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Abstract: The growth of electric vehicles (EVs) and their integration into existing and future buildings
bring new considerations for energy efficiency (EE) and balance when combined with renewable
energy. However, for buildings with an energy efficiency label, such as Near Zero Energy Building
(NZEB) or Positive Energy Building (PEB), the introduction of EVs may result in the declassification of
the EE label due to the additional energy required for the charging infrastructure. This underscores the
increasing relevance of demand-side management techniques to effectively manage and utilize energy
consumption and generation in buildings. This paper evaluates the influence of electric vehicle (EV)
charging on NZEB/PEB-labeled buildings of the Brazilian Building Labeling Program (PBE Edifica).
Utilizing on-site surveys, computational modeling, and thermos-energetic analysis with software
tools such as OpenStudio v. 1.1.0 and EnergyPlus v. 9.4.0, an energy classification was conducted in a
building in the city of Belem, State of Para, Brazil. Subsequently, power flow simulations employing
probabilistic models and Monte Carlo approaches were executed in the OpenDSS software v. 10.0.0.2
to examine the impact of EV integration, both with and without the implementation of demand-side
management techniques. Analyses using the labeling methodology demonstrated that the building
has EE level C and NZEB self-sufficiency classification. The assessment of the impact of EV integration
on the building’s total energy consumption in the base (current) scenario was carried out in two
scenarios, with (2) and without (1) supply management. Scenario 01 generated a 69.28% increase in
energy consumption, reducing the EE level to D and resulting in the loss of the NZEB class. Scenario
02 resulted in a smaller increase in energy consumption of 40.50%, and guaranteed the return of the
NZEB class lost in scenario 1, but it was not enough to return the EE level to class C. The results
highlight the need for immediate and comprehensive energy management strategies, as the findings
show that the two scenarios present a difference of 41.55% in energy consumption. Nonetheless,
these strategies are not enough if other consumption restrictions or energy efficiency measures are
not applied to other building systems.

Keywords: labeling; NZEB/PEB buildings; Monte Carlo; PBE Edifica; power flow

1. Introduction
1.1. General Considerations

In Brazil, the building sector is responsible for more than 50% of the energy con-
sumption [1]. It is considered a strategic and priority sector for reducing the growing
increase in energy demand. Implementing energy efficiency measures has proved to be
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one of the most feasible solutions in the implementation of the energy transition, both
from an energy-finance and an environmental point of view [2]. The efficiency of building
systems has resulted in a significant reduction in energy consumption, and considering
the guidelines of regulations, standards, and normative instructions for energy efficiency
(EE) can achieve a consumption reduction of 50% and 30% in new and existing buildings
undergoing renovation, respectively [3].

Using renewable energy in buildings is another way to minimize the need to expand
the energy matrix. In addition, the transition to a system of “clean” sources has gained
significant adhesion in buildings. As this advance in the incorporation of clean energy gen-
eration in buildings is well known, this system has been incorporated into methodologies
for analyzing the energy performance of buildings, such as [4,5], and now in [6]. However,
these studies still do not consider the EV supply system as a building system for end use
separate from outlet loads.

In Brazil, a 2018 review of the building labeling system included the classification of
nearly zero energy buildings (NZEBs), in which at least 50% of the energy is produced
on-site, and positive energy buildings (PEB), which surpass the annual demand with on-site
production [6]. In Europe, the context of NZEBs is already consolidated, and the European
Commission has already stipulated in the Energy Performance of Buildings Directive the
transition of existing near-zero energy buildings (NZEBs) to zero-emission buildings (ZEB)
by 2030. In addition, new public buildings, whether rented or owned by the government,
must already be built with this characteristic [7].

The directive’s proposal considers a zero-emission building as: “a building with very
high energy performance, with the meager amount of energy still required fully covered by
energy from renewable sources and without on-site carbon emissions from fossil fuels [8].
According to the Energy Performance of Buildings Directive”, In addition to supporting
long-term climate neutrality, ZEB buildings also bring other benefits, such as “improved air
quality, the digitalization of energy systems for buildings, and the roll-out of infrastructure
for sustainable mobility” [9].

Innovation and new technology also allow buildings to support the overall decar-
bonization of the economy, including the transport sector. For example, buildings can be
leveraged to develop the infrastructure for charging electric vehicles.

According to the European Commission, buildings are crucial in changing the mobility
landscape. They provide the options and resources needed to supply the electric modes
incorporated into their private building electrical infrastructure and the external electro-
posts on roads and in public places [10]. In this sense, the European Parliament’s Alternative
Fuels Infrastructure Regulation (AFIR) already foresees that around 60% of recharging will
occur in private buildings [11].

Around the world, in addition to renewable energy and energy efficiency, new forms
of contribution and active participation in promoting the energy transition have emerged,
such as demand response, manageable self-consumption, and energy storage, and the
adoption of low-carbon transport through electromobility [12–14]. In the scope of electro-
mobility, an excellent endorsement of electric vehicles brings challenges and opportunities
in consumption, management, and efficiency.

Introducing renewable energy and electric vehicles poses new challenges for planners
due to their intermittency. These factors affect the active power demand of a building based
on the EV battery capacity, its state of charge, the time of arrival at the charging station,
and the charging selected [15,16].

According to the European Commission (2022), the second preference of EV users is to
recharge in the workplace, representing 15% of all energy charged in the European Union
(EU). However, the commission predicts this demand will increase to around 25% by 2030,
especially among those without access to home charging. Given this, some companies
invest in their charging networks to promote electric mobility among their employees,
offering reimbursement of charging costs or free charging in the workplace [10].
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This can lead to electric vehicle owners preferring not to charge at home due to cost,
lack of home charging, or distance requiring another recharge. This reinforces the need
to examine workplaces more closely regarding increasing demand for EV charging and
increasing energy consumption in commercial, service, and public buildings [10].

1.2. Country Overview: Brazil

Although Brazil is not one of the countries that use EVs, like China, Norway, South
Korea, Sweden, Germany, and the United States, the growth in the use of passenger vehicles
throughout the national territory is an increasingly present reality [16]. Driving factors
include the vast consumer market for automobiles, strategic considerations of energy
security, and environmental concerns. In addition, the high cost of fuel, the emphasis
on corporate environmental and social practices (known as Environmental, Social, and
Governance, ESG), and the national technological diversity are elements that solidify and
stimulate this agenda in the country’s sector [17].

Figure 1 presents the annual expansion of the EV fleet in Brazil over the last nine years,
showing an increase of 7250%.
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The top five Brazilian states in terms of electric vehicles are São Paulo, with 72,562 units
(32.66%); Rio de Janeiro, with 15,543 units (7%); Santa Catarina, with 14,959 (6.73%); Minas
Gerais, with 14,586 (6.56%); and Paraná, with 13,673 (6.15%). Together, they account for
131,323 units, or about 59.10% of all vehicles in the country [18].

The other states account for 90,875 units (40.89%), with the State of Pará accounting
for 2515 units (1.13%). Figure 2 shows the annual expansion of the EV fleet in Pará over the
last nine years, with an increase of 6797% [18].

Pará’s cars are distributed in several cities, as shown in Figure 3. Still, the majority
are concentrated in Belém, the state capital, with 1430 units, corresponding to 57% of the
EVs of Pará. The following five cities with the most EVs are Ananindeua, with 209 units;
Castanhal, with 107 units; Parauapebas, with 98 units; and Marabá, with 96 units. The
other cities in the state together have 575 EVs [18].

Based on this market data, we can understand the advance of electromobility at the
national, state, and local levels. This highlights the importance of analyzing this current
and growing demand for energy consumption, which will affect the power grid of Brazil’s
National Interconnected System (SIN, acronym in Portuguese) and the performance of
buildings. This topic needs to be explored further, given that the impacts on the grid are
more studied in academic papers and by market consultancies, according to [19].
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According to the Mapping and Diagnosis of Electric Mobility initiatives in Brazil from
2018 to 2021, the literature has shown that the studies focus on the impact on the electricity
grid, energy generation and storage, fuel cells in electric vehicles, vehicle charging, charg-
ing stations, and the influence of all elements of electric mobility on the energy supply
network [19]. However, studies that analyze the impact of electric vehicle (EV) loads on
buildings are rare [20]. Nevertheless, using electric cars in Brazil is not widespread, and the
supply infrastructure is restricted, which allows for the analysis of this impact beforehand.

1.3. Literature Review

Introducing renewable energy and electric vehicles (EVs) poses new challenges for
planners due to their intermittency. adequate electrical infrastructure and intelligent charg-
ing systems should be installed to manage and distribute the charging load in buildings,
minimizing the impact of EV power consumption. These systems can optimize charging
times to avoid peak electricity demand and reduce overall electricity consumption [21].
Sørensen et al. [22] conducted extensive research on EV charging and the relationship
between it and buildings. Data collected from charge points and vehicle data are often used
for EV studies.
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The impact of EV power consumption on buildings depends on several factors, includ-
ing the number of EVs being charged, the charging rate, and the capacity of the building’s
electrical infrastructure. If a building has a limited electrical capacity and many electric
vehicles are being charged simultaneously, the electrical system can overload, causing
power outages and damage to electrical equipment.

Factors like EV battery capacity, state of charge, arrival time at the charging station,
and selected charging method significantly affect active power demand [15,16].

Regarding the site’s electrical infrastructure, the Brazilian National Electric Mobility
Platform (PNME, acronym in Portuguese) [23] highlights the importance of checking the
number of phases, circuit breaker capacity, and input branch because, depending on the
size of the power system, the installation may require adjustments related to increased
load or changes in the supply voltage level. In addition to ensuring ease in installing
conduits with suitable diameters or cable trays for electrical conductors, the publication
also highlights the need to analyze the idle capacity of the feeder at low voltage with respect
to the seasonal hourly energy demand at the recharge point.

Studies analyzing the integration of electric vehicles into buildings have been pre-
sented in [24–28]. Yan Zhu et al. [25] proposes an optimal configuration method for charging
stations to meet the increasing demand and addresses the challenges of EV charging in
office buildings. The framework includes predicting the EV charging load and using genetic
algorithms for optimization, which significantly improves utilization and satisfaction rates.
Satisfaction rates can reach 96.54% and 97.48% for design periods of 5 and 10 years, respec-
tively, with significant performance improvements. The study highlights the effectiveness
of this method and calls for further research as EV usage increases.

In the paper [27], Castillo-Calzadilla et al. comment on the small number of studies
that analyze the energy balance in buildings. They investigate EV charging in Positive
Energy Districts (PEDs) through a simulation-based analysis in six buildings in northern
Spain. The study evaluates energy balances with 405 EVs using Ohm’s law and discusses
smart EV charging hubs to reduce grid reinforcement costs. The authors prove that energy
balances are limited by the energy performance of buildings, which in turn depends on
the envelope’s efficiency level and the equipment that makes up the construction systems.
They also comment on the high requirements that buildings must meet for an EE A or B
classification, such as good thermal performance and building systems, and the difficulty
that existing buildings, especially very old ones, have in complying with EE standards.

Castillo-Calzadilla et al. [27] concludes that the more inefficient the building is relative
to its label, the more negative the annual energy balance becomes with integrating electric
vehicles since this (energy balance) is directly proportional to the building’s energy rating.

In the study in [26], which includes vehicle-to-grid (V2G), energy storage systems,
and photovoltaic systems, Sangmin Park et al. compare the benefits of integrating EVs in
buildings considering the different seasons of the year. On cloudy days, EVs can be more
important in consuming surplus energy in the building.

The time of arrival and percentage of EV charge can be represented by probabilistic
models, such as the Poisson distribution, as discussed in [29–31]. Increased power consump-
tion from electric vehicles (EVs) can result in higher electricity bills for building owners
or occupants. Jang et al. [32] highlight the technical problems in adopting EV charging
in high-penetration cases, which increase yearly in Korea, where most inhabitants live in
apartment complexes and are expected to share parking spots and chargers. Such a setting
may accrue extra penalty fees to the complexes facing this problem. When analyzing issues
related to the installation of charging equipment, the PNME [23] addressed the importance
of verifying the demand contract, depending on the sizing foreseen in the design of the EV
supply system, aiming for adjustments that avoid fines for excess demand.

However, if the building has a renewable energy source, such as photovoltaic (PV) or
wind energy generation, this can offset this increased power consumption [33,34]. Mean-
while, it is important to consider the limitations of photovoltaic systems, such as the low
availability of sufficient roof areas or contractual restrictions that make it impossible to
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meet 100% of energy demands [27]. A PV-EV sizing framework for charging stations
powered by local solar energy generation in buildings is essential. This framework should
consider load-matching performance and the self-consumption–self-sufficiency balance
(SCSB), reflecting the balance between self-consumption (SC) and self-sufficiency (SS) [35].

One major challenge with EV introduction is its technical impact on voltage profiles,
feeder and transformer overloads, and grid stability. Research has analyzed EV charging’s
impact on distribution transformers, noting that harmonic content from EV recharging
increases transformer losses and causes voltage drops [36–38]. Shams Ashkezari et al. [39]
explain that through studies of energy management systems (EMS), it is possible to mitigate
concerns about grid reliability and reduce general grid power consumption, according to
the simulations realized.

Management techniques for EV charging, such as those presented in [15,34,40,41], aim
to improve grid voltage and load supply. For instance, the system in [41] restores critical
voltages to normal levels within two control cycles, increasing load capacity and vehicle
autonomy. In the study in [15], Moreira et al. use various criteria to manage charging
power, avoiding peak-hour power violations and enabling well-managed recharging.

Research also examines integrating EVs and buses into Ecuador’s tram system, high-
lighting charging infrastructure challenges. Using OpenDSS software, different charging
scenarios were evaluated. Slow charging at night was feasible, increasing tram system
utilization from 11% to 32%, while fast and combined charging was not feasible due to
increased losses and network congestion [42]. Similarly, OpenDSS software was used to
analyze the grid impact of EV charging, focusing on voltage constraints, optimal charging
patterns, and financial impacts, promoting sustainable public transportation [43].

Adequate electrical infrastructure and an intelligent charging system should be in-
stalled to manage and distribute the charging load in buildings to minimize the impact of
electric vehicle power consumption. Intelligent charging systems can also optimize charg-
ing times to avoid peak electricity demand and reduce overall electricity consumption [44].

Based on the literature review, the effects of electric vehicle supply integration on
building performance still need further investigation to guide energy consumption man-
agement decisions and energy efficiency measures. Therefore, this study aims to promote
the formulation or review of energy diagnosis methodologies, including the EV charging
system integrated into buildings.

1.4. Work Hypotheses

Due to the high energy of electric vehicles, their integration into buildings can have
significant impacts on energy efficiency and the NZEB or PEB rating, depending on factors
such as the initial energy performance level of the building, the amount of existing load,
and the availability of photovoltaic generation [33], leading to the following hypotheses:

1. Depending on the number of electric cars being fueled simultaneously in the building,
the integration of EVs may or may not impact the building’s energy performance and
its NZEB/PEB rating unless a suitable charging management/strategy is implemented.

2. Based on a series of restrictions/limitations, a suitable charging strategy can success-
fully integrate EVs into buildings, regardless of the number of electric cars being
fueled simultaneously, without the risk of losing the NZEB/PEB rating or reducing
energy performance.

1.5. Goals and Contribution

The integration of EVs in buildings with photovoltaic systems is already a reality, as
presented in the literature review. However, analysis and quantification of the implication
of increased energy consumption on the energy balance and efficiency of buildings resulting
from the EV supply system still need to be further explored in line with EE and NZEB
standards. Energy diagnosis methodologies in buildings still do not consider the EV supply
system as a building system for end use separate from outlet loads, considering only the
air conditioning and air-cooling system, lighting, envelope, and water heating separately.
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Within the context of everything that has been exposed so far, and with a case study in
Brazil, the work intends to contribute with:

• A methodology that aims to insert the EV supply system as an end-use system in
buildings, quantifying the impacts that the integration of EVs has on the level of
efficiency and energy self-sufficiency of commercial, service, and public buildings,
considering the guidelines of the Brazilian EE and NZEB assessment methodology
determined by [6];

• Simulation of load level scenarios for EV arrivals and departures, based on stochastic
analyses, such as the Monte Carlo method, with a realistic approach based on on-site
measurement values, and generating results with good approximations of what would
happen in practice with the integration of EVs in buildings;

• Energy management systems (EMS) methodology with optimization techniques, aim-
ing to mitigate the impacts of EV consumption on demand, consumption, and EE and
NZEB levels in buildings.

It is important to highlight that the methodology proposed in this article can be
replicated nationally for all regions of Brazil, as it is aligned with the Inmetro Normative
Instruction for the Energy Efficiency Classification of Commercial, Service and Public Build-
ings (INI-C), which is structured based on [45,46], the Brazilian bioclimatic zoning standard.
In addition, it allows scalabilities for all non-residential buildings, that is, commercial,
service, and public buildings. Therefore, to evaluate residential properties, it is necessary
to align the methodology with the Inmetro Normative Instruction for the Energy Efficiency
Classification of Residential Buildings (INI-R, acronym in Portuguese) [47].

Considering the integration of EV charging as an end-use system, this study aims
to investigate the impact of EV charging in energy-self-sufficient buildings without any
management and then apply demand-side management techniques to EV charging, consid-
ering different consumption conditions and voltage and power constraints. The Center of
Excellence in Energy Efficiency of Amazon (CEAMAZON) building, located in the city of
Belem, State of Para, Brazil, which already has an infrastructure for metering, photovoltaic
generation, and EV charging, was selected as a case study for the analysis [14]. The archi-
tectural characteristics of CEAMAZON are presented in Appendix B. Due to the project’s
complexity, it was divided into three parts, which were analyzed individually.

Based on this general goal, the following specific objectives have been defined:

1. Diagnose the energy performance of existing building systems to obtain the energy
efficiency classification in existing conditions;

2. Calculate the energy balance for the determination of the NZEB or PEB classification;
3. Model the electric grid of the building and integrate electric vehicle charging, ana-

lyzed in two scenarios: one without management and the other with demand-side
management techniques for EV charging.

The results and the discussions will make it possible to draw conclusions and recom-
mendations for the appropriate integration of electric vehicles in buildings to reduce their
energy impact.

This paper is structured into four sections. Section 2 presents a brief overview of the
computer simulation of the CEAMAZON building, with the energy performance assess-
ment and energy balance analysis for the NZEB/PEB rating, using the INI-C methodology,
and the actual data of the building’s annual load curve, photovoltaic generation, and
electric car charging measurement campaigns of approximately 20~80% of the batteries
system, taking into account literature recommendations, as mentioned in [48]. The impact
of integrating electric vehicles on the building’s energy performance and its NZEB/PEB
rating is examined. Section 3 presents the analysis results in two scenarios of EV integration
in the building. Finally, Section 4 presents the conclusions and future work.
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2. Materials and Methods

This section describes the four general steps of analysis of the case study and their
respective methodologies applied to achieve the main objective proposed in the article.
Step 1 diagnoses the energy performance of the building’s systems to determine the energy
efficiency level under existing conditions. Step 2 measures the energy balance to determine
the NZEB or PEB rating. Step 3 consists of a predictive analysis of the increase in building
load due to the integration of electric vehicle charging, analyzed in two scenarios described
in more detail in Section 2.4.3. The impact of the EV charging load increase on the EE and
NZEB/PEB ratings is examined in Step 4.

In steps 1 (computer simulated) and 2 (measured), the INI-C Energy Performance
Rating Methodology is used. For step 3, probabilistic models and Monte Carlo simulation
are used, and accurate data are presented for the building and the photovoltaic solar energy
generation system.

2.1. Step 1—Energy Efficiency Classification Methodology

According to the Brazilian National Institute of Metrology, Standardization and In-
dustrial Quality (INMETRO, acronym in Portuguese) Ordinance no. 309 (9/06/2022) [49],
which establishes the INI-C, the classification of the general energy efficiency level of
buildings is based on primary energy consumption, comparing the consumption of the
actual building with the same building in a reference condition, which corresponds to
classification D [6]. This D classification corresponds to a building with no shading on
outside windows, specific materials for exterior walls, roof, and glass, as well as a fixed
window–wall ratio (PAFT, acronym in Portuguese) and Lighting Potency Density (DPI,
acronym in Portuguese), depending on the building’s type; for this case, it will be an edu-
cational building of college-level type. Floor insulation should be considered nonexistent,
and the Coefficient of Performance (COP) for Heating, Ventilating, and Air Conditioning
(HVAC) systems should be 2.6. It is important to note that all variable acronyms will be
used following the ordinance. All such values can be seen in Appendix A.

This standard utilizes the bioclimatic zoning proposed by the Brazilian Association of
Technical Standards (ABNT, acronym in Portuguese) [46,47], facilitating the replication of
this methodology across the entire national territory. As an international alternative to this,
other labeling systems can be used if the basis of the certification is an energy reduction
analysis, as can be seen in Excellence in Design for Greater Efficiencies (EDGE) certification,
which awards labels for energy savings, from 20% reduction to 100% reduction, depending
on specific labeling standards [49].

The INI-C evaluates buildings that are fully air conditioned, fully naturally ventilated,
or hybrid (natural ventilation and air conditioning). Energy consumption can be estimated
using simplified or simulation methods or a combination. This research used the simulation
method for the air conditioning, lighting, and envelope systems. Envelope systems refer to
walls and roofs that separate interior spaces and the exterior of the building [6].

According to the normative instruction, the thermal-energy simulation method can
be applied to any building. The requirements for the type of software to be used in the
simulations are defined in point C.I.1 of the INI-C. Using this method, the final consumption
that corresponds to each electrical energy system is obtained, besides the estimation of the
total annual thermal load reduction of the building for the evaluation of the envelope, the
energy consumption of the artificial lighting system, and the annual cooling consumption.
The primary energy consumption of the real condition (CEP,real, acronym in Portuguese)
and the building’s reference condition (CEP,ref) should be calculated from the simulation
output data. The final step is to determine the building’s energy efficiency rating.

The assessment of the case study’s energy efficiency and self-sufficiency classification
level was structured in steps, as shown in Figure 4. It consists of the following: I. collection
of data and information on the building and its systems; II. based on the collected data,
the computer model is prepared according to the normative instruction guidelines for
a preliminary simulation; and III. carry out the thermos-energetic simulation based on
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the normative instruction INI-C, which presents the procedures related to the thermos-
energetic simulation method (C. I), described in INI-C [6], to find the building systems’
consumption and the building’s thermal load.
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2.1.1. Data Survey

The research methodology begins with collecting data on the three building systems
(envelope, ventilation and air conditioning, and lighting) through an on-site architectural
survey and interviews with staff and occupants of the space. The information obtained is
presented in Table A1 in Appendix A.

2.1.2. Computational Modeling

The modeling process consists of creating virtual spaces that resemble the real ones.
According to the guidelines, real buildings with complex geometries must be divided into
regularly shaped blocks. Each block must be modeled in separate files, with the other
blocks kept as shading objects. Each space within the block must be marked with a thermal
zone where heat transfer will occur. Each enclosed space will receive a thermal zone,
as observed in previous works Outside, following modeling guidelines from [6], nearby
buildings are included in simplified form, and vegetation will not be included in this study.

These requirements led to the adoption of the graphical interface of the OpenStudio
1.1.0 software. This software uses the EnergyPlus software (version 9.4.0) as a calculation
engine for geometric modeling and characterization of operating schedules, internal oc-
cupancy loads, thermal properties of materials and internal occupancy loads, artificial
lighting, and electrical equipment.

The OpenStudio software assigns schedules to the space types identified in the blocks
according to user data. Each typology is classified according to the similarity of schedules,
occupancy, and presence of electrical equipment and materials. The schedules are defined
and assigned to the typologies and the construction materials with thickness, thermal
conductivity, specific heat, density, and thermal absorption data. Those data are taken from
ABNT NBR [45,46] or [49].



Energies 2024, 17, 4060 10 of 32

Finally, according to point C.I.2 of the INI-C, the climate file must contain information
representative of the city’s climate where the building will be located. The normative
instruction adopts the climate classification ABNT NBR [46] proposed to verify the climate’s
influence. The climate file used for the city of Belém is available [50].

The output results to be analyzed in this step are appliance and artificial lighting
electricity consumption, thermal transmittance, solar reflectance, and the percentage of
total exterior openness.

2.1.3. Thermo-Energetic Simulation

Once the computer model is complete, the OpenStudio files are exported in .idf
format for further configuration in EnergyPlus. At this stage, the soil models for each
block are included. In this case, the Ground Finite Difference model is used as it provides
more reliable results at the cost of computational time [51]. This ground model uses a
one-dimensional finite difference heat transfer model to execute an annual simulation
considering the INMET weather file [52]. This simulation is executed before the thermal
zones to obtain a steady ground temperature profile that the zone simulation can use.

After soil configuration, the artificial conditioning systems are created using the
HVAC Template object of EnergyPlus for heating, ventilation, and air conditioning (HVAC),
commonly used for split systems [53]. All HVAC systems in this study are split systems.
Therefore, the only EnergyPlus objects used are HVAC Template: System: Unitary and
HVAC Template: Zone: Unitary to simulate air conditioning systems. These objects mainly
require the variables of HVAC cooling capacity in W, COP, and setpoint temperature, which
are all presented in Appendix A. The simulations are then calibrated using the building’s
annual cooling consumption, total annual thermal load, and total monthly consumption.

The results obtained from the real model are compared with the values of a reference
model (Figure 5), which is modeled based on the parameters of level D defined by INI-C,
which considers a fixed window–wall ratio of 40%, no shading from the roof, and building
elements such as brise-soleil while keeping neighboring shading from blocks. Both models
are simulated with the same space shape, operating schedules, occupancy density, and
electrical equipment power.
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By comparison, it is possible to classify the block according to its bioclimatic zone
(ZB, acronym in Portuguese) and form factor (FF, acronym in Portuguese), both for the
envelope and artificial lighting. The form factor is the ratio between the envelope’s area
and the block’s volume. For this study, the blocks’ envelope and volume areas are added
together to make this classification.

The HVAC classification depends only on the bioclimatic zoning. After the simulation,
it is possible to obtain the classification of the energy efficiency level and the definition of
the general Brazilian National Energy Conservation Label (ENCE, acronym in Portuguese)
using Equation (1) from [6]. All other consumption classifications stem from this equation
through the same methods, as can be seen from Equations (2)–(4).

RedCEP A, B or C = ((CEP,refD A, B or C − CEPreal A, B or C)/CEP,refD A, B or C) × 100 (1)
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where RedCEP A, B or C is the reduction in primary energy consumption for blocks A, B or C;
CEPrefD A,B or C is the primary energy consumption of the reference (level D) building condi-
tion for all the blocks (kWh/year); and CEPrealA,B or C is the primary energy consumption of
the real building for all the blocks (kWh/year).

RedCgTTA,B or C = ((CgTT,refDA, B or C − CgTTrealA, B or C)/CgTT,refDA, B or C) × 100 (2)

where RedCgTTA,B or C, is the reduction in total annual thermal loads for all the blocks;
CgTT,refDA, B or C is the total annual thermal of the reference (level D) building condition
for all blocks (kWh/year); and CgTTrealA, B or C is the total annual thermal load of the real
building for all blocks (kWh/year).

RedCRA,B or C = ((CR,refDA, B or C − CRrealA, B or C)/CR,refDA, B or C) × 100 (3)

where RedCRA,B or C is the reduction in air conditioning consumption for the blocks;
CR,refDA, B or C is the cooling consumption of the reference (level D) building condition
for all blocks (kWh/year); and CRrealA, B or C is the cooling consumption of the real building
for all block (kWh/year).

RedCIL A, B or C = ((CIL,refD A, B or C − CILreal A, B or C,)/CIL,refD A, B or C) × 100 (4)

where RedCIL A, B or C is a reduction in lighting consumption for all blocks; CIL,refDA, B or C is
the lighting consumption of the reference (level D) building condition all blocks (kWh/year);
and CILreal A, B or C is the lighting consumption of the real building for all blocks (kWh/year).

These variables can be calculated using Equations (5)–(7) from [6]:

CEP,real = (CEE,real × f CE) + (CET,real × f CT) − (GEE. f CE) (5)

where CEP, is the primary energy consumption of the real building (CEP,real) (kWh/year);
CEE is the total electrical energy consumption of the real building(CEE,real) (kWh/year); f CE
is the conversion factor of electrical energy into primary energy; CET is the total thermal
energy consumption of the real building (CET,real) (kWh/year), if applicable; f CT is the con-
version factor of thermal energy into primary energy; GEE is the energy generated by local
renewable energy sources (kWh/year); CET and GEE are not used for this analysis phase.

CEP,refD − (CEE,refD × f CE) (6)

where CEP, is the primary energy consumption of the reference (level D) building condition
(CEP,refD) (kWh/year); CEE is the total electrical energy consumption of the reference (level
D) building condition (CEE,refD).

CEE,real or refD = CR,real or refD + CIL,real or refD + CAAE,real or refD + CEQ (7)

where CR is the cooling consumption of the real building’s HVAC (CR,real) or in its reference
(level D) condition (CR,refD) (kWh/year); CIL is the lighting consumption of the real building
lighting system (CIL,real) or in its reference (level D) condition (CIL,refD) (kWh/year); CAAE is
the electrical energy consumption of the water heating system of the real building (CAAE,real)
or in its reference (level D) condition (CAAE,refD) (kWh/year); and CEQ is the equipment
consumption (kWh/year). CAAE,real or refD is zero.

All these values are obtained at the end of the computer simulation in energy end uses
in an HTML file. The conversion factor of electrical energy to primary energy f CE has a
value of 1.6 [6]. In addition, CgTT,real or refD is obtained to classify the envelope system.

Finally, consumption is classified within efficiency classes, ranging from E to A. The
factors needed to obtain these classes are the bioclimatic zone, the form factor, and the
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range, which depends on the system being evaluated. The methodology used to obtain the
CEP and CgTT can be observed in (8).

i = (CRCEPD-A or CRCgTTD-A × 100)/3 (8)

where i is the calculated value representing the interval between classes, (%); CRCEPD-A
is the primary energy consumption reduction coefficient from classification D to A; and
CRCgTTD-A is the total annual thermal load reduction coefficient for classifications from D
to A [6]. The application of these variables can be seen in Tables 1 and 2, adapted from [6].

Table 1. Educational buildings: coefficient for reducing primary energy consumption from classifica-
tion D to A (CRCEPD-A), based on the form factor and corresponding climate classification.

Climatic
Classification

CRCEPD-A

FF ≤ 0.20 0.20 < FF ≤ 0.30 0.30 < FF ≤ 0.40 0.40 < FF ≤ 0.50

ZB 8 0.28 0.30 0.28 0.27

Table 2. Educational buildings: coefficient for reducing the annual thermal load from classification D
to A (CRCgTTD-A), based on the form factor and corresponding climate classification.

Climatic
Classification

CRCgTTD-A

FF ≤ 0.20 0.20 < FF ≤ 0.30 0.30 < FF ≤ 0.40 0.40 < FF ≤ 0.50

ZB 8 0.08 0.09 0.10 0.10

Only the bioclimatic zone is considered for the intervals for air conditioning systems.
These intervals are shown in Table 3, adapted from [6].

Table 3. Limits of the energy efficiency rating range according to the climate classification of the
building in which the air conditioning system is being assessed.

Climatic
Classification

RedCR (%)
A B C D E

ZB 7 and 8 RedCR > 43 43 ≥ RedCR > 29 29 ≥ RedCR > 14 14 ≥ RedCR ≥ 0 RedCR < 0

Finally, for artificial lighting, the ranges depend on the lighting consumption for D
and A ratings, as per (9):

i = (((CIL,refD − CIL,refA)/CIL,refD) × 100)/3 (9)

After identifying all ranges except refrigeration consumption, the classification for
all other systems can be obtained by comparing the reduction coefficients and classes, as
shown in Table 4.

Table 4. Limits of the ranges of the energy efficiency ratings of the building envelope, lighting system,
and general.

Energy Efficiency
Classification

RedCgTT, RedCIL e RedCEP or RedCEPweighted (%)
A B C D E

ZB 7 and 8 Red > 3i% 3i% ≥ Red > 2i% 2i% ≥ Red > i% i% ≥ Red ≥ 0% Red < 0%

The regulations follow the classification process by comparing electricity consumption
and generation to achieve the NZEB target. Due to the existence of a central photovoltaic
system that does not belong to a single block but to the building as a whole, it was necessary
to add up and weight the consumption and reduction of primary energy consumption
(RedCEPweighted) of the blocks to obtain a classification result and total final consumption
for the building.
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The weighting was done using the ratio between the RedCEP of each block and the
sum of the consumption of each block (A, B, and C). Adding the envelope areas and
volumes was also necessary to obtain a unified form factor. Equation (10) for weighting the
building’s primary energy consumption is shown below:

RedCEPweighted = ∑ (RedCEPn × CEPn)/∑CEPn (10)

where RedCEPweighted is the weighted reduction in primary energy consumption (kWh/year),
∑RedCEPn is the sum of the reduction in primary energy consumption of a block n
(kWh/year), and ∑CEPn is the sum of the primary energy consumption of a block n
(kWh/year).

After obtaining the weighted value of the reduction in primary energy consumption
(RedCEPweighted), the final energy efficiency rating is obtained from Table 4. This value is
compared with the calculated ranges to identify the final general energy efficiency rating.

2.2. Step 2—Near Zero Energy Building (NZEB) or Positive Energy Building (PEB)
Classification Methodology

Next, the building’s energy balance is carried out, where it is possible to evaluate the
contribution of local renewable energy generation systems generated on-site. According to
INI-C [6], the level of this contribution can classify the building as near zero energy (NZEB)
or positive energy (PEB) through the potential for energy generation (PG) by the use of
local renewable energy sources, which is obtained using Equation (11).

PG = (GEE × f CE × 100)/(CEE,real . f CE) + (CET,real . f CT) (11)

where PG is the energy generation potential (%); GEE is the energy generated by local
renewable energy sources (kWh/year); CEE,real is the total electrical energy consumption of
the consumer unit (CU) in real condition (kWh/year); CET,real is the total thermal energy
consumption of the CU in real condition (kWh/year); f CE is the conversion factor of
electrical energy into primary energy, which will be considered 1.6; f CT is the conversion
factor of thermal energy into primary energy, which will be considered 1.1. Both conversion
factors can be sourced from Table 8.1 of [6].

The PG can determine whether a building is NZEB or PEB. According to [6], if the
PG was more significant than or equal to 50% but less than or equal to 100%, the building
could be considered NZEB. It can be classified as a PEB if it is higher than 100%.

2.3. Step 3—Predictability of Integrating Electric Car Charging into Buildings

In step 3, actual energy consumption data for the building, the vehicle charging system,
and photovoltaic generation (PV) are used, according to the database of the Electricity
Consumption Management System (SISGEE) platform prepared by the CEAMAZON-UFPA
team [22,54].

To predict the integration of electric car charging in buildings, this study’s methodol-
ogy estimates the time of arrival and percentage of the electric vehicle (EV) charge using
probabilistic models such as Poisson distribution models [30]. Given the additional load on
the building due to EV charging, the solution proposed in this work includes demand-side
management strategies to prevent EV charging from impacting building performance, as
shown in Figure 6.

In this case, peak shaving has been used, which considers the reduction and/or
cutting of part of the loads during peak hours of the day; this is associated with a maximum
demand, considering that the user has contracted an energy tariff with cost per kW. In this
case and aiming at the implementation of electric vehicles in the building, the load to which
the DSM was applied was that of the electric vehicles to avoid their annual consumption
due to their recharging from exceeding the photovoltaic generation of the building and,
therefore, maintain the NZEB classification of the building.
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The electric vehicle charging infrastructure comprises four (4) 7.6 kVA slow-charge
chargers and three (3) 22 kVA semi-fast chargers. The algorithm developed to simulate the
electricity consumption of EVs, made in the OpenDSS software, considers this information.
All this information and the methodologies described above can be viewed in the flowchart
of step 3, represented in Figure 6.

2.4. Demand Side Response Techniques and Algorithm Explanation

The demand-side response techniques used in this study are critical to managing
energy consumption and maintaining the building’s energy efficiency rating despite the
integration of electric vehicles (EVs). Techniques include probabilistic models and Monte
Carlo simulations implemented in Python, using OpenDSS software to evaluate power
flow scenarios.

2.4.1. Probabilistic Models and Monte Carlo Simulation

Monte Carlo is a technique that is particularly relevant in the context of electric vehicle
charging to address problems with high levels of uncertainty and constraints. This study
uses probabilistic models to estimate variability in EV charging demand. As presented
before, the Poisson distribution is used to model the arrival number of EVs and their state
of charge (SOC) at charging stations. This is done at each step of the OpenDSS simulation
every ten minutes, using a random number based on a standard distribution of EVs arriving
at the charging station to be charged; in addition, their battery charge state is also a random
number based on a normal distribution. remembering that this only operates from 8 am
to 4 pm, as cars arrive in the building’s parking lot during this period. The Monte Carlo
method is used to simulate EV charging behavior, which helps understand the impact of
EV integration on energy consumption and building efficiency rating.
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2.4.2. Mathematical Foundation

Let λ be the average EV arrival rate per 10 min. The Poisson distribution gives the
probability of k EVs arriving every 10 min.

The number of EVs arriving at charging points and the battery charge of the EVs upon
arrival is modeled as a normal distribution with mean µ and standard deviation σ in (12):

X = µ + σZ (12)

where Z is a random number drawn from the standard normal distribution; thus, X is a
random number from the normal distribution with mean µ and standard deviation σ.

For the number of EVs that will arrive, an average of 1 and a standard deviation of 1
are used, while for the EV battery charge, an average of 20 and a standard deviation of 5
are used. It is worth noting that the simulation does not work with fractional values, as
integer values are needed for the number of EVs, so before proceeding with the simulation,
the absolute value of the value of X is obtained directly.

2.4.3. Demand-Side Management Strategy

Two scenarios were considered to manage the increase in load due to EV charging:

• Scenario 1—Unrestricted loading: EVs can charge to their maximum capacity without
restrictions. This leads to significant increases in the energy consumption of buildings.
This means that during the simulation, the number of EVs remains a random number
based on a normal distribution, and the amount of battery charge is also received as a
random number based on a normal distribution. Therefore, EVs are inserted into the
grid to start charging their batteries to full. Thus, this scenario aims to demonstrate
the case in which EVs are charged without any restriction on their charging power
and without restriction on the energy they consume from the building.

• Scenario 2—Top-up management: Charging is optimized by reducing the power
consumed by each EV and switching off EVs with a charge percentage greater than
80% if necessary. This strategy limits charging power by avoiding consumption
peaks and ensures that total energy consumption remains within acceptable limits,
mitigating the impact on the building’s energy efficiency rating. This means that
during the simulation, the number of EVs remains a random number based on a
normal distribution, and the amount of battery charge is also received at a random
number based on a normal distribution. However, EVs can have their charging power
reduced to avoid consumption peaks at a given time. This is done if the transformer is
close to its maximum capacity; that is, the algorithm works by reducing the power of
the EVs so that there are no overloads in the building’s transformer. Furthermore, the
energy consumed by EVs directly affects the energy efficiency rating of the building.
For this, there is also a limitation on the energy consumed, so the algorithm can turn
off the charging of an EV so that it can no longer charge that day, seeking to limit this
energy consumption of EVs.

2.4.4. Python Implementations

The Python script connects to the OpenDSS software to perform detailed power flow
analysis in an electrical system. The process begins with establishing a connection to
OpenDSS, followed by starting the simulation in ten-minute intervals.

Next, a loop applies the Monte Carlo method. Initially, a number is randomly chosen
following a normal distribution to determine the number of cars arriving for charging.
Another number is similarly selected to estimate the cars’ battery charge level. With
this data, the simulation step is performed. The algorithm collects information such as
voltage, power, and energy from all points in the electrical network. These data are used to
evaluate the network’s performance. The management system checks if the transformer is
overloaded or if there are any under-voltages, and calculates the energy of the equipment
and analyzes the building’s classification. If overloads or under-voltages are detected, the
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algorithm adjusts the charging power of the electric vehicles (EVs). If the charging power
has already been reduced to 50% of the nominal level and problems persist, the algorithm
stops charging the EV with the highest battery charge while keeping the other EVs charging
at 50% of the nominal power.

After adjusting the network conditions, the algorithm prepares for the next simulation
step, ending the loop. Finally, the energy, power, and voltage data are processed to obtain
detailed information about the simulated scenarios. The flowchart depicted in Figure 7
concisely represents the workflow for the simulation framework using OpenDSS. The pro-
cedure begins by importing necessary libraries and establishing a connection to OpenDSS,
then preparing the DSS file and initializing simulation parameters. The main loop involves
adjusting load conditions, solving the circuit, applying the Monte Carlo method for EV
charging simulation, and recording energy data. Post-simulation, the framework analyzes
and stores the results, which are then visualized for comprehensive data interpretation.
This figure succinctly illustrates the methodological steps of the framework, ensuring
robust analysis of EV impacts on power distribution networks.
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The analysis of the scenarios aims to infer the extent to which the implementation of ve-
hicle charging could compromise the classification of energy-efficient buildings, especially
NZEBs (near zero energy buildings) and PEBs (positive energy buildings).

Finally, it is vital to note that total transformer power is another variable that was
initially thought of. However, due to photovoltaic generation, no breach of this parameter
was found from multiple simulations, so it is not discussed in the results.

2.5. Step 4—Assessment of Energy Performance in Buildings, Considering the EV Supply System

In the fourth and final step, the calculation methodology stipulates a reference value
for energy consumption in a building. This helps the building manager verify whether
the energy efficiency class, obtained through good practices in the design step or system
refurbishment, is affected by the increase in consumption resulting from the integration of
electric vehicles.
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To do this, it is necessary to include EV consumption in the INMETRO certification
calculation methodology. Currently, the methodology only considers the consumption of
electrical equipment, lighting, air conditioning, and water heating, if any, according to
Equation (1), which results in weighting presented in (10), both of which have already been
given. At this step, the vehicle load is proposed to be included as a factor/coefficient in
Equation (10) since it is connected to the building as a whole and not to a single block. This
results in Equation (13):

RedCEPweighted = ∑RedCEPn × CEPn/∑CEPn + (CVE × f CE) (13)

where CVE is electric vehicle consumption (kWh/year).

3. Case Study

As mentioned, the case study is applied in CEAMAZON (Figure 8), located within the
Federal University of Para (UFPA), at the Guamá Science and Technology Park, Perimetral
Avenue 2651, latitude −1.46667 and longitude −48.44575, building 01, Guamá neighbor-
hood, city of Belém, State of Pará, Brazil. It is a multi-story building with a total built area of
2395.43 m2 and 1697.3 m2 of useful area, divided into three floors (Figure A1, Appendix B).
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The lighting system consists of 276 lamps, totaling 16,612.00 W of installed power. The
air conditioning system comprises 35 devices of all types, with power varying between
12,000 and 58,000 BTU/h, totaling 896,000 BTU/h of installed power. The building’s
population consists of 75 people, including 8 teachers, 7 administrative technicians, and
approximately 64 undergraduate, master’s, and doctorate students who work with research
in the 7 laboratories that make up the center.

The building’s consumption history, which operates from 8 a.m. to 6 p.m. throughout
the school term (174 days) and university vacation, was estimated based on the measure-
ment data generated in 2022 through the Electricity Management System (SISGEE) platform
prepared by the CEAMAZON-UFPA team. The data simulation in EnergyPlus found that
the building in question has a total annual consumption of 140,567.88 kWh/year (Figure 9).

The building has an 80 kW photovoltaic system installed on its grounds, with 234
and 335 Wp photovoltaic modules operating without interruption since January 2021 and
two charging stations (DC and AC). In 2022, the system’s reference year for this study, a
total annual renewable energy generation of 115.854,00 kWh/year was achieved, as shown
in Figure 9.

The CEAMAZON has meters installed that allow load metering in real time, 24 h a day.
It was designed to be efficient but does not have the Brazilian efficiency label. It is essential
to point out that the CEAMAZON is in the Amazon region, which presents significant
advantages concerning photovoltaic generation, first because of the solar availability in
the region, which does not vary significantly being an equatorial climate, and because
most days of the year it rains in the late afternoon, which provides a natural cleaning of
the solar cells and thus means solar generation is not affected by external factors such as
dirt. However, scheduling cleaning programs to maximize waste at the bottom is always
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necessary due to the inclination. Furthermore, according to Brazilian Standard NBR 15220:
Thermal Performance of Buildings [46], its corresponding bioclimatic zone (ZB) is 8.
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The building has 26 parking spaces, but not all have electric charging stations. The
electric vehicle supply infrastructure comprises four 7.6 kVA slow-charge chargers and three
22 kVA semi-quick-charge chargers. These numbers were determined by the availability of
the transformer, which has 150 kVA of power. Of this capacity, 50 kVA is being used by loads
of the building systems, leaving 75 kVA to supply the electric vehicles, without considering
the use of the 25% (25 kVA) reserved for possible expansions in the building’s consumption.

4. Results
4.1. Energy Efficiency Level Classification of the CEAMAZON Building
4.1.1. Envelope Energy Efficiency Rating of the CEAMAZON Building

The building has 2646.54 m2 of envelope area and a total volume of 5320.55 m3,
corresponding to a form factor (FF) of 0.50. Looking at INI-C [6], for bioclimatic zone 8, the
0.50 form factor corresponds to a Coefficient of Reduction of Primary Energy Consumption
from classification D to classification A (CRCEPD-A) of 0.27. The classification interval
(i) equal to 3.33 was obtained from this value, according to (5). This interval (i) resulted
in Table 5:

Table 5. Limits of the energy efficiency ratings ranges of the existing CEAMAZON envelope.

RedCgTT (%)
A B C D E

RedCgTT > 10% 10% ≥ RedCgTT > 6.67% 6.67% ≥ RedCgTT > 3.33% 3.33% ≥ RedCgTT ≥ 0% RedCgTT < 0%

As previously explained in Section 2.1.3—Thermo-Energetic Simulation, the case
study building is analyzed in terms of three individual blocks. All values of the variables
generated by the computer simulation for each individual block, in its real and reference
condition, are presented in Appendix C. These individual data were used in the weightings
to obtain the general values of the complete building.

The computer simulation resulted in a total annual thermal load for the real building
(CgTT,real) of 271,459.51 kWh/year and a total yearly thermal load for the building in its ref-
erence condition (CgTT,ref) of 320,031.86 kWh/year. From these values, it was possible to see
that the envelope has a reduction in total annual thermal load (RedCgTT) of 15.18%, which,
in comparison with Table 5, corresponds to level A of the envelope’s energy efficiency class.
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4.1.2. Efficiency Classification of the Air Conditioning System of the
CEAMAZON Building

The air conditioning system is classified according to INI-C [6], with the limits of the
energy efficiency classifications for each bioclimatic zone according to the corresponding
climate classification. For bioclimatic zone 8, where the building under study is located,
the limits are shown in Table 6.

Table 6. Limits of the energy efficiency ratings ranges of the existing CEAMAZON air conditioning
system, adapted from INI-C [6].

Climate
Classification RedCR (%)

Bioclimatic Zones A B C D E
ZB 7 and 8 RedCR > 43% 43% ≥ RedCR > 29% 29% ≥ RedCR > 14% 14% ≥ RedCR ≥ 0% RedCR < 0%

The cooling consumption values for the building’s air conditioning system in its real
condition (CR,real) and reference condition (CR,ref) were obtained from the CEAMAZON
computer simulation, resulting in 110,476.84 kWh/year and 123,089.18 kWh/year, respectively.

Using the cooling consumption figures for the two cases, Equation (3) provides a
percentage % reduction in the cooling system’s energy consumption (RedCR) of 10.25%.
Comparing this to Table 6, we obtained energy efficiency class D for the building’s current
air conditioning system.

4.1.3. Lighting System Efficiency Rating of the CEAMAZON Building

The lighting system analyzed by the computer simulation method resulted in light-
ing power limit values for classifications A and D (PILA and PILD) of 21,417.72 W and
38,157.98 W, respectively. In addition, the total installed lighting power (PIT), in its real
condition, is 23,026.97 W.

Using these values, and the number of hours the building is in use per day and
the number of occupancy days per year, according to the typology in INI-C [6]. The
consumption values for the building’s lighting system in its reference condition D (CIL,refD)
and classification A (CIL,refA) were 17,024.87 kWh/year and 9555.95 kWh/year, respectively.

Equation (9), using these values, provided a classification interval value of 14.62%.
With this interval, the energy efficiency classification limits for the lighting system were
established, as shown in Table 7.

Table 7. Limits of the energy efficiency ratings of the existing lighting system in the CEAMA-
ZON building.

RedCIL (%)
A B C D E

RedCIL > 43.87% 43.87% ≥ RedCIL > 29.25% 29.25% ≥ RedCIL >14.62% 14.62% ≥ RedCIL ≥ 0% RedCIL < 0%

The simulation also obtained a real building’s lighting system consumption value
(CIL,real) of 10,263.43 kWh/year. Applying this value to Equation (4) results in an 8.47%
reduction in the actual building’s lighting system (RedCIL) consumption, which, compared
to Table 7, results in an energy efficiency class B for CEAMAZON’s current lighting system.

4.1.4. General Energy Efficiency Classification of the CEAMAZON Building

Looking at in INI-C [6], for bioclimatic zone 8, the 0.50 form factor corresponds
to a Coefficient of Reduction of Primary Energy Consumption from classification D to
classification A (CRCEPD-A) of 0.27. According to Equation (8), the classification interval
(i) equal to 9 was obtained from this value. This interval (i) resulted in Table 8.
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Table 8. Limits of the ranges of the general energy efficiency rating of the CEAMAZON building.

RedCEP (%)
A B C D E

RedCEP > 27% 27% ≥ RedCEP > 18% 18% ≥ RedCEP > 9% 9% ≥ RedCEP ≥ 0% RedCEP < 0%

With the final values, the weighting is done, obtaining an overall primary energy
classification of level C for the CEAMAZON building. The calculation procedure is applied
to the Equation (10) presented in Section 2:

RedCEPweighted = [(10.195 × 181.501,904) + (21.724 × 33.624,18) + (9.78 ×
9.782, 53)]/(181.501, 904 + 33.624, 18 + 9.782, 53) = 11.90%

Appendix C, Table A2, contains all consumption for real and reference cases, and
Table A3, contains all reduction ratios and labels for each block, making it easier to use.

4.2. Near Zero Energy Building (NZEB) or Positive Energy Building (PEB) Classification of the
CEAMAZON Building

With electricity consumption values (CEE,real) of 140,567.88 kWh/year, renewable
energy generation (GEE) of 116,065.70 kWh/year, and the conversion factor of electricity
into primary energy (f CE) of 1.6, the potential for energy generation (PG) can be obtained
according to Equation (11):

PG = [116.065,70 × 1.6 × 100]/[140.567,88 × 1.6] = 82.57%

Generation potentials greater than or equal to 50% and less than 100% represent NZEB
buildings, while potentials more significant than 100% show PEBs. The simulated results,
therefore, classify CEAMAZON as an NZEB building [6].

4.3. Assessment of Energy Performance CEAMAZON in Buildings, Considering the EV
Supply System

In Section 4, Section 4.1.4, the result of CEAMAZON’s overall energy performance
rating was presented, resulting in a level of C for energy efficiency. The annual consump-
tion figures in Section 3, obtained from EnergyPlus simulations, were used for the EV
integration study.

Figure 9 shows the initial baseline scenario, which shows the building’s consumption
(blue) and PV generation (cyan) curves for each month of the year. The values shown
for this scenario are actual values from the photovoltaic (PV) generation system and the
previous simulations in EnergyPlus. From the base case, the building can be categorized as
an NZEB. The voltage per unit (p.u) is a parameter of interest in maintaining the power
supply quality. Figure 10 shows the maximum and minimum voltage values recorded for
the baseline. For this scenario, the voltages range from 0.95 p.u. to 1.05 p.u.
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4.3.1. Energy Assessment of the CEAMAZON Building, Considering the Consumption of
Electric Cars: Scenario 01, without Optimization

In the first scenario, illustrated in Figure 11, where there are no restrictions on EV
charging, the energy consumed by EV charging leads to a significant increase in the energy
consumption of the CEAMAZON building.

Energies 2024, 17, x FOR PEER REVIEW 22 of 33 
 

 

 
Figure 10. Voltage magnitude plot for the base case of the CEAMAZON building. 

4.3.1. Energy Assessment of the CEAMAZON Building, Considering the Consumption 
of Electric Cars: Scenario 01, without Optimization 

In the first scenario, illustrated in Figure 11, where there are no restrictions on EV 
charging, the energy consumed by EV charging leads to a significant increase in the en-
ergy consumption of the CEAMAZON building. 

 
Figure 11. Photovoltaic generation and energy consumption of the CEAMAZON building, consid-
ering electric car charging, without optimization. 

Using the computer simulation software OpenDSS, it was possible to obtain the elec-
tricity consumption of the electric car supply system for scenario 1, without considering 
restrictions, of 97,388.42 kWh/year and 155,821.47 kWh/year converted into primary en-
ergy. Maintaining the building’s consumption of the other energy systems and adding the 
consumption of the electric car supply system, CEAMAZON’s overall total electricity con-
sumption changes from 140,567.88 kWh/year to 237,956.30 kWh/year, corresponding to an 
increase of 69.28%. 

This consumption value, multiplied by the conversion factor of electrical energy into 
primary energy (𝑓CT) of 1.6, results in a primary energy consumption of 380,730.07 
kWh/year for the building in its actual condition with EV. In the reference case, primary 
energy consumption was 255,906.65 kWh/year, but this figure rises to 411,728.12 
kWh/year using electric cars. Based on these new values for primary energy consumption 
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ing electric car charging, without optimization.

Using the computer simulation software OpenDSS, it was possible to obtain the
electricity consumption of the electric car supply system for scenario 1, without considering
restrictions, of 97,388.42 kWh/year and 155,821.47 kWh/year converted into primary
energy. Maintaining the building’s consumption of the other energy systems and adding
the consumption of the electric car supply system, CEAMAZON’s overall total electricity
consumption changes from 140,567.88 kWh/year to 237,956.30 kWh/year, corresponding
to an increase of 69.28%.

This consumption value, multiplied by the conversion factor of electrical energy into
primary energy (f CT) of 1.6, results in a primary energy consumption of 380,730.07 kWh/year
for the building in its actual condition with EV. In the reference case, primary energy con-
sumption was 255,906.65 kWh/year, but this figure rises to 411,728.12 kWh/year using
electric cars. Based on these new values for primary energy consumption in the real and
reference cases, taking EV charging into account, a new weighting of the reductions in
primary energy consumption (RedCEPweighted) for each block is carried out, giving the
value of 7.03%, using Equation (13).

With this new figure for the percentage reduction in primary energy consumption
in scenario 1, the CEAMAZON building, which reached level C without considering
the consumption of electric cars, now has a level D overall energy performance rating,
compared to the limit values in Table 8. This shows the impact of the supply system on the
building’s energy efficiency performance.

With the values of total electricity consumption in the scenario 1 condition at
237,956.30 kWh/year, the conversion factor of electrical energy into primary energy of 1.6,
and the value of energy generated by local sources of renewable energy of the center at
116,065.70 kWh, it was possible to obtain the power generation potential (PG) of 48.78%,
using Equation (11). As a result, the CEAMAZON building’s status shifts from being
categorized as an NZEB during the year (representing less than 50% of consumption) to
a building without self-sufficiency. This highlights the significant impact of integrating
electric vehicles into buildings on the classification of energy-efficient buildings, particularly
those designated as NZEB or positive energy buildings.
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When the voltage parameters are analyzed, they decrease slightly with the recharge
of electric vehicles (Figure 12); however, they continue to be within the allowed range of
0.95 p.u. to 1.05 p.u.
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Next, scenario 2, which considers optimizing EV consumption, is analyzed to see if
the restrictions make it possible to integrate EVs without affecting the energy rating, as was
the case in scenario 1.

4.3.2. Energy Assessment of the CEAMAZON Building, Considering the Consumption of
Electric Cars: Scenario 02, with Optimization

The demand management actions presented in Sections 2, 2.4.3 and 2.4.4, were imple-
mented for the second scenario, which shows new CEAMAZON building consumption, as
shown in Figure 13.
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ing electric car charging, with optimization.

Scenario 2 differs from scenario 1 due to the restrictions (reducing the charging
power and disconnecting all vehicles with a charge percentage exceeding 80%) consid-
ered. The simulation in the OpenDSS software showed that this new scenario consumed
56,927.00 kWh/year of electricity with the optimized electric car supply system, which
resulted in a final consumption for the building with EV charging of 197,494.88 kWh/year.
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In scenario 2, the energy consumption of the reference building is 216,868.66 kWh/year.
When the converter uses this reference value and the total consumption value of the
CEMAZON building with managed EV supply (scenario 2), it obtains 315,991.82 kWh/year
and 346,989.86 kWh/year, respectively. Applying Equation (13), there is a reduction in
primary energy consumption (RedCEP) of 8.47%. This value is evaluated in Table 8 of
the classification limit, resulting in the level D classification of energy efficiency of the
CEAMAZON building. It is possible to conclude that, even with restrictions, EV supply
continues to impact the energy performance of the building.

Using the value of primary energy consumption from scenario 2 and renewable energy
generation in Equation (11), the optimized scenario’s new energy generation potential (PG)
is obtained at 58.77%. This value results in the energy self-sufficiency assessment of the
CEAMAZON building in NZEB, resuming the classification that the building received
in its current state when it did not have EV integration. With the management of the EV
charge, Figure 14 shows a slight improvement in the magnitude of the voltages, which
continues within the range of 0.95 p.u. to 1.05 p.u. Therefore, this criterion is met for the
three scenarios evaluated.
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Figure 14. Voltage magnitude plot for the second scenario.

5. Discussion

This section discusses the two scenarios proposed in this study when compared to the
base case. The results are summarized in Figure 15, where the left Y axis corresponds to the
bars and the right Y axis corresponds to the lines.

The CEAMZON building currently has level C energy efficiency and the NZEB build-
ing classification, as solar energy generation supplies 82.57% of its consumption in the base
case. The analysis of the simulation of two scenarios of the integration of electric vehicles
in the building made it possible to measure the impact of the supply system without
management (scenario 1) and with loading management (scenario 2), as can be seen in the
comparative summary of the results in Table 9.

Regarding the base case, scenario 1 presented an annual increase of 69.28% in electricity
consumption in the CEAMAZON building, affected mainly by the consumption of EVs
(97,388.41 kWh/year more). The increase in consumption resulted in the reduction in the
energy performance classification to level D, remembering that the scale goes from level A
(more efficient) to E (less efficient). In addition, the CEAMAZON building lost its energy
self-sufficiency classification because photovoltaic generation now began to supply less
than 50% of the building’s energy consumption, as demonstrated by the green point in the
graph in Figure 14, where the dashed red line represents the limit for NZEB classification.
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Table 9. A comparative synthesis of consumption results and EE and NZEB/EEP levels of the
scenarios analyzed for the CEAMAZON building.

Scenarios Base Scenario Scenario 01 Scenario 02

Energy
generation and
consumption

PV Generation
(kWh/year)

Total
consumption of

the building
(kWh/year)

EV
consumption
(kWh/year)

Total
consumption of

the building
with EV

(kWh/year)

EV
consumption
(kWh/year)

Total
consumption of

the building
with EV

(kWh/year)

Electrical
energy 116,065.70 140,567.88 97,388.42 237,956.30 56,927.00 197,494.88

Primary energy 18,570,512.22 224,908.61 155,821.46 380,730.07 91,083.21 315,991.82

EE Rating Level Level C Level D Level D

NZEB/EEP Rating Level PG of- 82.57%
= NZEB PG of 48.78% = no classification PG of 58.77% = NZEB

To mitigate the impact caused by the use of EV, scenario 2, with loading management
measures considering power and voltage restrictions, was proposed. The results showed
an annual increase of just 40.50% in energy consumption regarding the base case, and a
decrease from 97,388.41 kWh/year to 56,927.00 kWh/year in energy consumption of the
EV supply system in the building, from case 1 to case 2, respectively.

The optimization technique demonstrated good potential for minimizing impacts of
EVs on building energy performance. However, the INI-C energy assessment methodology
showed that the reduction in consumption was not sufficient to return the performance
level to C, keeping the building at level D.

Regarding the energy self-sufficiency classification, scenario 2 allowed CEAMAZON
to return to the NZEB building category, as the new energy balance resulted in an increase
of 20.48% in PG 2, overcoming the minimum limit of 50%, as seen in Figure 14. A slight
improvement in voltage magnitudes, which remained within the range of 0.95 p.u. to
1.05 p.u., was observed with the EV loading management. Therefore, this criterion was met
for the two scenarios evaluated.
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6. Conclusions

In recent years, two lines of research have converged within the same discussion,
driven by the proliferation of electric vehicles (EVs) and their integration into buildings.
Buildings that have been classified based on their envelope, lighting, and air conditioning
systems, allied to energy sources that allow them to be classified as NZEB/PEB buildings,
will now incorporate electric vehicles due to the proliferation of this mode of transport. In
this context, the energy implications of the additional consumption of these EVs become
relevant to the literature.

This work presented a comprehensive evaluation of an existing building, from its
energy classification, including its energy balance, to NZEB or PEB, of the impact of
uncontrolled integration of electric vehicles (EV) into its infrastructure. The findings
prove the hypothesis that unplanned integration of EVs into a building may compromise
its overall energy efficiency and self-sufficiency ratings. Consequently, the unplanned
introduction of electric vehicles can reduce the benefits of these new technologies in the
energy transition.

To address this issue, this study evaluated the implementation of some demand-side
management actions for electric vehicle (EV) charging, restricting charging power when
necessary and fully releasing it when possible, showing that final energy consumption can
be controlled with these strategies and simultaneously avoiding problems with voltage
and overloads that can occur with the insertion of EVs into electrical networks. The
results showed that these management actions did not prevent the energy consumption of
EVs from affecting the energy efficiency rating. Still, they helped the rating improve the
self-sufficiency rating of the case study building from scenario 1 to scenario 2.

It was noticed that this new proposed scenario, even with the current management
assumptions, the EVs’ consumption still impacts the building’s performance, demon-
strating the need to apply new restrictions. However, as the building already has a low
energy performance, regardless of EV integration, it is understood that the proposal for
more restrictions will only be valid after the building undergoes a retrofit to improve the
inefficient systems.

Therefore, it is concluded that in addition to the electrical energy management actions
of the electric vehicle supply system, it is necessary to propose actions to improve the
efficiency of other building systems, such as the lighting and air conditioning system,
aiming to reduce consumption and improve the energy performance of the building. In a
future study, it would be interesting to present this combination of energy efficiency and
management actions and analyze how much these actions can contribute not only to the
performance of the building, but also to the sustainable integration of EVs in buildings.
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Abbreviations
The following abbreviations are used in this manuscript:

ABNT Brazilian Association of Technical Standards
AFIR Parliament’s Alternative Fuels Infrastructure Regulation

CAAE,real or refD
Electrical energy consumption of the water heating
system of the real building

CEAMAZON Center of Excellence in Energy Efficiency of Amazon
CEE,real Total electrical energy consumption of the real building

CEP,real
Primary energy consumption of the building’s real
condition

CEP,ref
The primary energy consumption of the building’s
reference condition

CEP,refDA,B or C
Primary energy consumption of the reference (level D)
building condition for all the blocks

CEPn Primary energy consumption of a block n

CEPrealA,B or C
Primary energy consumption of the real building for all
the blocks

CEQ Equipment consumption
CET,real Total thermal energy consumption of the real building

CgTT,refDA,B or C
Total annual thermal of the reference (level D) building
condition for all blocks

CgTTrealA,B or C
Total annual thermal load of the real building for all
blocks

CIL,refDA,B or C
Lighting consumption of the reference (level D) building
condition all blocks

CILrealA,B or C Lighting consumption of the real building for all blocks
COP Coefficient of Performance

CR,refDA,B or C
Cooling consumption of the reference (level D) building
condition for all blocks

CRCEPD-A
Coefficient of reduction of primary energy consumption
from classification D to A

CRCgTTD-A
Total annual thermal load reduction coefficient for
classifications from D to A

CRrealA,B or C Cooling consumption of the real building for all block
CU Consumer unit
CVE Electric vehicle consumption
PDE Equipment Power Density
DPI Lighting Potency Density
EDGE Excellence in Design for Greater Efficiencies
EE Energy efficiency
EMS Energy management systems
ENCE Brazilian National Energy Conservation Label
ESG Environmental, Social & Governance
EU European Union
EVs Electric Vehicles
FF Form Factor
GEE Energy generated by local renewable energy sources
HVAC Heating, Ventilating and Air Conditioning
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INI-C
Inmetro Normative Instruction for the Energy Efficiency
Classification of Commercial, Service and Public Buildings

INI-R
Inmetro Normative Instruction for the Energy Efficiency
Classification of Residential Buildings

INMETRO
Brazilian National Institute of Metrology, Standardization
and Industrial Quality

NZEB Near zero energy building
p.u Voltage per unit
PAFT Total Facade Opening Area Percentage
PBE-Edifica Brazilian BuildingLabeling Program
PEB Positive Energy Building
PEDs Positive Energy Districts
PG Energy generation potential
PILA Lighting power limit values for classification A
PILD Lighting power limit values for classification D
PIT Total installed lighting power
PNME Brazilian National Electric Mobility Platform
PV Photovoltaic

RedCEPA,B OR C
Reduction in primary energy consumption for blocks A, B
or C

RedCEPn Reduction in primary energy consumption of a block n
RedCEPweighted Weighted reduction in primary energy consumption
RedCgTTA,B or C Reduction in total annual thermal loads for all the blocks
RedCILA,B or C Reduction in lighting consumption for all blocks
RedCRA,B or C Reduction in air conditioning consumption for the blocks
SC Self-consumption
SCSB Self-consumption-sufficiency balance
SIN Brazil’s National Interconnected System
SISGEE Electricity Consumption Management System
SS Self-sufficiency
UFPA Federal University of Para
V2G Vehicle-to-grid
ZB Bioclimatic Zone
ZEB Zero-emission Buildings
f CE Conversion factor of electrical energy into primary energy
f CT Conversion factor of thermal energy into primary energy

Appendix A

Table A1. Variables obtained through site survey, used in simulations.

Variables Description Values Source

Architectural dimensions 1
Dimensions of walls,
frames, ceiling, floors,
and levels.

• A block: Volume 2693.38 m3;
Envelope area: 1382.98 m2; Form
factor: 0.51; PAFT 1: 17.34%.

• B block: Volume 2176.93 m3;
Envelope area: 990.86 m2; Form
factor: 0.46; PAFT: 13.53%.

• C block: Volume 450.24 m3;
Envelope area; 272.7 m2; Form
factor: 0.61; PAFT 5.16%.

• Reference blocks: PAFT: 50%.

Site survey/INI-C
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Table A1. Cont.

Variables Description Values Source

Building materials

Physical characterization
of materials used on the
internal and external
surfaces of the blocks.

• Roof with EPS slab, air layer ≥ 5 cm,
and plasterboard ceiling.

• Roof with simple 10 cm concrete
slab and asphalt membrane.

• Roof with thermoacoustic tiles, air
layer ≥ 5 cm.

• Walls of 15, 16, 20, 25, and 32 cm,
with internal and external mortar,
ceramic bricks with 6 holes in
various conditions.

• Ceramic floors on solid 10cm
concrete slab and ribbed concrete
slab with EPS

• Wood and aluminum fenestrations
• Simple, clear 6 mm glass.
• Reference Roof: with cement

asbestos tiles, air layer ≥ 5 cm, and
10 cm concrete slab.

• Reference Wall: 14 cm wall with
internal and external mortar layer of
2.5 cm and 9 cm of ceramic bricks
with 6 holes.

Site Survey/INI-C

Schedules
Timings and days of the
year for the occupancy of
a space.

• Operational days: 01/03–11/07
(first semester); 24/08–12/12
(second semester).

• Occupation schedule: 8–18 h for
Libraries, Laboratories, Restrooms,
Circulation, and Storage.

• 8–12 h–14–18 h: Auditorium;
Professor’s rooms; Classrooms;
Meeting rooms; Administration.

• 12–14 h: Canteen.

Site survey

Quantity of occupants
Number of people in
artificially
conditioned environments.

287 people, distributed between
25 spaces, considering
maximum occupancy.

Site survey/INI-C

DPE 2

The electrical power of the
equipment is distributed
per square meter of the
built space.

15 w/m2 INI-C

DPI 3

Electrical power of
artificial lighting per
illuminated area of
the block.

9.34 W/m2 (Real value);
Reference value: 15.5 W/m2 Site survey/INI-C

Occupation density Quantity of square meters
per person in the building. 1.5 m2/person INI-C

HVAC equipment Models of cooling units for
consultation in catalogs.

12,000; 18,000; 24,000; 30,000; 36,000;
58,000. (BTU/H) divided between 35
different HVAC machines.

Site survey
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Table A1. Cont.

Variables Description Values Source

IDRS
Seasonal cooling
performance coefficient for
air conditioning machines.

Reference cooling performance
coefficient value: 2.6 reference model
value/Variable between 2.51 and 3.40 in
real model values

Site survey/INI-C

Temperature Setpoint
Target temperature is used
to achieve thermal comfort
in the space.

24 ◦C INI-C

Tipology Predominant activity in
the block under analysis.

A.2. (Educational building of
college-level) INI-C

Bioclimatic zone
Brazilian climatic
classification of
different regions.

ZB8 INI-C

1 Total Facade Opening Area Percentage. 2 Equipment Power Density. 3 Lighting Power Density.
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Appendix C

Table A2. Consumption by block, for real and reference cases, in kWh.

Block CEE,real CEE,refD CR,real CR,refD CIL,real CIL,refD CEQ,real CEQ,refD CEP,real CEP,refD

A 113,438.69 12,6317.46 91,322.08 101,454.94 4163.44 6909.35 17,953.17 17,953.17 181,501.904 202,107.94

B 21,015.11 26,847.53 13,563.58 15,508.22 5894.96 9782.75 1556.57 1556.57 33,624.18 42,956.06

C 6114.08 6776.66 5591.18 6126.02 205.03 332.77 317.87 317.87 9782.53 10,842.65

Table A3. Reductions and labeling values of thermos-energetic simulation of CEAMAZON.

Primary Energy Envelope HVAC Lighting

Block RedCEP (%) CEP Label RedCgTT (%) CgTT Label RedCR (%) CR Label RedCIL (%) CIL Label
A 10.20 C 12.97 A 9.99 D 39.74 B
B 21.72 B 22.28 A 12.54 D 39.74 B
C 9.78 C 33.82 A 8.73 D 38.39 B

Weighted 11.90 C 15.18 A 10.25 D 14.62 B
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