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Abstract: This paper compares the potential for building energy saving of various passive and active
strategies and on-site power generation through a grid-connected solar photovoltaic system (SPVS).
The case study is a student welfare unit from a university campus located in the tropical climate (Aw)
of Guayaquil, Ecuador. The proposed approach aims to identify the most effective energy saving
strategy for building retrofit in this climate. For this purpose, we modeled the base line of the building
and proposed energy saving scenarios that were evaluated independently. All building simulations
were done in OpenStudio-EnergyPlus, while the on-site power generation was carried out using the
Homer PRO software. Results indicated that the incorporation of daylighting controls accounted
for the highest energy savings of around 20% and 14% in total building energy consumption, and
cooling loads, respectively. Also, this strategy provided a reduction of about 35% and 43% in total
building energy consumption, and cooling loads, respectively, when combined with triple low-e
coating glazing and active measures. On the other hand, the total annual electric energy delivered by
the SPVS (output power converter) was 66,590 kWh, from where 48,497 kWh was supplied to the
building while the remaining electricity was injected into the grid.

Keywords: energy savings; daylighting; photovoltaic system; EnergyPlus; Homer PRO; Net Zero
Energy Buildings

1. Introduction

Energy consumption in buildings is a field of extensive research worldwide. Buildings
are one of the fastest growing sectors in energy consumption in the last decades [1–3], which
is due to population growth, industry development, expansion of cities, and improvement
of living standards [4]. The aforementioned implies a growth in the demand for thermal
comfort and indoor air quality [5]. This sector has a contribution between 20–40% of the
global final energy consumption [6,7], where these percentages vary according to region.
For example, buildings in European Union Member States represent about 40% of total
final energy consumption and 36% of carbon emissions [8]. Electricity is one of the most
widely used energy sources in buildings. It is estimated that buildings consume about 60%
of the global electricity [9], which has increment its use in more than 19% between 2010
and 2018 [10]. The energy consumption of buildings is mainly affected by factors such
as weather conditions, building characteristics, and the operating conditions of building
systems [6]. Heating, ventilation, and air-conditioning systems (HVAC) are used to provide
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indoor thermal comfort and their demand depends mainly on local climate, building
design and internal loads. These systems are the largest consumers of energy in buildings
with about 40% of it [7,11]. Also, the energy demand for HVAC is affected by the thermal
properties of the building envelope (walls, doors, roofs, windows, etc.) mainly in warm
climate locations [12–14]. Artificial lighting is the second most energy-consuming system
in buildings, ranging from 20% to 45% [15,16]. Educational buildings are among the
main consumers of energy in the commercial building sector, where in countries, such as
USA, Australia and UK, the energy consumption of these buildings is between 10% and
13% [7,17]. The frequency of use and occupancy of classrooms could considerably increase
the energy bills [15]. In the case of Ecuador, commercial buildings account for 20.5% of the
total Ecuadorian electricity demand [18,19]. Therefore, it is necessary to look for initiatives
that help to improve the efficiency in the use of energy in the buildings maintaining the
levels of comfort of the users, with minimum cost and reduction of their carbon footprints.

2. Literature Review

Various energy saving strategies have been modeled and implemented in buildings
to reduce their energy consumption. Some of these measures are focused on increasing
the efficiency of artificial lighting and their integration with daylighting through the
development of improved control systems [15,16]. The latter is considering adequate
lighting levels according to the type of activity of the area to be controlled and visual
comfort [20]. Although the use of daylight could be exploited in the buildings, this must be
done in a technical way as there could be a possible problem with heat and solar glare [21].
Several studies have shown considerable reductions in energy consumption with the use
of intelligent lighting controls. A typical Greek classroom was analyzed in [15], where the
results showed that from an annual lighting primary energy consumption of 90.5 kWh/m2,
it can be reduced to 0.55 kWh/m2. Han et al. [22] reported that the control of a 200 W LED
lamp and daylight exploitation could achieve savings of 174 kWh per year taking into
consideration the operating conditions of the experiment. Likewise, two control algorithms
were tested for the lighting of two offices, where the experiments shown savings of up to
70% [23]. In [24], three classrooms were studied over the course of a year with various
types of lighting control. Here, the authors found savings between 18% and 46%.

Previous studies have shown the potential of implementing high performance win-
dows and shading devices in buildings to reduce their energy consumption. Kunwar
et al. [25] analyzed the use of shading devices, two types of glass and lighting controls
in a test room, where the authors achieved energy savings of 25.4% in cooling and 48.5%
in lighting. According to [13], advanced glazing technologies can achieve annual energy
savings between 0.56 kWh/m2 and 323 kWh/m2 per window area, where these materials
are capable of handling solar heat and visible light transmitted into the building. Somasun-
daram et al. [26] modeled a building with the use of a new type of low-emissivity glass over
existing window glass and found that this replacement could achieve energy savings of up
to 9% in air conditioning usage. Marino et al. [27] stated that in warm climates when the
window surface occupies more than a quarter of the wall surface, the use of shading devices
is crucial for energy saving purposes. Furthermore, the authors indicated that this measure
is more efficient than improving the characteristics of the building envelope. Changing the
size of the window façades taking into consideration the environmental conditions and
building orientation has influence on the energy consumption of the building. The Window
to Wall Ratio (WWR) parameter is relationship between the size of the window surface
according of its wall surface [27–29]. Alghoul et al. [30] studied the influence of the WWR
and window orientation on the cooling, heating and energy consumption of a small office
in the city of Tripoli, Libya, where increasing the WWR resulted in increased cooling energy
consumption. In addition, the increase of windows in the façade resulted in higher energy
consumption between 6–181% among all the cases studied. However in [31], the use of
sunshades in a comprehensive shade in the windows of a hotel in China showed a saving
of 6.5% in the annual cooling load taking a reference WWR of 0.32.
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The replacement of old equipment with lower consumption ones is another option to
improve the efficiency of energy use in buildings. ENERGY STAR certified equipment could
reduce energy consumption by 10–50% compared to standard equipment [32]. For example,
a conventional desktop computer consumes 65 W against 54 W for the same ENERGY STAR
equipment. In models made to an Italian office building, Luddeni et al. [33] evaluated two
equipment replacement levels of 5.4 W/m2 and 8.1 W/m2 using 10.8 W/m2 as a baseline.
Here, the modeling of this measure allowed energy savings of over 10%.

The use of renewable energy sources in buildings is an eco-friendly solution. Some re-
newable sources that can be applied in buildings are photovoltaic (PV) panel modules,
geothermal heat pumps, fuel cell systems, and solar thermal collectors [34]. The use of solar
panel technology is convenient for buildings because apart from reducing the dependence
on grid electricity and energy bills, it could not require long distances for power transmis-
sion as solar farms [35]. In addition, this technology reduces pollution levels and acts as a
heat shield when it is placed on the roof. The shading effect on the thermal performance
of the roof could reduce the energy consumption for indoor air conditioning in warm
climates [36].

Nearly Zero Energy Buildings (NZEBs) are based on a group of regulations, energy
polices, standards, and codes, which aim to ensure a higher improvement on building
energy performance and also the implementation of on-site (or near-site) energy generation
from renewable sources [37]. The objectives of the NZEBs are not only limited to new
buildings [38], because existing buildings can be retrofitted considering energy saving
measures and renewable generation. The growth of the building sector is accelerating the
use of solutions to improve efficiency, to reduce the carbon footprint and to reduce energy
consumption in buildings. The European Union is promoting the NZEB as a minimum
standard for the new buildings in the coming years [39]. Similarly, strategies adopted by
NZEBs in hot and humid climates are related to passive and active design, exploitation of
technologies such as artificial lighting and HVAC systems, other energy saving measures
and renewable generation [40,41]. Despite of this, the implementation of various energy
saving measures could increase construction costs considerably, mainly if NZEB targets are
pursued [40].

Each energy saving strategy must be planned, designed and modelled to estimate its
impact on the building performance. Many authors have used the EnergyPlus software,
initially to know if the strategies could achieve NZEB objectives or in the ideal scenario, if
the modelling of strategies will achieve the expected zero balance [13,31,37]. Regarding
onsite electricity generation, Homer PRO software is widely used by researchers to estimate
the sizing, operation, economic costs, and other parameters, of power generation systems
from renewable sources [42,43].

The present study aims to evaluate the potential for energy saving of different passive
and active strategies for a student welfare unit located in Guayaquil, Ecuador. The case
study is surrounding by a tropical climate, with two seasons: Wet and dry. All building sim-
ulations were carried out in OpenStudio-EnergyPlus. Also, we proposed a grid-connected
solar photovoltaic system (SPVS) to reduce the purchase of electricity from the grid. The ex-
pected results would determine some guidelines for building retrofits in this and related
climates. Also, the study can contribute to generalize energy saving strategies for tropical
cities, Aw, according to the Köppen-Geiger classification [44], and improve the sustainable
building design in these climates. This is a relevant issue since more than 33% of the global
population lives in the tropics, and in Ecuador more than 50% of its total population [45].

3. Materials and Methods

The methodology has been divided into five subsections. Section 3.1 addresses location
and climate conditions of the surroundings of the studied building. Section 3.2 describes
the geometry, building materials, and the operation schedules of the modeled building.
Section 3.3 describes some details about OpenStudio-EnergyPlus simulations. Section 3.4
defines energy saving strategies to be proved for the case study. Finally, Section 3.5
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encompasses the on-site power generation through a photovoltaic system.

3.1. Location and Climate Conditions

The city of Guayaquil (2◦11′21.89′ ′ S, 79◦53′20.64′ ′ W) is the largest and the most
populated city of Ecuador, with an estimated area of 2494 km2 and about 2.72 million people
in 2020, based on projections of the National Census Institute (INEC) [46]. Guayaquil has a
tropical climate, corresponding to the Aw group from the Köppen-Geiger classification [44],
with two well-defined seasons: wet (January–April) and dry (May–December). The climate
conditions of Guayaquil are depicted in Figure 1. The monthly average temperatures
vary between 23.4 to 26.5 ◦C. The monthly minimum temperatures are above 18.0 ◦C,
while the monthly maximum temperatures are below 33.2 ◦C. The relative humidity values
are higher during the wet season, while the annual average is about 70%. The monthly
average global radiations are between the 3.5 and 5.3 kWh/m2.
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Figure 2 shows the distribution of the annual climate conditions of Guayaquil (temper-
ature and humidity) plotted on the psychrometric chart based on a Typical Meteorological
Year (TMY) file. As can be observed, during almost all the year, the city presents high
outdoor temperatures and humidity. It means that around 86% of the year people could
experiment indoor discomfort. Therefore, efficient air-conditioning systems and/or passive
energy saving strategies are required to reduce the energy demand for cooling in these
climates. Some strategies suggested by the Climate Consultant v. 6.0 tool [48] for the
studied climate are dehumidification, sustainable cooling, and solar shading.

3.2. Building Description

The building under study is the Student Welfare Unit of ESPOL Polytechnic University,
whose campus is in Guayaquil, Ecuador (Lat. 2◦ 8′34.61” S, Long. 79◦58′1.76” O) (Figure 3).
It is a two-story building formed by conventional local building materials, based on
masonry construction [14]. Table 1 summarizes the physical and thermal properties of the
building materials that form the studied building envelope. The entire building has a total
floor area of about 1086 m2 and a floor to floor height of 4.5 m. This building has a 35%
window-to-wall on the north wall, 38% on the south wall, 33% on the east wall, and 23%
on the west wall.
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Table 1. Physical and thermal properties of envelope building materials (adapted from [14]).

Construction Density
[kg/m3]

Thermal
Conductivity

[W/m-K]

Specific Heat
[J/kg-K]

U-Value
[W/m2-K]

Roof
Steel sheet (1 mm) 7800 50 450

Heavy weight concrete
(30 cm) 2240 1.31 837

Wall
Hollow concrete block

(9 cm) 1600 0.47 1000

Plaster (1 cm) 800 0.37 340

Floor
Heavy weight concrete

(10 cm) 2240 1.31 837

Acoustic tile (2 cm) 368 0.06 59

Windows
Clear glass (6 mm)

5.78Metal frame

The building has a double use: it works as an office building and as a medical center
for students and the rest of the University staff. The building operates from 8:00 to 16:30
during weekdays.

The internal heat gains of the building consist of internal (appliances, lighting) and
conditioned loads (direct expansion mini splits). Table 2 summarizes the overall installed
power by end-use. All the internal and conditioned loads of the building work with
electricity.

Table 2. Building internal loads: installed power by end-use (from [49]).

System Description Installed Power [W]

Lighting LED and saving lighting 11,974
Electric equipment Appliances 25,716

Air-conditioning Direct expansion mini and
floor/ceiling splits 170,567 (581,999 BTU/h)

Also, the studied building has an occupancy of around 30 permanent workers, all
of them performing light office activities. Therefore, the activity level value was set at
100 W/person.

The energy tariff for the building is USD$0.06/kWh from 07:00 to 22:00; the rest of
the hours the electricity cost is USD$0.05/kWh. Likewise, the tariff for monthly peak
demand is USD$1.57/kW. The city’s public electricity company established these values
for 2020 [50].

3.3. Building Energy Model in EnergyPlus

We used the OpenStudio v. 2.7 tool and EnergyPlus v. 9.1 software for the simulations.
As a first step, we modeled the baseline of the building, i.e., its actual situation in terms
of energy (Figure 4). For this, we considered all internal loads from Table 2, and people
occupancy.
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We established the schedules of the building based on the information provided
by the users. We fixed the infiltration rates in 0.54 air changes per hour (ACH) [18]. Air-
conditioners were modeled with a standard COP of 3, considering that the systems installed
in the case study are obsolete.

3.4. Energy Saving Scenarios

Previous studies have defined several strategies to improve energy use in build-
ings [33]. The optimal selection of these will depend on the final use of the building,
the needs of the users (environmental comfort), the investment costs, and the climate
conditions of the site. In general, energy saving measures can be divided into two large
groups: passive and active strategies. Passive strategies are mainly focused on improv-
ing the thermal properties of the envelope components and/or taking advantage of the
climate and surroundings to reduce the energy demand of the building. In contrast, active
strategies focus directly on improving the energy efficiency of the building’s internal loads
and/or on the implementation of smart controls.

In this section, we propose different energy saving scenarios to analyze the feasi-
bility of incorporating them in the retrofit of the case study. All scenarios were tested
independently.

3.4.1. Integration of Daylight with Artificial Lighting

In order to take advantage of the daylight levels around the studied building, we pro-
posed a dimming control.

Figure 5 depicts the schematic of the dimming control scenario modeled in EnergyPlus.
This system uses a photosensor to monitor the lighting level (in lux) in a reference point of
the studied zone. As the main purpose of these systems is to maintain the desired lighting
levels within the zone, they adjust the output power of the artificial lighting systems based
on the available daylight levels. We used “SplitFlux” as the daylighting method, with a
minimum input power fraction and minimum light output fraction of 10% in both cases.
We also defined the illuminance setpoint at each reference point as 500 lux.

3.4.2. Window to Wall Ratio (WWR-20%)

Since the optimal WWR for daylighting and natural ventilation is around the 30–40%
and considering the external view as an important factor for the environmental comfort of
the users, we proposed a reduction of the WWR from the base case to 20% in all façades.
For this purpose, we used the “Resize existing windows to match a given WWR” measure
from NREL’s Building Component Library (BCL) available for OpenStudio [51]. This mea-
sure reduces the dimensions of each window around its centroid and it only works in case
of WWR reduction. The result of applying this measure provides a clearer perspective
about its potential against the potential of daylighting control strategy. Therefore, from this
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analysis we would be able to know if it is recommended to keep the current WWR to take
advantage of the daylighting availability or if it is better to reduce it without considering
the incorporation of daylighting strategies in this building.
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3.4.3. Static Solar Shading

We employed static shading devices on the windows of the building in horizontal
(overhangs) and vertical fins configurations, as shown in Figure 6. These configurations
aim to reduce the penetration of sunlight into the building through the windows [31]. These
structures were placed on the windows of all façades in the building model. The height
and width of these structures are adapted to the dimensions of the windows and the depth
was set at 60 cm in all windows.
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3.4.4. High Performance Windows (TrpLoE)

Static windows with triple glazing were considered in the analyses, as shown in
Figure 7. This retrofit window has a thickness of 44 mm, where the glasses are in layers 1–2,
3–4 and 5–6. It has two air gaps filled with argon gas (2–3 and 4–5), as well as two low-e
coating films (2 and 5). The thickness of each air gap with argon is 13 mm and 6 mm for each
glazing. These retrofit windows were modeled in all façades. We proposed windows with
lower thermal transmittance values (U-value = 0.785 W/m2-K) to reduce the solar gains
of the building, while admitting the entrance of daylight into the indoor spaces (visible
light transmittance, τ = 0.66), with a low solar heat gain coefficient (SHGC = 0.474) to avoid
overheating. Single pane windows, which are common in the façades of Guayaquil’s
buildings, are responsible for increasing the energy demand for cooling due to the higher
solar gains. Poor window design will result in significant impacts on thermal and visual
comfort and increased energy demand for cooling, and consequently, these will increase
energy bills and CO2 emissions.
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3.4.5. Active Measures for Energy Saving

We analyzed three actives measures, which are: changing the cooling set point of
the thermal zones, increasing the coefficient of performance (COP) of the air-conditioners,
and replacing the standard electric equipment with others with ENERGY STAR certifica-
tion.

In the studied case, the set points of the air-conditioners are typically fixed at tempera-
tures between 21–22 ◦C. For energy saving purposes, we changed the set point temperature
to 24 ◦C, in accordance with [45] to maintain an adequate level of comfort for all users.
This measure is intended to establish a single temperature, which will reduce the excessive
cooling of areas according to the needs of certain users.

For this scenario, we also considered the replacement of air-conditioners with others
of higher coefficient of performance (COP). To accomplish this, we followed the recom-
mendations of the ASHRAE 90.1-2019 Standard [52] for the U. S. Department of Energy
(DOE) minimum energy efficiency requirements for HVAC systems and changed the COP
values of each one in OpenStudio. Table 3 summarizes the cooling capacity ranges of the
air-conditioners installed in the case study and their corresponding minimum COP based
on DOE recommendations.
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Table 3. Cooling capacity ranges and DOE minimum energy efficiency requirements for air condi-
tioners (extracted from [52]).

Cooling Capacity [BTU/h] COP

<65,000 3.45 (SEER 14)
≥65,000 and <135,000 3.55 (SEER 14.6)

The replacement of electric standard office equipment with similar but less energy-
consuming equipment was another energy-saving measure proposed in this study. We pro-
ceeded to replace office equipment such as computers, printers, and copy machines by
similar equipment but with ENERGY STAR certification [32,33]. This is equivalent to a
reduction of about 20% in the installed power for appliances. This measure maintained the
same operation profiles of the base case. The use of high-performance lighting systems
was not in the scope of this study since it is considered that the lighting systems of the base
case are LED.

3.4.6. Combined Scenarios

We also proved two combined scenarios that were selected at our discretion:

1. Scenario 1: Daylighting control + TrpLoE + Active measures
2. Scenario 2: Shading + TrpLoE + Actives measures

We considered the active measures in both scenarios since these strategies are the
directly related to the reduction in internal loads. On the other hand, we chose to evaluate
the TrpLoe windows in both cases to answer one key question: Is it better to take advantage
of the solar radiation coming into the building, or is it preferable to block it partially,
considering the studied climate?

3.5. On-Site Energy Generation

The building under study has a nearby total area of more than 2000 m2, free of
obstacles, where PV modules could be installed without any inconvenience in case of
implementation. For the purpose of the present work, we proposed to use between 20%
to 25% of the total available area. Taking into account the size and power of the selected
PV module and the target area, we considered a grid connected solar PV system (SPVS) of
50 kWp for on-site energy generation.

The SPVS aims to reduce the use of the building’s electrical energy from the electric
power grid. In the implementation of a SPVS, its investment costs could be much higher
than the execution of the other energy saving measures in the building, depending mainly
on its size [33]. In the simulation it is assumed that the surfaces of the PV modules are facing
north with a tilt angle similar to the latitude of the site. These last conditions are ideal for
extracting the most significant PV energy in SPVSs, located in the southern hemisphere [53].
DC/AC power converters sends the power generated by the PV panels to the electric
power grid, which can operate in parallel to the grid without any inconvenience.

The simulations of this system were carried out in the HOMER Pro software [54], tak-
ing into consideration the electrical load modeled in EnergyPlus. The governing equation
to calculate the output power of each system is the following:

Pout,PVsyst = YPVsyst × fPVsyst

(
GT

GT,PVsyst

)(
1 + αp

(
Tc − Tc,PVsyst

))
, (1)

where YPVsyst is the nominal capacity of the PV system, fPVsyst is the derating factor of
the PV system, GT is the incident radiation on the PV system [kW/m2], GT,PVsyst is the
irradiation under standard test conditions [1 kW/m2], αp is the temperature coefficient
of the power [%/◦C], Tc is the cell temperature of the PV system [◦C], and Tc,PVsyst is the
temperature of the PV system under standard test conditions [25 ◦C].
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The PV module considered for the calculations was 360 Wp, monocrystalline type,
with a surface area of 1.77 m2 [55]. The cost for this module in the Ecuadorian market is
around USD$220.00 per unit with a lifetime of 25 years [56]. In addition, we considered
a derating factor of 90%, where 10% represents the losses such as dust on the surface of
the panels, wiring, shading, and others [57]. Likewise, the cost of the 6 kW DC/AC power
converter was USD$5,000.00, with an efficiency of 95%. The replacement costs of these two
equipment are not considered in this simulation.

Figure 8 shows the configuration of SPVS, which was simulated in Homer Pro. It is
composed of PV panels, DC/AC power converters, electric power grid and the electrical
load of the building.
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4. Results

In order to provide a better understanding of this section, it has been structured as
follows. The first subsection encompasses the estimated results of the annual energy con-
sumption of the building and its energy consumption by end-use. These results represent
the baseline of the model. The second subsection presents the results of the energy saving
strategies and analyzes their feasibility to improve the energy use in the studied building.
The third subsection presents the results of the combined energy saving scenarios. The forth
subsection regards to the costs related with each of the strategies. Finally, the fifth section
shows the results from the SPVS and its related costs.

4.1. Baseline

We estimated the energy consumption of the Student Welfare Unit model related to the
annual operational activities of the building. Considering all internal gains and conditioned
loads, the estimated annual energy consumption resulted in 97,958 kWh. The estimated
Energy Use Index (EUI) was 90.17 kWh/m2-year. The 44% of the total energy consumption
corresponded to the use of HVAC systems. Lighting and electric equipment occupied 31%
and 25% of the total, respectively. The results are consistent with analysis conducted in
similar buildings of the Coastal Region of Ecuador [58,59].

Figure 9 shows the estimated monthly energy consumption by end-use. As can be
observed, the energy consumption exhibited a seasonal behavior being higher during
the months of the wet season and lower during the months of the dry season. This is an
expected result since outdoor temperatures during the wet season are higher causing heat
gains through the envelope and through infiltration to be more significant than during the
dry season.
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Since energy consumption for cooling and lighting are the largest, measures should
be taken to reduce electricity consumption mainly in these sectors, without affecting the
comfort levels of the indoor environment (thermal, visual, and others). Regarding electric
equipment, their replacement with their equivalent ENERGY STAR could lead to a relevant
reduction in the annual energy consumption of the building. Also, energy efficiency policies
could be addressed to improve the energy use in this type of buildings. The introduction
of common dinning spaces and user training are other initiatives that can contribute to
reduce the energy consumption and consequently, the carbon footprint of the building.

4.2. Energy Saving Scenarios

Figure 10 shows the results from the simulations of the energy saving scenarios pro-
posed for the case study. We analyzed the savings strategies in the figure separately. As can
be seen, daylighting control strategy had a highest impact on the total energy consumption
in comparison with the other studied strategies. It provided a higher reduction in the
annual building consumption by decreasing the energy for lighting in 42% compared with
the base case. This strategy exhibited a EUI of 72.09 kWh/m2-year. Next, active measures
were in second place, providing the highest reduction in energy for HVAC systems and
equipment. This is an expected result since active measures directly increased the energy
efficiency of the HVAC systems, and also, the replacement of obsolete equipment with their
ENERGY STAR equivalent reduced the final energy consumption for equipment in 15%,
which can increase if it is applied to other type of buildings such as offices. The resultant
EUI of this strategy was 77.07 kWh/m2-year. The other saving strategies showed similar
percentages of reduction. The main reason why the daylighting strategy had the highest
impact among all strategies is due to the exploitation of daylight in the lighting of the
building areas. This contribution of daylight to artificial lighting reduces energy consump-
tion considerably compared to the case where there were not dimmable control systems
on the light fixtures. Also, the application of all strategies reduces the energy demand
for cooling of the building so that there was a reduction in cooling compared to the base
case. Likewise, there was a slight reduction in the use of HVAC fans. These results help to
estimate how much electrical energy can be saved by implementing these five strategies.

Figure 11 shows the energy saving percentages and the impact of each energy saving
strategy on the total building electricity consumption and cooling. As can be observed,
WWR-20% showed the smallest reduction in the annual total energy consumption (only
5.6%) but provided a reduction of about 12% in cooling loads. The solar shading and
TrpLoE strategies showed reductions in energy for cooling of around 15–16%. The im-
plementation of the WWR and Daylighting strategies should be carefully analyzed in
building modeling. This is because while window reduction also reduces internal heat
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gains, this measure primarily affects the input of daylight and natural ventilation. As can
be seen, the daylighting strategy showed a reduction of 20%, being the one that provided
more savings in annual energy consumption. Despite daylighting controls decrease the
energy for cooling in 14.3%, active measures provided a higher saving in cooling load of
about 24.2%. In the case of the building under study, the daylighting strategy would be the
ideal choice (between the two strategies mentioned) that would represent a considerable
energy savings, in this particular case in electricity, and at the same time, a decrease in the
energy bills.
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4.3. Combined Scenarios

In this section, we simulated two scenarios consisting of two groups of strategies. Sce-
nario 1 consists of the application of solar shading, TrpLoE and active measures, while Sce-
nario 2 consists of the application of daylighting, TrpLoE and active measures in the
building model. Results from the simulations of these scenarios can be observed in Figure
12. In the Figure 12a, scenario 1 showed an annual energy consumption of 75,203 kWh
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(EUI = 69.22 kWh/m2-year) and scenario 2 of 63,713 kWh (EUI = 58.64 kWh/m2-year).
Figure 12b showed the percentage savings in total energy consumption and in cooling in
the modeling of the two scenarios. Scenario 1 reduced total energy consumption by 35%
and scenario 2 by 23% compared to the base case. The impact of both scenarios on building
cooling is about 43%.
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4.4. Investment Cost of the Proposed Energy Saving Scenarios

In this section, we present the investment costs related to each of the proposed energy
saving scenarios. Table 4 lists the approximated costs taking into account the suggested
costs from the Ecuadorian construction sector [60,61]. As can be observed, the costs related
to implementation of high performance windows are the highest and also, it presented the
highest payback (more than 100 years). On the other hand, the installation of daylighting
controls provided the lowest costs and a payback of more than 2 years. For this, daylighting
solutions could be considered as the most cost-effective strategy to provide energy savings
in this building according to the present analysis. Also, changing the cooling setpoint
of the building should not be ignored since this strategy does not present an investment
cost. Other strategies as WWR-20% and the use of static shadings presented paybacks of
less than 50 years. The implementation of this strategies should be carefully analyzed,
especially due to the cost of the energy in this building, which is subsidized. Therefore,
this decision would probably lie on the availability of external investors.

Table 4. Investment costs of the proposed energy saving scenarios (authors elaboration based on costs established in [60,61]).
All costs are presented in USD$.

Energy Saving Scenario Investment Cost Unit Total Payback

Daylighting controls

Dimming controller
Photosensor

From $100.00/unit
From $60.00/unit

20
20 From $3200.00 2.34 years

Window to wall ratio reduction

WWR-20%
Windows desmounting

Cement filling
New windows installation

From $4.25/m2

From $10.00/m2

From $31.00/m2

310 m2

181 m2

129 m2
From $7126.50 18.7 years
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Table 4. Cont.

Energy Saving Scenario Investment Cost Unit Total Payback

Static shading devices

Overhangs and vertical fins from
aluminium From $118.76/m2 211 m2 From $25,058.36 47.16 years

TrpLoE

Triple glazing (6 mm) with double low
emissivity films and aluminum profile From $174.80/m2 310 m2 From $54,188.00 103.8 years

Active measures

Changing the cooling setpoint
temperature - - -

63.7 years

Replacement of obsolete air-conditioners
with their higher efficiency equivalent

Mini split 12,000
BTU/h: from
$500.00/unit

Mini split 18,000
BTU/h: from
$700.00/unit

Floor/ceiling split
36,000 BTU/h: from

$950.00/unit
Floor/ceiling split

60,000 BTU/h: from
$1200.00/unit

10
7
6
2

From $18,000.00

Replacemet of obsolete electric equipment
with their equivalent ENERGY STAR

Computer: from
$1100.00/unit

Copy machine: from
$1200.00/unit
Printer: from
$200.00/unit

31
9
1

From $45,100.00

4.5. On-Site Power Generation

Figure 13 shows the estimated monthly electricity generation of the SPVS of 50 kWp
projected by HOMER Pro. The electrical load of the building was 97,958 kWh/year, whose
monthly distribution can be seen in Figure 5. The total annual electric energy delivered by
SPVS was 66,590 kWh where 48,497 kWh served to feed the building and the remaining
18,093 kWh were introduced into the electric power grid. This last amount is the excess
energy produced by the SPVS when the building’s electrical load is already covered [62].
The energy purchased from the grid during one year for the building’s operation was
47,080 kWh. The month of July showed the minimum reduction of 44.20% in the use of
energy purchased from the grid compared with the baseline modeling. October showed
the highest reduction with 59.96%. The average monthly reduction was 51.98%.

Figure 14 shows the distributions of the annual hourly electrical power. As can be
seen in the figure, the distribution of the power from the SPVS (output power converter)
and electric power grid to cover the electrical load can be clearly observed. It should be
emphasized that the operation of the SPVS is given according to the following cases. First,
when there is a high solar resource and certain power consumption of the building at a
specific time during daytime, the power of the converter could exceed this consumption
and the surplus is introduced into the grid. The highest levels of power injection to the grid
take place between 11:00 and 17:00, given that the electrical load is completely covered. In
contrast, if there is a low solar resource and certain power consumption of the building
in a certain time during daytime, the power of the converter is completely injected into
the building and the difference to complete the load is taken from the grid. During the
nighttime, the power consumption of the building is completely taken from the grid.
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Furthermore, since the building does not operate on weekends, the power delivered by the
SPVS is almost entirely injected into the grid. The results show that there are a significant
number of hours of daytime per year that present the first case of operation.
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The initial capital cost of the SPVS was USD$72,222.00 with an operation and mainte-
nance cost of USD$3211.00. This last cost is related to the payment of energy purchased
from the grid. In the present work, the SPVS was analyzed for one year of operation and
the costs of assembly and installation of the system had not been considered.

5. Discussion

Energy savings strategies based on windows retrofits are one of the most expensive
according to literature [33,63]. In our analysis, this strategy provided a reduction of about
16% and 8% in cooling loads, and total building consumption, respectively. The use of
daylighting controls compared with the above exhibited a higher potential for savings that
can lead to reductions of around 20% or more, depending on the control technology [64]. In
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equatorial zones, as in the case of Guayaquil, daylighting strategies can be very effective as
stated in literature [65,66] since more direct solar radiation is received in this areas. This al-
ternative could also present superior cost benefits when compared with the implementation
of higher performance windows (doble reflective or triple pane low-e windows) or the
replacement of obsolete equipment with more energy-efficient devices. The introduction
of higher COP air-conditioners in old buildings could represent an important investment
that should not be neglected, even when this measure could allow for energy savings
ranging from 6 to more than 30% for different SEER values [67]. Therefore, this should be
rethought for being used in new building projects and prioritize other low-cost measures
for retrofitting purposes.

For minimizing the costs of implementing these measures in retrofits, some zero-cost
strategies should be considered to improve energy use in buildings. Papadopoulos et al.
(2019) [68] showed an example of this by changing the thermostat setpoint without compro-
mising the occupants thermal comfort levels. When varying the cooling occupied setpoint
between 24.3 to 26.9 ◦C, they found reductions up to 60% in HVAC loads depending on the
climate. In this study, we included this strategy between the active measures and obtained
that around 1/3 of the reduction provided by this strategy corresponded to the case when
thermostat was set at 24 ◦C. This is equivalent to a decrease of 4% in the annual building
electricity bills, which can be used to partially meet the implementation costs of other
strategies. Despite the benefits of setting a higher static temperature for cooling control,
some studies suggest that adaptive setpoints for summer and winter could reduce the
building annual energy consumption even more [69,70]. In the case of Guayaquil, it is
required to deepen this analysis to determine its effectiveness since the climate of this city
could be a challenge for this approach.

Other strategies, such as the installation of static shading devices have been widely
studied for researchers worldwide and despite their limitations [71], their use in hot and
humid climates could account for reductions between 10% and even more than 20% in
building cooling loads, depending on the shading design [72,73]. Even though our results
are in accordance with this range, more effort should be devoted to exploring the optimal
design of these element to decrease the energy demand for cooling in Guayaquil buildings,
considering its climate, the type of building, and also, the amount of solar radiation on
each façade. Full shading in all façades is recommended for tropical climate cities as
Guayaquil [72,74]. However, to determine the best shading configuration for each façade
could allow for relevant reductions in cooling, while decreasing the costs related to the
application of this strategy.

The power of SPVS does not reduce the energy consumption of the building like other
energy saving strategies. This power is consumed by the building during the daytime
on-site and the surpluses sent to the power grid [33]. According to the legislation in
Ecuador, these surpluses could generate an energy credit in favor of the consumer but with
no money back from the electric company [75]. Guayaquil is a city that has a considerable
solar resource [76], where the implementation of SPVSs could considerably reduce the
electricity bills and the carbon footprint of buildings. However, the expansion of these
systems is limited by the subsidies that have certain countries on electricity tariffs [77],
as in the case of Ecuador.

The obtained results from EnergyPlus simulations could present uncertainties of
around±10% [78,79], which is in accordance with the ASHRAE Guideline 14 [80]. These un-
certainties depend on external errors related to weather data, schedules, and others, but also,
internal errors such as the difference between actual HVAC and its simplified model in the
simulation, and the inaccuracies of the mathematical models [81].

Overall, this study showed the potential for energy savings of various passive and
actives measures applied in a university building from Guayaquil, Ecuador. From these
results, some research questions emerged that could be addressed in future works:

• What could be the best shading configurations to be applied in Guayaquil taking into
account the incident solar radiation in each façade?
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• What could be the best cooling set point to save energy considering the thermal
comfort of the occupants in these type of buildings?

# Should this cooling set point change depending on the season (wet/dry)?

• What could be the best cooling strategy to provide energy savings and reduce the
building’s carbon footprint without compromising indoor thermal comfort in this
climate?

• Apart from the implementation of daylighting controls, what could be another low-
payback alternative to reduce energy in this climate?

6. Conclusions

This paper analyzed the potential for the implementation of some energy saving
strategies in building retrofits from the tropics. The base case, which was a student welfare
unit from an Ecuadorian university campus, and all the proposed energy saving strategies
were modeled in OpenStudio-EnergyPlus. This study also evaluated the opportunities of
the implementation of a SPVS in the studied building, which was simulated in Homer PRO
software.

The analysis of the proposed strategies suggested energy savings between 10 and 25%
in cooling loads and between 5 and 20% in the annual building consumption when were
evaluated independently. Whereas the combination of some strategies resulted in savings
of around 43% in cooling and from 23% to 35% in annual building consumption.

Daylighting control strategy was the one that provided the more energy savings
independently and even when combined with other strategies such as TrpLoE windows
and active measures. The results suggested that it would be more cost-effective to use
daylighting strategies in building retrofits located in hot and humid climates.

The use of SPVS reduces the carbon footprint and the electricity bills of the building;
however, its implementation is subjected to local regulations and the total costs of the
project.

The combination of the energy saving strategies with the proposed PV system could
approach the case study into a NZEB.

7. Limitations of the Study

This study presents a model of a real building located in the tropical city of Guayaquil,
Ecuador. Its limitations lie particularly in the use of TMY weather files and in the power of
the simulation tools. Also, the energy saving scenarios, proved in this work, are based on
some strategies, which have been previously recommended by the research community for
hot and humid climates.

Despite these limitations, results were congruent with the related literature and can
be used by architects, engineers and/or designers for the construction or retrofit of local
buildings or related.
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