and certification of
retrofitted buildings (b).

2. Materials and Methods
2.1. Climate Conditions

The analyzed building is in Santiago, Chile (33◦25′ S y 70◦35′ W). According to
Koppen’s classification, this city has a Csb climate, which corresponds to a Mediter-
ranean climate with warm summers. On the other hand, according to the ASHRAE
90.1-2019 standard [30], Santiago of Chile presents a 3C climate type, corresponding to
subtropical with dry summers. The EnergyPlus webpage provided the climatological data
(CHL_Santiago.855740_IWEC.epw), representing the local conditions at the Arturo Merino
Benitez airport.

2.2. Characteristics of the Analyzed Office Building

The University of Santiago of Chile headquarters is the selected building in this
research (Figure 2). It is a 5-floor office building built in the 1960s and repaired in 1986
due o the damage caused by an earthquake. A representative model of the building was
developed based on different sources. On-site building inspections provided information
regarding the effective occupancy, installed lighting, equipment, and operation schedules.
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Besides, consultation of building plans and technical specifications allowed determining
the constructive elements’ dimensions and characteristics.
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Figure 2. University of Santiago of Chile Headquarters.

There are no surrounding buildings to the headquarters. The glazed surfaces mainly
face the north and south façade. The floors from −1 to 3 have a hallway separating the



Infrastructures 2023, 8, 80 8 of 23

offices on the north and south side. The −2 floor has two non-connected parts; the east
part is used as a cellar, whereas the west is for offices. Table 1 lists the configuration and
materials of the envelope elements and their respective thermal transmittances. Table 2
shows the windows’ properties.

Table 1. Envelope materials characteristics.

Envelope Element Configuration (Interior-Exterior) U Value [W/m2K]

Exterior walls Stucco 1 [cm], reinforced concrete 30–43 [cm],
Stucco 1 [cm] 2.65

Ground floor Concrete slab 33 [cm] 1.07

Roof Concrete slab 38 [cm], osb plate 0.9 [cm], zinc
0.5 [mm] 1.35

Table 2. Construction specification and thermal parameters of the windows.

Window Type Glass Layer
Number Description SHGC Light

Transmittance U [W/m2K]

Monolithic glass 1

- Single sheet of glass with a thickness of
6 mm.

- Metallic frames.
0.82 0.88 5.7

Double pane
windows 2

- Double pane windows, 10 mm air cavity.
- Aluminum frames. 0.614 0.490 3.1

Double pane/Air
chamber/Single

pane window
4

- Double pane windows, 10 mm air
cavity/non-ventilated cavity, 700 mm
thickness/Monolithic glass of thickness
6 mm.

- Exterior single pane glass: a blue tinted
glass of thickness 6 mm; for the interior
face of double pane window: float
colorless glass of 6 mm.

- Aluminum frame for double pane and
single pane window.

0.497 0.437 2.3

Windows cover 54% of the vertical building envelope. The north and south façades
have 59% and 61.6% glazed surfaces, the most glazed sides of the building. On the other
hand, the east façade has 20% of the windows, and the west façade is opaque. The building
is mainly an office building with a meeting room and an auditorium. Table 3 shows the
corresponding area to each space category and includes information regarding used air
conditioning.

Table 3. Zone areas and air-conditioned zones.

Zone Area [m2] Airconditioned Occupant Density
[m2/pers]

Light Power Density
[W/m2]

Equipment Power
Density [W/m2]

Offices 1476 Yes 10.7 14.0 17.3
Meeting room 59 Yes 2.3 14.0 8.8
Entrance hall 129 No 129.1 5.8 -
Auditorium 145 No 1.2 83.3 10.7

Halls 306 No - - -
Hallways 496 No - 8.5 -

Bathrooms 84 No - 22.4 -
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The building visits made it possible to gauge the amount of occupancy in each zone.
Zones like the auditorium and the meeting room have sporadic use and fewer operating
hours than the offices; therefore, the usage schedule allows for determining the effective
number of occupants. Table 3 shows the effective number of occupants in each building
zone, the occupancy density, and the heat gains per person according to their activity [31].

The work schedule of the offices is Monday through to Thursday, from 9 a.m. to
6 p.m., and Friday, from 9 a.m. to 5 p.m. The building operates throughout the entire
year except during summer vacations in February. Regarding the lighting, the building
inside has fluorescent lamps. Except for in February, during the workday, the lighting was
believed to be on completely. Besides, we have considered reported operation schedules to
estimate the average lighting power density in the zones with sporadic use. Table 3 shows
the building’s average lighting and equipment power density for each zone type. Printers
and computers in the offices are available all year except for in February. The building
does not have a mechanical ventilation system, so windows are opened according to the
requirements of the occupants.

2.3. Interventions according to the “Sustainable Building Certification” Guidelines

CES (Certificacion Edificio Sustentable) stands for Sustainable Building Certification in
Spanish. CES is a Chilean national building sustainability certification program for public-
use buildings, and for government- or privately-owned buildings [32]. The program has
been designed jointly by the government, private sector, and academic sector for buildings
below 5000 m2, but this does not preclude its use in larger buildings. The certification
aims to define an objective framework for the building performance evaluation. Unlike the
framework with the building owner and design team, in this objective framework, a third
party evaluates the building’s performance. The certification process considers compulsive
minimum requirements and a variable number of voluntary requirements. A maximum
of 100 voluntary points can be reached, with a building requiring at least 30 points to
reach certification.

The certification focuses on the building’s need to generate a certain level of indoor
environmental comfortable conditions for its occupants. Passive characteristics of the
building are analyzed, followed by the required complement by the active systems to
reach the comfort level required. The focus is reducing the building’s energy and water
consumption, gas emissions, and waste generation to the required indoor environmental
comfort conditions. CES allows evaluation of the energy demand savings due to the
building’s passive elements and the energy use savings due to the building’s active systems.
For the certification evaluation, the percentual energy savings reached by the proposed
building compared to the baseline case allows for reaching different points thresholds,
which increase as the energy savings increase. In this case, to evaluate the energy use of
the baseline case and its associated cost, it has been defined using the requirements for
evaluating energy demand and consumption savings. The energy consumption of the
baseline case allows for comparison with the constructed building and the proposed energy
savings measures.

This work considered retrofit interventions based on the CES guidelines. This set of
interventions aims to represent the features of a building built in Chile that do not have
implemented intensive energy-saving measures in both the envelope and the active systems
(lighting and HVAC); therefore, the representation of a regular building in Chile. This
guideline sets a maximum of 40% for the window-to-wall area ratio. The modification of the
building occupancy followed the guidelines. The other parameters relative to the building
use, such as schedules and performed activities, were maintained without modifications
when simulating this set of retrofit strategies.

The guidelines for sustainable building certification also consider restrictions for
the thermal transmittance of the envelope elements. The maximum allowed thermal
transmittance follows the geographical zone of the building’s location. The building is in
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Chile’s denominated central interior zone; Table 4 shows the upper limits of the envelope’s
thermal transmittance and includes the thermal transmittance’s current values.

Table 4. Maximum allowed values of the thermal transmittance for the envelope elements according
to the sustainable building certification and the actual values of the thermal transmittances.

Envelope Element Sustainable Certification U Value
[W/m2K] Current U Value [W/m2K]

Walls 2.9 2.65
Roof 0.8 1.35

Ventilated floor 0.8 -
Windows 3.6 3.1–5.7

The building’s geometric model was modified to satisfy the WWR requirement of
the baseline case by reducing the window area to 825 m2. In addition to the maximum
permitted thermal transmittance of the windows (see Table 4), the guidelines demand
a shadow factor according to thermal transmittance; for windows with 3.6 W/m2K of
thermal transmittance, the shadow factor must be 0.77. The guidelines for sustainable
building also fix requirements for maximum lighting density power. Table 5 shows the
lighting density power established in the guidelines and the current lighting density power
in various locations inside the building.

Table 5. Maximum allowed lighting density power established in the guidelines for sustainable
building and current lighting density power in different locations inside the building.

Zone Lighting Density
Power—Guideline [W/m2]

Lighting Density
Power—Current [W/m2]

Offices 12 14
Meeting room 14 14
Entrance hall 14 5.8
Auditorium 14 83.3

Hallways 11 8.5
Bathrooms 10 22.4

2.4. Retrofit Interventions

A series of proposed retrofit interventions aim to reduce the energy consumption
associated with heating and cooling. The interventions consider incorporating or modifying
architectural elements and replacing lamps with more efficient ones, considering the
building’s absence of an overall air-conditioning system.

The most direct intervention considered is the increase in ventilation rates during
the cooling season. Increased ventilation rates would increase heat losses to the ambient
temperature, thus reducing the cooling demand. The increase in ventilation rates was
considered only for the cooling season in Chile, specifically for the months between Novem-
ber and March. The increased ventilation rate considered only the regularly occupied
spaces (offices and meeting rooms). Table 6 shows the details of the increase in ventilation
rates. Although the building does not incorporate mechanical ventilation systems, this
case represents the scenario where the occupants maintain the windows open more than
required for ventilation.

Table 6. Increase in ventilation rates.

Case Person Ventilation Rate [l/s/pers] Area Ventilation Rate [l/s/m2]

Baseline case 2.3 0.3
1.5 ventilation rates increase
2 ventilation rates increase

3.75
5

0.45
0.6
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Due to the lack of thermal insulation, this analysis considered incorporating a layer
of cellulose fiber insulation on the reinforced concrete roof. Table 7 shows the resultant
thermal transmittance of the proposed and current arrangement.

Table 7. Thermal transmittance of the insulated and non-insulated roof.

Roof Current Thermal Transmittance
[W/m2 K]

Roof Thermal Transmittance with Insulation
[W/m2 K]

1.35 0.22

This study has included a series of solar shading devices since the building does not
have installed solar control systems. The evaluated devices are horizontal sun louvers for
the north façade, vertical sun louvers for the south façade, and an eave at the third level
of the north façade. Table 8 shows the characteristics of the sun louvers, whereas Table 9
presents the dimensions of the eave. The building is shown with and without solar shading
devices in Figures 3 and 4 for the north and south facades, respectively.

Table 8. Louvers characteristics.

I Elements
Arrangement

Vertical Distance from the
Superior Edge of the Window

[m]

Distance
between Slats

[m]

Slats Width
[m] Angle (◦)

Distance from
the Window

[m]

North Horizontal 0.00 0.41 0.20 20.00 2.00
South Vertical 0.40 1.55 0.55 0.00 0.00

Table 9. Eave characteristics.

Vertical Distance from the Superior Edge of the Window [m] Length [m] Distance from the Wall [m]

0.00 61.53 2.00

Infrastructures 2023, 8, x FOR PEER REVIEW 12 of 24 
 

Table 8. Louvers characteristics. 

I 
Elements 

Arrangement 

Vertical Distance from the 
Superior Edge of the 

Window [m] 

Distance 
between Slats 

[m] 

Slats 
Width [m] Angle (°) 

Distance from the 
Window [m] 

North Horizontal 0.00 0.41 0.20 20.00 2.00 
South Vertical 0.40 1.55 0.55 0.00 0.00 

Table 9. Eave characteristics. 

Vertical Distance from the Superior 
Edge of the Window [m] Length [m] Distance from the Wall [m] 

0.00 61.53 2.00 

 
Figure 3. Rendered view of the façade; with (right) and without (left) solar control for the summer 
design day (Time: 13:00 h). 

 
Figure 4. Rendered view of south façade; with (right) and without (left) solar control for the summer 
design day (Time: 16:30 h). 

Low-E windows (Table 10) with PVC frames consist of double hermetic glass, color-
less, and Low-E glass, and replace the existing windows. Finally, led lamps with lower 
lighting density power replace the current fluorescent lamps installed in the building. Ta-
ble 11 lists the resultants’ lighting density due to the replacement of the lamps. 

Table 10. Properties of the Low-E windows. 

Windows 
Type Descripción SHGC

Light 
Transmittance 

U 
[W/m2K] 

Double 
pane 

Double pane window 6 [mm] glass 
thickness and 13 [mm] air cavity 0.57 0.75 1.8 

  

Figure 3. Rendered view of the façade; with (right) and without (left) solar control for the summer
design day (Time: 13:00 h).

Low-E windows (Table 10) with PVC frames consist of double hermetic glass, colorless,
and Low-E glass, and replace the existing windows. Finally, led lamps with lower lighting
density power replace the current fluorescent lamps installed in the building. Table 11 lists
the resultants’ lighting density due to the replacement of the lamps.
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Table 10. Properties of the Low-E windows.

Windows
Type Descripción SHGC Light

Transmittance U [W/m2K]

Double pane
Double pane window
6 [mm] glass thickness
and 13 [mm] air cavity

0.57 0.75 1.8

Table 11. Lighting density power for the current building and the replacement lamps.

Zone Fluorescent—Lighting
Density Power [W/m2]

Led—Lighting Density
Power [W/m2]

Office 14.0 8.0
Meeting room 14.0 8.0

2.5. Thermal Simulations

A series of simulations with EnergyPlus aimed to quantify the impact of the retrofit
interventions on the buildings’ air conditioning loads. We used the heating and cooling
setpoint temperatures observed during the visits to the building to perform the simulations.
The cooling setpoint temperature observed corresponded to 24 ◦C, while the heating
temperature setpoint was 21 ◦C. The annual cooling and heating demand calculation
assumed an ideal air conditioning system, i.e., with an efficiency of 1.

2.6. Energy Cost Analysis

We have also evaluated the retrofit interventions in terms of electricity cost savings.
For that purpose, the EnergyPlus models consider and include the available cost structure
of electricity. The cost of electricity consumption of the building must be calculated by
simulation since the electricity tariff applied in Chile depends on both consumption and
power. According to this, the total cost of energy consumption is not proportional to the
accumulated energy consumption. The whole building’s electricity consumption involved
the lighting and equipment consumptions, besides the heating and cooling loads. For the
CES-complying model, the heating power consumption calculation assumed a resistance
heating system, whereas an air-cooled chiller was employed to calculate the cooling power
consumption. According to the on-site visits, each room for the as-built models has a direct
expansion unitary system.

The electricity distribution company defines the tariff structure and costs that depend
on the location and building characteristics. Table 12 shows the cost components of
electricity for the analyzed building. The peak period cost corresponds to winter days
between 18:00 and 22:00 hrs.
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Table 12. Cost components of electricity in Chilean pesos [CLP].

Tariff Component Cost per Unit of Electricity

Energy consumption 74,801 [CLP/kWh]
Energy transport 14,761 [CLP/kWh]
Power demand 2584.67 [CLP/kW]

Power demanded during peak period 6481.8 [CLP/kW]

In the case of the analyzed building, no energy use records are available from the
university or the utility company since the university has a contract with the utility company
that charges electricity costs for the whole campus, not per individual building. This way,
neither the energy use nor the energy costs obtained from the model can be directly
calibrated with information from the existing building.

2.7. Total Electricity Consumption

The estimation of the total electricity consumption considered implementing direct
expansion air conditioning systems, including the lighting and equipment in this estimation.
The total annual electricity consumption and the total building area ratio are fundamental
to evaluating the energy performance and comparing it with similar buildings.

Figure 5 represents a graphical abstract of the implemented methodology, which
includes an in-situ survey that allowed for obtaining information about occupation, work
schedules, envelope materials, lighting, and equipment, which was vital to develop an
energy model of the building. Afterward, several retrofit strategies focusing on modifying
architectural elements were assessed. Finally, these strategies were compared based on
their impact on the air-conditioning energy demand.
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Figure 5. Graphical description of the methodology.

3. Results and Discussions
3.1. Heating and Cooling Loads

The thermal simulation of the building allows the estimation of the annual flows of
energy associated with the heat gains and losses. The simulations assume that the indoor
temperature in each zone ranges between 22 ◦C and 24 ◦C using an ideal air-conditioning
system. Figure 6 shows the estimated heat gain and losses of the building through the
envelope, the losses by infiltration, and the internal heat gains. The thermal behavior of
the building is mainly determined by the heat and gain losses through the envelope and
infiltrations. The influence of the internal gains due to equipment, occupancy, and lighting
is of lesser significance. The primary heat gains are due to solar gains, and the higher losses
are associated with thermal conduction through windows. On the other hand, the losses
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through the roof and ground are significantly less than those through walls due to the walls’
low insulation and the wall surface.
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Figure 6. Estimated annual flows of energy for the current building.

Figure 7 shows the annual energy demands for heating and cooling to maintain the
temperature in the comfort range. The building presents higher cooling demands than
heating demands, the former being 31% higher.
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Figure 7. Annual energy demands for heating and cooling in the current building.

Figure 8 shows the energy balance for the two cases of increased natural ventilation
during the cooling season. By increasing the ventilation rate during the cooling season, the
energy balance of the building does not show significant changes.
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Figure 8. Estimated annual energy flows for the current building and increased ventilation rate cases.

Figure 9 compares the heating and cooling demands for the baseline and increased
ventilation cases. Even though the increased ventilation is only implemented during the
cooling season in Chile, an increase of 6.2% and 6.9% in heating demand can be observed
for increased ventilation rates of 1.5 and 2 times, respectively. In the case of the cooling
demand, it also increases by 0.9% and 2.2%, which is explained by the fact that during the
cooling season, introducing hot air from the outdoors only increases the cooling load to the
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cooling system. In a climate with lower air temperatures or during the mid-season, it is
possible that increasing the ventilation rates could provide cooling demand savings.
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Figure 9. Annual energy demands for heating and cooling in the current building and increased
ventilation rate cases.

Further, we have performed other simulations to evaluate the impact of the retrofit
interventions on the annual flows of energy; all the interventions described above were
taken into account and evaluated individually and in combination among them. Figure 10
shows the simulation results for the current building and the building subjected to the
different retrofit strategies. The replacement of windows leads to significant reductions
in heat losses due to the low thermal transmittance of the Low-E windows. The replace-
ment of lamps and the reduction of the lighting power density have little impact on the
reduction of the internal gains due to the negligible effect of the lighting on the total heat
gains. Regarding solar gains, both the substitution of the windows and the solar shading
devices lead to decreases in solar gains; however, only using solar control systems leads to
significant reductions.
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Figure 10. Impact of the retrofit interventions on the annual energy flows of the building.

Figure 11 shows the heating and cooling energy demands for the current building
and the building subjected to the different retrofit interventions. In contrast, Figure 12
shows the total demands involving heating and cooling. The replacement of windows and
lighting and adding roof insulation gave place to a decrease of 30% in heating demands
and a 28.7% reduction for the case of only windows replacement. On the other hand, the
cooling demands increase with window replacement since Low-E windows diminish the
heat losses by conduction through windows. The reduction in internal gains associated
with the decrease in the lighting power density leads to a decrease in the cooling demand
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and an increase in the heating demand. The intervention based on solar shading devices
reduces the cooling demands by 36.8% but increases the heating demand by 52.8%.
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Figure 11. Heating and cooling annual energy demand for the building. The energy demands
correspond to the current building and the building subjected to the different retrofit interventions.
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Figure 12. Total energy consumption for air-conditioning. The energy demands correspond to the
current building and the building subjected to the different retrofit interventions.

As stated, each retrofit intervention considered the total energy consumption for
air-conditioning, i.e., the sum of the heating and cooling demands. Figure 12 depicts the
obtained results, showing that the total energy demand values are very similar, despite
the significant impact of some interventions on individual heating or cooling demands.
The explanation for the similar energy demand values lies in the effects that tend to be
balanced. If an intervention increases the heating demand, this increase will decrease the
cooling demand and vice versa. The strategy that involves lamp and windows substitution,
roof insulation, and solar control is the one that allows a higher reduction in the total
air-conditioning demand, achieving a 6.9% in energy savings. On the other hand, the
intervention that only included the windows replaced led to an increase of 8.3% in energy
consumption concerning the current building.

Besides energy demand, simulations allowed the assessment of the retrofit measures’
effect on the occupants’ comfort conditions. The energy demand models obtained the
number of hours outside the ASHRAE 55 acceptability range. Then, the reduction in hours
outside the ASHRAE acceptability range was calculated for each retrofit case compared to
the building in its current condition.

The simulation result shows that the current building has 7337.5 h outside the ASHRAE
90% acceptability range for a yearly simulation. This number represents the sum of all
hours outside the acceptability range for all regularly occupied spaces in the building.
Figure 13 shows the percentage reduction of hours outside the ASHRAE acceptability range
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for the different retrofit cases. The cases of window replacement and window replacement
with roof insulation increase the number of hours outside the acceptability range. However,
the case considering window replacement and solar shading can significantly reduce the
number of hours outside the acceptability range. The roof insulation, lighting replacement,
and exterior solar shading reduce the hours outside the acceptability range. Although, the
case of roof insulation has a barely noticeable effect. Nevertheless, despite the significant
increase in discomfort hours for window replacement, window replacement, and roof
insulation cases, with lighting replacement and solar shading, reducing the hours outside
the acceptability range is still possible. These results are consistent with the energy demand
simulations, showing that the case with the most significant increase in discomfort hours
matches the case with the most considerable energy demand.
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Figure 13. Reduction of hours outside ASHRAE 55 acceptability range.

Figure 14 shows the annual energy flows considering the current and the retrofitted build-
ing based on the guidelines for sustainable building. The sustainable building intervention
led to decreases in both losses through windows and gains by occupancy. Solar gains remain
the most influential element in the thermal behavior of the building. Figure 15 shows the
heating and cooling energy demands for the building with and without sustainable building
intervention, showing a reduction of 12.3% in heating demand and an increase of 41.5% in
cooling demand due to the differences in envelope properties.
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Figure 14. Estimated annual energy flows for the current building and the building subjected to the
guidelines for sustainable building.

Figure 16 illustrates the total air-conditioning energy demand by the building with
and without the interventions for sustainable certification. The combined effect of saving
on heating and increasing cooling produces an increase of 18.3% in the total energy demand.
Therefore, the current building exhibits better thermal performance than the theoretical
reference building, following the sustainable certification guidelines. Therefore, the current
building presents high energy efficiency compared to the reference building, despite being
built without following particular energy optimization standards. The fact that this office
building has a cooling-dominated thermal behavior may influence the energy demand
comparison. Excess insulation and lower glazing area in the baseline case are helpful to
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reduce heating demand slightly. However, they may difficult the rejection to the outdoors
of internal loads during the nights in the summer. Considering that this is an office building
with relatively high internal loads due to office equipment, this situation can be more
pronounced than in other types of public buildings, such as schools, which might be the
goal of the certification program.
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Figure 15. Heating and cooling annual energy demands for the building. The energy demands corre-
spond to the current building and the building subjected to the retrofit intervention for sustainable
building.
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Figure 16. Total energy consumption for air-conditioning. The energy demands correspond to the
current and hypothetical buildings built following the guidelines for sustainable certification.

3.2. Cost Analysis

Further, we have estimated the energy costs to quantify the impact of the different
retrofit interventions. The annual energy cost of the current building obtained by simula-
tion was CLP$14,996,340 (USD 18,329.21). Figure 17 shows the energy savings associated
with the retrofit interventions taking the current building as a reference. The interventions
based on solar control or the guidelines for sustainable building do not generate monetary
savings but, on the contrary, increase the costs. The costs associated with solar control are
due to increases in heating demand. The other retrofit interventions reduce the electricity
cost between 0.9% and 15.6%, involving led lighting, windows replacement, and roof insu-
lation, which maximizes the monetary savings. Since the lamp replacement permanently
reduces electricity consumption annually, the interventions that include this action allow
for achieving the highest monetary savings. When the interventions do not include the
lighting density power decrease, the monetary savings are significantly minor, reaching a
maximum saving of 3.1% with the windows replacement.

The baseline case of sustainable building guidelines significantly increases the elec-
tricity cost, which is relatively higher than the increase in electricity consumption because
the electricity cost was determined considering consumption and the increase in power
demand. We considered an electric resistance heating system to calculate the electricity
cost. Since the direct expansion heating system has lower power demand than the electric
resistance system, replacing the heating system decreased the electricity cost.
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Figure 17. Cost energy savings of each retrofit intervention. The red color indicates negative savings,
while the blue indicates positive savings.

3.3. Total Electricity Consumption

The total electricity consumption is again considered a direct expansion system for air
conditioning. We obtained reductions in electricity consumption of between 41% and 46%
for the building with and without the proposed retrofit interventions. In order to evaluate
more appropriately the thermal performance of the analyzed building, it is necessary to
compare its electricity consumption with that of other buildings of similar use. In a further
analysis, we have assumed energy consumption to be equal to heating and cooling demands
and lighting and equipment consumption. Figure 18 shows the annual specific energy
consumption of the building along with those obtained with the retrofit interventions. As
expected, the building with the retrofit interventions based on the sustainable building
certification presents higher energy consumption. The rest of the estimated annual specific
energy consumptions were between 29.0 and 35.1 kWh/year·m2.

3.4. Discussion

Table 13 shows the annual specific energy consumption reported for buildings of simi-
lar use, i.e., administrative university buildings. The first report corresponds to buildings
located at the campus ‘Sciences et Technologies’ of the University of Bordeaux in France.
This campus is in a region of oceanic climate, and the research included research, teaching,
and administrative buildings; the reported energy consumptions were between 26 and
74 kWh/year.m2. The second report is research performed at the University of Almeria,
reporting energy consumption between 23.3 and 32.5 kWh/year·m2 for administrative
buildings. Almeria has a subtropical desert/low latitude and a hot arid climate. The last re-
port was a survey of electricity consumption by buildings of different categories performed
by the Energy Information Administration of the United States Department of Energy; the
reported average energy consumption for buildings for education was 96.8 kWh/year·m2.
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Figure 18. Annual specific energy consumption of the building with and without retrofit interventions.

Table 13. Annual specific energy consumptions reported for administrative University buildings.

University/Buildings Annual Specific Energy Consumption
(kWh/Year·m2) Publication Year

University of Bordeaux [33] 26.0–74 2018
University of Almeria [34] 23.3–32.5 2020
USA educational buildings

(survey) [35] 96.8 2012

Our simulated energy consumptions are within the reported values for the University
of Bordeaux; however, this comparison cannot be taken as an appropriate assessment
since the buildings are in different climate zones, i.e., Mediterranean and Oceanic. A
fairer comparison corresponds to the University of Almeria; In Almeria, the minimum
and maximum average temperatures are 9 and 30 ◦C, respectively, while in Santiago of
Chile, these average temperatures are 3 and 30 ◦C. We can observe that the specific energy
consumption values of administrative buildings in the University of Almeria are similar
to our reported values. Considering these two comparisons, the present research findings
are within the expected values. On the other hand, our values are far below the average
energy consumption reported by the Energy Information Administration for educational
buildings. Possible explanations for such a significant difference being that the analyzed
building remains unoccupied for a complete month during the summer (February) and
the differences in climate for a location in Santiago, Chile, and a survey across the US.
Additionally, the comparison is based on simulated results. A comparison with a higher
degree of certainty would require the measurement of energy consumption in the analyzed
building. Additionally, a larger sample could increase the strength of the validation, which
can involve several buildings located on the same campus with similar use characteristics.
This measurement-gathering task has been considered part of this project’s future work.

Regarding the analysis comparing the actual building to the baseline generated using the
Chilean sustainable certification guidelines, comparing a larger building dataset could also
strengthen the conclusion of whether the baseline case defined is suitable for such a purpose.
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4. Conclusions

We have performed a series of simulations to identify measures that reduce the energy
demand for air-conditioning of an existing building, preferring the evaluation of passive
measures focused on modifying the building envelope elements but also including a
reduction in the lighting power density. Further, we have developed a model according
to the certification requirements for sustainable building, corresponding to the energy
efficiency certification standard used by the Chilean government for public-use buildings.

Regarding the proposed retrofit configurations, the main conclusions are:

• The analysis of the building in its current condition shows that the gains and losses
through the envelope have a higher relevance than the internal gains.

• The building has higher cooling demand than heating demand, the former 31% higher
than the latter; however, the heating demand is significant and represents 43% of the
total demand. Therefore, both demands are vital to optimizing thermal performance.

• From the analyzed interventions, only external solar shading devices significantly
reduce solar gains and, thus, the cooling demands of the building.

• The intervention with the higher energy savings corresponds to the strategy that
involves solar control, windows replacement, reduction of the lighting power density,
and roof insulation, with a reduction of 6.9% in total energy demand. Although
the window replacement reduces the heating demand by 28.7%, the total demand
increases to 8.9%, the intervention with the worst performance.

• The cost analysis demonstrated that implementing solar shading devices increases electric-
ity costs due to the significant increase in heating demands. The intervention that obtained
the highest cost savings includes led lighting, roof insulation, and Low-E windows.

Regarding the analysis of the CES baseline case, the main conclusions are:

• The CES baseline case has an air-conditioning energy demand 18% higher than the
existing building. Therefore, the model based on the guidelines for sustainable build-
ing could not adequately represent a typical building built in Chile with a common
energy efficiency standard. Consequently, a building could be wrongly categorized as
energy efficient by having slightly better energy performance than the baseline case
established in the sustainable building guidelines.

The limited information from the on-site visits stage and the lack of availability of
energy use records for the building are the main constraints of this work.

Future research in this field should aim to:

• Obtain on-site temperature measures and measurements of electric energy use for
model calibration;

• Evaluate the comfort conditions reported by the users using thermal satisfaction polls;
• Extend the analysis to other buildings on the same campus, to establish reliable

baseline for future building design;
• Compile a larger-scale building database to generate a statistically representative

baseline of the existing building stock to improve the accuracy of the energy-saving
predictions obtained from the application of the Chilean energy efficiency standard.

Author Contributions: Conceptualization, T.P.V. and D.A.V.; methodology, T.P.V.; software, T.P.V.
and B.A.E.; formal analysis, T.P.V.; investigation, B.A.E.; resources, D.A.V.; data curation, D.A.V. and
F.A.C.; writing—original draft preparation, F.A.C.; writing—review and editing, T.P.V., D.A.V. and
F.A.C.; visualization, T.P.V. and F.A.C.; supervision, D.A.V.; project administration, D.A.V.; funding
acquisition, D.A.V. All authors have read and agreed to the published version of the manuscript.

Funding: ANID-Chile, grant number Fondecyt 1201520 funded this research.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: T. Venegas acknowledges the funding of Proyecto USA 1856_2_1_3, Universidad
Santiago de Chile.



Infrastructures 2023, 8, 80 22 of 23

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature and Abbreviations

Nomenclature
hrs 24-h clock
CLP Chilean pesos
Abbreviations
A/C Air-Conditioning
ASHRAE American Society of Heating, Refrigerating, and Air-conditioning Engineers
CES Certificación Edificio Sustentable (Sustainable Building Certification)
Csb Warm-summer Mediterranean climate
HVAC Heating, Ventilation, and Air Conditioning
LED Light-emitting diode
LEED Leadership in Energy and Environmental Design
Low-E Low-emissivity
OSB Oriented Strand Board
PVC Polyvinyl chloride
SHGC Solar heat gain coefficient
U Thermal transmittance
WWR Window-to-wall ratio
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