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well-validated 3D empty-room model for energy demand in a cold-climate environment to

support occupant comfort. Efforts have been made to optimise the factors affecting occupant KEYWORDS

comfort and the energy demand of the office room to maintain sustainable stability. A well- PMV

validated 3-dimensional model simulated airflow, heat transfer, and occupant comfort. The study PPD

optimises factors affecting comfort and energy use using multi-objective optimisation (MOQ) Energy efficiency

techniques. Outlet vent location significantly impacts indoor comfort, energy, and fluid flow. Optimisation

Indoor environments can be optimised for both energy and comfort, especially in symmetrical Thermal comfort

indoor spaces. Floor-level vents improve air circulation but have little impact on energy use in
cold climates. In symmetrical fluid domains, symmetrical outlet vent placement achieved the
lowest objective function value (0.026), with a heat load of 412.27 W, PMV of 0.24, and PPD of
7.12, whereas floor-level outlet vents showed the highest objective function value (0.575), with
PMV of 0.51 and PPD of 12.11, indicating reduced comfort. Overall, optimising ventilation
strategies allows for prioritising occupant comfort and energy efficiency based on specific needs.

1. INTRODUCTION

There is an exponential increase in building energy demand driven by rapid urbanisation and controlled indoor
environments [1]. Research shows that 90% of urban residents' lives are spent within enclosed indoor environments [2].
Individuals spend a significant amount of time indoors; therefore, ensuring indoor comfort is vital to the health of indoor
occupants. As the duration of indoor time increases, the energy required to maintain indoor comfort also rises. Indoor
occupants account for 70% of the total worldwide energy demand to maintain acceptable Indoor Environmental Quality
(IEQ) in various types of occupied residential and industrial structures. It is crucial to strike a balance between IEQ
standards and energy demand to address the increasing global energy consumption [3]. The global energy crisis that
affected cold-climate regions in 2022 highlighted the need to analyse IEQ and develop efficient building plans that
prioritise optimal indoor comfort. IEQ includes a broad range of physiological and psychological factors. Key
physiological characteristics that affect the indoor environment include indoor air temperature, air movement, occupant
activity level, occupant clothing insulation, and indoor air quality (IAQ) [4]. In recent energy-intensive mechanical
ventilation and heating systems, energy is the primary means of attaining IEQ and IAQ. There is a considerable risk of
widespread system failure due to the growing energy demand, which accounts for 55-65% of worldwide energy use [5].
It is imperative to manage IEQ sustainably to meet the rising energy demands required to maintain building comfort.
Natural ventilation (NV) stands out as a viable alternative for reducing building energy consumption. It can significantly
reduce the energy required to maintain acceptable IEQ and IAQ by utilising natural convection to transport heat within a
precisely regulated indoor environment. The implementation of NV methods has emerged as a crucial component of
sustainable building development. This method leverages the advantages of buoyant forces by exploiting differences in
air pressure and density [6]. The Heating, Ventilation, and Air Conditioning (HVAC) efficacy of NV structures depends
on various factors, including the building envelope design, external environmental conditions, window configurations,
air inlet and outlet vent positions or locations. Diverse approaches to optimising the potential of NV buildings through
envelope design are necessary. NV systems offer an acceptable IEQ suited for both hot and cold climates, drawing
attention to energy efficiency and the advancement of sustainable building practices [6].

The location of the inlet and exhaust ventilation is crucial to maintain adequate IEQ and diffuse inlet fresh air when
designing an efficient building envelope. The position of the inlet and outlet vents has a significant impact on the
installation of the cooling and heating device [7]. The proper location of the exhaust and inlet influences indoor energy
demand and indoor pollution control, as well as acceptable IEQ. Vent positions similarly influence thermal stratification
layers, which, in turn, affect comfort and energy demand [8]. Another study found that up to 20.8% of energy savings
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resulted from positioning the inlet at ground level and exhaust ventilation adjacent to the inhabited space [9]. In cold
regions, the air inlet for an NV space should be positioned near the heating panel to ensure a sufficient mixture of hot and
cold streams. The careful positioning of radiators maximises the indoor well-being of occupants and reduces building
energy demands. It allows for the expansion of an occupied zone and the reduction of the mixing zone. In cold climate
conditions, placing the inlet vent above the radiator panel significantly improves energy efficiency and indoor comfort,
while the exhaust vent position affects contamination control in hospital facilities [10]. The experimental and numerical
results of the study demonstrate how altering the air exit can impact energy demand and indoor comfort. Cheng et al.
found significant energy savings linked to the standard exhaust vent placement by combining the exhaust side and the
ceiling-mounted light bulb in their investigation [11]. Variations in the diffuser inlet angle have a similar impact on both
comfort and energy demand for maintaining indoor occupant comfort. [12]. An inlet vent perimetric ratio of 4 enhances
ventilation effectiveness and reduces indoor contamination. The symmetrical inlet vent placements along the side wall
are more effective than asymmetrical sites [13]. The higher input velocities with less efficient aspect ratios lead to higher
concentrations of indoor carbon dioxide, underscoring the necessity to develop an ideal ventilation inlet aspect ratio to
optimise indoor air quality. The use of a vortex flow device improves IAQ in large structures with intense pollutants [14].
This device quickly and effectively prevents pollutant diffusion using column vortex principles. Numerical investigations
have demonstrated its superiority over alternative air supply methods in terms of overall ventilation efficacy and pollutant
removal. These ventilation settings can effectively address IAQ issues with this device. The study by Chen et al. [15]
investigated particle dispersion for a range of ventilation modes, inlet velocities, and floor temperatures. It demonstrated
that the airflow velocity increased with higher floor temperatures due to natural convection. There was a higher
concentration of particles in the centre of the chamber, and higher inlet velocity and floor temperature accelerated the
removal of particles for upward supply ventilation.

The investigations above have primarily focused on determining the optimal location for building ventilation. Further
research is necessary to determine how the exhaust vent specifically affects comfort measures and energy demand. This
study examines the impact of exhaust ventilation locations on indoor occupant comfort and energy use by investigating
different arrangements of rectangular-shaped outlet vents placed on various walls and at alternative locations. It also
determines fluid flow parameters during fresh air inlet and stale air outflow for the different ventilation profiles. The study
evaluates the effects of these different ventilation arrangement changes on air temperature, indoor fluid flow, and velocity
distribution, which affects the radiator heating load and occupant comfort. Inlet and outlet vent surface areas are kept
constant across all sites to ensure a necessary comparison. Assessment of thermal comfort and energy consumption
depends on various factors, including but not limited to operating temperature, air velocity, temperature gradient,
radiation, and indoor convection [16]. The problem was numerically analysed using the commercial ANSYS simulation
software, and the results were further post-processed. Several studies have examined building IEQ, thermal comfort, and
energy efficiency, but few have examined how outlet vent configurations affect these parameters. Most studies focus on
thermal comfort [17], airflow distribution [18], or energy performance [19] without considering how vent design affects
occupant comfort and building energy demand.

CFD-based simulation and multiobjective optimisation have received less attention in optimising vent location, size,
and arrangement. This gap is significant in naturally and mixed-ventilated systems, where the outlet location may affect
airflow and indoor heat removal [20] [21]. The study aimed to achieve an optimal balance between indoor thermal comfort
and energy demand in building design. A multiobjective optimisation approach is applied to maximise occupant comfort
while minimising the building energy consumption. The Weighted Sum Method (WSM) was used as the primary
optimisation technique to find this balance between indoor comfort and building energy demand. The study ensures the
acceptable indoor comfort standards are maintained while reducing energy usage, thereby contributing to more
sustainable building design practices that integrate both comfort and energy efficiency.

1.1 Physical Problem

The naturally ventilated numerical simulation was analysed to study the outcomes of altered outlet ventilation sites.
The different modelled ventilation settings were designed using the ICEM CFD software. This study conducted numerical
analysis with higher precision using computational software, incorporating all relevant modelling aspects. The
comprehensive validation of the model was conducted using both numerical and experimental studies on a similar
geometric model.

1.1.1 Model description and monitoring lines

The modelling software generated a naturally ventilated room in the ICEM CFD model, with a volume of 31,104 m?
and dimensions of 4.8 x 2.7 x 2.4 m?. ANSYS Fluent was used to perform the numerical analysis. This simulated
geometric model represents the airflow arrangement in the room, similar to cross ventilation. This office building features
six adiabatic walls, including the floor and ceiling, to facilitate a targeted investigation into indoor comfort and energy
consumption. The adiabatic conditions were maintained to isolate the indoor fluid domain from the ambient environment
and prevent infiltration losses. As shown in Figure 1, adiabatic walls include a roof, input vent wall, exhaust vent wall,
and two additional walls (floor and ceiling). A double-panel radiator installation in the modelled design is to heat the cold
air entering the room. The details of the geometric model are shown in Table 1.
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Table 1. Geometric specifications

Geometry (objects) (L xB x H) Position
Walls 48mx27m
Walls with an inlet and outlet 24mx27m
Ceiling and floor 4.8mx24m
Window 24 mx 1.2 m 0.8 m above floor level
Inlet ventilation 0.50 mx 0.02 m Above window
Outlet ventilation 0.80 mx 0.05 m A wall opposite the inlet vent
Radiator Mid-position along the wall
Plate 1 1.40 mx 0.05 mx 0.60m  2nd under the window,

01 Away from the wall.
Plate 2 1.40 mx 0.05 mx 0.60m 01 AAway from the wa

Monitoring lines and planes were modelled to analyse IEQ at various locations in the occupied zone. These monitoring
lines and planes are essential for assessing comfort-related factors, including air temperature, velocity, temperature
gradient, total temperature, and velocity vector contour. A two-dimensional plane is modelled on the XY plane at Z =0
to measure comfort in the occupied zone. Additionally, monitoring lines (/;, 2, /3, and I,) were placed at distances of 0.6,
1.8, 3.0, and 4.2 m from the window model to measure the operative temperature. It serves as a key indicator of the overall
thermal comfort of the room. The neck and ankle of a seated occupant are generally exposed to indoor air, which creates
the sensation of cold air, leading to a cold draft problem. The cold air tends to collect at floor level due to buoyancy near
the exposed occupant's ankle area. The horizontal set of monitoring lines drawn at specific points, in addition to the
vertical monitoring lines, also plays an important role. It analyses the seated occupant's ankle and neck responses to
comfort, as shown in Figure 1(c).
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Figure 1. Representation view of 3-D arrangement with hex-mesh (a) empty room model, (b) straight-up monitoring
lines, (c) horizontal monitoring lines, (d) hexagonal unstructured mesh, (e) monitoring plane passing through the middle
of the room (z =0)

1.1.2 Boundary conditions

The focus of the research is on IEQ in the typical winter environment in India. In winter, the minimum temperatures
can drop as low as 5°C. The pressure difference in a naturally ventilated office building causes outside cold air to enter
the structure. The window surface temperature was maintained at 14°C as per the previously done conduction analysis
[22]. Radiator and inlet ventilation, located next to the glazed glass window, prevent the indoor air temperature from
fluctuating when the outside air temperature falls below 5°C. Due to the significant mixing of cold and hot air streams in
this region, the temperature of the indoor air close to the window was approximately 14°C. Myhren et al. [22]
comprehensively studied the transfer of heat from indoor to outdoor air through the glass window. Since no artificial fans
are used to provide fresh air, ventilation relies on natural convection. According to comfort standards, office buildings
should have at least 2.5 I/s/person of ventilation, following ASHRAE norms [2]. For two occupants, a fresh air flow of 5
I/s would be the least requirement. An advanced ventilation rate of 8.5 I/s was used to ensure the safety of the two
individuals as per the activity level. The vent area and inlet air density were kept constant, while the fresh air entering
velocity was set to 0.7 m/s as per the standard requirements of constant mass flow rate. The material for the radiator is
aluminium, and as the walls are assumed to be adiabatic, their material does not influence the numerical study.
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Table 1. Limiting conditions and model specifications

Parameter Input conditions
Fresh air inlet Vair = 0.70 m/s
(For all case studies) Tintetair = 5°C
Indoor air exit Outflow
Glaze the glass window. Twindow = 14°C (Constant)
Radiator Constant heat flux,
Tsurface= 30-32 °C
Walls Adiabatic Enhanced wall treatment [23]
Computational models
Turbulent Standard k-g [24][25]
Radiation DO Radiation [26][27]
Scheme for pressure The second order, a SIMPLE algorithm [28]

Convergence criteria

Criterion Description Value/setting
Residual tolerance Maximum allowable residual value for convergence 10-6 (for mass,
in mass, momentum, and energy equations momentum, energy)
Convergence Tolerance for the convergence of key variables 0.1% change between
tolerance for variables  such as temperature and velocity iterations
Physical convergence  Evaluation of stability and change in results No significant change
between different runs between runs
Monitoring Key parameters monitored for convergence, such as  Temperature, velocity,
parameters temperature, pressure drop, and velocity and pressure drop

2. NUMERICAL METHODOLOGY

As mentioned in the introduction section, the goal of this analysis is to study the influence of altered outlet vent
locations on the building energy demand and IEQ. This problem solves the continuity, momentum, and energy equations
through numerical methods while the inlet—outlet vent area remains unchanged.

2.1  Case Description

Different ventilation settings were analysed to examine the impact of altered outflow vent settings on IEQ, occupant
comfort, and building energy demand. The different positions of the outflow and the combination of outlets have been
utilised for various cases in the analysis. Table 2 shows the different cases formulated for numerical analyses. The inlet
vent location and area were kept similar, while the outlet location varied within the profile, remaining constant across all
cases. A total of four different outlet vents have been used in combination. After performing the numerical simulations,
analyses of temperature, velocity, and temperature gradient identified the influence of outlet vent location on occupant
comfort and energy demand. The governing mass, momentum, continuity, and energy equations were resolved using
CFD.

Table 2. Ventilation settings

Ventilation

Cases Inlet Outlet
1 Above window Outlet 1
2 Above window Outlet 2
3 Above window Outlet 3, Outlet 4
4 Above window Outlet 2, Outlet 4
5 Above window All Outlets

2.2 Grid Independence Test

The geometric model has been discretised using a hexagonal mesh to ensure optimal mesh control, with further
refinement applied to the fluid domain requiring higher precision. An essential mesh independence test was performed to
ensure the model's independence on mesh size. This test assesses the impact of grid size variations on the simulation
results. The results should exhibit minimal sensitivity to mesh size, confirming solution accuracy and resource efficiency
for the ideal computational model. Three different mesh configurations were studied for this analysis, comprising 179,000,
289,000, and 386,000 nodes, respectively, to conduct a comprehensive mesh independence test on the empty room model.
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Figure 2. Grid independence test (a) h;=0.6m, (b) ho=1.8m, (c) h3=3.0m, (d) hs =4.2m

Figure 2 illustrates the comfort temperature trends observed for the same geometry discretised with three different
mesh resolutions. The results show negligible influence of mesh size variation, with deviations in comfort temperature
remaining within £0.07 °C. The study selected the geometric model with the coarse mesh (179,000 nodes) for future
studies to optimise computational time and cost. However, for scenarios requiring enhanced accuracy, particularly in the
occupied zone or near occupants, localised mesh refinement can be employed. A model with 289,000 nodes was selected
for further simulations by balancing accuracy and computational cost based on this analysis. The comfort temperature
results were calculated using the root mean square error (RMSE) for Figure 2. Figure 2 (a) has an RMSE of 0.2°C, (b)
0.32°C, (c) 0.27°C, and (d) 0.24°C. The average comfort temperature RMSE is 0.25°C. Comparing the ITC results from
Olesen et al. and Horikiri et al. yields a maximum deviation of 0.7 °C and an RMSE of 0.25°C, indicating that they are
acceptable for further analysis.

2.3 Numerical Model

In numerical analysis, it is required to solve the mass, momentum, and energy equations to numerically examine a
specific fluid domain problem (Equations 1-5). Discrete-Ordinate radiation model and the conventional k-¢ turbulent
model, which account for internal radiation and turbulence effects, respectively, were used in the CFD program to solve
equations 6, 7, and 8 [29]-[31].

dp

oy = 1
SV () =0 o
2(pw) L 0p 0t 0Ty 0T
T + V. (pu )——§+ ax+6y+é)z +pfx (2
d(pu) _0p 0Ty 0Ty, 0Ty,
Ge TV (V) = 5 ST, 3)
d(pw) op arxz 0Ty, | 07,
(owi) = —=- 4
ae TV-wr) T ox Yoy Ta, TPS @
2 (PE) + V.G (PE +p)) = V. ko VT Z Wit G ®)
(k)+a(k) a(+Mt>ak+G+G Y, + S 6
p o Pk axj” o) 9%, kT Gp—pe =Yy + S (6)
0 Uy Os £ g2
(P€)+ (psu) __xj (“+E)'a_xj +C1£-E(Gk+C3£+Gb)_C2£-p-7+Sg @)

Convection and radiation heat transfer have a significant impact on the indoor fluid flow. Indoor comfort and energy
demand research require a comprehensive analysis of radiation and convection heat transfer because small changes can
have a significant impact on indoor comfort. Electromagnetic waves are the form in which heat radiation transfer occurs,
and the following DO radiative transport model can be used to predict it [32][33]:
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0
The total heat load of the radiator is calculated using Equation 9,

Qtotal heat load = Qconvection + Qradiation (9)

The temperature of the indoor air will change depending on the ventilation settings. The usual range of 3 to 5 W/m2-K
for gases is the convective heat transfer coefficient for convection. The heat transfer by convection and radiation between
the radiator surface and the inside air is represented by the following equation (Equations 10, 11) [34][35].

QConv = Arad Surf X hConv X (Trad - Tamb) (10)

— 4 4
QRadiation =0 X Epigck X Arad Surf X (Trad - Tamb (1 1)

Once the numerical simulation is fully converged, the PMV and PPD indices are evaluated in a steady-state environment
formulated by Fanger and Toftum [36] as shown in Equations 12-16. The stability and dependability of the results,
validated by this method, guarantee an equilibrium state with constant IEQ inside the simulated environment.

PMV = (3.03e70936M 4 0.028(M — W) — 3.05 x 1073[5733 — 6.99(M — W) — p,]
— 0.42[(M — W) — 58.15] — 1.7 x 10~5M (5867 — p,) — 0.0014M (34 — T,,) (12)
—-3.96 x107° fcl[(Tcl + 273)4 - (Tr + 273)4] - fclhc (Tcl - Tav)

T, =35.7—0.028 (M — W) — 1,{3.96 x 1078 f,, [(T; + 273)* — (T, + 273)*] + f.uh. (T — T} (13)
- {2.38 (To — Tyyy)®25 2.38 (T — T,p)%25 > 121U (14)
© (1210 2.38 (T — Tpp)?2° < 121U
m?K
f,=] 100412900 Iy >0.078— (15)
1.05 + 0.6451,, I < 0.078 m*K/W
PPD = 100 — 95 x ¢(-0-03353 PMV*-0.2179 PMV?) (16)

The inlet air velocity was maintained below 0.7 m/s to minimise indoor turbulence, eddies, and cold drafts for the
occupants. Low inlet velocity results in a low Reynolds number (Ringlet > 600), indicating incompressible flow with

natural convection ( If—; & 1). The subsequent dimensionless numbers in equations 17-19 give the further calculations,

VL
Re = pT (17)
Gr = 9.8 (Tradiatzor - T)L3 (18)
v
Ra = 9.8 (Tradiator - T)L3 (19)
va

As mentioned above, natural convection fluids follow the Boussinesq approximation and can be solved using RANS
equations by adding the parameter to the momentum equation.

2.4 Comfort Parameters

This study uses various techniques to evaluate indoor occupant comfort. The operating temperature is similar to the
steady-state temperature in a hypothetical black room, where heat exchange from radiation and convection occurs at the
same rate as in a real, non-uniform environment. It is determined by averaging indoor air temperature and radiation, which
together affect indoor comfort metrics. Surfaces that radiate heat cause variations in the operative temperature within the
fluid domain. The closer surfaces produce higher operating temperatures, which are also affected by emission power and
view factor. Comfort temperature, on the other hand, takes into account both the air velocity inside the building and the
air temperature. It considers how air velocity affects thermal comfort, especially in cold climates where air velocity close
to occupants is > 0.1 m/s, which creates discomfort. The temperature gradient between the ankle and neck level is another
parameter used in comfort assessment. ISO7730 recommends that the gradient should not exceed 1.5°C to prevent
discomfort for occupants.

The equations for operating temperature and comfort temperature are as follows:

T _ Tair temperature + Tradiation temperature (20)
operative — 2
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1 4T
Thadiation® =77 | 149 e
. 0
T — TRadiation + TAir\/ (10 UAir)
Comfort (10 ‘UAir)
(22)

m
Vair — Air velocity (Vair =01 ?)
T4ir — Air Temperature
2.5 Numerical and Experimental Validation

Comfort temperature was numerically validated and compared to an experimental study by Olesen et al. [30] to ensure
model accuracy. An empty room, replicating the experimental setup in terms of boundary conditions, was employed for
validation. Figure 3 illustrates similar trends in both the experimental and numerical comfort temperature profiles.
Furthermore, numerical results were compared to the work of Horikiri er a/ [31] for additional validation. Comfort
temperatures at four specific monitoring locations within the empty room model were compared between this study and
the above-mentioned numerical and experimental analysis. The model accuracy was established through comparisons
with established experimental [30] and numerical data [31], exhibiting a maximum deviation of £0.5°C.
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Figure 3. Validation of CFD model with Horikiri ef al. (Z = 0) [29] (a) h;=0.6m, (b) h>=1.8m, (c) h3=3.0m, (d) =
4.2m, and experimental results by Olesen et al.[30] at (e) ~=1lm

This study is supported by the established validation processes from a previous study [32], which validated the precision
of the numerical model for steady-state fluid flow.

3. RESULT AND DISCUSSION

A further numerical study followed the validation of the 3-D geometric model with peer-reviewed experimental and
numerical work. Following the acceptable validation results, the geometry was modified to conduct the present study.
Additional analyses of IEQ and occupant comfort examined various occupant comfort parameters across different case
studies.

3.1 Indoor Air Temperature

As discussed in an earlier section, air temperature is a significant factor that marks the comfort of indoor occupants
and overall IEQ. This section studies comfort based on operative temperature trends, total temperature contours, and
temperature gradients. Figure 4 shows the comfort temperature trends for the different case studies. A significant
discrepancy is present in the area adjacent to the radiator, due to the strong buoyancy force in all the cases. The radiator
position alters the operative temperature. For cases 1 and 2, where the outlet vent is located on the same wall but at a
distant location from the floor. The comparison shows no considerable variation in the operative trends. Similarly, the
operative temperature in the region near the outlet vent also fluctuates for that particular location near the outlet vent.
This discrepancy in the operative temperature is not present for the outlet vent at the top of the wall. For case 3, the lowest
temperature is at the floor level, while the overall temperature distribution in the indoor fluid domain also shows an
unstable fluid domain. The indoor air temperature should be stable and uniform for acceptable indoor thermal comfort
[2]. The possible cause for the lower temperature in the floor region may be due to the less effective buoyancy effect,
which is responsible for the intermixing of the hot and cold indoor air. The relatively lower temperature in the fluid
domain results when all the outlet vents are active. The discrepancy in the indoor operative temperature is lower, but the
overall fluid domain operative temperature reduces due to the less effective buoyancy phenomenon.
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Figure 4. Operative temperature of the indoor fluid domain at four different locations (a) 0.6 m, (b) 1.2 m, (c) 3.0 m,
and (d) 4.2 m from the radiator

Cases with floor-level outlet vents achieved a stable operative temperature. Hence, locating the outlet vent away from
the occupancy is recommended when a stable temperature is required for occupant comfort [33]. Total temperature
contours are plotted for a more effective analysis of IEQ and computed as a post-processing result on the mid-plane.
Figure 5 (a)-(e) shows the uniform stratification layers on the contour, indicating the stable indoor air temperature. The
region near the floor is at a lower temperature than the ceiling, as shown in the contours, due to the buoyancy phenomenon.
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Although the operative temperature is lower for case 3, the total temperature is somewhat similar, with only minor
variations across all cases. The mixing zone length varies across different configurations. Case 5, where all outlet vents
are active, exhibits the highest mixing zone length. The larger mixing zone results in a reduced occupied zone where the
indoor occupant can reside. High turbulence in the mixing zone prevents sustaining adequate comfort conditions in this
region. For ideal conditions, the mixing zone should be minimal, and the occupied zone should be larger to accommodate
a large number of occupants indoors with acceptable comfort conditions.

In case 3, with outlet vents symmetrical to the fluid domain and positioned closer to the floor, the mixing zone is
smaller, resulting in a more uniform indoor air temperature. The next important factor that governs the comfort of the
indoor occupant is the vertical temperature gradient. The temperature gradient for the different cases has been calculated

using the temperature difference between the imaginary occupants sitting on the chair, which has a height of 1.3 m from
the floor level, as shown in Figure 6.
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Figure 6. (a)-(e) Air temperature trends for different cases at height of Y=0.1 m, and Y = 1.1 m from the floor level,
(f) Temperature gradient for the different cases

The study highlights several trade-offs in achieving optimal thermal comfort. Placing the outlet vent closer to the
floor, as seen with outlet 1, increases turbulence and reduces the occupied zone, which negatively impacts comfort. In
contrast, placing the outlet vent higher on the wall for cases with outlet 3 and outlet 4 active minimises turbulence but
may reduce the effectiveness of air mixing in certain areas. Increasing the mixing zone when all outlets are active helps
in reducing localised hot spots, but results in a smaller occupied zone, which leads to discomfort due to high turbulence.
A smaller mixing zone, resulting from the placement of outlet 2 and outlet 4, creates better comfort conditions but may
cause temperature variations near the floor due to weaker buoyancy effects. The trade-off between temperature uniformity
and buoyancy effects is carefully managed, as higher buoyancy near the radiator may increase comfort but also create

temperature divergences. Therefore, optimising outlet vent placement, mixing zones, and temperature distribution is
crucial for balancing comfort and energy efficiency.

3.2 Air Velocity

The airspeed in the occupied area is the second most significant factor to consider when analysing indoor occupant
comfort and overall IEQ. The calculated indoor air velocity, including the air velocity magnitude, is presented at four
different monitoring lines for each case. Figure 7 illustrates that the area near the radiator and inlet vent exhibits a strong
buoyancy effect, resulting in higher air velocities in that region. The air velocity magnitude in other areas, away from the
radiator, is lower than 0.1 m/s, which is suitable for occupant comfort and maintains an acceptable level of indoor comfort.

Each monitoring line shows an increase in velocity magnitude around the exhaust vent. The velocity is higher in the
region close to the ceiling compared to the other fluid domains.
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The velocity magnitude decreases and becomes constant for all ventilation setups, except near the radiator. The results
indicate that outlet ventilation conditions have a minimal impact on the air velocity inside the building, allowing designers
to disregard this effect during ventilation system planning. The outlet vent location influence on the velocity magnitude
is not considerable in the X direction, as discussed above. The effect of different outlet vent locations on the velocity
magnitude in the Y direction can be analysed using the horizontal monitoring lines. Figure 8 illustrates the air velocity
magnitude trends at P;, P,, P3, and P,. The velocity magnitude in the area close to the radiator is notably high, making
this region unsuitable for occupancy.
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For case 5, when all the outlet vents are active, the magnitude of the air velocity is considerably higher, especially
near the radiator. This region of the higher velocity accounts for the discomfort to the occupant. The velocity magnitude
in the region near the floor at Y= 0.1 m is higher and exceeds the limiting value of the air velocity magnitude for indoor
occupant comfort. The velocity magnitude in the other regions is identical in magnitude and steady for all ventilation
configurations. It indicates that the velocity magnitude in regions other than the floor region and mixing zone is
independent of the type of outlet ventilation configuration used for different cases. As the distance from the radiator
increases, the mixing length reduces, and the occupied zone increases.
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Velocity vector contours for the other cases illustrate the indoor air velocity across different case studies, as shown in
Figure 9. The contours of the velocity vectors help find eddies and circulations indoors. Higher eddies and circulation
occur when the outlet vent is located at the floor level compared to the ceiling level. Case 5, with all outlet vents active,
exhibited the highest average velocity magnitude. Case 3, featuring outlet vents near the floor level on both sides of the
symmetric model, exhibited high-intensity circulations. The observations from the velocity vector contours indicate that
the outlet vents located at the floor level of the building may introduce more indoor fluid turbulence.

(b)

(© (d)

(e)
Figure 9. Velocity vector of the indoor fluid domain on a plane passing through the centre of the fluid domain (z = 0)
for (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5

Although eddies and circulations are considerable in all cases, the velocity vectors change with the changing outflow
location. It indicates that the position of the outlet ventilation configuration affects the velocity vector and flow patterns
in the fluid domain. The results are then further interpreted to highlight key implications and trade-offs. The outlet vent
positions closer to the floor increase turbulence and reduce comfort, and a higher location improves stability but may
reduce air mixing efficiency. Activating all outlets enhances mixing but reduces the comfort occupied zone due to
increased velocity and air circulation. These insights help to balance thermal comfort with ventilation effectiveness in
designing the building envelope.

3.3  Comfort Evaluation of Indoor Occupants

A hypothetical occupant wearing winter clothing with 0.1 clo clothing insulation was studied to assess the comfort
level of an indoor occupant. The occupant is considered a non-voluntary heat-generating surface, and low activity levels
were selected. The PMV and PPD models are used to calculate the comfort of potential indoor occupants performing low-
activity tasks, such as sitting in a chair, reading, or writing. Fanger et al. [36] utilised occupant comfort data and the
characteristics of the indoor environment to develop PMV and PPD models for analysing multiobjective indoor occupant
comfort. The PMV and PPD models are now the most widely used. These guidelines take into account various factors,
including air velocity, clothing insulation, metabolic rate, and operating temperature. Some researchers have criticised
these models for their uniform comfort assumptions despite their widespread use and abundant documentation [34].
However, most indoor comfort evaluations favour this model [35]. The models estimate occupant comfort under thermally
stable conditions, from hot to cold, and cover a specific temperature range of 10 to 35°C. These models, which are widely

journal.ump.edu.my/ijame 12897



Ganesh et al. | International Journal of Automotive and Mechanical Engineering | Volume 22, Issue 4 (2025)

accepted by the ISO 7730 and ASHRAE 55 standards, are essential for generating valuable data on indoor comfort [36].
The PMV model developed by Fenger et al. takes into account all relevant comfort analysis elements based on heat
balance [37][38]. The heat load and comfort index constraints with normalised values for different cases are mentioned
in Tables 3 and 4, respectively.

Table 3. Comfort constraints
Case study Heatload (L) PMYV Index PPD Index

1 418.84 0.27 7.08
2 412.27 0.24 7.12
3 412.70 0.21 8.76
4 413.52 0.32 8.27
5 413.26 0.51 12.11

Table 4. Normalised values of the comfort constraints
Case Study (L) normalized (PMV ) Normatized (PPD;) Normalized

1 1.00 0.20 0.00
2 0.00 0.10 0.00795
3 0.065 0.00 0.3348
4 0.190 0.37 0.2364
5 0.151 1.00 1.00

The key comfort trade-offs were analysed using PMV and PPD data to enhance the interpretation of the results. Case
2 shows the best performance with the lowest heat load (412.27 W) and minimal discomfort (PPD = 7.12), which makes
it the most energy-efficient and comfortable setup. Case 1 has the highest heat load (418.84 W) but maintains low
discomfort (PPD = 7.08), indicating a comfort-energy trade-off. Case 3 presents a good compromise with the lowest
normalised PMV, though its PPD is slightly higher (8.76). In contrast, Case 5, with all outlets active, results in the highest
discomfort (PPD = 12.11) and does not offer significant energy benefits. It shows that excessive ventilation can reduce
comfort without improving efficiency. These findings suggest that careful outlet placement optimises both comfort and
energy use, while excessive ventilation should be avoided to prevent discomfort.

3.4  Energy Demand

The design of sustainable buildings demands the proper balance between building energy consumption and indoor
occupant comfort. The optimal balance can be achieved by analysing the energy requirements of the building under
various outlet ventilation conditions and selecting the model with the lowest energy consumption. The various parameters
affecting the energy consumption by the radiator have been computed and tabulated in Table 5.

Table 5. Heat load on the radiator

case h TRradiator Tamb Qconvection  QRadiation Qrotal Percent
(W/m?K) (K) (K) (W/m?) (W/m?) (W/m?) increase
1 2.42 309 K 293.55 117.77 301.07 418.84 1.60
2 2.36 309 K 293.69 113.78 298.49 412.27 0.00
3 2.39 309 K 293.72 114.74 297.96 412.70 0.10
4 2.43 309 K 293.76 116.35 297.16 413.52 0.30
5 2.41 309 K 293.73 115.57 297.69 413.26 0.23

Case 2 exhibits the lowest heat transfer coefficient, while case 4 shows the lowest radiator radiation load for
maintaining indoor thermal comfort. The exhaust vent at the base of the wall has the lowest total heating load on the
radiator. A case 2 study has been used as a baseline for comparison because it has the lowest heating load on the radiator.
When the output vent is close to the ceiling, the ventilation setting will show the highest heating load. The dominant
buoyancy effect in the indoor setting may cause this behaviour. Buoyancy effects cause warm air to rise to the ceiling,
and if the outlet vent is close to the ceiling, warm air can escape from the indoor environment by reducing the average
temperature of the indoor air. Increasing the radiator heating load compensates for the drop in indoor air temperature to
maintain indoor comfort. The outlet vent near the floor traps warm air near the ceiling while cold indoor air settles on the
floor, allowing it to escape from the indoor environment. It reduces the heating load on the radiator to maintain indoor
thermal comfort by allowing cold air to escape into the indoor environment while trapping warm air near the ceiling.
Hence, the average heat energy added by the radiator to the indoor air is minimal in this case. Radiation heat transfer is
unaffected by the convection heat transfer coefficient, while a low natural heat transfer coefficient reduces convection
heat transfer from the radiator. Poor mixing of hot and cold air due to low turbulence around the radiator causes low fluid
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flow with reduced eddies and circulation in this region, resulting in a low convection heat transfer coefficient and a low
Reynolds number. This effect can be integrated for a large building with a high occupancy rate, even though the
fluctuations in the total heat load on the radiator for different conditions show minimal variation. Although the total heat
load on the radiator changes slightly (within 1.6%), the vent placement affects how efficiently the radiator maintains
comfort.

The setup with the outlet near the floor (412.27 W) uses the least energy. It helps to trap warm air inside and let cold
air exit, which reduces the radiator load. In contrast, when the outlet is near the ceiling (418.84 W), warm air escapes,
which lowers the room temperature and increases the heating load on the radiator. Lower convection heat transfer (2.36
W/m?-K) shows less air mixing and heat loss, but it may also lead to uneven temperatures. These findings show that
proper outlet placement is key to saving energy and keeping indoor comfort balanced.

3.5 Optimisation of the IEQ

The problem of indoor comfort involves various aspects that determine the optimal solution for a building, considering
the occupant's comfort while minimising energy consumption. Establishing a suitable balance between occupant well-
being and building energy demand ensures the required comfort for optimum IEQ. Multiobjective Optimisation (MOO)
techniques can optimise both energy use and indoor comfort. The most common method in the optimisation of the MOO
is the Weighted Sum Method (WSM). It is a popular and straightforward technique used in MOO to combine multiple
conflicting objectives as a single objective. It involves assigning weights to each aim to reflect their relative importance,
and then optimising the combined objective function. Table 6 shows the calculated normalised values of the comfort
parameters and radiator heat load. The problem is of minimising the objective function, as it requires a balancing trade-
off between the different parameters. The lowest energy consumption is obtained for case 2, while the lowest PMV and
PPD indices are observed for cases 3 and 1, respectively. The acceptable constraints observed for the different cases apply
to the defined objective function. This function should balance all the factors to optimise the relationship between indoor
energy consumption and indoor occupant comfort.

The first objective is to minimise the energy consumption of the building required for maintaining indoor comfort,
and the second objective is to improve occupant comfort, which includes the minimum PMV and PPD index. A 50%
weightage has been allocated to both objectives to maintain a proper balance between energy demand and occupant
comfort. This study calculated the normalised values for the other objective parameters using the optimisation equations
to develop the objective functions for the different case studies. The team then used these normalised values to determine
the objective function for each case study. Equations 23-26 show the equations for the normalised values of the various
constraints needed to optimise the IEQ.

L:—1L, -

(Li)Normalized = L l _Tm. (23)
max min
- _ PMV; — PMV,, 24
( i)Normalized - PMVmax _ PMVmin ( )
PPD; — PPD i,

PPD; ized = 2
( L)Normallzed PPDmax _ PPDmin ( )
F(x); = Wy.Li + Wppyy. PMV; + Wppp. PPD; (26)

Table 6. Optimised objective functions

case study Objective function (F(x);) FIS;TS:“
1 F(x); =05x1+ 025x0.20+ 0.25x0 0.550
2 F(x), =05%x0+ 0.25%0.10 + 0.25 x 0.0079 0.026
3 F(x); =0.5x.065+ 0.25x 0+ 0.25x 0.334 0.116
4 F(x), =0.5x%x0.19+ 0.25 x 0.37 + 0.25 x 0.236 0.246
5 F(x)s =05x015+ 0.25x1+ 0.25x1 0.575

Table 6 shows the functions for different cases that need to be optimised and the calculated function values. The
minimum value of the function shows a better trade-off between the conflicting objectives as discussed in the previous
section. The objective function for case 2 shows the minimum value, which indicates the proper balancing between the
building energy demand and the acceptable comfort parameters. The analysis shows that the ventilation strategy used in
case 2, with the outlet vent located near the floor and cross ventilation applied, provides the optimum solution for the
present problem. The analysis determined the next optimised function value for case 3, where the outlet vents are located
at the floor level. The maximum function value occurs in cases 5 and 1, with case 5 having all vents open. This may be
due to the weak comfort conditions for the occupant in this type of ventilation setting, resulting from the increased air
velocity magnitude discussed in section 3.2 Air Velocity. The analysis identifies the best compromise solution for the
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ventilation setting with outlet vents located at the floor level. Specific configurations perform better due to how they
manage airflow and heat retention. Outlet vents near the floor help to trap warm air in the occupied zone and let cold air
exit, which reduces the radiator heat load (as low as 412.27 W) while maintaining comfort.

In contrast, ceiling-level outlets allow warm air to escape due to buoyancy, increasing the heat load (up to 418.84 W)
and reducing energy efficiency. Thus, outlet placement directly impacts both comfort and energy use. The lower outlets
offer better balance, while outlets near the ceiling may improve airflow but require more heating. This study shows that
outlet vent location affects IEQ based on its height and distance from heat sources and inlet vents. In symmetric fluid
domains, symmetric outlet placement improves energy efficiency and occupant comfort. Outlet position does not
significantly affect temperature gradients or air velocity in cold climates, but floor-level vents can create more eddies in
the occupied zone. The effect on energy demand is minor; it may increase in high-volume spaces and with increased
occupancy. Optimising vent placement helps balance radiator heat load and comfort, supporting sustainable building
design.

4. CONCLUSIONS

This research investigates the influence of altered ventilation configurations on the IEQ and building energy demand,
depending on the location of the outlet vents. Using ANSYS Fluent software, a 3-dimensional fully validated geometric
model is created and validated with numerical and experimental data. The previous discussion shows that different outlet
ventilation locations suit the specific necessities of the building model. The following lists the significant findings:

* For buildings with symmetric fluid domains, employing symmetrical outlet vent placement significantly improves
thermal comfort and energy efficiency. Case 2 demonstrated this clearly, achieving the lowest objective function value
(0.026), with a heat load of 412.27 W, a PMV of 0.24, and a PPD of 7.12, providing a practical reference for real-
world ventilation design.

* The study confirms that outlet vent position has a minimal effect on indoor temperature gradients in cold-climate
conditions, making it a secondary factor when optimising for temperature uniformity.

» The analysis shows that outlet vent location negligibly impacts indoor air velocity across all cases, allowing designers
to deprioritise air velocity in early-stage decisions for similar room layouts and conditions.

* Floor-level outlet vents, while often used in practice, can increase indoor air turbulence and reduce comfort. Case 5
recorded the highest PMV (0.51) and PPD (12.11), along with the highest objective function value (0.575), making it
the least favourable configuration.

* Although the energy demand variation due to outlet location is relatively small, it becomes increasingly significant in
larger indoor volumes and higher occupancy scenarios, where airflow complexity and heat load interactions intensify.

* A key practical contribution of this study is the implementation of a multi-criteria optimisation method using
normalised PMV, PPD, and heat load values to evaluate ventilation performance. This method enables designers to
balance thermal comfort and energy efficiency, making it applicable to sustainable HVAC planning in office buildings
and similar indoor environments.

Careful selection of the outlet vent location, considering the existing indoor volume and layout, ensures a sustainable
building with an appropriate indoor comfort index and a low radiator heat load. For larger fluid domains and occupancies,
comparable outcomes can be integrated by scaling and integrating the appropriate perimeter.
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