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Abstract: The purpose of this study is to propose optimal actions to improve the energy efficiency of
large office buildings in tropical regions with cooling systems, while ensuring the users” comfort at
a reasonable cost. In tropical climates, the building envelope plays a crucial role in saving thermal
energy as buildings are exposed to significant climatic impacts and require a significant amount of
energy to achieve optimal indoor comfort conditions. In this context, BIM-3D simulation is considered
to be effective since it can provide results very similar to those of its physical counterpart, which can
be useful for decision making. For this purpose, a public building in Costa Rica is used as a case
study, which is modeled in Revit 2019 to obtain a BIM-3D model and simulate its thermal behavior
using the BIM tools of the referred software. The architectural characteristics are evaluated in the
climatic context of the building, and results are simulated with different configured materials. The
obtained results lead to the conclusion that simulation together the previous economic analysis is
a valuable decision-making tool for design, enabling significant savings during construction and
subsequent building use.
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1. Introduction

One of the objectives of modern architecture is the adaptation of buildings to their
surroundings. This involves rethinking the interaction between a building and the environ-
ment, seeking enhanced harmony and reduced energy consumption. However, knowledge
of architecture and urban planning is often exported as if they were consumer products.
Consequently, modern buildings share numerous common characteristics regardless of
their location as they are designed to isolate themselves from natural phenomena and rely
heavily on mechanical installations for interior comfort [1].

In tropical regions, there is a significant increase in energy demand, particularly in
office buildings [2]. Specifically in Costa Rica, approximately 50% of the electrical energy
consumed in the service sector is allocated mainly to lighting fixtures (12.2%), computing
equipment (20.8%), and air conditioning units (19.4%) [3]. Hence, in hot and humid climates,
a key challenge is to reduce energy consumption for cooling without compromising the
comfort of the interior environment, which is essential for the personnel to work under
suitable conditions. Studies have demonstrated that the design of the building envelope is
the most crucial factor influencing energy use in high-rise buildings equipped with cooling
systems in tropical zones [4].

The adaptation of buildings to the environment should be a primary objective of
architecture and urban planning, once optimal comfort and well-being conditions for the
users have been defined, along with an analysis of the influencing mechanisms and relevant
climatic variables [5-7].
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Although there are research studies related to building simulation for assessing energy
efficiency in tropical residential buildings [8], the literature review conducted did not
identify the use of simulation tools applied to office buildings in those regions. Moreover,
energy efficiency actions should strive for cost-effectiveness. Consistent with previous
studies [9-12], the profitability of these actions is measured in terms of their investment
and annual energy savings over their useful life (Figure 1).
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Figure 1. Amounts of annual investment and economic savings vs. energy not consumed [10].

In this context, a reference useful life is considered to compare various actions or
sets of actions, providing an indication of their profitability. Thus, the annual energy
savings, denoted as “AHj’, are compared to the annual investment cost, denoted as ‘Cia’,
associated with the presented actions. This comparison determines whether high savings
can be achieved with minimal investments and vice versa, thereby indicating the potential
maximum profitability of the investment. A threshold or boundary point is taken into
consideration, referred to as the “Technical-Economic Zero Point’, where the achieved
savings from the implemented actions equal the initial investment. Investments to the right
of this point have limited potential for cost recovery [10].

As a result, this work aims to optimize the energy efficiency performance of the build-
ing envelope of an office building in the tropical zone, considering the potential profitability
in case of implementing a series of improvement proposals. The research primarily focuses
on the roofs and facades as the most significant components. To accomplish this objective,
the thermal behavior of a public office building in San José, Costa Rica, situated at 10°
North latitude, is simulated using a BIM model, which determines that the sun’s rays fall
very vertically on the facade surface.

Logically, parameters related to external conditions, such as wind speed, solar ra-
diation, ambient temperature, and ground temperature, along with factors within the
building’s interior, including thermal loads, and the thermal transmittance ("U’) of the
building envelope systems, are the factors that affect the comfort of the building. According
to Pinazo Ojer [13], the calculation of thermal loads should be conducted during peak
demand periods, which can vary depending on the building’s usage, orientation, and
considering the thermal inertia of the building envelope materials; so, the evolution of
these variables over time should be foreseen. To achieve this objective, the building enve-
lope and the material requirements are analyzed based on the standards specified for air
conditioning system design.
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2. Methodology

The methodology is based on generating a 3D BIM model that is similar to the existing
building in order to identify and assign materials to its different elements, such as facades,
roofs, doors, windows, floors, furniture, etc. This allows for simulating the modifications
required for the building analysis. The methodology consists of three main steps:

Step 1: Creation of the BIM model. In this step, a 3D model of the building is generated
using BIM software Revit V.2019. This model simulates energy consumption considering the
current composition of the enclosures, as well as the new walls and materials proposed for
the proposed solutions. For this reason, the elements of the model must be previously fed
with all the information related to the materials and their physical and thermal parameters.
This is because, in addition to the geometry, the BIM software will consider these parameters
for the energy simulation.

Step 2: Simulation of thermal load. This step consists of determining the maxi-
mum values of the building’s thermal loads. To accomplish this, BIM modeling soft-
ware equipped with the appropriate energy simulation plugin is utilized. In this study,
Autodesk Revit 2019 [14] is utilized, which is a software that not only facilitates the geo-
metric modeling of the building and the input of parameters for its various elements, but
also serves for conducting energy simulations. The energy simulation is carried out using a
plugin that leverages the Autodesk Insight cloud [15], a robust tool with reliable engines
for simulating energy consumption, heating, cooling, natural lighting, and solar radiation
in buildings.

Step 3: Proposal of cost-effective solutions. In this step, the level of welfare/comfort
provided by the configured and generated enclosures in the BIM model is determined.
The analysis considers the influencing mechanisms and the climatic variables involved,
allowing for the rejection of proposals that are not profitable according to the “Technical-
Economic Zero Point” procedure’s philosophy.

3. Case Study

This work was carried out in the Tower Building of the Supreme Electoral Tribunal
(TSE) of Costa Rica, located in San José, Costa Rica. The building was constructed in the
early 1990s (Figure 2a).

Figure 2. (a) TSE building in Costa Rica (adaptation of the source: [16]). (b) BIM model of the building
(Source: own preparation).

The site, situated in the Central Valley, experiences a warm and humid climate [17].
Based on studies regarding the climatic requirements of buildings in San José [18] and the
climatic data provided by the Mahoney tables [19], it can be concluded that ventilation is
crucial in this geographic area during the months of May, September, and October [20].

The building’s facade consists of 9 cm thick precast concrete panels, which are attached
to the structure using a steel support system. Although the panels themselves are in good
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condition, the building has been affected by soiling over the years due to the accumulation
of dust and the impact of rain. This has resulted in an unattractive and aged appearance,
requiring regular maintenance. Additionally, signs of cracking have started to appear in
the joint sealing material between the panels, which can lead to leaks.

From a thermal performance perspective, the facade incorporates air chambers and
interior plaster or fiber cement cladding in certain areas. However, this solution fails to
provide the necessary comfort in spaces located on the east and west sides of the building
due to the intense radiation they receive during morning and afternoon hours.

3.1. Step 1: Creating/Obtaining the BIM Model

To create the BIM model, existing drawings and on-site measurements were utilized,
employing Autodesk Revit V.2019 software (Figure 2b) [14]. This software serves as a
valuable tool for developing precise and high-quality model designs.

Before initiating the modeling process, certain essential information was configured in
the software to ensure accurate simulation. This included inputting the precise location
(Figure 3a) and orientation (Figure 3b) of the building, as its proper implementation
significantly influences the validity of the obtained results.
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Figure 3. (a) Location and (b) orientation and sun path of the Revit model with ‘Revit mass’ volume
to simulate adjoining shading buildings. (¢) Model material properties configuration process model
of the TSE building in Costa Rica. Source: own preparation.
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Next, the climatic data are configured based on the location (Figure 4a) and the
building’s specific usage. As can be seen in (Figure 3b), volumes have been created with
the ‘Revit mass tool’ to simulate the surrounding buildings whose shadow may influence
the building, affecting the simulation. Following that, the properties of the materials,
including dimensional, thermal, and physical properties, are defined through the ‘Revit
Type parameters’ editing menu (Figure 3c). It is important to note that the appropriate
definition of materials has a significant impact on the results of energy performance and
cost simulation. The generated 3D model closely resembles the actual building, both
externally (Figure 2b) and internally (Figure 4b). This similarity enables proposing and
implementing the necessary modifications or adjustments required to conduct the analysis.
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Figure 4. (a) Climatic variables according to project location. (b) Modeling of building interior.
Source: own preparation.

3.2. Step 2: Simulation of Thermal Load

Two zones situated on the second and third floors of the building have been selected
for the thermal load simulation (Figure 5a,b). These areas, located on the south side of
the building, exhibit a specific thermal comfort issue, namely overheating. Moreover, the
enclosures surrounding these zones on all three sides (south, east, and west) consist of
extensive glazed areas.

N w=p-

# Simulated
i floors

() (b)

Figure 5. (a) Three-dimensional and (b) as-built drawings of the 2nd and 3rd floors of the building.
Source: own preparation.

The configuration of the thermal load analysis begins with the creation or selection of
areas or spaces within the BIM model (Figure 6a). These spaces are manually delimited
and can be created or selected using the “Analyze—Space’ menu in Revit (Figure 6b). This
procedure involves defining the boundaries of the spaces to be analyzed (as outlined in
Table 1).
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Figure 6. (a) Display of spaces (volumes in green) configured on the 2nd level (Source: own elabora-
tion with eveBIM software V.3.2.2.395 [21]). (b) Creation of spaces for thermal load analysis (Source:
own preparation whit Revit V.2019 software).

Table 1. Distribution and dimensions of spaces created for the calculation of heat loads.

Number Level Name Area (m?) Height to Ceiling (m) Volume (m?)
1 Second Headquarters 19.73 4.2 82.87
2 Second Analyzers 104.44 4.2 438.65
3 Second Meeting room 20.06 42 84.25
4 Third  Civil Registry Directorate 61.48 2.4 147.57
5 Third Secretariat 32.17 24 77.21
6 Third Office area 49.37 24 118.49
7 Third Kitchenette 10.12 24 24.30

Once the spaces have been created or selected, they need to be configured in the Revit
software’s ‘Properties’ Table. This configuration involves specifying electrical data for
lighting (Electrical-Lighting), mechanical flows (Mechanical-Flow), and energy analysis
(Energy Analysis), as shown in Figure 7a—c. Some parameter configurations are limited to
specific options. For instance, the ‘Return Airflow” parameter offers three choices: ‘Specified
flow’, ‘Calculated flow’, or ‘Real flow’. In our case, we have chosen ‘Specified Flow’ as
the option. This parameter value is then used in the remaining configurations of the Revit
energy simulation plugin. These options enable a more accurate approximation of the
model to the real building, enhancing the precision of the analysis.
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Figure 7. Configuration of the properties of the areas/spaces to be simulated in the model
(a) electrical-lighting. (b) Mechanical flow. (c) Energy analysis. Source: own preparation.

Once the properties of the spaces are configured, the next step is to classify them. In
the ‘Space Type’ menu of Revit, the appropriate space type is selected that best matches the
actual building (Figure 8a). In this case, the selected space type is ‘Office-Enclosed’.
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Figure 8. (a) Space type settings for space type settings. (b) Schedule settings; building occupancy
schedule. Source: own preparation.

Following that, the ‘Occupancy Schedule’ is set in the software. This schedule defines
the operating hours of the air conditioning units currently in use in the building (Figure 8b).
The configured schedule includes starting the equipment one hour before staff entry (from
07:00 h) and shutting it off at 19:00 h. This schedule is synchronized with the building’s
location and the ‘sun path’ feature in Revit.

Lastly, the lighting schedule is adjusted according to the building’s current functional
requirements. To ensure that the software utilizes the previously configured parameters,
the ‘Construction Type’” parameter is maintained with the ‘<Building>" option without
modifying any data.
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It is crucial to provide the software with the characteristics of people and electrical
loads as well as specify the parameters for heating and cooling loads (Figure 9). By default,
the remaining parameters can be maintained as they are, except for the building service
parameter, where the cooling and heating systems of the building need to be specified.
In the case of this study, the building is equipped with a variable air volume HVAC
system—single duct, referred to as “VAV-Single Duct’.

Heating and Cooling Loads

f General Details

Parameter

Value

Building Type
Location
Ground Plane

Project Phase

Sliver Space Tolerance
Building Envelope
Building Service

Office

:Parque Nacional, Costa Ri
:Planta Baja

New Construction

10.3048

Use Function Parameter

VAV - Single Duct

Schematic Types : <Building>
Building Infiltration Class  |None
Report Type ‘Standard
Use Load Credits |
S
Calculate Cancel

Figure 9. Configuration of the heating and cooling loads. Source: own preparation.

The software generates reports showcasing the results of the simulation for the cooling
thermal loads of the building, as presented in Table 2. The units utilized in these reports
are BTU/h (where 10,000 BTU /h is equivalent to 2.9307 kW). It is important to highlight
that the accuracy and interpretation of the analysis results obtained rely on experience and
proficiency in utilizing the BIM tool [22].

Table 2. Summary of cooling thermal loads of the building.

Parameter Results
Total volume (m3) 973.79
Peak cooling total load (BTU /h) 300,539.00
Maximum cooling capacity (BTU/h) 303,192.00
Volume—zone 2nd level (m3) 606.22
Cooling set point 21°C
Peak cooling load (BTU/h) zone 2nd level 163,557.00
Volume—zone 3rd level (m®) 367.57
Cooling set point 21°C
Peak cooling load (BTU/h) zone 3rd level 139,635.00

Note: Conversion factor (10,000 BTU/h = 2.9307 kW) BTU: British Thermal Unit.

As an alternative calculation method to compare the data obtained in Revit, the “TVR
Selection’ software from TRANE® was utilized (Figure 10).
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Figure 10. Calculation of thermal loads with TVR software V.2.0 (TRANE®). Source: own preparation.

The results obtained indicate that the error between the usage of Revit and TVR is no

more than 15.40%, as shown in Table 3.

Table 3. Comparative results (Revit/TVR) of thermal load calculation.

. Loadsggvir Loadstvr Loadsggyyr—Loads
Calculation of Thermal Loads (BTU/h) (BTU/h) %WRTVR -100
Zone 2nd Level/Floor 1
Leadership /1001 31,479.00 32,000.00 —1.63%
Analyzers/1002 110,710.00 99,000.00 11.83%
Meeting room /1003 24,037.00 23,400.00 2.72%
Zone 3rd Level /Floor 2
Civil Registry Directorate/2001 49,662.00 48,800.00 1.77%
Secretariat/2002 10,834.00 9400.00 15.26%
Office area /2003 63,827.00 59,900.00 6.56%
Kitchenette/2004 18,348.00 15,900.00 15.40%
Additionally, Table 4 provides a breakdown of the maximum values of the total cooling
load for both the building and its zones, as obtained from Revit and detailed by components.
Table 4. Heat load tables (cooling) by components for zones 2nd Level and 3rd Level (Revit).
Components Cooling Components Cooling
Zone 2nd Loads o Zone 3rd Loads o
Level (BTU/h) % of Total Level (BTU/h) % of Total
Wall 59,585.00 36.43% Wall 8642.00 6.19%
Window 52,165.00 31.89% Window 71,232.00 51.01%
Door 0.00 0.00% Door 0.00 0.00%
Roof 12,208.00 7.46% Roof 29,058.00 20.81%
Skylight 0.00 0.00% Skylight 0.00 0.00%
Partition 0.00 0.00% Partition 0.00 0.00%
Infiltration 0.00 0.00% Infiltration 0.00 0.00%
Ventilation 12,528.00 7.66% Ventilation 9480.00 6.79%
Lighting 4410.00 2.70% Lighting 3381.00 2.42%
Power 6530.00 3.99% Power 7334.00 5.25%
People 10,745.00 6.57% People 5806.00 4.16%
Plenum 0.00 0.00% Plenum 0.00 0.00%
Fan Heat 5386.00 3.29% Fan Heat 4701.00 3.37%
Reheat 0.00 0.00% Reheat 0.00 0.00%
Total 163,557.00 100% Total 139.635 100%

Note: Conversion factor (10,000 BTU/h = 2.9307 kW).
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3.3. Step 3: Proposal of Cost-Effective Solutions

To propose a viable solution to the problem, various combinations of components
were simulated in Revit. These simulations considered changes to the roof, the exterior
facade element, the glazing, and the installation of louvers, as presented in Table 5.

Table 5. Different proposals, based on the combination of components, for the improvement of the

thermal performance.

Roof Facade (Exterior Element) Glazing N°
Unprotected 1
Panel with 2.54 cm inner face insulation with slats 2
With awning 3
Unprotected 4
Current roof Panel with 5.00 cm insulation on the internal face Double reflective with slats 5
With awning 6
Unprotected 7
Panel with SATE insulation on the external face with slats 8
With awning 9
Unprotected 10
Panel with 2.54 cm inner face insulation with slats 11
With awning 12
Unprotected 13
Polyurethane panel roof ~ Panel with 5.00 cm insulation on the internal face ~ Double reflective with slats 14
With awning 15
Unprotected 16
Panel with SATE insulation on the external face with slats 17
With awning 18
Unprotected 19
Panel with 2.54 cm inner face insulation with slats 20
With awning 21
Unprotected 22
Polyurethane panel roof ~ Panel with 5.00 cm insulation on the internal face Current with slats 23
With awning 24
Unprotected 25
Panel with SATE insulation on the external face with slats 26
With awning 27
Double reflective Unprotected 28
Double reflective with slats 29
Double reflective With awning 30
Current roof Current Current Unprotected 31
Current with slats 32
Current With awning 33

To analyze and compare the 33 proposals, solution 31 (representing the current state)
is taken as a reference, and the following guidelines are followed:

The useful life of all proposals is standardized to ensure comparability [5,9-12];

A correction factor is applied to account for excessive deterioration caused by weather

conditions for actions with a significant impact, following ISO 15686 [6];

e Different values are considered in the increase in the cost of energy in the market (the

data presented have an annual increase of 2.5%).

The comparative variables used are investment cost, annual energy savings, and
end-of-life energy savings. Figures 11 and 12 display the graphs obtained based on

these variables.
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Figure 11 illustrates that the proposals with the highest investment costs also offer
the greatest annual energy savings, which is highly significant from an environmental
standpoint. Furthermore, there are two distinct groups of actions separated by a significant
difference in investment, primarily corresponding to the treatment of the building’s glazing.

In contrast, Figure 12 displays significant investments (10, 13, and 16) that involve
treating the roof, facade, and glazing, as well as smaller investments (23, 24, and 26) where
the glazing is not treated but the protections are addressed. Prioritizing economic benefit,
six proposals were selected, and their results are presented in Table 6.
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Table 6. Cost/Savings of 6 proposals selected as possible cost-effective solutions to be applied.

Proposal Total Load Total Investment Cost Annual Energy Savings

(kW) (EUR) (EUR)
10 36 196,185 2658
13 32 197,196 2851
16 32 202,615 2834
23 51 63,893 1865
24 58 49,082 1505
26 54 69,313 1755

The two most interesting actions are 13 and 23, being, respectively, of high and low
investment, and finding in 23 the highest profitability.

It should be noted that if the increase in energy is lower or higher than the 2.5%
considered, it mainly affects those actions with significant energy savings, extending or
reducing, respectively, the amortization period of the aforementioned investment.

4. Conclusions

Office buildings consume significant amounts of energy and incur high operation and
maintenance costs throughout their lifespan. Therefore, simulations like the ones presented
in this study are crucial for validating design concepts, optimizing available resources, and
achieving substantial savings during the operational phase.

The investigation focused on exploring the capabilities and potential of an environ-
mental performance prediction tool in assessing the impact of architectural features, such
as solar shading, on energy performance within the building’s specific climatic context.
The proposed solutions aimed to enhance energy performance and thermal comfort in a
building with high cooling demands.

Moreover, the study highlights the importance of various variables in the decision-
making process. Factors such as the useful life of actions, influenced by weather conditions,
play a significant role. Additionally, considerations of risk and profitability from the
investor’s perspective and construction conditions set by the builder influence the attrac-
tiveness of specific investments. All these aspects should be thoroughly evaluated in a
technical-economic study to be carried out before the start of the works.

Based on the study, the following conclusions can be drawn:

Annual energy savings are inversely proportional to the total load;
The highest return on investment does not necessarily correspond to the highest
initial investment;

e  Modifying the roof and the external elements of the facades are the most efficient
actions, especially when considering internal facade modifications due to their lower
exposure to climatic agents;

Glazing modifications entail a significant increase in investment;
Incorporating shading factor protection as an additional action yields good results when
the glazing itself has not been modified, making it suitable for smaller investments.

O The greater the energy savings, the more impact there is on the investment’s
amortization;
O If an annual increase of 1% is not reached, only investments with low initial

costs prove to be profitable.

Therefore, the final decision depends on factors such as the investment risk tolerance,
the desired immediate return, the projected lifespan of the action, and the reduction in
emissions released into the atmosphere.
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Finally, it can be concluded that, compared to other similar studies conducted using
different techniques, the results obtained in this simulation, along with the findings from the
economic analysis, demonstrate an advantage. The obtained results represent the conditions
and direct effects that the adopted solutions would have on the model, as they would
behave in their real physical counterpart, without the need to wait for implementation
to evaluate their effectiveness. As for potential limitations of the method, it should be
considered that a BIM model of the building is not always available, which would limit the
use of this proposed methodology.
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