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Abstract: The research aims to study the influence of eco-efficient buildings by comparing their
designs according to energy efficiency criteria and optimization considering scenarios with traditional
construction systems. The proposed methodology shows that eco-efficient building projects comply
with environmental and sustainable strategies for the expansion of height with floors. Previous
technical characteristics and parameters are considered, and these are divided into three main areas:
water, energy, and inputs, in addition to a secondary area: housing density. The evaluation that was
carried out showed that the water consumption parameter is the most expensive to manage for any
construction company and tends to be very irregular in its percentage of compliance, since it depends
on the customs of the inhabitants. The energy parameter is considered a complex aspect, since the
use of private transport is expected to decrease. However, due to the customs and structures of cities,
this is difficult to change without comprehensive public policies. This implies that apartment sales
decrease when there are no available parking spaces. On the other hand, the contribution parameter,
regardless of the construction company, always remains constant due to the economic investment
required and international regulations. Finally, the housing density is always met with the same
percentage due to the amount of user occupancy in the buildings. The planning of the cities in
Ecuador is currently part of a sustainable development, and the instruments and policies involved are
shaped by the real estate sector and, with it, urban development. Thus, by starting from a definition
of nature and going through a description of the regulations and public policies until specific cases in
architecture are reached, the application of sustainable development in the real estate sector is shown.

Keywords: eco-efficiency matrix; eco-efficient buildings; water; energy; environmental contributions

1. Introduction

Humanity cannot become independent from nature, since the environment in which
we install our habitats must be seen as a support system for life on Earth [1]. Population
growth increases negative impacts on the environment, forcing cities to make sustainable
decisions in areas that guarantee the reduction of energy consumption [2]. Sustainable
design is necessary to manage the available space and live with nature until the completion
of its useful life without generating major effects on the environment [3]. The building
sector is experiencing increasing pressure to use greener and more sustainable materials
that are possibly based on natural and biological products that, regardless of their cost, can
reduce environmental impacts while improving the quality of indoor environments and
reducing energy consumption [4].

The increasing compliance of stakeholders in the construction industry for green
procurement, insightful decisions, and the understanding of environmental character-
istics reinforces the urgency of unambiguous, impartial, and independent data on the
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environmental performance of construction products [5]. This may be the result of some
governmental policies, such as the promotion of new energy-efficient buildings, the energy
performance described in building regulations, the renovation of older ones, and decentral-
ized renewable energy sources [6]. This kind of sustainable approach is becoming necessary
because this activity influences the environment, as we are consumers of natural resources
and generators of large amounts of waste, users of non-renewable energy, and creators of
greenhouse gas emissions [7], so there is a need to build eco-efficient buildings [8].

The green building movement has grown considerably according to case studies of
buildings, where it has reached 40% of the total energy consumption today. This makes
it essential to study the greening process while considering aspects such as the economic
benefits of ecological adaptation and social/organizational participation in the process [9].
The main idea is to improve the quality of life of communities while giving priority to
“environmental justice” through a modeling tool based on information collected on the
current situation and a data analysis of social behavior [10].

Eco-efficiency is a strategy that allows companies and institutions to improve their
environmental performance while generating significant economic savings [11]. By measur-
ing eco-efficiency, one can analyze the impacts of inputs such as energy, water, soil, and raw
materials to maximize the benefits for humans or minimize the negative results, such as
pollution and CO2, which can damage our environment [12]. Developing technologies for
a smart, eco-efficient built environment can provide a pool of innovative knowledge, which
is known to be critical for entrepreneurs in transforming innovative ideas into commercial
products and services [13].

The methodology of the Eco-Efficiency Matrix (EEM) developed by the Ministry
of Territory, Habitat, and Housing (MTHH) of the city of Quito contributes to energy
efficiency in buildings. This is because the strategies that it proposed to meet parameters
such as water and energy consumption have contributed to their reduction through more
efficient equipment that meets the range of standardized energy labeling. These result in
collaboration for self-supplying the infrastructure, thus favoring the reduction of energy
demands in the municipal network [14]. Concerning the elements of mobility and public
space, the Eco-Efficiency Resolution established a system of computable qualification points
that allow an increase in the number of floors in a building and a reduction in the number
of parking spaces in homes and offices. Optimizing the integration of buildings into the
public space with contributions that allow the improvement of habitability conditions in an
area and the unification of lots will contribute to urban development.

New definitions can be applied to this class of buildings, such as biomimetics, a
science in which architects are inspired by solutions to human problems through the
study of designs, systems, and natural processes for the facades of an entire building.
Biomimetics demonstrate the interaction of buildings with the environment, and they can
significantly reduce energy demand [15]. The use of materials whose life cycles represent
a greener ecological footprint helps to reduce waste or optimize production processes at
the source [16]. The implementation of household waste management in which the user is
directly involved has turned out to be a challenging aspect of strategies that have not been
concretely defined by cities in developing countries, which is due either to government
regulations or limited resources. Over time, this poorly managed waste becomes a potential
pollutant with effects on the health and safety of inhabitants [17].

Urban sprawl’s negative effects on the environment are particularly noticeable in
the rise in carbon emissions caused by increasing energy use during travel. Hence, Ed-
ward Glaeser claimed that people should be able to live in high-rise structures in which
the elevator is the star, rather than in areas of unchecked urbanization in which car use
is prioritized [18].

The municipality of Quito created a road plan called Vision of Quito (2040) and a New
City Model to address this major issue. They were particularly interested in implementing
the suggestions made at the Habitat III Conference, which was held in Quito (Ecuador) in
2016. The Quito Metropolitan District (QMD) had 893,000 residents about 30 years ago,
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and the city took up 16,297 acres, with a population density of 55 people per hectare. With
a population density identical to that indicated before, the population and urbanization
virtually tripled by the present. Because the area is both formally and informally inhabited,
making eviction more challenging and significantly raising the cost of providing equipment,
infrastructure, and services, the current low density reflects the dispersal of people around
the region. This has led to a costly metropolis with many undeveloped lands [19].

The details of architectural designs take on an important role in the construction of
buildings. They relate a kind of manipulation between the central core and the external
envelope of any composition with a harmonious dialogue. This dialogue creates a comfort-
able thermal environment that is mainly influenced by adaptation to climatic, social, and
economic conditions. Digital modeling tools allow architects to manipulate these elements
to seek improved thermal performance of buildings and to control energy consumption in
the appropriate available range [20].

Green construction seeks to increase energy savings and reduce carbon emissions
throughout the life cycle of a building, in addition to creating a harmonious and fo-
cused link between human beings and nature. The construction of green buildings and
the implementation of design and monitoring methodologies are not only important
ways to save energy and reduce emissions in cities, but are also ways to implement
sustainable development [21].

The existing interconnections among plans, strategies, and policies related to the use
of water and other indicators of efficient construction allow the generation of an integrated
framework of urban water security. The plans, strategies, and policies that have been
implemented address various issues related to the management of resources in each city
that was studied, and they were taken from official action plans and already approved
master plan documents that are in practice in these cities. This has generated a vision for
2050 to show its reality and future problems [22].

The construction industry and its development depend on the number of buildings
and projects that are developed over time in order to cover a population’s housing deficit.
The natural resources that are required during the construction phase and the serious
damage to the environment caused by the waste generated are constantly increasing. The
construction of green buildings can reduce these negativities caused by construction, for
which sustainability indicators must be defined and classified. To assess green buildings,
12 criteria in four dimensions were developed by using the Fuzzy Level-Based Weight
Assessment (LBWA) [23].

Transport users in the city of Quito do not travel far and use various means of trans-
portation, so high-rise housing densification in Quito is significantly more sustainable than
disorderly housing dispersion. This allows for a reduction in the first phase of use of a
building in terms of consumption and energy generation, resulting in a more sustainable
urban system. The use phase, which includes urban transport, is more likely to increase the
GWP because it consumes more energy. A concentrated model driven by the application
of the TOD-based Eco-Efficiency Matrix is a strategy that contributes to reductions in the
environmental impacts of a city [24].

The Eco-Efficiency tool has priority levels for managing sustainability at the start,
during the operation, or at the closure of a project. The current regulations are focused
on meeting first-level sustainability standards regarding transportation and efficiency in
energy consumption, since the areas of application of the tool are areas influenced by the
metro and BRT services. On the second level of priority are the conservation and use of
natural resources, such as water, soil, and materials from a site. Finally, this tool focuses
very little on complying with and promoting innovation and strategies for optimizing
designs in search of sustainability [25].

For these reasons, this research was developed to analyze the influence of eco-efficient
buildings by comparing the optimized energy efficiency in various scenarios with that of
traditional building systems by using the EEM [20].
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2. Materials and Methods
2.1. Case Study

This study focuses on three eco-efficient buildings distributed in the Hipercentro area
of the city of Quito: Lafuente, Essence, and Huma. These buildings were designed accord-
ing to the guidelines of the EEM [26], which was established by the MTHH. According to
the National Institute of Statistics and Census [27], it is estimated that Quito presents a
significant annual growth, considering that it is among the most populous cities in Ecuador.
Due to this, it is forced by its topography to grow longitudinally, thus generating more
occupied space; therefore, more natural resources are consumed. For this reason, ideas
were born to address the main problems of Quito, such as floods, generation of garbage,
energy consumption, and car emissions, among others, in order that the densification of the
city would contribute to the environment in various ways, such as by having eco-efficient
buildings with great heights [28].

The MTHH has motivated construction companies to take the opportunity to ex-
pand their projects in terms of the number of floors according to the total percentage
of the EEM. Thus, this mainly contributes to the densification of the city for sustainable
development [29]. Additional approaches, such as water retention systems the in case of
critical rainfall to avoid flooding, reductions in water and energy consumption through
waste management, and involvement of participating users, are crucial. The city of Quito
is implementing various strategies in its buildings to make them more sustainable. It
contributes significantly to the development and infrastructure of greener facade designs,
which directly generate environmental awareness and, in the long run, will be reflected in
the city [30].

2.2. Optimization Parameters

Some parameters influence energy efficiency in various scenarios; they can include a
set of actions that allow the use of energy in an optimal way, increase the competitiveness
of companies, improve the quality of life, reduce costs, and, at the same time, are friendly
to the environment [31]. Table 1 shows the standardized parameters used for the EEM for
the comparative process in this study.

Table 1. Standardized EEM parameters.

Criteria Parameters Reason %

Limitations on water consumption Surface water retention Percentage of permeable
area 3

entry 2 data Percentage of rainwater
retained 7

Efficiency of drinking water consumption,
graywater treatment, and rainwater reuse

Water consumption
efficiency 6

Graywater treatment 8

Rainwater reuse 8

Limitations on energy consumption Building consumption Efficiency of energy
consumption

5
3

Consumption/generation
balance

Energy efficiency related to mobility Spaces for commerce
and/or social equipment 4

Diversity of uses 12

Bicycle parking lots 3

Number of parking spaces 10



Sustainability 2023, 15, 7585 5 of 19

Table 1. Cont.

Criteria Parameters Reason %

Limitations of environmental, landscape,
and technological contributions Technology Building Materials 3

4

Lightweight masonry
materials

Environment and landscape
Construction and

operation management
plans

4

Integration of front plant
removal at the curb level 4

Batch unification 6

Plant cover 3

Bioclimatic design Reflectance and
absorbance 2

Thermal comfort 3

Illumination comfort 2

% Total Fulfilled 100

2.2.1. Water Consumption Limitation

The main objective is to increase the consumption and reuse of water resources, as the
retention of rainwater in the same infrastructure will support the city in critical moments,
such as floods, and its treatment will reduce environmental pollution.

Surface Water Retention

This refers to a minimum of 15% to 35% of the liters of rainwater retained when using
strategies that store it temporarily. In the same way, to reduce the flow and volume of water
that goes to the public sewage network, surface water retention refers to a minimum of 5%
to 20% of the permeable area (in m2) that has a connection with aquifers that the project lot
can provide.

Efficiency in Drinking Water Consumption, Graywater Treatment, and Rainwater Reuse

This indicates a minimum of 25% to 50% of water consumption savings (in m3) by
equipment, appliances, or systems that reduce water use. It also indicates a minimum of
15% to 40% of graywater treated (in m3) by the implemented systems and a minimum of
5% to 20% of the rainwater reused (in m3) with installed technologies to optimize the use
of the resource to reduce wear and tear in various scenarios.

2.2.2. Limitations on Energy Consumption

The main objective here is electricity consumption, the generation of renewable energy
from an infrastructure, and contributing to reducing greenhouse gas emissions through
architectural strategies. These strategies can promote the use of ecological mobility, such as
in the use of bicycles or sustainable buildings in terms of mobility. Hence, users would not
have to use their cars to carry out their daily activities.

Building Consumption

This indicates a minimum of 25% to 50% of electric energy consumption savings (in
kWh) by equipment or systems that reduce energy use and a minimum of 1% to 8% of
renewable energy generation (in kWh) by implemented systems to minimize costs, and the
infrastructure can be supplied with a percentage this to support the public network.
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Energy Efficiency Related to Mobility

This indicates a minimum of 50% to 75% of ground floor area (in m2) being used for
commerce or services. It also refers to a minimum of 10% to 40% of the project area (in m2)
being used for commerce or services so that users should not use cars when staying in the
building. On the other hand, this allows the implementation of safe parking for short- and
long-stay bicycles according to the number of houses and a reduction in the amount of
parking according to the area (m2) of the units.

2.2.3. Environmental, Landscape, and Technological Contributions

The main objective here is to contribute to a city in areas of construction with new
technologies for materials. Consequently, the ecological footprint of buildings decreases
and the comfort of users is maintained without the need for using active systems for
their comfort. This also provides a positive landscape impact on the infrastructure by
implementing a vegetation cover, which creates a public and private space and makes the
site safer and more attractive for every user. There are also management plans during the
construction and operation of a building that require that the environmental impact be
reduced and the eco-efficiency of the project be maintained through the commitment of the
construction company and the users who will inhabit the building.

Environmental and Landscape Contributions

This refers to a minimum of 15% to 36% of compliance with management plans to
reduce the environmental impact during the construction and operation of a building
by implementing activities that prevent pollution and establishing strategies for the eco-
efficient development of the project. In addition, the public and private spaces in the project
are yielded by the distance from the sidewalk if lots are unified and there is a minimum of
20 to 40% of vegetable cover (in m2). Thus, this can contribute to the city’s development of
safer spaces for its citizens and can increase ecological urban development.

Technological Contributions

This refers to a minimum of 15% to 36% of construction materials (in linear meters,
m2, kg, or units) that possess certain characteristics, such as recycled products, renewable,
reusable, and local products, and products with low emissions of volatile organic com-
pounds. This also refers to the use of 5% to 46% of lightweight materials for masonry (in
kg) for internal divisions and slabs. This is to reduce the carbon footprint of a project and
reduce its vulnerability to earthquakes through its relief.

Bioclimatic Design

This refers to a minimum of 70% to 90% of materials (in m2) having neutral or close to
neutral reflectance and absorbance coefficients. This also refers to ensuring that internal
temperatures are not extremely hot or cold and that the design gives priority to the entry of
natural light. The the urban heat island effect is reduced and the use of active strategies
that require electrical energy to provide comfort to users is avoided.

2.3. Sample

For the present analysis, 3 buildings were chosen, with each belonging to a different
construction company. Nonetheless, they maintained a constant EEM, which was focused
mainly on the residential sector, as indicated in Table 2.

Table 2. Eco-efficient buildings.

Building Construction Company

Lafuente Alpha Builders
Essence Constructora Rosero
Huma Álvarez Bravo Contructores
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2.4. Technical Conditions of the Projects

For the development of building projects that apply processes that guarantee reduc-
tions in the consumption of resources and that, in general, are landscaping, environmental,
and technological contributions, they will have to present the following characteristics:

• Lots of 400 m2 or more.
• Lots whose main uses are M (multiple uses), RU2 (urban residential lots that allow

equipment, shops, and services at a neighborhood, sector, and zone level, as well as
low-impact industries), RU3 (urban residential lots that allow equipment, shops, and
services at a neighborhood, sector, zone, and metropolitan level, as well as low-impact
industries), and equipment.

• Lots that are located within the area of the Integrated Metropolitan Transport System
(IMTS) or in industrial estates defined by the Ministry of Economy.

• Lots that face a main road of at least 12 m and, if applicable, secondary roads of at
least 10 m.

• Lots that are not in unmitigated risk areas.

Depending on how many floors by which the building is to be extended and the area in
which the lot is located, a total percentage must be met, which is the sum of the compliance
with various parameters of the EEM, as indicated in Table 3. In this study, the building
projects were located in the polygons of the area of influence of the IMTS (corresponding to
BRT and Metro) for the construction of eco-efficient buildings. These areas are shown in
Figure 1.

Table 3. Compliance percentages depending on the enlargement.

Rating Range (%) Area of Influence of Exclusive
Transport Corridor Stops Area of Influence of Quito’s Metro Stations

60–69 25%—additional floors 25% additional floors
70–79 50%—additional floors 50% additional floors
80–89 N/A 75% additional floors

90–100 N/A 100% additional floors

In this methodology, matrices corresponding to the weighting values were used,
regardless of the scores obtained in Table 3. In some cases, if any values of the compliance
parameters were exceeded, extra points could be accessed, as described in Table 4.

Table 4. Extra points for the EEM.

Criteria Parameter Reason Extra Point

Limitations on water
consumption

Percentage of rainwater
retained Percentage of rainwater retention exceeds 75%. 1

70–79 Graywater treatment Treatment of blackwater whose capacity covers at least
20% of users. 2.5

80–89 N/A Reuse and/or infiltration of treated graywater 1

90–100 Rainwater reuse Rainwater reuse exceeds 60%. 1

Limitations on Energy
Consumption Bicycle parking lots Long-term bicycle parking lots are open to the public. 0.5

Limitations on energy
consumption

Solid waste management
plan

Initiatives; agreements with base recyclers, collection
systems for glass and plastic bottles, and temporary

collection/storage systems for used vegetable cooking oil
1

Integration of front plant
removal at curb level

Integration of an additional 15% or more of authorized
COSPB into the public space. 1

Plant cover Infrastructure and facilities for implementing
urban agriculture 0.25
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Figure 1. The Integrated Metropolitan Transport System (IMTS).

It was also considered that the parameter of housing density could be assigned as an
additional score for projects with at least 50% of their area being used for housing. For
its calculation, it was defined that a suite would correspond to two users and a two-room
apartment would correspond to four users. Then, the total of users was related to the useful
area (in m2) of this activity, as indicated in Table 5.

Table 5. Average housing density.

Average Density (m2 Per Inhabitant) Additional Score

30–40 3 points
20–29 5 points
<20 7 points
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3. Results and Discussion

The percentages of compliance with the EEM depended very much on the investments
of the construction companies. However, normally, they chose to increase their numbers
of flats by 50%, and for this, they needed to comply with a minimum of 70% of the
parameters. The three buildings were chosen for their similarity, since they were to be used
for housing, and they met the requirements indicated in Table 6. The compliance of the
buildings according to their area was broken down into the thematic axes of water, energy,
contributions, and population density, as shown in Table 7.

Table 6. Parameters of the EEM for each building.

Criteria Parameters Reason %
Lafuente

%
Huma

%
Essence

Limitations on water
consumption Surface water retention Percentage of permeable area 0 0 0

entry 2 data Percentage of rainwater retained 7 8 7

Efficiency in drinking water
consumption, graywater
treatment, and rainwater

reuse

Water consumption efficiency 3 3 3

Graywater treatment 8 0 0

Rainwater reuse 8 9 8

Limitations on energy
consumption Building consumption Efficiency in energy consumption 2.5 5 5

Consumption/generation balance 3 3 3

Energy efficiency related to
mobility

Spaces for commerce and/or
social equipment 4 4 0

Diversity of uses 0 0 0

Bicycle parking lots 3.5 3.5 3.5

Number of parking spaces 0 0 0

Limitations of
environmental, landscape,

and technological
contributions

Technology Building Materials 3 3 3

Lightweight masonry materials 4 4 4

Environmental and landscape Construction and operation
management plans 5 5 5

Integration of front plant removal
at curb level 4 4 4

Batch unification 0 3 0

Plant cover 3 3 3

Bioclimatic design Reflectance and absorbance 2 4.5 2

Thermal comfort 3 3 3

Illumination comfort 2 2 2

Housing density 5 5 5

% Fulfilled 70 72 60.5
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Table 7. Percentages of compliance with the EEM according to the strategic area.

Project Water (%) Energy (%) Contributions
(%) Density (%) Matrix

Compliance (%)

Lafuente 26 13 26 5 70
Essence 20 15.5 31.5 5 72
Huma 18 11.5 26 5 60.5

As shown in Table 8, the eco-efficient Tesla building had 70% compliance with the EEM
and could obtain 50% more floors, that is, from 10 to 15 floors, with five additional floors.
The Imagine building was under construction on the last floors and had 70% compliance
with the EEM; thus, it could obtain 50% more floors, i.e., from 16 to 24, with eight additional
floors. It was confirmed that most eco-efficient buildings would comply with 70% of the
matrix, so the parameters could be considered accessible and profitable, regardless of
whether the construction company was large or small.

Table 8. Percentages of compliance with the EEM for each building according to extensions
in infrastructure.

Building Construction
Company

Number of
Floors

Percentage of
Enlargement (%)

Number of
Additional Floors

Total Number
of Floors

Percentage of Compliance
with the EEM (%)

Lafuente Alpha Builders 12 50 6 18 70

Essence Constructora
Rosero 12 50 4 16 72

Huma Álvarez Bravo 10 25 3 13 60.5

All of the buildings were in a state of construction—Lafuente was involved in excava-
tions and underground work, Essence was involved in expanding the number of floors,
and Huma was involved in finishing. Certain data for the modeling of the investigation of
the Lafuente building were complemented with data from more advanced buildings, such
as Tesla and Imagine, which were from the same construction company (Alpha Builders).
A rendered model of the buildings evaluated in this study is shown in Figure 2.

Figure 2. (a) Lafuente building; (b) Essence building; (c) Huma building.

The Lafuente building project was located in the BRT–Hipercentro area, as was the
construction company Alpha Builders. According to Figure 3, it complied with the water
parameter by 26%; this parameter was that in which the Lafuente building was most in-
vested. This meant that its costs may have been higher than those of the other two buildings
because it implied the implementation of extra systems in terms of hydrosanitation. In
energy, the compliance was 13%, which was the constant in several typical buildings, and
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in contributions, it was 26%, which is a parameter that can vary due to the influence of an
infrastructure’s environment and the lot.

Figure 3. Percentages of compliance of the Lafuente building with the ME by area.

The Essence building project was located in the BRT–Hipercentro area, where it was
decided to invest in the percentages of compliance with the ME shown in Figure 4. The
building’s compliance with water was 20%, which was the average percentage of the
parameter. It complied more with the use of low-consumption equipment, depending on
the demand. For energy, the compliance was 15.50%, which was the constant in several
typical buildings. It was also based more on equipment, and its contributions reached
30.25%. This building showed more compliance with this parameter by having a score in
the “unification of lots” parameter, which is a rare and costly feature to have.

Figure 4. Percentages of compliance of the Essence building with the ME by area.

The Huma building project was located in the BRT–Hipercentro area. The Álvarez
Bravo construction company decided to invest in the percentages of compliance with the
EEM shown in Figure 5. According to the graph, we could interpret that the construction
company invested in water at 18% and in energy at 11.5%. This showed that this building
complied with these parameters the least. For contributions, it reached 26%, which was
the average in typical buildings. It should be taken into account that its percentages were
lower than those of the other buildings shown because it also had 10% less compliance
with the EEM due to its minimal extension.
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Figure 5. Percentages of compliance of the Huma building with the ME by area.

The energy consumption calculations for the buildings were based on basic household
electrical equipment while considering two scenarios: traditional and optimized buildings.
The latter was differentiated by the use of extra active and passive strategies, such as
motion sensors, more efficient illumination, and heat pumps for water heating. Optimized
equipment is not considered a white line, since users are not dependent on its use, even
though that would be the ideal way to improve the scenario. To improve the standard
strategies, it was proposed to implement domotic systems. Consequently, the whole
building was automated to achieve lower losses and comfort for users. Additionally, a card
technology could be implemented in which a user could activate and deactivate their space.
In addition, all of the equipment was disconnected, except for devices that always needed
to be connected, such as refrigerators.

On the other hand, to minimize the consumption of electrical energy, the modeling
and simulation of the thermal behavior of the building as a function of climatological
variables allowed the consideration of passive ventilation criteria, construction materials,
maximization of the use of solar illumination during the day, and the orientation of the
building. The main factor affecting the optimization of the building was the users, since
the implementation by the construction company was limited by the purchase of eco-
efficient equipment by the residents. The strategy consisted of delivering infrastructure
with luminaires and developing plans on the part of the building administration that
considered the energy ranges of equipment; users could choose any product contained in
these plans. A comparison of the electrical consumption of a traditional building with that
of an eco-efficient building is presented in Table 9, where it is important to mention that the
activity of the building was residential; thus, the comparisons were more specific and did
not have many variables due to changes in use; 85 apartment units with a total of 282 users
were considered.

Table 9. Electricity consumption of an eco-efficient building vs. a traditional building.

Consumption Units
(kWh/Month)

Consumption Services
(kWh/Month)

Total Consumption
(kWh/Month)

Traditional
Building 90,179.3891 106,249.317 196,428.7064

Eco-efficient
Building 83,424.6239 6956.152 90,380.7759

In certain cases, a determining factor was the construction company because of the
investment in a profitable economic analysis with the extension of the number of floors
that an eco-efficient project requires. Nevertheless, it was almost always in the interest of
the construction company to have more apartments in the same building than to buy a new
piece of land and build something new. It was determined that in eco-efficient consumption,
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there were savings of 46%, which represented support for the other parameters of the matrix,
as shown in Table 10.

Table 10. Electricity consumption costs.

Fixed Cost Variable Cost

Power Consumption
(kWh/month-$)

Electric consumption
Electric water heating

($kWh/month)

Electric consumption
Electric water heating

($kWh/month)

Electrical system
month ($)

3,336.99 24.20 254.04 1368.797
Total construction

costs ($) 7,160,192.50

This analysis was very variable, since it depended directly on the size of the land and
the location, so in this project, it was estimated that the profitability could be in the range
of 30% to 40% more than expected, considering that its land area was 740 m2, as indicated
in Table 11. In reality, prices can greatly vary according to market fluctuations, and buyers
sometimes want to change the design of a space of interest or make unifications, which
can result in them negotiating new prices with the construction company. In addition, a
construction company can generate discounts if it is promoting a company or plans.

Table 11. Land costs.

Parameter Value

Sales price per m2 ($) 1800
Area available for sale (m2) 8038.34
Total expected revenue ($) 14,469,012

For the electrical energy, the analysis was divided into the areas of influence according
to an optimized strategy. All data were converted into kW and given an identification for
modeling. The strategy that was employed consisted of minimizing the energy consump-
tion, which, in turn, reduced the project’s operating costs. A third scenario was also added,
and it considered traditional, eco-efficient, and optimized buildings. For the latter, the
savings were increased by 10% due to the extra strategies related to automation mentioned
above. This could be corroborated by other eco-efficient buildings that had that percentage
of increase with this system, as detailed in Table 12.

Table 12. Comparison of the electricity consumption of equipment in different building scenarios.

Strategy Type Illumination
(kW)

Water Heating
(kW)

General
Services (kW)

Equipment
(kW)

Cost
kWh ($)

Cost
kWh/month ($)

Traditional 88.9 172.9 222.7 322.1 32.3 7857.1
Eco-efficient 16.3 3.2 4.2 322.1 13.8 3615.2
Optimized 14.7 3.2 3.8 289.9 12.5 3256.1

Total Cost ($) 0.6 0.1 0.2 11.6 58.6 14,728.5

Among the variables considered were illumination, water heating, and general ser-
vices; the data were taken from eco-efficient buildings, as indicated in Table 13. In the case
of equipment, since it was not optimized, so users could not be forced to use it, the same
data were used for all buildings.

With the total cost for each parameter defined in Table 13 and the analyses above, the
parameters were defined in an objective function, as indicated in Equation (1):

min0.6x1 + 0.1x2 + 0.2x3 + 11.6x4 (1)
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Table 13. Building variables.

Parameter Variable

Illumination x1

Water heating x2

General Services x3

Electrical equipment x4

The data were obtained by taking the basis that when a building started to operate,
40% of the space was occupied during the first months. This is because many people buy
apartments as an investment rather than to inhabit them. The minimum use was calculated
based on this percentage of kWh, and the maximum use was calculated based on the entire
infrastructure occupied. Hence, the entire building was saturated, since it could not exceed
this number of users per unit. In this way, the restrictions in each area shown in Table 14
were defined.

Table 14. Power consumption restrictions.

Power Consumption Optimization

x1 ≤ 16.31 kWh
x1 ≥ 6.52 kWh
x2 ≤ 3.20 kWh
x2 ≥ 1.28 kWh
x3 ≤ 4.18 kWh
x3 ≥ 1.672 kWh

x4 ≤ 322.12 kWh
x4 ≥ 128.8 kWh

The comparative analyses of the three scenarios for buildings mentioned above—
subdivided into the areas of influence with their average consumption according to the
strategy applied—are shown in Table 15.

Table 15. Cost comparison for equipment electricity consumption in each building scenarios.

Detail Traditional
kWh/Month

Eco-Efficient
kWh/Month

Optimized
kWh/Month

Minimum Monthly
Hours

Illumination 8271.10 1516.4 1364.76 93
Water heating 32,151.1 595.2 595.2 186

General Services 69,043.20 1296 1166.4 310
Electrical equipment 86,963.2 86,973.1 78,275.8 270
Total building month 196,428.7 90,380.7 81,402.2
Cost per kWh month 7857.1 3615.2 3256.1

The development of the linear programming model was based on the use of the
LINDO software for the resolution of the system of equations [32]; as a summary, the
different data that were identified were obtained together with their objective functions,
restrictions, and costs, as shown in Table 16.

Table 16. Building optimization in each scenario.

Strategy Type Cost
kWh ($)

Cost
kWh/Month ($)

Traditional kW 32.3 7857.1
Eco-efficient kW 13.8 3615.2
Optimized kW 12.5 3256.1

Total 58.6 14,728.5
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The optimization function of the energy system resulted in 1498,454 kWh/month in
its minimization, and the restriction values shown in Table 17 were obtained.

Table 17. Restrictions on power consumption optimization.

Power Consumption Optimization

x1 ≤ 9.79 kWh
x1 ≥ 6.52 kWh
x2 ≤ 1.92 kWh
x2 ≥ 1.28 kWh
x3 ≤ 2.50 kWh
x3 ≥ 1.67 kWh

x4 ≤ 193.32 kWh
x4 ≥ 128.80 kWh

From this result, it could be interpreted that the system was still improved because
a suite would not always be occupied by two users, and so on for the rest of the units.
Finally, by conditioning the optimized control parameters for the EEM, the percentage of
compliance per improved area was obtained for each building, as shown in Table 18.

Table 18. Optimized scenarios for eco-efficient buildings.

Criteria Parameters Condition
Building

Lafuente % Essence % Huma %Max

Limitations on
water

consumption

Surface water retention
(L/day)

Percentage of permeable area 0 0 0 0 0 0

Percentage of rainwater retained 18,096.71 47.43 52,113.77 77.24 11,760 39.3

Efficiency in drinking
water consumption,

graywater treatment, and
rainwater reuse (L/day)

Water consumption efficiency 38,199.08 34.81 50,365.35 35.62 19,100 36.31

Graywater treatment 13,443.81 41 0 0 0 0

Rainwater reuse 13,752.88 34.9 45,591.61 85.69 11,670 60

Limitations on
energy

consumption

Building consumption

Energy consumption efficiency
(kWh/month) 90,380.77 46 127,670 50.63 55,306 51

Balanced
consumption/generation

(kWh/day)
270.71 9.28 425.61 10.33 145.61 8

Energy efficiency related
to mobility

Spaces for commerce and/or
social equipment (m2) 173.47 100 398.88 100 0 0

Diversity of uses 0 0 0 0 0 0

Bicycle parking lots (u) 38 100 49 100 15 100

Number of parking spaces 0 0 0 0 0 0

Limitations of
environmental,
landscape, and
technological
contributions

Technology

Building materials ($) 1,672,165.1962.15 3,264,651.2549.49 744,605.27 60.45

Lightweight masonry materials
(kg/m2) 4,783,222.35 60 7,033,157.3547.90 2,200,499.54 60

Environmental and
landscape

Construction and operation
management plans 3 100 3 100 3 100

Integration of front removal of
the plants at sidewalk level (m) 5 100 65.19 100 48.98 41.98

Batch unification 0 0 2 50 0 0

Vegetation coverage (m2) 383.73 50 549.17 40.70 163 26.7

Bioclimatic design

Reflectance and absorbance (m2) 3018.81 100 8213.09 100 4128.44 100

Thermal comfort (◦C) 19–24 100 18–24 100 19–25 100

Illumination comfort (lx) 0–6000 100 0–6000 100 0–6000 100

Occupational density
(m2/inhabitant) 21.06 50 24.79 50 23.6 50



Sustainability 2023, 15, 7585 16 of 19

The results presented by Cáceres et al. [24] established that the urban concentration
on height reduced the environmental impact of the area of the Hypercenter of Quito; in
Model 1, the environmental impact (5,521,467.89 kgCO2_eq) was reduced to almost half
of that in Model 2 (9,624,023.94 kgCO2_eq). In other words, the users in Model 2, who
had to travel long distances to carry out their activities (work, study, shopping, leisure,
etc.), had a greater impact on the city, since they used different means of transportation
to move around, unlike the users in Model 1, who could make more journeys on foot.
In this sense, and considering the results shown regarding the relationship that existed
between the mobility of the inhabitants, the housing area, and the number of floors that
a building could have, it was shown that generating optimization models focused on the
energy consumption of buildings in their operation phase allowed a reduction in the energy
consumption generated by excessive population growth in a city.

Liu et al. [33] presented a study of the eco-efficiency of buildings in China that went
through a process of evolution, which showed that the growth gradient of efficient build-
ings gradually passed from an area of low-medium/medium efficiency to an area of
medium/medium-high efficiency. For this reason, they recommended implementing green
building policies, making the most of local comparative advantages, and coordinating
and improving support policies for green buildings and related industries by generating
tools for monitoring and optimizing the energy consumption of buildings. For this, the
generation of vertical growth policies in the design and operation phases of buildings
allows an increase in their population density.

Shiripour and Mohammadnejad [32] analyzed the management of fossil fuel and
electrical energy usage that was included in the planning of construction projects. The
objective was to determine the ideal number of periodic services for machines that con-
sumed fossil fuels, as well as the ideal service times, so that the objective function value
could be minimized, in addition to providing an optimal schedule for the electrical energy
consumption of electric machines (in what period and for how long each machine could
be used each day). According to this, a linear mathematical programming model was
developed, in which all costs associated with the consumption of power, services, and fossil
fuels throughout the project were taken into account. The collected results demonstrated
that as the project completion time and the number of machines used increased, so did the
objective function value of the presented problem.

4. Conclusions and Recommendations

The impacts of eco-efficient buildings were investigated by contrasting their designs
according to energy efficiency requirements and based on an optimization that took scenar-
ios with typical construction systems into account. The evaluation revealed that the water
consumption criteria were the most expensive for any construction business to control and
had a very erratic percentage of compliance because they were dependent on local customs.

The construction companies were interested in applying at least 50% extensions of
floors. This meant, on average, at least five additional floors, since the investment in
resources made the benefits greater. The parameters of the EEM were connected, i.e.,
one parameter strengthened others or was directly proportional. For example, if one
parameter was not met, the other could not be applied either. The most expensive area to
implement for construction companies was “water”, among other strategies that required
the modification of the building or the use of its spaces to comply with this objective, due
to the implementation of treatment plants and their maintenance. For this reason, it was
usually the most variable parameter in the results, and other areas, such as “contributions”,
always maintained their consistency, regardless of the construction company.

The percentages of compliance with each parameter should have a better technical
basis. This also includes the extra points that occurred in certain areas. They could reach
a higher score to motivate builders to improve their buildings or add extra points for the
parameters of energy consumption and renewable energy generation. For example, using
technological initiatives that reduce energy consumption and contribute to the city, such
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as photovoltaic glass applied to facades, windows, skylights, or floors, allows several
renewable innovations to be used at the same time.

The advantage offered by the EEM is that when a city has more buildings of this type,
a more tangible change into a sustainable place can be seen. For example, if a building can
better control electricity consumption with efficiency strategies, electricity demands will
decrease in order to supply users with much more infrastructure. The disadvantage of the
EEM is that, as it still requires much research, some parameters can be subjective for the
technician who uses it, making the results relative as well. In the short time that this type
of methodology has been used, there has been a notable improvement in the development
of sustainable urban spaces.

By optimizing the eco-efficient scenario, it was possible to discover that the main
influencers were the users. This can be explained by the fact that at the time of the
operation of the project, they were integral participants in maintaining the best scenario.
However, this parameter is difficult to control for construction companies, so training could
be provided to the inhabitants of an infrastructure on domestic waste management issues
to generate environmental awareness.

The eco-efficient scenario showed that the main influence on energy consumption
was the users, since, at the time of project operation, they were integral participants in
the management of the energy scenario. This was something out of the control of the
construction companies because, within the operation of the building, their support could
only go as far as generating training for the co-owners to generate environmental awareness.

The proper use of energy must be optimized by choosing patterns, using techniques,
and enforcing laws that are both economically advantageous and guarantee the durability
and sustainability of energy, as well as the continuity of life and motion. Today, practical
steps have been made to reduce energy consumption. Despite previous research, there is
still a great deal of room for improving energy consumption, which, when done properly,
can produce a variety of benefits, such as reduced energy demand, a slower rate of capacity
expansion for existing power plants, better consumption patterns, and higher rates of
system utilization.

Eco-efficient buildings have been a new construction trend in the city of Quito since
2016 in an effort to generate strategies that make the most of all of the resources involved
from the construction phase to the operational phase. In this case, when using an opti-
mization model with linear programming, the most representative variables are considered
according to costs and their variability,

A linear mathematical programming model was developed as a consequence, and it
included all of the costs associated with electricity usage, service prices, and occupancy
rates. A global solver from the LINGO optimization program was used to solve the sug-
gested mathematical model. Many sample issues of various sizes were looked at to better
understand the behavior of the proposed problem. The collected results demonstrated that
when the project completion time and machine count grew, so did the objective function
value of the presented problem.

Furthermore, as the project completion time increased, the model’s solving time also
logarithmically ascended. The collected findings showed that the suggested model was
capable of reducing the costs associated with energy consumption in construction projects
by offering the best possible planning for the electric system.
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