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Abstract: The need for efficient buildings to contribute to sustainable development has led to the
proposal of goals and regulations in different countries linked to net zero energy objectives, following
approaches specific to their regions. Such regulations are not yet developed in a developing country
such as Panama. Thus, this study develops the first framework for Zero Energy Districts (ZED) in
Panama based on passive and active solutions through dynamic simulation. For this, an existing
urbanization area consisting of 34 residential buildings, called the existing case (EC), was studied.
After undergoing a design based on the bioclimatic methodology, a redesigned case (RC) is proposed
to maintain thermal comfort and reduce energy consumption. Key redesign factors are the buildings’
shape, orientation, glazing, the use of shadows, material of the walls, and the air conditioning config-
uration. Results showed energy consumption decreases by 37.5% when considering all buildings
with natural ventilation, reaching ranges of positive net energy (+356.50 kWh/m2y). In the case of
nearly ZED in Panama, the ranges could be considered between 14 and 180 kWh/m2y. This balance
indicates that there is potential on site to develop zero energy districts.

Keywords: bioclimatic; simulation; tropical climate; ZED; zero energy building; zero energy district

1. Introduction

Energy efficiency in buildings, globally, has become very important due to the contri-
bution of the building sector to climate change, its high energy consumption, and carbon
dioxide emissions. The current situation increases the pressure to adopt the measures set
out in the Paris Agreement, which aims to limit greenhouse gas emissions by keeping the
global average temperature increase below 1.5 ◦C. Improving the performance of buildings
contributes to achieving the Sustainable Development Goals (SDG 3—good health and well-
being; SDG 7—affordable and clean energy; SDG 11—sustainable cities and communities;
SDG 12—responsible consumption and production; and SDG 13—climate action) [1].

In Panama, approximately 70% of electricity consumption is concentrated in the
capital city, linking the effects with urban environments. Based on this and other energy
problems, Panama’s National Energy Secretariat has designed the National Energy Plan
2015–2050 (PEN), having among its axes the improvement of urban environments built
in a disorderly and inefficient manner [2]. Likewise, in 2019, the Sustainable Buildings
Regulation (RES) of the Technical Council of Engineering and Architecture implied the
mandatory application of mechanisms that result in savings percentages between 15%
and 20% in various types of buildings through compliance paths with passive and active
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strategies [3]. Moreover, in Chapter IV of Law 69 of 2012 (UREE), minimum energy
efficiency indices have been established to distribute equipment in the country, such as air
conditioning units, refrigerators, and luminaires [4].

These initiatives have given rise to research of the application of passive and active
solutions to improve energy efficiency in the country; however, they can have greater ambi-
tions to achieve high energy efficiency buildings, such as a Nearly Zero Energy Buildings
(nZEBs). For example, in Europe, the Energy Performance of Buildings Directive (EPBD)
makes it mandatory for the European Member States to comply with nZEB specifications
from 2018 with respect to public use, and by the end of 2020, for all buildings, including
those for private use [5]. The definition of nZEB is based on a building that requires a
meager amount of energy to operate and uses renewable sources of generation, to the
greatest extent possible, on site. The most used indicator for classifying buildings is the
primary energy in kWh/m2y. However, it is common to use parameters such as thermal
transmittance values (U-value) of the envelope, net and final energy for heating and cooling,
or CO2 emissions. Each country in the European Union is responsible for setting its limits
(considering climatic conditions, level of ambition, calculation methods, and building
traditions). For residential buildings, the primary energy ranges from 20 kWh/m2y to
180 kWh/m2y [6].

Zero Energy Building (ZEB) philosophy has been extrapolated to the community
and district level, even though zero-consumption technologies at the individual building
scale promise favorable results. By considering the mutual influence between the urban
context and buildings, it becomes possible to achieve better accuracy in evaluating energy
performance based on the same principles and goals set at the individual level [7,8]. For
example, the Green Building Council (GBC) implemented evaluations at the urban level
with the LEED for Cities and Communities Certification (v4.1), focused on the following
categories: natural systems and ecology, transportation and land use, water efficiency,
materials and resources, and quality of life [9]. In Panama, the City of Knowledge obtained
a pre-certification for communities, that being the first pre-certified pilot project in this
category in Latin America.

Along these lines, the Energy in Buildings and Communities Program of the Inter-
national Energy Agency (IEA-EBC) and the Solar Heating and Cooling Program (SHC)
have also involved among their long-term projects the development of a common method-
ology for the study of net-zero energy districts. With the SHC Task 40/EBC Annex 52
project [10,11], progress was made in documenting modeling strategies and necessary
technologies. IEA-EBC is also developing Annex 83, with the main objective of creating
a shared definition of positive energy districts (PEDs) and providing guidance on the
solutions needed for the implementation of this type of urbanization [12].

The nZEB concept has been adapted to define a Nearly Zero Energy District (nZED)
and a Net Zero Energy District (NZED) as a bounded part of a very energy efficient city with
a quantity of energy generated from renewable sources produced on site or nearby [7,13]
that includes an iteration between buildings, residents, streets, sidewalks, and vegetation.
Zero energy districts are not limited to individual buildings, but comprise several buildings
and optimize energy efficiency, thermal energy, and renewable energy generation between
those buildings to offset demand [14,15].

From the above and considering the momentum of the energy transition in Panama,
this research seeks to have a reference framework for Zero Energy Districts (ZEDs) in the
country based on energy performance simulations and bioclimatic design methodology.
The study applied bioclimatic strategies and the multi-objective optimization of active and
passive strategies through dynamic simulation, evaluating the reductions in energy con-
sumption of the urbanization. In addition, given the lack of well-defined criteria regarding
the concept of “zero energy” at the scale of urbanization, the bioclimatic methodology
applied is systematized to serve as a basis for future research in the field of study in climatic
regions similar to Panama. Moreover, with the results obtained, it is expected to contribute
to future local energy plans to contemplate the scope of ZED in their goals.
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2. Literature Review: Key Criteria for the Concept of Zero Energy Developments

The philosophy to achieve zero energy constructions is fundamentally based on first
increasing energy efficiency and then applying generation techniques based on renewable
energies. A literature review was conducted on studies focused on using passive and active
strategies to reduce energy use both at the building scale and at the urban or district scale,
at the residential level. In addition, research focused on describing the key criteria for the
concept of zero energy buildings and developments were reviewed, including the most
widely used renewable energy generation technologies for these purposes. The period
between 2015 and 2022 was used as a search reference, using Google Scholar as a search
engine, finding through these documents from different databases such as Scopus, Web
of Science, and Springer Link. The main search terms used were: “ZED,” “nZED,” “zero
energy building,” “zero energy district,” and “positive energy district.”

Despite not having a specific methodology and common definition, it is known that to
achieve zero or nearly zero energy environments, bioclimatic architecture, energy efficiency,
and Internet of Things guidelines must be implemented [16]. “Zero energy” seeks, in a
first approach, to reduce energy use. This can be reached by applying passive and active
strategies, that is, implementing bioclimatic architecture and using equipment with higher
energy efficiency rates. In Panama, there is a zero-energy house whose design sought to
reduce the annual load by cooling through a lightweight envelope, taking advantage of
natural ventilation, using high-efficiency glazing, controlled shading, natural lighting, and
dehumidification since the climatic conditions of the site lead to dependence on mechanical
cooling [17]. Other research in different climates has been based on dynamic simulations
to study the application of strategies for energy reduction by mechanical cooling; for
example, in [18], a saving of 32% was found by combining a bioclimatic scenario that
involves the use of ecological materials with a high-performance HVAC system. In [19],
the impact of cooling on energy consumption is evident by demonstrating how reductions
are achieved by increasing the cooling temperature by one degree (26 ◦C to 27 ◦C) with
savings between 23% and 35% for both a traditional home and nZEB. At the district level,
projects have also been found that use dynamic simulation, such as the REMOURBAN
project, in the city of Valladolid, Spain, which involved modifications to the façades and
ceilings, renovation of the lighting system using LED technology, integral renovation of a
thermal power plant, using two biomass boilers, rehabilitation of the distribution network,
and the integration of sanitary water heating in a district network; with active and passive
strategies, consumption is reduced by 45.4% [20]. Another perspective of interest was
evaluated in [21], where a microclimate analysis was performed to evaluate the results of
a Near-Zero Energy Project Building in the Settlement (nZES), adjusting scenarios with
increased percentages of vegetation and solar reflectance of roofs and pavements, which
implemented technologies such as extruded polystyrene insulation, low-e double-glazed
windows with PVC frames, an LED lighting system, a high-efficiency air-to-water heat
pump in the HVAC system for heating and cooling, and mechanical ventilation with heat
recovery. The results indicated that in addition to mitigating outdoor air temperatures
up to 1.5 ◦C comparing the scenarios, the difference in energy consumption between the
traditional building and the low-consumption building is 70%.

Cabeza and Chàfer [16] describe the importance of bioclimatic architecture in increas-
ing interior comfort and reducing heating, cooling, lighting, and ventilation requirements
based on strategies such as using windows, ideal glazing, passive shading, and vegetation
on roofs and balconies. The study also emphasizes that Building Integrated Photovoltaics
(BIPV) is a key solution for producing clean electricity and reducing material and labor
costs, compared to traditional panels (BAPV). On the other hand, in Colombia (tropical
climate), the characteristics and definitions of Net Zero Energy Building (NZEB) in a house
were studied, basing interest on high-efficiency appliances due to their importance and
level of use in tropical regions, which suggests greater relevance to active systems, since
the influence of thermal levels on the energy consumption of electrical appliances used
in the home has a great impact on the increase or decrease in demand; it also indicates
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that in terms of energy production, solar energy (photovoltaic and thermal) is the most
convenient option compared to wind energy or biomass [22]. In Quito, Ecuador, a roadmap
was developed to highlight the possibility of achieving NZEB, taking technical and policy
aspects as criteria. The roadmap targets at different stages the following: in the short
term, a shared vision, indoor air quality research, vernacular architecture research, and
prototyping; in the medium term, low-tech industrial infrastructure, modeling tools, stan-
dardization, and NZEB policies; finally, in the long term, it focuses on the development of
databases, high-tech industrial infrastructure, and smart and decarbonized grids. Before
proposing the roadmap, the study compared four typologies of houses with two different
types each: traditional construction and construction with insulation system with double
leaf façade, 4 cm insulation, double glazing, natural ventilation, and PV panels per roof
area, using EnergyPlus and Python, obtaining that with these changes it was possible to
have houses independent of mechanical heating or cooling and to achieve a zero or positive
balance [23]. As for Net Zero Energy Buildings (NZEDs), no compliance routes were found,
but the proposed stratification in [7] regarding the analysis of energy demand provides a
starting point and divides the balance of the district into the following determinants:

• Buildings (passive design, active systems, urban climate, and urban morphology).
• Public spaces (lighting, infrastructure, landscape, and public uses).
• Energy production at the district scale (consumption patterns, energy production, and

distribution), as shown in Figure 1.
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To quantify the energy savings, in [24], by means of dynamic simulation in TRYN-
SYS software, a single-family house built in the 1970s was replaced with two houses of
equal area on the same lot. Both active and passive strategies were used, and the houses
were equipped with BIPV systems on the roof. Overall, the two houses resulted in 30%
less energy consumption. On an annual basis, 44% of the consumption can be gener-
ated with the PV integration system, demonstrating that there is also an opportunity to
retrofit aging buildings and convert existing developments into PED. In a case study [25]
composed of 29 residential buildings with low energy performance, both envelope and
systems, strategies were implemented to achieve nZED and ZED objectives, including
roof-wide PV systems, reversible and efficient heat pumps, renovation of the building
envelope and energy storage systems such as batteries and compressed air, sharing energy
between buildings. EnergyPlus and MATLAB® found that energy sharing enables a more
significant reduction in the environmental footprint of buildings compared to standard
retrofit approaches.
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Another important aspect is the analysis of occupant behavior at the building and
district levels, taking advantage of valuable tools for capturing data from urban dynamics,
such as sensors, the Internet of Things, and data intelligence. The use of physics-based
energy models of urban buildings to simulate heat fluxes in buildings and thus estimate
energy use is indicated. The insufficient consideration of the behavior of the occupants is
one of the leading causes of the discrepancy between the actual energy consumption and
that obtained through simulations because these parameters have high sensitivity concern-
ing energy consumption, one of the most influential being the adjustment temperature of
equipment for cooling and space heating [26,27].

The factors found in the literature have been shown to have an important influence
both in obtaining decreases in energy consumption and achieving zero energy balance
and goals. Table 1 summarizes the information described from the selected investigations.
Based on this bibliography, a map was made in VOSViewer software v1.6.18.0 to illustrate
the co-occurrences of terms in the title and abstract from the text data [28]. The complete
count method was used, and due to the low number of references, a minimum number
of two-term occurrences was selected. Figure 2 illustrates the results by the average
publication year, where the most relevant terms are “data,” “house,” “climate,” “nzeb,”
and “simulation,” which are repeated more than seven times. It is also noted that the most
recent research has a focus more closely linked to ZED, as terms such as “community” and
“energy storage system” are found.
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Table 1. Summary of key criteria for the concept of buildings and urbanizations at zero energy, based
on passive and active strategies.

Place/Climate Target Type of
Techniques Techniques Used Solution Detail Type of Study Year/Ref.

Azuero, Panama

NZEB Passive

(1) Envelope
(2) Overhangs
(3) Natural Ventilation
(4) Dehumidification
(5) Natural lighting
(6) Trees and shrubs

(1) Strategic window wall ratio,
low U-values, thermal mass for
heat absorption
(2) Protection against sunlight at
specific times
(3) Openings for cross ventilation
(4) Cold water immersion system
(5) Deep width that allows
sunlight to enter
(6) Windbreak belt in the East

Implementation
2015
[17]

Humid Tropical

(Spain, Italy,
France), Europe nZEB Active

(1) Heating and cooling
setting temperature

(1) Temperature variation from
25 ◦C to 27 ◦C

Simulation
(TRNSYS)

2017
[19]

Templade

Valladolid, Spain

nZED
Passive
Active

(1) Envelope
(2) Lighting System
(3) Heating system

(1) Modification of the façade
and roofs
(2) Use of LED technology
(3) Biomass-based boiler, district
network for water heating

Simulation
(DesignBuilder)

2017
[20]

Mediterranean

Rimini, Italy

nZES Passive
Active

(1) Increased vegetation
(2) Increased solar
reflectance
(3) Envelope
(4) Artificial lighting
(5) HVAC System
(6) Mechanical ventilation

(1) The percentage of trees is
increased
(2) Increased reflectance in roof
and pavement
(3) Extruded polystyrene
insulation
(4) LED technology
(5) High efficiency air-water heat
pump
(6) Heat recovery

Simulation
(ENVI-met,
EnergyPlus)

2018
[21]

Humid
subtropical

Not applicable ZEB Passive
Active

(1) Bioclimatic
architecture
(2) Generation systems
(3) Dynamic simulation

(1) Installation, passive shading,
balconies and vegetation to
increase thermal comfort and
reduce demand for cooling,
heating, lighting and ventilation
(2) BIPV is an ideal solution for
generation in buildings at zero
energy, since in addition to
producing energy it reduces
material costs
(3) Analyzing multiple scenarios
requires dynamic simulation,
multi-objective optimization and
genetic algorithms

Literature Review 2020
[16]

Colombia

NZEB
Passive
Active

(1) Energy efficiency
(2) Envelope
(3) Shading
(4) Orientation
(5) Natural ventilation
(6) Natural lighting
(7) Generation systems

(1) Use of high efficiency
appliances
(2) Thermal insulation in walls,
floors, windows and ceilings,
implementation of green roofs
(3) Eaves and blinds
(4) North-South or East-West
orientation, depending on the
climate
(5) Cross ventilation
(6) Use of solar tubes, skylights
and low-growing trees
(7) Photovoltaic and thermal
panels, better options than the use
of wind energy or biomass

Numerical
calculation

2015
[22]

Tropical
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Table 1. Cont.

Place/Climate Target Type of
Techniques Techniques Used Solution Detail Type of Study Year/Ref.

Quito, Ecuador
NZEB Passive

(1) Envelope
(2) Overhangs
(3) Natural ventilation

(1) Double-leaf façade, 4 cm
insulation, double glazed
(2) Overhangs on the north façade
from 0.15 cm to 0.30 cm

Simulation
(EnergyPlus and

Python)

2019
[23]Equatorial and

Andean

Not applicable nZED Passive
Active

(1) Energy consumption
in buildings
(2) Energy consumption
in public spaces
(3) Energy production in
districts

(1) Passive design, active systems,
urban climate, urban morphology
(2) Public lighting, infrastructure,
landscape, public use
(3) Consumption patterns, energy
production (solar, wind, hybrid
systems and geothermal), energy
distribution (district heating and
cooling)

Literature Review 2018
[7]

Montreal, Canada

PED
Passive
Active

(1) Envelope
(2) Glazing
(3) HVAC System
(4) Water heating
(5) Shading
(6) Mechanical ventilation
(7) Photovolcanic
generation

(1) Union of two houses on the
same land, expanded polystyrene
walls, wooden floors, plaster roof
(2) Double with argon filling
(3) Reversible heat pumps
(4) CO2 pump
(5) Use of movable curtains
(6) Energy recovery
(7) BIPV System

Simulation
(TRNSYS)

2021
[24]

Continental

Naples, Italy
nZED
NZED

Passive
Active

(1) Photovoltaic system
(2) Energy storage
(3) Envelope renewal

(1) PV on ceiling
(2) Batteries and compressed air
(3) Insulation of the outer
envelope due to the high
transmittance of both opaque
envelopes

EnergyPlus
MATLAB

2022
[25]

Mediterranean

Not applicable ZED Passive
Active (1) Occupant behaviour

(1) Not considering the behaviour
of occupants in energy models is
one of the main causes of the
discrepancy between actual
consumption and that obtained
through simulations

Literature Review

2017
[27],
2020
[26]

3. Materials and Methods

The research is summarized in the methodology in Figure 3. For an existing building
and urbanization (hereinafter referred to as EC, “existing case”), the main characteristics of
the case study are analyzed: climatic conditions, envelope composition, occupancy profiles,
use of equipment, and energy consumption. Subsequently, a proposal is made to redesign
the individual building and distribution on an urban scale (called RC from “redesigned
case”), systematizing and applying a set of solutions found through a bioclimatic methodol-
ogy and the application of parametric analysis. DesignBuilder software v6.1.6.011 [29] was
used to realize dynamic simulations based on the EnergyPlus tool. The result obtained us-
ing passive and active strategies is analyzed. This allows for quantifying the energy balance
and proposing a roadmap that results in the first ZED reference framework in Panama.

Figure 4 shows the location of EC, which is a residential urbanization in the district of
Chitré, province of Herrera, in the Republic of Panama (7◦58′51′ ′ N 80◦26′31′ ′ W), under
the climatic classification Awi (tropical savannah with low thermal oscillation).

The urbanization is bounded by a lot of 1.13 hectares of extension and consists of
34 houses of 55 m2 of surface each and similar architectural construction. Since it was
constructed between 2016 and 2019, the design does not consider the criteria of the RES [3].
The individual building comprises one floor and is divided into different architectural
areas (entrance hall, living room, two bedrooms, and kitchen). The characteristics of the
construction systems are summarized in Table 2.
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Table 2. Thermal properties of the enclosures that make up the building.

Envelope Elements Layers Thickness
(m)

U-Value
W/m2K

Thermal Properties

Conductivity
(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

External and internal
walls

Concrete block 0.1016
4.009

0.72 840.00 1860.00

Mortar 0.0127 2.30 873.36 2321.40

Pitched roof Zinc 0.00044 7.143 110 380.00 7200.00

Semi-exposed ceiling Plaster 0.007 5.952 0.25 896.00 2800.00

Floor
Ceramic 0.006

2.890
1.30 840.00 2300.00

Concrete 0.1 1.40 840.00 2100.00

The windows are 1.20 meters wide by 1.00 meter high and are simple glazing with a
clear glass of 3 mm. The thermal properties of this glass are a U-value of 3.835 W/m2K,
a conductivity of 0.90 W/mK, a solar gain coefficient (SGHC) of 0.768, and a direct solar
transmission (g-value) of 0.741.

Occupancy and energy use profiles were determined through a resident survey, a
method widely used for its adaptability. The survey was divided into five parts consid-
ering [30]: (1) general characteristics of occupation and housing, (2) cooling mechanisms,
(3) ventilation, (4) use of equipment, lighting, and appliances, and finally (5) the use of
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liquefied petroleum gas (LPG) for cooking. Table A1 in Appendix A shows in more detail
the questions asked.

Although the survey was intended for all 34 residences, the response rate was 44%,
equivalent to 15 houses. It is noteworthy that residents tend to use split air conditioning
with temperatures between 16 ◦C and 25 ◦C. The ventilation schedules obtained per resi-
dence were applied to all areas except the bathroom and the portal, where 24/7 ventilation
is considered. All respondents evidenced the use of fabric curtains for sun protection. In
the gas section, it was obtained that cylinders of a capacity of 25 pounds and an average
duration of one and a half months were used.

For residences that did not respond to the survey, a typical single-family occupancy
of four inhabitants per dwelling was used [31]; for equipment usage profiles, standard
schedules provided by DesignBuilder software for residential spaces were used. However,
the use or not of air conditioning equipment was verified by on-site inspection, obtaining
that 18 residences have this equipment. In addition, the use of energy by public lighting
was evaluated, which consists of five high-pressure luminaires of 100 W each.

3.1. Thermo-Energy Evaluation by Parametric Analysis

The 3D model of EC was subjected to a parametric analysis in the DesignBuilder
software, considering the data for March (the month with the highest temperatures ac-
cording to climate data) to select adjustments in the design variables that allow a greater
performance of the urbanization (temperature and schedule) of air conditioning use, orien-
tation, and glass materials, walls, and roofs) and combine it with the results obtained when
applying the bioclimatic methodology. The analysis evaluates multiple design options and
their influence on the variables of interest, allowing for observation of the behavior of the
different design combinations; in this way, the best options are detected and selected for
subsequent application in RC.

The variables of interest selected for this study were electricity consumption by cooling
(air conditioning) and hours of non-comfort with 80% acceptability (ASHRAE 55) [32].
Both temperature options and air conditioning usage schedules were selected based on
survey results, while building materials were selected based on local market layout [33].
The design variables with the selected options to be evaluated are shown in Table 3.

Table 3. Variables of interest, design variables, and options evaluated in the parametric study.

Variables of Interest
Design Evaluation

Design Variables Values/Options

Power consumption by cooling

Cooling temperature point 16 ◦C to 28 ◦C with intervals of 0.5 ◦C.

Air conditioning schedule
Always on 24/7, 19:00–7:00, 13:00–21:00, 19:00–4:00,
18:00–24:00, 18.00–9:00, 18:00–10:00, 8:00–20:00,
19:00–24:00

Type of glazing

Original Glazing; Sgl Clr 6 mm; Sgl Bronze 6 mm; Sgl
Grey 6 m; Sgl LoE (e2 = 0.2) Clr 6 mm; Dbl Bronze
(emissivity = 0.2) Clr 3 mm/6 mm air; Dbl Bronze
(emissivity = 0.1) Clr 3 mm/6 mm air.

Orientation 0◦ to 325◦ with intervals of 25◦.

Power consumption by cooling and
hours of discomfort with 80%

acceptability

External walls

Original wall; super-insulated brick/block; domestic
wood wall; uninsulated brick/block; super-insulated
with low thermal mass; non-insulated—medium thermal
mass; energy code standard—medium thermal mass;
state of the art—medium thermal mass; typical
reference—high thermal mass.

Roof

Original pitched roof; clay tiles (25 mm); flat roof
U = 0.25 W/m2K; no insulation—medium thermal mass;
no insulation—high thermal mass; state of the art—high
thermal mass.
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3.2. Systematization of Bioclimatic Methodology

Based on EC, the first re-design proposal for the building and its distribution (RC)
considers a bioclimatic methodology and the application of the results obtained through a
parametric analysis. Figure 5 presents the systematization of bioclimatic design. The input
data and variables are visualized for each of the steps in the analysis: start, site location,
climate analysis, sunlight analysis, wind analysis, façade analysis, bioclimatic strategy
analysis, shading calculation, and design verification in terms of comfort and completion
of the process. For the analysis, meteorological data provided by Solargis© (temperature,
relative humidity (RH), radiation, wind, and precipitation) were used for the area specified
in Figure 4.

Step 1. Site Location (Figure 4)

• Type: Residential
• Geographical coordinates: 7◦58′51′ ′ N 80◦26′31′ ′ W
• Height: 20 mbsl
• Orientation: 20◦

Step 2. Climate analysis

• Minimum annual temperature: 20.6 ◦C
• Average annual temperature: 27.2 ◦C
• Maximum annual temperature: 35.6◦C
• Minimum annual RH: 33%
• Average annual RH: 78%
• Maximum annual RH: 100%
• Average annual wind speed: 2.5 m/s
• Annual rainfall: 580 kg/m2

• Average annual global radiation: 4.96 kWh/m2day

Step 3. Sunlight analysis

• For Panama, the Sustainable Construction Guide for Energy Saving in Buildings
suggests thermal comfort temperatures be obtained through the Szokolay equation [34].
The thermal comfort range is set from 23.5 ◦C to 28.5 ◦C. This range is represented in
yellow on the sun chart. Temperatures below 23.5 ◦C are shown in light blue (cold),
while temperatures above 28.5 ◦C are represented in orange (heat).

Step 4. Wind analysis

• WRPLOT ViewTM software [35] was used to produce the wind rose and a frequency
distribution graph. The prevailing wind direction is north, with speeds greater than
11.10 m/s, and the most frequent speed range (37.6%) is 0.50 m/s to 2.10 m/s.

Step 5. Façade analysis

• Figure 6 represents the analysis of sunlight for the first months of the year (January to
June). The solid lines represent the façades of the lot (A: 110◦, B: 20◦, C: 60◦, D: 150◦

and E: 20◦), and the dashed lines the azimuth for each of the façades (A’: 20◦, B’: 110◦,
C’: 150◦, D’: 240◦ and E’: 290◦) and correspond to the angles formed by the horizontal
projection of the solar ray in relation to the north. The season from July to December is
also considered for the observations and recommendations.

From the evaluation of the solar chart and the wind rose, the following recommenda-
tions for the lot’s façade are concluded: On façade A’, it is suggested to place windows to
take advantage of ventilation and natural light in the morning hours. Use sun protection
such as curtains and eaves. On façade B’, use windows to take advantage of natural light.
On façade C’, it is convenient to use windows with eaves. It is not suitable to use windows
on façade D’ and use thermal insulation on the walls. Finally, it is recommended to place
windows on façade E’ if sun protection and thermal insulation are used on walls and glass.
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Figure 6. Façades (solid lines) and azimuth (dashed lines) of the lot represented in the solar chart for
January to June: (a) Façade A, (b) Façade B, (c) Façade C, (d) Façade D, and (e) Façade E.

Step 6. Analysis of bioclimatic strategies

• Climate Consultant 6.0 software [36] was used to help users design more efficient
buildings. The Givoni Psychrometric chart was extracted from this software, which
calculates the best strategies based on the annual comfort hours that can be added to
the design. The Bioclimarq 2016 spreadsheet developed by Gómez-Azpeitia was also
used [37]. The input data of the spreadsheet were the location of the site, climate data
(maximum, minimum, and average monthly and hourly temperatures and humidities,
precipitation, radiation, and wind speed), the clothing habits of the inhabitants (very
light, light, moderate, warm, and very warm), and the use of natural ventilation and
artificial air conditioning. This tool extracted Olgyay’s bioclimatic chart, Mahoney’s
recommendations, and Serra and Coch’s skin form and treatment indicators.

• Givoni’s chart proposes building design measures as a function of temperatures and
humidity. The results indicate that the buildings under the climatic conditions studied
only achieve 14 hours of comfort per year. To increase comfort hours, the software
suggests using window sun protection (an additional 2379 h), dehumidification (an
additional 3178 h), and cooling and dehumidification (an additional 5566 h). The set
of strategies extracted is shown in Figure 7.

Step 7. Shading calculation

• Due to the results of the previous analysis in the solar chart and façades, the use of
eaves on the south and west façades is considered for the redesign proposal RC. The
calculation of the dimensions of the eaves was carried out considering an angle of
solar height alpha (α) of 45◦ for both façades. Therefore, for the south façade, solar
protection is achieved from 09:30 to 15:30, and for the west façade from 12:00 to 15:00
at the summer solstice and until 14:30 in the winter solstice. The dimensions of the
eaves were calculated with the tangent trigonometric function, having as input data
the alpha angle (α) and the dimensions of the windows. The windows have lengths
of 0.75 m and 1.00 m, so when calculating the size of the eaves with an angle of 45◦,
results of 0.75 m and 1.00 m are obtained.
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Figure 7. Recommended bioclimatic strategies: (a) Windows with operable overhangs or sunshades,
(b) Minimization or elimination of glazing on west-facing façades, (c) High-performance glazing
(insulated frames and low emissivity), (d) Use of plants and trees in the west orientation to minimize
heat gain, (e) Orient most glazing to the north (using vertical fins) (f) Elevating the building above
the ground to minimize humidity and maximize natural ventilation under the floor and roof with
openings for ventilation (g) Shaded windows facing the prevailing breeze to promote natural ventila-
tion, (h) Use of materials with light colors and ceilings with high emissivity (i) Increase in thermostat
setting temperature.

3.2.1. Recommendations on Building Morphology

In order to select the shape of the building, the dimensions and characteristics of EC
were first taken as the initial value. The indicators and coefficients of Serra and Coch were
calculated from this; the adjustment of the shape and dimensions was iterated until an
acceptable compactness value was reached to be considered in the proposed building for
RC. Due to the high compactness of the EC buildings and the ventilation needs indicated,
it was decided to iterate the compactness coefficient for the climatic incidence of this factor.
Higher compactness leads to lower possibilities for radiation capture and energy loss but
also complicates ventilation [38]. The results are shown in Tables 4 and 5 below:

Table 4. Main differences between the indicators of buildings EC and RC.

Building Indicators Value EP Value

Area of envelope surfaces (m2) 182.67 1273.51
Volume (m3) 135.71 1357.10

Area of surfaces that delimit patios (m2) 150.88 1829.97
Height (m) 2.50 5.00

Sloping area (m2) 54.28 488.52
Area of seated surfaces (m2) 54.28 488.52
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Table 4. Cont.

Building Indicators Value EP Value

Area of attached surfaces (m2) 0.00 0.00
Mass of envelopes (kg) 25,933 1,766,616

Total area of the spans (m2) 15.48 38.04
Glazed window area (m2) 11.28 33.84

Average U factor (W/m2K) 5.00 5.00
Façade fold area (m2) 0.00 0
Average absorptivity 0.60 0.60

Variable elements No No

Table 5. Results obtained from the Serra and Coch coefficients for the EC and RC building.

Building
Indicators

EC
Value Recommendation RC

Value
Action

Required

Compactness 0.70 ↓ 0.47 None
Porosity 0.10 ↑ 0.13 Increase

Slenderness 0.52 = 0.37 None
Settlement 0.30 = 0.38 None
Annexation 0 = 0 None
Heaviness 142 = 139 None
Perforation 0.08 ↑ 0.03 Increase

Transparency 0.06 = 0.03 None
Insulation 0.03 ↑ 0 Increase

Smoothness 0 = 0 None
Color 0.6 ↓ 0.6 Clarify

Variability No = No None

3.2.2. Recommendations of Bioclimatic Strategies for Outdoor Comfort

The data distribution in the Olgyay diagram was analyzed using the Bioclimarq
spreadsheet, in which different zones are distinguished: comfort, need for solar radiation,
need for ventilation, need for humidification, and need for shading. The behavior of the
temperatures and humidity of the study site indicates that it is necessary to favor shading
and natural ventilation with winds of 0.5 m/s to 2.5 m/s in outdoor areas, considering the
presence of free areas in the redesign.

3.3. Inclusion of Energy Generation Solutions

The reduced energy needs of buildings must be met with on-site renewable energy
to achieve nearly zero energy targets. Once the proposed urbanization is obtained, the
generation of electricity is evaluated. The use of PV technology was chosen for the following
reasons: (1) The literature showed that using PV panels is the most widely employed energy
solution to achieve zero or nearly zero energy objectives in residential buildings. (2) In
Panama, there is a higher solar potential than wind in most countries [39]; the average
radiation of the site is 4.96 kWh/m2day. (3) Simplicity and precision in energy modeling
in available tools and in future applications when studies are carried out at a constructive
scale. In addition, this technology’s availability in the local market facilitates its application.

DesignBuilder software allows the modeling of PV panels, considering the effect
of shadows, reflections of solar radiation, and the type of performance. The analysis
considered using BAPV in roofs and BIPV in the most exposed glazing.

3.4. Nearly Zero Energy District and Energy Balance

Case studies with zero energy targets require the definition of a boundary, determined
by building systems, energy needs, the energy produced, system losses, and energy deliv-
ered and exported, as shown in the diagram in Figure 8. The dashed lines represent energy
transfer within the boundary, and solid lines represent energy transfer in and out [40].



Buildings 2023, 13, 315 15 of 28

Another approach to establishing site boundaries is the definition of “district.” From the
description given in [41], it is established that a “district” refers to an urban block. For the
present study, a district is an interrelated system that includes buildings, residents, streets,
sidewalks, and vegetation in its parameters.
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The indicator to be used for site classification is primary energy, which refers to the
energy contained in natural materials or processes that have not undergone any transfor-
mation [40,42]. The conversion factors to obtain the values in terms of primary energy are
obtained from ASHRAE 105 presented in Table 6, for each type of energy.

The energy balance (EB) is calculated from the energy delivered to the building
(consumed) and exported (generated) for each type of energy source [40,44]. This indicator
summarizes all power supplied and exported in a single value using Equation (1):

EB =
∑i(E del,ifdel,i) − ∑i(E exp,ifexp,i

)
Anet

(1)

where Edel,i is the energy delivered to the site by energy type “i” in kWh/m2y; Eexp,i is
the energy exported from the site by energy type “i” in kWh/m2y; fdel,i is the factor to
convert to primary energy the energy delivered for the type of energy “i”; fexp,i is the factor
to convert to primary energy the energy exported for the type of energy “I”; and Anet is the
net area used in m2.

Table 6. Factors for conversion to primary energy. Data obtained from ASHRAE 105 [43].

Types of Energy Conversion Factor for Primary Energy

Imported electricity 3.15
Exported renewable electricity 3.15

Natural Gas 1.09
Fuel oil (1,2,4,5,6, diesel, kerosene) 1.19

Propane and liquid propane 1.15
Steam 1.45

Hot water 1.35
Cold water 1.04

Coal or other 1.05
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4. Results
4.1. Results of Parametric Analysis and Bioclimatic Methodology

Among the most relevant parametric analysis results, the optimal glazing option
was Dbl Bronze (emissivity = 0.1) Clr 3 mm/6 mm air. The performance of air condition-
ing consumption with respect to walls and roofs was better when using super-insulated
blocks/bricks and roofs with high thermal mass. However, contrary results were observed
regarding the hours of non-comfort since it indicates that the best option is to use the
original wall and super-insulated ceiling. The best-performing schedule turned out to be
18:00 to 9:00 only on weekdays at 23 ◦C. From this parametric study, a sensitivity analysis
was performed. For electricity consumption for cooling, it was obtained that the buildings
are more sensitive to the schedules of use compared to the selected temperature point and
that, in the same way, it responds less to the types of glass and more to the orientation in
which they are placed. Likewise, the results indicate that buildings have greater sensitivity
to the types of walls than to the roofs and that even for the original roof, clay roofs (25 mm),
and uninsulated roofs with intermediate and high thermal mass, there is no change in
electricity consumption for all types of walls evaluated; the same behavior was obtained
for the hours of non-comfort. In addition, for hours of non-comfort, the type of glazing and
orientation were evaluated, but no relevance was found for either of these two variables.

Regarding the bioclimatic methodology, following Mahoney’s recommendations and
calculations made on the indicators and coefficients of Serra and Coch, the shape of the
proposed building in RC was defined. It has an extended spatial and volumetric config-
uration, low compactness (acceptable), and low slenderness. Figure 9a shows the design
of the proposed building through a rendered image. The proposed residential building
consists of two floors: the first occupies three times the dimensions of the original building,
while the second floor is made up of a closed surface identical to the original building and
an open surface (balcony). In this way, an acceptable compactness coefficient is met, thus
obtaining more natural ventilation possibilities and ease of heat dissipation. In addition,
this configuration provides self-shading, which is usable in hot climates. The new build-
ing covers an area of 495 m2, indicating that implementing these bioclimatic techniques
demands greater use of land and construction materials.

The distribution of the windows is similar to that of the individual building, but most
of the glazing was oriented with the prevailing wind direction (north) and minimized
on the façades on the west side, thus maximizing the use of morning daylight and nat-
ural ventilation. Eaves were placed on the south- and west-facing windows. The new
distribution of the 34 houses implied a greater need for land. A similar form of the land
was considered, but with an extension of 10.2 hectares. All houses have a north–south
orientation, an elongated east–west axis divided into three rows, and a separation of the
houses of between 10 and 16 meters. A greater distance between the houses facilitates some
passive design measures, such as natural ventilation and usable solar gain. The presence of
trees on the west side was considered to minimize heat gains.

Because the bioclimatic methodology does not contemplate the specification of the
materials to be used, these were selected from the parametric analysis, improving interior
comfort conditions and electricity consumption. In addition, Dbl Bronze (emissivity = 0.1) Clr
3 mm/6 mm air with a U-value = 2.47 W/m2K and super-insulated brick/block walls with U-
value = 0.156 W/m2K were chosen. Three-dimensional models and dynamic simulation were
performed in DesignBuilder software for EC and RC. Figure 9b,c illustrate the axonometric
view of both scenarios.
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Figure 9. (a) Shape of the proposed building in SketchUp, (b) 3D model of the EC urbanization, and
(c) 3D model of the RC urbanization in DesignBuilder software.

4.2. Verification of Thermal Comfort and Energy Consumption

As a final step of the bioclimatic methodology, the design’s thermal performance and
the energy consumption results at the urbanization level were verified.

4.2.1. Thermal Comfort

Figure 10 shows the average air temperature (AT), radiant temperature (RT), and oper-
ating temperature (OT) results inside the building for EC and RC. In general, temperatures
are highest in March and April and lowest in November. For EC, OT ranges between
26.2 ◦C and 27.2 ◦C, presenting an annual average of 26.7 ◦C, while, for RC at full load,
average operating temperatures of 23.2 ◦C were obtained. In this case, the internal load
and occupancy of the individual building are the same applied to the existing urbanization,
without considering the air conditioning equipment (natural ventilation).

Compared to EC, the RC obtained lower temperatures in all months, with an average
reduction of 3.2 ◦C OT and reaching within the acceptable ranges for the site and even
below (23.5 ◦C to 28.5 ◦C).

Other comfort indicators were also verified (Figure 11): percentage of relative hu-
midity (%RH), predicted percentage of dissatisfaction (%PPD), and the value of predicted
mean vote (PMV). %RH increased compared to EC (average from 86% to 94.6%). The
%PPD also increased, reaching 66.4%, well above the value recommended by ASHRAE 55
(10%). On the other hand, PMV decreases, remaining in ranges between −1.10 and 0.14;
that is, between slightly cool and neutral, according to the ASHRAE 55 wind chill scale
between +3 and −3, although it is not recommended to use the PMV for non-mechanically
conditioned areas.
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Figure 10. Monthly air temperature (AT), radiant temperature (RT), and operating temperature (OT)
results for EC and RC.

In summary, with the application of the selected strategies, a significant decrease in
indoor temperatures and the reach of more favorable ranges of the PMV is achieved without
mechanical air conditioning. Still, a high percentage of dissatisfaction and extremely high
humidity is reflected, which must be improved.

Consequently, the buildings (per floor) were reviewed individually to verify the
thermal comfort of each house, given that the results presented above are monthly averages
in the urbanization. With this, it was found that 10 residences (which are located on the
east façade of the lot) exceeded the maximum temperature limit within the comfort zone
between 0.8 ◦C and 1.30 ◦C above, considering the adaptive model of Auliciems and
Szokolay, in natural ventilation. Given this, we sought to compare the thermal performance
(average temperature and monthly hours of non-comfort) of the areas found using three
types of walls: super-insulation, project wall, and brick/block wall without insulation,
because the literature indicates that it is counterproductive to use super-insulation in a
tropical climate. It was found that the super-insulated brick/block wall maintains higher
temperatures on the upper floors of each residence, and the original wall produces better
thermal performance in these areas. However, the super-insulated brick/block wall on the
ground floors produces slightly lower temperatures. For all three cases, all zones remain
above 29.1 ◦C. Additionally, the hours of non-comfort in these three types of walls were
compared, concluding that regardless of the type of wall, the residences present similar
hours of non-comfort. These results lead to the need for a deeper analysis, carried out
by area of the building or daily, to know the critical points and hours for comfort. In
addition, it provides evidence that the use of the super-insulated wall is not the main cause
of non-comfort in the buildings evaluated.

4.2.2. Energy Consumption

The electrical requirements for EC and RC equipment and luminaires were defined
from the surveys. For EC, the energy requirements for the use of air conditioning for cooling
were also defined from the surveys; however, for RC, the 10 houses with temperatures
above 28.5 ◦C were evaluated and configuration of the air conditioning was carried out,
taking as reference the results obtained in the parametric analysis as an active solution.
Figure 12 shows the consumption of both scenarios broken down by month. EC resulted in
a consumption of 92.0 MWh/y at the urbanization level, considering the use of equipment,
air conditioning, and luminaires. The highest demand is represented by equipment (EQ-
ER) with a value of 52.3 MWh/y, followed using electricity by air conditioning with
35.3 MWh/y (AC-EC), and luminaires consume 4.41 MWh/y (LF-EC). In percentage, these
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data represent 56.8%, 38.3%, and 4.80% of total consumption, respectively, which is close to
the data of the survey of the final use of electrical energy in households presented in PEN
2015–2050 [2]. For equipment (EQ-RC) and lighting (LF-RC), similar consumptions to those
of existing urbanization were obtained, both in natural ventilation and with mechanical
cooling, as expected. The consumption for cooling equipment evaluating only the 10 houses
outside the comfort zone increased compared to the existing urbanization, obtaining a total
expenditure of 133 MWh/y.
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Figure 11. Relative humidity (%RH) predicted percentage of dissatisfied (%PPD) and predicted mean
vote (PMV) monthly averages for EC and RC.

The increase in cooling consumption is due to the reduction in the compactness of the
zones since the equipment must cool and dehumidify greater volumes of air. Considering
the upper limit of comfort temperature by adding +3.5 for 80% acceptability, 29.7 ◦C is
obtained. In this way, only the temperatures of the ground floors of C29 and C34 are above
the maximum limit. Consequently, for this investigation, the operation of the urbanization
was considered entirely in natural ventilation so that the total energy consumption of
the urbanization would not contemplate the cost of cooling for the energy balance. In
this way, the RC design has a total consumption of 58.9 MWh/y, which, compared to EC
(94.2 MWh/y, including public lighting), is reduced by 37.5%. In addition, the annual
expenditure for public lighting is considered, which is 2.19 MWh.
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4.3. Evaluation of Energy Generation

For BAPV, the criteria used to determine the application of solar panels on the roof
was based on the total area available on the south side of the gable roof (200 m2 with an
inclination of 30◦). Because economic factors are not considered in the analysis, the selection
of the number of modules is based on the highest generation that can be obtained with an
optimal orientation for Panama (southward in regions of the northern hemisphere) [45],
implementing a total of 120 modules connected in series, in each residence, adding a total
of 4080 modules (dimensions 1.96 m × 0.99 m) on site. The panel model was chosen based
on the market availability of the region, as in [46]. The main technical specifications are
listed below [46]: (1) active area: 1.68 m2; (2) maximum rated power: 320 W; (3) number of
cells: 72; (4) cell type: polycrystalline silicon; and (5) panel efficiency: 15%. These and the
other electrical specifications required for the simulation were configured in the software,
as in [46].

For BIPV, glazing was selected for the application of integrated panels. For its con-
figuration, the same composition of the glazing layers applied to the bioclimatic design
was chosen, chosen through parametric analysis, but adding a layer corresponding to the
photovoltaic panel associated with the outer layer of the glazing. The type of performance
chosen was “simple”; as the name implies, it represents a simplified model. This type of
performance provides direct access to the efficiency with which photovoltaic panels convert
incident solar radiation into electricity, this being 15%, and does not require specific module
arrays to be defined.

The configuration of the applied and integrated panels gave way to the energy simulation
in DesignBuilder. The implementation of rooftop photovoltaic modules (T-PV) turned out
to have a high-generation performance. The most favorable months for production were
January and December, while June had the lowest production. An average production of
159.4 MWh/month and a total production of 1912.8 MWh/y were obtained. The panels
integrated into the windows (W-BIPV) have a lower generation compared to BAPV, as ex-
pected for this study, due to the low amount of surface selected for integration. These produce
an average of 4.23 MWh/month and have an almost constant production throughout the
year (50.8 MWh/y). In addition, the individual production of each residence (I-PV + BIPV)
was analyzed, and it was found that, with the application of both systems, the generation is
4.83 MWh/month per residence. These results are presented in Figure 13 below.
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Figure 13. Average monthly photovoltaic generation for rooftop solar panels (T-PV), for panels
integrated in window glazing (W-BIPV), and for both systems per individual residence (I-PV+BIPV).
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5. Discussion

The results obtained from the bioclimatic methodology and the parametric analysis
were the determining factors for the redesign of the urbanization. The diagram in Figure 14
shows a flow chart of the main results obtained.
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Figure 14. Main results compiled from the bioclimatic methodology and the parametric and opti-
mization analyses.

As can be seen, bioclimatic tools are useful for recommendations on building shape,
orientation, and other aspects such as shading; however, they can be complemented with
parametric and optimization analysis for specific solutions in terms of passive solutions
(such as envelope materials) and active solutions (in the case of the study, air conditioning
configuration). Although dynamic simulation is the most used method of analysis so far in
zero energy studies, as supported in the literature review section, some limitations have
been found for thermal analysis. A simulation per building zone is suggested to obtain
more accurate results on comfort since the results presented were performed per floor.
However, this would require more time and high-capacity computers to process the data.
As a reference, a computer with 8.00 Gb RAM at 2.00 GHz frequency was used for the
simulations in this study.

First ZED Reference Framework in Panama

This section discusses the main results for the definition of ZED in Panama as a first
reference. Power supplied to a system refers to energy coming through the power grid,
heating and cooling districts, and fuels [44]. Energy flows are analyzed for RC and are
limited to the electrical energy demanded using occupants’ equipment and fuels (LPG).
The energy needs for urbanization are summarized using electrical equipment, lighting,
and cooking. The use of energy for building systems also considers the energy that is used
for conversion in the systems. On the other hand, on-site renewable energy refers to the
energy delivered by means of renewable technologies installed within system boundaries.
The energy flows within the system are described below for the case study:

Electricity: Electricity energy needs have been calculated based on the simulation of
the proposed RC model. The results indicate a consumption of 52.3 MWh/y for equipment,
6.6 MWh/y for lighting (including public lighting), and the demand for air conditioning
equipment for cooling is considered null. Taking the methodology used in [47], the energy
needs demanded by the refrigerator are not considered in the energy balance for renewable
energy supply because it needs constant power from the network. According to the
National Population and Housing Census for household electricity consumption in Panama,
refrigerator represents 26%. This way, the consumption breakdown equals 13.6 MWh/y for
the refrigerator and 38.7 MWh/y for other equipment.
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Fuel: According to the survey of residents, dwellings use a 25-pound LPG cylinder
with an average duration of 1.6 months, intended for use in kitchens. The PEN indicates
that the average residential use of LPG is 1.26 cylinders/month. However, the consumption
obtained through the survey will be considered in this study, equivalent to 0.625 cylin-
ders/month. Considering the caloric value of LPG (45.67 GJ/kg), the conversion factor of
energy units (3.6 GJ/MWh), and the mass of each cylinder (11.34 kg), one cylinder equals
143.86 kWh/month [2]. Therefore, 0.625 cylinders are equivalent to 89.9 kWh/month.
However, the monthly energy demand will also depend on the efficiency ratio of LPG
cookers and induction for domestic use, which is close to 0.47. With this, it is obtained that
the consumption per residence is equivalent to 42.25 kWh/month, and for the urbanization
the total consumption is 1436.5 kWh/month, equivalent to 17.2 MWh/y.

On-site renewable energy: With the production obtained by the PV panels on the roof
of all the residences of the urbanization (1912.8 MWh/y) and the integration of photovoltaic
glass in the windows (50.8 MWh/y) on the site, a total of 1963.6 MWh/y is produced. This
amount of energy is considered in the energy balance as the input of energy generated from
renewable sources on site.

Conversion to primary energy: The primary energy conversion values are documented
in Table 6. A factor of 3.15 and 1.15 is considered for electricity delivered and LPG, respec-
tively. For the renewable energy produced, a factor of 3.15 is also used. The normalized
value in units of kWh/m2y is obtained by dividing the energy in terms of primary energy
by the occupied area, which is 1870 m2 for the reference urbanization (34 buildings of
55 m2) and 16,830 m2 for the proposed urbanization (34 buildings of 495 m2).

Table 7 summarizes the disaggregated energy demand of the different needs and
presents the respective normalized values in terms of primary energy for the EC and RC.
The conversion of on-site PV generation for renewable energy production is not presented
in this table but results in 367.50 kWh/m2y.

Table 7. Conversion of energy consumption and generation values into primary energy terms.

A1 A2 A3 A4 A5

Energy Use
Energy Consumption

(MWh/y)
EC

Primary Energy
(kWh/m2y)

EC

Energy Consumption
(MWh/y)

RC

Primary Energy
(kWh/m2y)

RC

Equipment 38.7 65.19 38.7 7.24

Refrigerator 13.6 22.91 13.6 2.55

Lighting 6.6 11.12 6.6 1.24

Cooling 35.3 59.46 0 0

Cooking 36.6 22.51 36.6 2.50

Total 130.8 181.19 95.9 13.52

Energy Balance: The energy balance is obtained from the subtraction of the energy
delivered minus the energy generated. From Equation (1), a result of −356.50 kWh/m2y
is obtained. A negative balance indicates that generation is greater than energy demand.
According to the results obtained, Figure 15 graphically represents the values for the
models of the case study. Three regions characterize the graph: the nZED region when
the energy demanded is greater than the energy supplied, the NZED region when the
energy demanded equals that supplied, and the PED region when the energy demanded
is less than the energy supplied. In summary, EC resulted in energy consumption of
181.19 kWh/m2y (red diamond), including LPG demand. After applying passive and
active strategies, RC has a reduced energy requirement of 13.52 kWh/m2y by not using air
conditioning equipment (yellow triangle). Finally, with the application of PV panels, the
energy balance (EB) reaches a value of 356.50 kWh/m2y (green square), which indicates
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that the energy supplied exceeds the demand, defining urbanization within the ranges of
positive net energy.
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Figure 15. Graphical representation of ZED values for case study models in terms of primary energy,
adapted from [48].

Figure 16 represents the system boundaries for the case study. Solid lines represent
the incoming or outgoing energy of the system, and the dashed lines represent the energy
transferred within the system. The energy delivered corresponds to the LPG (2.50) and
the electricity through the network, in this case, the demand for the refrigerator (2.55). Of
the photovoltaic generation (367.50), the demand for equipment (without considering the
refrigerator) and luminaires (8.48) is used in the building. The demand for electricity in
the building is 11.03 and a total of 12.20. With this numerical analysis, it is obtained that
359.02 can be exported, corresponding to the subtraction of the photovoltaic generation
minus the total use of energy by equipment and luminaires.

One of the research objectives was to define the range of primary energy to consider
urbanizations as almost zero energy. It was intended to obtain an nZED definition thresh-
old, improving energy efficiency in buildings. Including in the study the use of energy
for cooling, kitchens, lighting, and equipment, great potential is shown to achieve urban-
izations at almost zero energy and even net positive energy. It should be noted that the
reduction of the energy demanded is based solely on consumption by air conditioning
and not on equipment and lighting due to the consideration of equipment that meets the
efficiency required in the region. The numerical analysis performed indicates positive
net energy results; that is, you can have ambitions in Panama to develop urbanizations
that export energy to the grid or nearby buildings. Without photovoltaic generation, the
reference urbanization has an expenditure of 181.19 kWh/m2y, very close to the maximum
range presented at the threshold at almost zero energy (20 kWh/m2y to 180 kWh/m2y)
for a single building [49]. With the independence of air conditioning, the RC achieves a
range of 13.52 kWh/m2y, which is relatively low, even lower than the minimum range
for residential buildings, which could indicate as a preliminary conclusion that an nZED
range of 14 kWh/m2y to 180 kWh/m2y is acceptable for Panama, given the low energy
requirements of homes when there is no need for mechanical cooling. However, it should
be considered that this value is normalized with the total surface of the residences, which
may be one of the limitations to reaching more real and achievable conclusions with fewer
resources since the RC, presenting a reduced compactness value, requires a greater need
for land. With the increase in surface area per building, the inclusion of more equipment
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per household or changes in the number and behavior of the occupants was not considered
since the original conditions were maintained.
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6. Conclusions

This study takes as a reference an existing residential development to apply a bio-
climatic methodology and parametric analysis to evaluate the reduction in energy con-
sumption through dynamic simulations. The scope of this work consisted of assessing the
potential of the site to be defined under near-zero energy limits in the context of Panama
and, at the same time, documenting and systematizing the passive and active solutions
applied to obtain a reference plan for the development of future research and full-scale
applications in a developing country such as Panama or with similar climatic conditions.

The application of bioclimatic tools is promising with respect to achieving the objec-
tives and combined with dynamic simulation; guidelines on materials and configurations
for active strategies can be obtained. For the case study, energy savings of 37.5% were
achieved. On the other hand, the application of photovoltaic modules on the roof and glaz-
ing was sufficient to cover and exceed the on-site energy demand; however, the integration
in glazing was not significant in terms of performance for the type of buildings studied.

Through the energy balance performed, it is obtained that the development can reach
positive net energy ranges (356.50 kWh/m2y); i.e., energy could be exported to the grid.
The results show that the initiative to apply regulations and standards of this type is feasible
under the climatic conditions of Panama and that they can be oriented towards a smart
city market.

Among the limitations presented in this study are accurate knowledge and data set
up on the software regarding occupancy and energy use profiles, as such information
is subjected to the occupants’ behavior and comfort demand. Likewise, the bioclimatic
methodology leaves the choice of materials with a significant degree of ambiguity. This
limitation was overcome by using parametric analysis.

It is recommended for future studies to consider economic factors in construction
materials, land requirements, and generation technologies to have a cost–benefit relation-
ship, since the site has the potential to achieve its objectives. On the other hand, future
work could raise awareness of the effect of form indicators on design and implement other
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options or active low-energy solutions to improve comfort conditions. This could be used
to define, for example, a percentage or fraction limit for photovoltaic generation.
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Nomenclature

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
AT Air temperature
BAPV Building applied photovoltaics
BIPV Building integrated photovoltaics
EB Energy balance
EC Existing Case
EPBD Energy Performance of Buildings Directive
GBC Green Building Council
IEA-EBC Energy in Buildings and Communities Program of the International Energy Agency
I-PV + BIPV Individual power generation per house
HVAC Heating, ventilation, and air conditioning
LED Light-emitting diode
LEED Leadership in Energy & Environmental Design
LPG Liquefied petroleum gas
nZEB Nearly zero energy building
NZEB Net zero energy building
nZED Nearly zero energy district
NZED Net zero energy district
nZES Near-zero energy Project Building in the settlement
OP Operating temperature
PED Positive energy district
PEN National Energy Plan
PMV Predicted mean vote
%PPD Predicted percentage of dissatisfied
PV Photovoltaic
PVC Polyvinyl chloride
RES Sustainable Buildings Regulation
RC Redesign Case
%RH Relative humidity
RT Radiant temperature

https://www.senacyt.gob.pa/
https://fim.utp.ac.pa/
https://eceb.utp.ac.pa/
https://www2.unical.it/portale/strutture/dipartimenti_240/dimeg/
https://www2.unical.it/portale/strutture/dipartimenti_240/dimeg/
https://www2.unical.it/portale/
https://www2.unical.it/portale/
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SDG Sustainable Development Goal
SHC Solar Heating and Cooling Program
SGHC Solar gain coefficient
T-PV Rooftop photovoltaic modules
U-value Thermal transmittance values
W-BIPV Photvoltaic integrated to the windows
ZEB Zero Energy Building
ZED Zero Energy District

Appendix A

Table A1. Survey questions applied to housing residents.

Item Open-Ended
Question

Closed
Question Options to Select

Number of people living in the dwelling �

Types of sun protection in the windows of the house �

(1) None
(2) Fabric curtains
(3) Blinds
(4) Blackout or pore roller curtain

Factors considered for the purchase of equipment and
appliances: air conditioning, refrigerator, lights. �

(1) Trademark
(2) Price
(3) Energy efficiency
(4) Sales Staff Recommendations

Use of air conditioning � (1) Yes
(2) No

Type of air conditioning � (1) Window unit
(2) Split unit

Areas of the house where air conditioning is used �
(1) Living Room
(2) Bedrooms
(3) Kitchen

Cooling temperature point �

Air conditioning weekday and weekend schedules �

Seasonal Energy Efficiency Ratio (SEER) of
air conditioning �

Schedules with open windows �

Type of fans owned by the house �

(1) Pedestal
(2) Table
(3) Roof
(4) Wall

Number of fans owned by the house �

Fan use schedule �

Types of electric bulbs in the home �

(1) Incandescent
(2) Fluorescent
(3) Low consumption
(4) Halogen

Number of electric light bulbs in the house �

Schedule for the use of electric bulbs �

Number and schedule of electrical equipment and
appliances �

Average monthly electricity consumption in kWh �

Type of stove � (1) Gas
(2) Electric

Average duration of use of specified LPG tank �
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Table A1. Cont.

Item Open-Ended
Question

Closed
Question Options to Select

LPG tank capacity �
(1) 25 pounds
(2) 60 pounds
(3) 100 pounds

Use of LPG water heater � (1) Yes
(2) No
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