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Abstract– Urban growth has led to an increase in the 

construction of multi-family buildings, which has increased the 

demand for underground parking spaces. In this study, the 

ventilation system of these spaces was optimized using 

Computational Fluid Dynamics (CFD) simulation to reduce the 

carbon monoxide concentration. The mathematical modeling of 

air flow and carbon monoxide dispersion was based on Navier-

Stokes equations, which allowed the evaluation of different 

ventilation configurations and improved air distribution. The 

results show that the optimization reduced the carbon monoxide 

evacuation time from 13.20 minutes to 7.00 minutes, increased 

the air velocity from 0.1 m/s to 1.5 m/s, and reduced energy 

consumption by 40%, ensuring compliance with the American 

Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) 62.1 standard. As a result, these results can be used to 

design and improve underground parking garage ventilation 

systems. 
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I.  INTRODUCTION 

Urban growth has stimulated the construction of multi-

family buildings in metropolitan areas, which has led to an 

increase in the demand for underground parking due to the 

scarcity of surface parking. At the same time, the growing 

number of vehicles has increased the need for adequate 

infrastructure to protect vehicles, especially in high-density 

buildings [1]. 

Although underground garages are an efficient solution 

in terms of space utilization, they also pose a significant risk 

to air quality due to the accumulation of carbon monoxide 

(CO). This toxic gas, a product of incomplete combustion in 

gasoline and diesel engines, is colorless, odorless and difficult 

to detect without a proper monitoring system [2]. Prolonged 

exposure can cause symptoms such as dizziness, nausea, 

confusion, and even death at high concentrations [3]. For this 

reason, regulatory agencies have established acceptable 

concentration limits and criteria for the design of ventilation 

systems in these spaces. 

To mitigate these risks, it is essential to implement 

efficient ventilation systems that ensure the removal and 

dilution of CO, prevent its accumulation, and maintain 

adequate indoor air quality. Various regulations, such as the 

National Building Code of Peru (RNE-EM030-2020) and 

ASHRAE standards, establish specific parameters for the 

design of these systems with the aim of keeping CO 

concentrations within acceptable limits [4]. However, 

conventional ventilation systems may not be efficient enough 

in distributing air flow, which can result in areas of pollutant 

accumulation and prolonged evacuation times. 

Conventional ventilation systems in underground parking 

garages have several limitations that affect their efficiency. 

First, Peruvian regulations set minimum requirements for air 

extraction, but do not provide for specific strategies to 

optimally distribute airflow throughout the space, which can 

lead to the formation of areas with high CO concentrations 

[5]. In addition, many systems use extractors uniformly, 

without considering the variability of CO generation 

depending on the distribution of vehicles and the natural 

ventilation conditions of the parking lot [6]. 

A viable alternative to improve the efficiency of these 

systems is Computational Fluid Dynamics (CFD) simulation, 

which allows the modeling of airflow behavior and CO 

dispersion within the parking garage. Thanks to these 

simulations, it is possible to evaluate different ventilation 

configurations and determine the most effective strategy to 

ensure rapid and uniform CO removal [7]. 

The research gap lies in the lack of applied studies in the 

Peruvian context that integrate CFD simulation tools to 

optimize the design of ventilation in underground car parks. 

This study aims to fill this gap by providing a detailed 

analysis of the effectiveness of different ventilation 

approaches and proposing a solution based on computational 
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simulations that guarantee compliance with current 

regulations and the safety of the occupants. 

CFD simulation has been used in several studies to 

evaluate and improve the ventilation of underground car 

parks. Previous research has shown that the use of CFD 

allows the modeling of pollutant dispersion and the 

evaluation of the effectiveness of different ventilation 

configurations prior to their physical implementation [8]. 

For example, in [9] they compared natural and 

mechanical ventilation in underground car parks and showed 

that mechanical ventilation significantly improves air quality 

by optimizing airflow distribution. On the other hand, in [10] 

they proposed architectural strategies that would promote 

natural ventilation to reduce the dependence on mechanical 

systems, while in [11] they used CFD to validate their 

ventilation design in a multi-family parking garage, 

determining the CO evacuation times and its residual 

concentration under different scenarios. 

In this context, the present study is based on the 

application of CFD simulations to model the behavior of air 

flow and CO dispersion in an underground multi-family 

parking garage, comparing different ventilation 

configurations to identify the most efficient one. For this 

purpose, the guidelines of the Peruvian regulation RNE-

EM030-2020 [12] and the ASHRAE standards [13] are 

followed, guaranteeing that the proposed solutions are 

feasible and comply with the air quality requirements. 

The general objective is to optimize the ventilation 

system in multi-family car parks using CFD simulation to 

ensure effective reduction of carbon monoxide. This work is 

divided into the following sections. Section II presents the 

methodology, describing the CFD-based approach to evaluate 

the effectiveness of the ventilation system and detailing the 

design and simulation criteria. Section III presents the results 

and discussion, presenting the results of the simulations, 

comparing different ventilation configurations and validating 

the proposed design. Finally, conclusions are drawn on the 

effectiveness of the designed system and recommendations 

are made for future implementations. 

II. METHODOLOGY 

A. Materials 

The study is based on the modeling of an underground 

parking garage of a multi-family residential building. The 

following characteristics are considered for the design of the 

ventilation system, as shown in Table 1. 

 

Table 1. General parking characteristics. 

Parameter Basement 1 Basement 2 

Parking area 495 m² 495 m² 

Level height 2.80 m 2.55 m 

Number of 

parking spaces 
11 13 

Vehicles in 

transit 
6 7 

 

1.1 Multi-Family Parking Structure Model 

The model represents an architectural design with the 

distribution of parking spaces, vehicle access, and circulation 

areas. Figure 1 shows the location of carbon monoxide (CO) 

emission points and fresh air injection points, which are key 

elements of the ventilation system. 

The CO emission points are marked with circles 

containing yellow rectangles, which indicate the areas where 

concentrations of polluting gases are generated due to the 

transit and permanence of vehicles. On the other hand, the air 

injection points are marked with blue elements that represent 

the ventilation systems that introduce fresh air to dilute and 

eliminate the CO accumulated in the environment. 

 

 
Figure 1. Multi-family parking lot distribution. 

 

The model shows an orderly distribution of parking 

spaces, circulation areas and access ramps, which makes it 

possible to analyze the efficiency of the ventilation system in 

terms of air renewal and control of pollutants in the 

basement. 

1.2 Ventilation Equipment Used 

Table 2. Specifications of the Extractors, Injectors and Centrifugal Fans in 

the Parking Garage Ventilation System. 

Level/Location Fan Type 
Flow Rate 

(CFM) 
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Basement 1 Axial extractor 4,075 

Basement 1 Axial injector 4,075 

Basement 2 Axial extractor 3,741 

Basement 2 Axial injector 3,741 

Basement 1 Centrifugal Jet Fan (hood type) 1,485 

Basement 2 Centrifugal Jet Fan (hood type) 1,485 

The ventilation system in the underground garage 

consists of axial flow extractors and injectors and Jet Fan 

centrifugal bell-type fans distributed in basements 1 and 2 to 

optimize air circulation and carbon monoxide (CO) removal, 

as shown in Table 2. 

1.3 Regulations applied  

The study applies the standards RNE-EM030-2020 [5] 

and ASHRAE 62.1 [13] to design an efficient ventilation 

system in underground car parks that ensures air quality, as 

shown in Table 3. Three methods are used to calculate the 

ventilation flow rate: air changes per hour, flow rate per unit 

area, and maximum allowable CO concentration. 

 

Table 3. Regulations applied in the study. 

Regulation Description 

National Building 

Regulations (RNE-EM030-

2020) 

Defines the criteria for 

mechanical ventilation in 

underground parking 

facilities in Peru. 

ASHRAE Standard 62.1 

Establishes minimum 

ventilation requirements 

in enclosed spaces, 

ensuring indoor air 

quality. 

Ventilation Flow Rate 

Calculation Methods 

Three methods are 

considered: (1) air 

changes per hour, (2) per 

unit area, (3) maximum 

permissible CO 

concentration. 

 

2. Methods and tools 

The mathematical modelling of airflow and CO 

dispersion is based on the Navier-Stokes equations, which 

describe the behaviour of fluids in a confined environment. 

The mass conservation equation, also known as the continuity 

equation, states that mass in a closed system is conserved over 

time. It is expressed mathematically in Equation 1 [14]. 

 

 (1) 

Where: 

ρ is the density of the fluid (kg/m³), t is time (s) and v⃗ is the 

fluid velocity vector (m/s). ∇ represents the divergence, which 

describes the change in density in a control volume. 

The Navier-Stokes equations describe how the motion of a 

fluid changes as a function of time and space. They are 

applied to fluid dynamics problems such as the analysis of air 

flow and the dispersion of pollutants in an enclosed car park. 

Each equation represents the conservation of momentum in 

one of the three spatial directions (x, y, z). 

The Navier-Stokes equations in vector form are presented in 

[14]. 

 

 

 

 

 (2) 

Where: 

ρ is the density of the air; u, v and w are the components 

of the velocity in the x, y and z directions respectively; p is 

the pressure in the fluid and μ is the viscosity of the air. 

Similarly, ∇2u, ∇2v and ∇2w represent the viscous diffusion 

term of the fluid. 

These equations state that the change in the motion of a 

fluid is influenced by the change in the amount of motion 

over time, ∂(ρu)/∂t, which describes the acceleration of the 

fluid. The effect of pressure (∂p/∂x), which generates forces 

that propel the fluid. The viscosity of the air (μ∇2u), which 

acts as a resistance to the movement of the fluid, reducing 

turbulence and dissipating energy [15]. 

In the same way, they allow us to simulate how air moves 

in an underground car park and how it affects the removal of 

CO. CFD simulation can be used to analyze different 

ventilation schemes and to optimize the design of extractors 

and injectors. Airflow patterns can be evaluated and areas 

where CO accumulates can be found to redesign ventilation 

and improve air quality. 

III. RESULTS AND DISCUSSION 

3.1 Analysis of the CO concentration in the parking lot 

The CFD simulation of the multi-family parking garage 

allowed the CO concentration to be analyzed as a function of 

time and ventilation system configuration. The initial CO 

concentration was set at 50 ppm, and the monitoring sensors 

were placed 1.5 meters above the floor. At minute 0, the CO 

concentration in the basement is homogeneous and reaches an 

initial value of 50 ppm throughout the room with no air 

movement. During the first few minutes, there is no 
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significant reduction in CO levels due to the lack of airflow, 

as shown in  

Figure 2. 

After two minutes, an initial displacement of air is 

observed, although CO concentrations remain close to 50 

ppm in most of the parking lot. This behavior indicates that 

the ventilation system is beginning to produce a dilution 

effect, although the gas concentration does not decrease 

significantly. At minute 4, ventilation begins to have a more 

pronounced effect, with CO concentrations gradually 

decreasing to a range of 35-45 PPM, especially in the areas 

near the air injectors. As the process continues, values 

between 35 and 40 PPM are recorded at minute 6, indicating 

a greater reduction in areas with greater air circulation, 

indicating that the ventilation system is working effectively. 

 

 

 

Figure 2. Results of the CFD simulation for CO concentrations at 1.5 m 

above the ground; t = 0 minutes. Startin the simulation 

 

At minute 8, the central area of Basement 2 has levels 

below 20 ppm, although some areas still have concentrations 

around 35 ppm, suggesting the existence of sectors with lower 

air renewal efficiency. Subsequently, at minute 10, most of 

the basement registers concentrations below 35 ppm, except 

for small areas where airflow is less efficient. At minute 12, 

the basement is almost completely evacuated, and CO levels 

are very low in most of the space. Finally, at minute 14:30, 

the system achieves complete evacuation of CO, reaching 

levels below 35 ppm throughout the garage. These results 

confirm the effectiveness of the designed ventilation system in 

ensuring compliance with established air quality standards, as 

shown in Figure 3. 

 

 
Figure 3. Results of the CFD simulation for CO concentrations at 1.5 m above 

ground; t = 15 min. 

3.2 Comparison of Ventilation Configurations 

Two main configurations were compared: conventional 

ventilation and CFD optimized ventilation. 

In terms of CO evacuation time, conventional ventilation 

showed areas where the CO concentration remained above 35 

ppm for more than 13 minutes, which violates ASHRAE 62.1 

standards. In contrast, the optimized ventilation reduced the 

CO evacuation time to 7 minutes, which improved air 

distribution and accelerated gas dissipation. 

 

Table 4. Evacuation time results in conventional and optimized systems. 

Configuration Evacuation Time (s) 
Complies with 

ASHRAE 62.1? 

Conventional 

Ventilation 
800 s (13:20 min) No 

Optimized 

Ventilation 
420 s (7:00 min) Yes 

 

3.3 Air Velocities in the Basement  

Analysis of air velocities in Basement 2 showed 

significant differences between the two configurations. With 

conventional ventilation, the average air velocity was 0.1 m/s, 

which resulted in a longer evacuation time and lower CO 

dispersion efficiency. In contrast, with optimized ventilation, 

the air velocity increased to 1.5 m/s, which facilitated rapid 

dispersion of CO and improved air quality in the evaluated 

space, as shown in Table 5. 

Table 5.  Average air velocity for each ventilation configuration. 

Configuration Average Air Velocity (m/s) 

Conventional Ventilation 0.1 m/s 

Optimized Ventilation 1.5 m/s 
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3.4. Energy evaluation of the basement ventilation system. 

The analysis of the energy consumption of the fans in 

basement 2 showed significant differences between the two 

configurations, as shown in Table 6. In the conventional 

ventilation, the consumption reached 5.2 kWh, while in the 

optimized ventilation it was reduced to 3.1 kWh, which is a 

40% reduction. This reduction was possible because the fans 

were running for less time without affecting the air quality. In 

addition, the optimization of the system made it possible to 

reduce the number of active extractors by improving the 

distribution of the air flow, which increased the efficiency of 

the ventilation system. 

Table 6. Energy consumption for each ventilation configuration. 

Configuration Energy Consumption (kWh) 

Conventional Ventilation 5.2 kWh 

Optimized Ventilation 3.1 kWh 

 

The results presented are related to advances in 

literature. For example, in [16] a decoupled fixed bed gasifier 

with an integrated syngas burner was designed, simulated and 

experimentally validated, which allowed optimization of 

energy efficiency and reduction of emissions. The CFD 

simulation predicted the temperature and composition of the 

syngas with high accuracy, with an error of less than 9%. 

Similarly, in [17], multi-fluid CFD simulation with the 

Eulerian-Eulerian model was used to analyze the gasification 

of sawdust in an industrial-scale fluidized bed gasifier and to 

evaluate the hydrodynamic behavior and conversion of the 

biomass. Eight heterogeneous and five homogeneous 

reactions, including the oxidation of CO, CH₄ and H₂, were 

included to accurately predict the composition of the synthesis 

gas. The methodology was validated with experimental data, 

providing a reliable model to optimize the thermal and 

kinetic performance of the process. 

 

IV. CONCLUSIONS 

The objective of this work was to optimize the ventilation 

system of multi-family parking lots using CFD simulation to 

ensure effective reduction of carbon monoxide. The results 

show that. The optimized ventilation system reduced the CO 

evacuation time from 13:20 min to 7:00 min, meeting the 

requirements of ASHRAE 62.1. Air velocity increased from 

0.1 m/s to 1.5 m/s with optimization, improving the efficiency 

of the ventilation system. Energy consumption was reduced 

by 40%, lowering operating costs without compromising air 

quality. Therefore, optimization of the ventilation system 

using CFD simulation improved CO removal, reduced energy 

consumption, and ensured compliance with ASHRAE 62.1. 

These results can be applied to the design and improvement 

of underground parking garage ventilation systems. 
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