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Abstract: Although radiant cooling is considerably more efficient than conventional all-air room
cooling systems, the potential for its application in warm humid regions is limited, owing to the
increased risk of condensation by opened windows or unsealed openings in the building envelope.
Having constantly closed windows and mechanical ventilation in such a climate needs to significantly
dehumidify outdoor air to avoid the risk of condensation. The present study examines the effects
of coupling hybrid ventilation (window and mechanical) with radiant cooling during periods of
acceptable outside air temperature. An optimization method that increases energy efficiency and
maximizes risk-free window opening potential in the critical seasons (summer and autumn) is
developed and applied. IDA-ICE software is used to conduct dynamic thermal simulations of a
typical studio classroom model, for which different cases and conditions are investigated. Different
cooling and ventilation scenarios and control strategies are integrated and examined. Potentials and
limitations can be noted between the various cases. Moreover, analyses using ANSYS-CFX as well
as other tools are developed for verification and to assess the impact of the suggested optimization
method on the indoor air and user comfort. The findings indicate great potential for the proposed
solution in lowering the energy demand considerably and providing condensation-risk-free window
opening potential.
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1. Introduction

1.1. Advantages and Limitations of Coupling Hybrid Ventilation with Radiant Cooling

Considering the currently increasing energy costs and growing ecological concerns, hybrid
ventilation systems that integrate natural ventilation solutions with mechanical ventilation are effective
for achieving user comfort with less energy and technical complexity [1–3]. Increased user comfort
has been reported in association with window opening potential and user control over natural
ventilation [4,5]. Using conventional (all-air) cooling systems, cooling loads are extracted via the
circulation of large volumes of cooled or conditioned air. This approach not only demands large
quantities of energy, but also requires considerable space for the ducts and technical equipment with
respect to the circulated volume of air. This is essentially because, in the cooling case for instance,
the entire room needs to be cooled by air to achieve the desired air and target operating temperatures.
One efficient cooling method is an air–water method that involves a combination of mechanical
ventilation of cooled air and radiant cooling via chilled surfaces incorporated in the ceiling, floor,
or walls. Concerning such a system, the supplied and conditioned volume of air is minimized to the
amount required to maintain a certain indoor air quality, which is often related to the accumulated
CO2 level in the room. Different from conventional (all-air) air-conditioning systems, the air–water
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approach is sensible because the specific heat capacity of water is higher than that of air, which makes
it 4000 times more efficient for energy transport [6]. Feustel and Stetiu [7] claim that 40% energy
savings could be attained using radiant cooling compared to conventional air-conditioning approaches.
In such systems water circulates through pipes that are in contact with a surface. A more efficient
method would perhaps include hybrid ventilation to make use of possible passive techniques that
involve window ventilation, mechanical ventilation, and radiant cooling. The diagram in Figure 1
summarizes the concept of the proposed system of hybrid ventilation coupled with radiant cooling.
It also lists the limitations of other coupling possibilities that involve only two of the three components.
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Figure 1. Summary of the proposed system.

Whereas in the first all-air cooling, heat is extracted via forced air convection, in radiant
cooling, the water-cooled surface extracts heat from the room through both radiation and convection.
Additionally, radiant cooling does not require a large temperature difference between the desired room
temperature and the surface temperature; it can operate with a temperature difference as small as
2–4 K [8], which is significant for energy conservation. This is because the comfort temperature of the
room can be set higher than in conventional air-conditioning systems, as a large portion of the heat
generated by human bodies is absorbed via radiant heat exchange with the cooling panel. Although
another study by Stetiu [9] asserts that an average of 30% savings can be achieved in the United States
via radiant cooling, one of the significant challenges for this system relates to its application in hot,
humid climates, owing to potential risks of condensation that typically occur via the intake of warm
humid air through infiltration or large openings in the building. Fundamentally, condensation on the
cooling surface occurs if the surface temperature is below the dewpoint temperature (Td) of the air.
This essentially limits the potential of hybrid ventilation using window openings, as condensation is
often associated with mold formation and the deterioration of indoor environmental quality.

Several studies have addressed eliminating the condensation problem in radiant cooling systems
from different points of view [10–15]. Rhee and Kim [16] conducted a wide-ranging literature review
on the issues related to radiant cooling and the challenges associated with its application. Among
540 selected papers, 68 were chosen for detailed analysis. The results indicate great potential for
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radiant cooling for energy efficiency and improved thermal comfort. However, the authors suggest
further studies to overcome the limitations and challenges associated with specific climates, building
types, and control systems. The following are methods presented in multiple research works to deal
with the problem of condensation. Chiang et al. found that an increased air supply temperature (Tsup)
of 24 ◦C saves 13.2% for the chiller and 8% for the entire cooling system [17]. Although this approach
is useful from an energy saving perspective, the condensation risk may increase if the supplied air
contains a high amount of moisture that is not adequately extracted via dehumidification, which
involves cooling the air below its Td; i.e., latent cooling. Vangtook and Chirarattananon [10] found
that maintaining the surface temperature at 25 ◦C is sufficient to avoid condensation under certain
conditions. The limitation of this approach is that it is more suitable for spaces with significantly low
heat gains. The research also suggests using cooling water, generated by a cooling tower, for radiant
cooling and mechanical ventilation. Zhang and Niu [18] assert that during the day, air dehumidifiers
and mechanical ventilation should be operated, starting one hour before using a radiant cooling system
to avoid condensation, which clearly indicates a limited capacity for window ventilation. A comparison
between an underfloor air cooling system and a hybrid ventilation system using cross-ventilation
was conducted by Song and Kato [12], who claim that the latter is considerably more energy efficient.
The study describes a method to remove condensation on the vertical radiation panels of the hybrid
ventilation system by incorporating a drain pan in the lower part of the panel, but this requires
an extra plumbing system. Similarly, Hindrichs and Daniels [14] suggest using large-scale cooling
radiators, in the form of pipes that simultaneously work as wind barriers and dehumidifiers, for a
project in Abu Dhabi. This idea extends the potential of hybrid ventilation to be applied in outdoor
spaces. Another concept to increase the potential of radiant cooling was introduced by Seo et al. [13]:
they suggest coupling outdoor air cooling and radiant floor cooling by integrating a ventilation device
in the facade that facilitates dedicated ventilation, dehumidification, and outdoor air cooling. The main
feature of the system is that it minimizes the need to cool outdoor air and helps remove moisture
from the recirculated indoor air, resulting in 20% savings with respect to conventional radiant cooling.
Yet, the system requires an extra decentralized ventilation device to be incorporated into the building
envelope, which has limitations from flexibility and architectural design perspectives.

Other ideas to prevent condensation were discussed by Hong et al. [15]. The authors conclude
that a dehumidification ventilation system is essential to prevent condensation in hot, humid climates.
Moreover, it is always recommended that a building management system (BMS) have condensation
control strategies. As suggested by Seo et al. [13], the water supply should be limited and controlled to
maintain the surface temperature at least 2 K above Td. Siegenthaler notes [19] that the recommended
safety margin should be between 2 and 4 K. This is understandable, considering sudden fluctuations
in indoor temperature and thermal loads, particularly in spaces with a large number of users,
such as classrooms.

Since cross-ventilation is essential to discharge heat from a building, providing continuous
window ventilation while radiant cooling is in operation was the focus of Song and Kato [12].
Cross-ventilation is also fundamental for improving thermal sensation under hot, humid conditions.
Regarding traditional buildings in hot, humid cities such as Jeddah, Saudi Arabia, interesting lessons
can be learned. The high thermal mass of the massive structures provides a passive form of radiant
cooling. Since buildings were optimized for natural cross-ventilation, traditional structures in Historical
Jeddah present an example of coupled radiant cooling and ventilation. This method is also described by
Konya [20]. Although some researchers tend to solve the problem of condensation after its occurrence
through drainage systems, others suggest that the temperature of the cooling surface be controlled
to prevent it. However, within the scope of this research, it is found that there is a clear correlation
between window opening modes, radiant cooling surface temperature, and the Tsup of the mechanical
ventilation system. Mechanical ventilation cannot always be avoided in classrooms if the indoor
air quality is to be maintained. This is simply due to the fact that during periods when the outdoor
temperature (Ta) is acceptable, the wind might be still, and air exchange might be limited. This provides
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solutions that keep the radiant cooling surface away from the risk of condensation. Therefore, solutions
to avoid mold growth are out of the scope of this research. However, useful steps to overcome this
issue are highlighted by [12,13].

1.2. Motivation

Air-conditioning is responsible for more than 70% of the nation’s electric energy consumption [14]
in the rapidly developing and hot country of Saudi Arabia. Therefore, considering current changes in
Saudi Arabian energy economics, it is important to rethink the way buildings are cooled. Building
designers and planners need to clearly distinguish between cooling and air-conditioning for this to
happen. Furthermore, effective planning of indoor climates should consider limiting the amount of
conditioned and cooled outdoor air to a level essential for maintaining high indoor air quality and
using radiant cooling to remove sensible heat loads. The market for radiant cooling is relatively limited
in hot-humid climates, mainly due to fear of condensation [11]. This suggests room for research on
methods to extend the feasibility and practical incorporation of such systems.

Educational facilities, including university buildings, are among the high energy consumers
in Saudi Arabia. Recent data on the energy consumption of King Abdulaziz University in Jeddah
in 2016 indicate an extremely high annual electrical energy demand. At least 40% of this energy
is consumed for cooling, and the remainder includes the energy required for operating the HVAC
systems. This suggests a potential for substantial energy savings by improving the cooling strategies
and ventilation modes.

Additionally, there is growing evidence that natural ventilation of classrooms is essential for
providing comfortable indoor air quality, which is significantly related to the performance, including
the learning and working abilities, of the occupants [15–18]. The investigation conducted by Dhalluin
and Limam [16] related the impact of natural ventilation to the seasons and building location, which
extends its potential considerably. Their results indicate that, under given conditions, an automated
window opening system controlled by the air temperature and lighting level is more effective in
summer than in winter. However, relying less on mechanical ventilation is extremely important for
energy saving and reducing maintenance and operational efforts. Moreover, the potential of window
ventilation and its impact on energy efficiency was discussed by Bayoumi [18]. The study displays the
sensitivity of the window opening grade using a window opening threshold temperature (WOT) of
25 ◦C. The spaces modeled contained an ideal cooler and no investigations related to condensation
risk were conducted. However, despite its potential energy saving, considering radiant cooling and
hybrid ventilation in the hot, humid climate of Jeddah poses challenges due to the risk of condensation
that may take place if outdoor air is mixed with indoor air, for instance, by mechanical ventilation,
while radiant cooling is active.

1.3. Novel Contributions of the Paper

The current approaches, from the literature review, in providing radiant cooling in hot-humid
climates can be summarized as follows:

1. Extreme dehumidification and dry air intake
2. Limited supply of dehumidified air through façade-incorporated devices
3. Increase the temperature of radiant cooling surface
4. Vertical mounted radiant cooling surfaces and manual collection or extra drainage of condensate water
5. Full operation of mechanical ventilation by increased relative humidity

Although different methods to increase energy efficiency and avoid condensation have been
discussed in the reviewed research works, none of the provided solutions have directly considered
the window opening potential. The coupling of natural window ventilation with radiant cooling is
much more energy efficient than conventional air-conditioning [17]. However, this factor is crucial as it
correlates with and significantly affects the Td of a room and increases the risk of condensation if other
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correlating factors are not considered in the planning and operation of the building. Furthermore,
although one research work suggested a fixed Tsup of intermittent mechanical air supply to avoid
condensation, other studies did not focus on this issue.

To the best the author’s knowledge, this is the first study that addresses a method for integrating
hybrid ventilation with radiant cooling with respect to WOT, Ta, Tsup, Td, and ceiling surface
temperature (Ts,c). The presented optimization method that generates a range of recommended
Tsup is an additional contribution that helps maximize the condensation-risk-free window opening
potential (RF-WOPot) with minimum possible energy demand for outdoor air cooling used with
mechanical ventilation. While the investigated case is a classroom facility in the hot-humid climate of
Jeddah, Saudi Arabia, the presented method can be applied under other conditions to other locations
to assess the feasibility of considering such a system during the early design and planning stages of a
building’s technical outfitting.

2. Methods

2.1. Thermal Simulation Framework

2.1.1. Room-Specific Parameters

An architectural studio classroom in the Faculty of Environmental Design, King Abdulaziz
University, was selected as a case study for this analysis. This room was selected mainly because
architecture students tend to work long hours at school to make effective use of the open hours.
Additionally, such a classroom has the potential to replace existing suspended ceiling panels with
radiant cooling surfaces. Recent market developments and studies on capillary mats indicate
great potential for integration of suspended ceilings with effective heat transport and temperature
uniformity [19–21].

The selected studio-classroom had an area of 305.2 m2 and a ceiling height of 4 m. It was equipped
with an all-air air-conditioning system. The orientation of the studio-classroom was to the west, with
three large non-operable windows occupying 40% of the facade.

Figure 2 shows a wide-angle interior view of the case-study classroom. Figure 3 illustrates the
elements of the cooling and hybrid ventilation concept. Besides the operable windows located on
the western side, mechanical ventilation provides cooled and dehumidified air as much as needed to
maintain a certain level of indoor air and environmental quality. According to the given framework of
the classroom, the most appropriate places to integrate radiant cooling panels are the existing false
ceiling and the side walls located at the northern and southern sides of the room.

The simulation model can be seen in Figure 4. The classroom has an area of 305.2 m2 and a volume
of 1221 m3. The software IDA-ICE 4.7.1 is used for conducting the thermal simulations. This software
package can conduct dynamic thermal simulations to evaluate the performance of the building or part
of it. The calculations are based on the annual hourly climate data of the selected location. The design
data files are provided by the simulation software and based on ASHRAE Fundamentals 2013. While
the dynamic simulation produces the results for 8760 h, for easier understanding the results are
averaged to be representative of four typical days for each of the four seasons. This means each of
the 24 h presents the mean values of climate conditions across the season. Additionally, the included
large HVAC database in the software contains different types of radiant cooling systems that can
be incorporated into the simulation models. The modelling includes the thermal conditions of the
classroom as well as the associated parameters of the HVAC system that comprise the air supply
temperature and the resulting electric energy demand for cooling. The Coefficient of Performance
(COP) of the chiller has been set to 3.0. Additionally, the program enables the development of different
control systems that can be applied to windows, building services, and many other components.
More information on the selected software is available elsewhere [22,23]. The existing condition
was modeled as Case (1) to estimate its energy consumption for cooling. Case (2) had further
developments implemented to establish a new reference case, which included radiant cooling, to be
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used in comparison with further investigations. The temperature of the radiant cooling surface was
automatically controlled with respect to indoor air temperature (Ti). The thermal properties of the
facade were altered to allow more daylight penetration. An external screen, to be drawn when solar
radiation reached 100 W/m2, was incorporated. Table 1 outlines the simulation conditions of both
cases. The daily schedule of the simulation model included an occupant availability factor of 1.0 from
10:00 to 16:00, and 0.5 from 08:00 to 10:00 and 16:00 to 22:00 on weekdays, and an availability factor of
0.5 from 08:00 to 22:00 on the weekends. Data from Figure 5 represents a calculation for the entire year.

Buildings 2018, 8, x FOR PEER REVIEW  6 of 25 

consumption for cooling. Case (2) had further developments implemented to establish a new reference 

case, which included radiant cooling, to be used in comparison with further investigations. The 

temperature of the radiant cooling surface was automatically controlled with respect to indoor air 

temperature (Ti). The thermal properties of the facade were altered to allow more daylight penetration. 

An external screen, to be drawn when solar radiation reached 100 W/m2, was incorporated. Table 1 

outlines the simulation conditions of both cases. The daily schedule of the simulation model included an 

occupant availability factor of 1.0 from 10:00 to 16:00, and 0.5 from 08:00 to 10:00 and 16:00 to 22:00 on 

weekdays, and an availability factor of 0.5 from 08:00 to 22:00 on the weekends. Data from Figure 5 

represents a calculation for the entire year. 

Table 1. Simulation cases and the related control strategies; AA: All-air, AW: Air–Water, H: Hybrid 

ventilation, Ti: Room temperature. 

Façade Unit Case (1) Case (2) Case (3) Case (4) Case (5) Case (6) 

Window fraction (%) 40 40 40 40 40 40 

Frame fraction (%) 28 10 10 10 10 10 

Solar heat gain coefficient (gglass) (%) 30 59 59 59 59 59 

Light transmittance (tglass) (%) 43 72 72 72 72 72 

Rate of heat transfer (Ug) (W/m2·K) 1.6 1.2 1.2 1.2 1.2 1.2 

Window opening grade (WOG) (%) - - 50 50 50 50 

Window opening threshold (WOT) (°C) - - 28 26 28 28 

Cooling and MV        

Control strategy of Tsup (°C) 16 °C 16 °C STR_1 STR_2 STR_3 STR_4 

Room set temperature (Tset, rm) (°C:°C) 18–19 21–26 21–26 21–26 21–26 21–26 

Air supply control strategy (-) Ti + CO2 CO2 CO2 CO2 CO2 CO2 

Cooling system (-) AA AW H H H H 

The room was assumed to contain 24 occupants, who each had a computer with an average emission 

value of 75 W/unit. The rated input of the installed lighting was approximately 13 W/m2, with a luminous 

efficacy of 75 lm/W and a convection fraction of 0.3. 

Outdoor air infiltration affects the quality of indoor air considerably and, thus, changes the overall 

setting of the indoor air volume including the dewpoint temperature. The modeling of outdoor infiltration 

was considered in the dynamic simulation parameters, in the model, 0.5 ACH at a pressure difference of 

50 Pa. The infiltration rate was dynamic and associated with wind driven flow. 

 

Figure 2. Wide-angle interior view of the studio-classroom. 
Figure 2. Wide-angle interior view of the studio-classroom.

Buildings 2018, 8, x FOR PEER REVIEW  7 of 25 

 

Figure 3. Elements of the cooling and hybrid ventilation concept. 

 

Figure 4. (Top) reflected ceiling plan of the classroom, showing the radiant cooling panels integrated into 

the false ceiling. (Bottom) isometric of the simulation model showing the windows and the wall integrated 

panels. 

Figure 3. Elements of the cooling and hybrid ventilation concept.

Table 1. Simulation cases and the related control strategies; AA: All-air, AW: Air–Water, H: Hybrid
ventilation, Ti: Room temperature.

Façade Unit Case (1) Case (2) Case (3) Case (4) Case (5) Case (6)

Window fraction (%) 40 40 40 40 40 40
Frame fraction (%) 28 10 10 10 10 10
Solar heat gain coefficient (gglass) (%) 30 59 59 59 59 59
Light transmittance (tglass) (%) 43 72 72 72 72 72
Rate of heat transfer (Ug) (W/m2·K) 1.6 1.2 1.2 1.2 1.2 1.2
Window opening grade (WOG) (%) - - 50 50 50 50
Window opening threshold (WOT) (◦C) - - 28 26 28 28

Cooling and MV

Control strategy of Tsup (◦C) 16 ◦C 16 ◦C STR_1 STR_2 STR_3 STR_4
Room set temperature (Tset, rm) (◦C:◦C) 18–19 21–26 21–26 21–26 21–26 21–26
Air supply control strategy (-) Ti + CO2 CO2 CO2 CO2 CO2 CO2
Cooling system (-) AA AW H H H H

The room was assumed to contain 24 occupants, who each had a computer with an average
emission value of 75 W/unit. The rated input of the installed lighting was approximately 13 W/m2,
with a luminous efficacy of 75 lm/W and a convection fraction of 0.3.
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Outdoor air infiltration affects the quality of indoor air considerably and, thus, changes the
overall setting of the indoor air volume including the dewpoint temperature. The modeling of outdoor
infiltration was considered in the dynamic simulation parameters, in the model, 0.5 ACH at a pressure
difference of 50 Pa. The infiltration rate was dynamic and associated with wind driven flow.
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Figure 5. Seasonal average daily air temperature (Ta; in red), dew point temperature (Td; in purple)
(both on the primary axis) and relative humidity (Rh; in blue, on the secondary axis).

2.1.2. Climate Characteristics

It was important to highlight the main climate characteristics of the location of the study for
the next analyses. Figure 4 has the primary axis represent Ta (red curves) and Td (purple curves)
for an average day in each season. The corresponding relative humidity (Rh) (blue curves) is
displayed on the secondary axis. The calculation of the Td was done using the August–Roche–Magnus
approximation [24,25] presented in Equation (1), where a = 17.625 and b = 243.04:

Td =
b
[
ln
(

Rh
100

)
+ aTa

b+Ta

]
a− ln

(
Rh
100

)
− aTa

b+Ta

(1)

Figure 5 indicates the potential risk of condensation if the surface temperature drops below 25 ◦C
and a window is opened, which could occur in summer or in autumn. During summer, the Ta is rarely
less than 32 ◦C during working and studying hours, and the potential for night ventilation is limited
owing to the small temperature difference between day and night. Therefore, it is sensible to consider
keeping the windows closed in summer if no window opening control system is available. Under these
conditions, the preliminary climate investigation does not indicate a condensation risk in winter or in
spring, however, the problem remains in autumn.

2.1.3. Thermal Simulation Model

Six investigation cases were developed and simulated. Table 1 outlines the simulation cases and
framework. As discussed above, Case (1) and Case (2) refer to the base models, in which windows
were never opened. Moreover, while Case (1) represents the actual reference case, Case (2) includes
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slight developments in the façade configurations and room set temperature. Generally, a WOT of 28 ◦C
had been set in the simulation models of the rest of the cases. The “d” in Table 1 stands for dynamic
control modes, where Tsup follows a specific routine. Four control strategies were developed and set to
control the intake air using mechanical ventilation with respect to Ta and WOT. Air was delivered via
the air outlet located in the ceiling of the room and was required to maintain a satisfactory level of
indoor air quality.

Figure 6 outlines the control strategies. STR_1 and STR_2 of Tsup used mechanical ventilation
for the intake air, which was delivered via the air outlet located in the ceiling of the room and was
required to maintain a satisfactory level of indoor air quality. Ta was assigned as Tsup and the window
would open in both STR_1 and STR_2, if Ta was equal to or less than WOT. The window would close
and WOT would be assigned as Tsup in STR_1, if Ta was higher than WOT. The same applied to STR_2,
except that the Tsup was fixed at 16 ◦C if Ta was greater than WOT.
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Other than the stated setting in Table 1, all the room parameters were fixed to ensure consistency
in the simulation results. The intake volume of fresh air was set in association with the required air
exchange rate to maintain adequate indoor air quality. Obviously, the performance of the users was
affected by an increased level of CO2 concentration; the default threshold set in IDA-ICE for CO2

concentration to activate the fresh air supply was 1000 ppm. Heat dissipation and moisture generation
by the occupants are essential issues that are calculated internally by IDA-ICE. This includes both
sensible (dry) and latent (moist) heat emitted by the occupants. The resulting indoor relative humidity
in the room is affected by the internally generated moisture by the occupants which also determines
the Td in the room. This factor is obviously affected by opened windows and recalculated accordingly.

Further, Case (5) integrates a dynamic WOT that optimizes the WOT to achieve the maximum
possible RF-WOPot. The model is explained in Figure 7. Moreover, in Case (6), a further optimization
step was conducted and presented. Measures were taken in the simulation model to minimize the
cooling load while keeping the maximum RF-WOPot. The risk of condensation was assessed by
calculating the difference between the ceiling surface temperature Ts,c and the Td in the room while
the windows were open. The mechanical ventilation was also active for indoor air quality control.
The condensation risk arose if Tdif, which was the temperature difference between the Ts,c and the Td of
the room air, was below the safety margin according to Equation (2). Within the scope of this research,
Tdif values of 4 and 2 K were identified as minimal and considerable risk, respectively. Moreover,
the Tsup played an important role in changing the Td of the indoor air, which obviously affected Tdif.

dts,d = Ts,c − Td (2)

Furthermore, it is important to note that the different air supply temperatures, ranging from 16 to
32 ◦C, could lead to various levels of thermal comfort and air distribution patterns.
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2.2. Optimization of the Air Supply Temperature to Avoid Condensation Risk and to Achieve the Minimum
Cooling Load

As the air supply was mainly used for maintaining a certain level of indoor air quality, the
temperature at the air intake (represented as Tsup) was a decisive parameter that affected the cooling
load considerably. However, in hybrid ventilation systems, in which window ventilation was
considered under certain conditions, and for energy saving purposes, it was not always needed
to set Tsup at 16 ◦C as for STR_2. The main difference between STR_2 and STR_3 was that the windows
in the latter were open. This is applied in Case (6) and explained in Figure 8.
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Figure 8. Air supply temperature with respect to outdoor temperature in Case (6).

Obviously, relying on STR_1 completely where Tsup was equivalent to Ta under certain conditions,
such as in Case (4), caused condensation during periods of high Td of outdoor air. Air was delivered
unconditioned and might have contained a high amount of moisture, which condensed on cold
surfaces. This suggested the development of a new air supply strategy STR_4 that limited the amount
of cooling of Tsup to an intermediate level between the two extreme approaches mentioned, and which
did not exceed the required Tdif of 4 K. Since the optimum Tsup was between Tsup of STR_1 y1 and
Tsup of STR_2 y2, using the point–slope form of straight-line equations [26], the optimum Tsup y in
Equation (3) solved for x = 4, which represented the limit for Tdif. The variable m represents the slope
in Equation (4):

y2 − y1 = m(x2 − x1) (3)

m =
(y2 − y1)

(x2 − x1)
(4)

where x1 and x2 indicated Tdif of the cases of STR_1 and STR_2, respectively, were applied. Figure 7
explains the implemented method to determine the optimum Tsup for Case (5) and Case (6).

Equations (3) and (4) had the optimum Tsup calculated as follows:

Tsup = y2 = y1 + [m (x2 − 4)] (5)

This also means, that under the application of STR_4 where Ta was higher than WOT, no
condensation was expected. This is because the Tsup was modified according to the blue and brown
curves in Figure 8. While the Tsup was reduced to the level where the Td of 4 K was maintained, it was
not extremely reduced to reach 16 ◦C, which would have caused the unnecessary consumption of
cooling energy. The diagram also presents the resulting Td in the room after mixing its air with the
newly supplied air from both window and mechanical ventilation.
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2.3. Verification of Generated Findings

The simulation results were calculated using the dynamic thermal simulation software IDA-ICE,
yet it was also important to analyze the airflow, its impact on user comfort, and the radiant cooling
panels. Particularly, the room air temperature, with such a mixed ventilation mode, needed to be in
stable and comfortable ranges. Further, the temperature of the cooling panels had to remain above
the Td of the room air. Although experimental fluid dynamics tests and, especially, wind tunnel
simulations are widely accepted in the scientific and engineering community as the most reliable
validation methods, recent advances in computational fluid dynamics (CFD) simulations offer great
potential as they have shown very accurate and comparable results to real-world conditions within
reasonable bounds of errors [27]. The limitations of computer simulation models have been discussed
and pointed out by many scholars, with respect to many software packages [28,29]. Therefore,
the current investigation included the basic simulations using IDA-ICE. The outcomes were verified
with the aid of CFD analysis with a focus on summer and autumn due to their critical conditions.
Further verification using a Hx-diagram and an online tool was considered.

2.3.1. Steady-State CFD Simulations

To develop a better understanding of the results generated by IDA-ICE, CFD simulations were
conducted using the relevant parameters of the thermal simulation model. The classroom model
depicted in Figure 4 was used in the CFD simulation. The aim was to validate the results by replicating
the model in another simulation environment. Within the scope of this study, steady-state thermal
CFD simulations using ANSYS-CFX were used to validate the results of the thermal simulations.
Basically, the CFD software solves the partial differential equations governing a flow field to predict the
velocities, pressures, and temperatures at all points in the field via discretization process using finite
volume techniques they are also called Navier–Stokes equations. Moreover, the CFD are considered
a powerful design tool that model complicated flow situations. However, it is crucial to consider
the main limitations and uncertainties that are according to Tamura et al. [30–32] attributed to the
turbulence model, calculation grid, and boundary conditions. The frameworks of both aspects within
the scope of this study are included in the following text. The averaged Navier–Stokes equations can
be expressed in the following equations.

Continuity equation:
∂ρ

∂t
+

∂

∂xj
(ρUi) = 0 (6)

Momentum conservation equation:

∂ρUi
∂t

+
∂

∂xj

(
ρUiUj

)
= −∂p′

∂xi
+

∂

∂xj

[
µe f f

(
∂Ui
∂xj

+
∂Ui
∂xi

)]
+ SM (7)

where SM is the sum of body forces, µe f f is the effective viscosity accounting for turbulence, and p′

represents the modified pressure. Therefore, the left side of Equation (7) represents convection and
the right side represents in sequence, pressure body forces, diffusion, and the momentum interaction
between forces.

The set turbulence model was a standard k− ε. as it is widely used in engineering applications.
The default medium turbulence intensity of (5%) was also set in both natural and mechanical ventilation
inlet parameters. Stamou and Katsiris [32] performed an experimental verification study of a CFD
model for indoor airflow and heat transfer. Several turbulent models in the CFD analysis were tested
including the one used within the scope of this paper. They concluded that the standard k− ε model
which is a semi-empirical model was able to generate acceptable predictions of the main qualitative
features of the flow. Further, the layered type of temperature fields was also well predicted. Therefore,
they asserted that it is possible to use these models for practical purposes. To describe the effect of
turbulence, µe f f is replaced with µt in Equation (8), which is the turbulence viscosity. The modelling
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of µt is shown in Equation (9). The values of k and ε are generated from the differential transport
equations the describe the kinetic energy and turbulence dissipation rate, Equations (10) and (11)
respectively. Pk in Equation (12) depicts the turbulence production due to viscous forces. A full
buoyancy model was used and Pkb is modelled according to Equation (13).

µe f f = µ + µt (8)

µt = Cµρ
k2

ε
(9)

∂(ρk)
∂t

+
∂

∂xj

(
ρUjk

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − ρε + Pkb (10)

∂(ρε)

∂t
+

∂

∂xj

(
ρUjε

)
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+

ε

k
(Cε1Pk − Cε2ρε + Cε1 Pεb) (11)

Pk = µt

(
∂Ui
∂xj

+
∂Uj

∂xi

)
∂Uj

∂xj
− 2

3
∂Uk
∂xk

(
3µt

∂Uk
∂xk

+ ρk
)

(12)

Pkb = − µt

ρσρ
gi

∂ρ

∂xi
(13)

where Cε1, Cε2, Cµ, σk, σe and σρ are empirical constants, with values 1.44, 1.92, 0.09, 1.0, 1.3, and
1.0 respectively.

During another benchmark experimental study in the subtropical climate of Taiwan by Chiang et
al. [33] radiant cooling was combined with mechanical ventilation. A standard k− ε turbulence model
was also used in their numerical part of the study, which is the case in this investigation. A remarkable
improvement in thermal sensation (PMV within ±1.0) was reported even by increased Tsup of up to
24 ◦C. During this flow, the researchers noticed extremely uniform temperature distribution. Moreover,
a P-1 radiation model was selected. The essential meshing parameters and their set values are shown
in Table 2. No further modifications were implemented to the other default parameters given by the
software. Additionally, RMS was set as a residual-type targeting 0.0001.

Table 2. Meshing parameters and the set values.

Parameter Unit Value

Relevance center (-) Fine
Initial size seed (-) Active assembly

Smoothing (-) High
Transition (-) Slow

Span angle center (-) Fine
Minimum edge length (m) 0.0150

Maximum face size (m) 0.3708
Maximum cell size (m) 0.7406

Growth rate (m) 1.2000

A single hour (09:00 AM) from the average day in the two most critical seasons (summer and
autumn) was selected for the validation process. The optimum strategy in each season for maximum
RF-WOPot was selected for the simulation. Table 3 outlines the basic input data. The aim of this step
was to assess the practicality of the proposed approach in achieving a desired indoor temperature that
was in the human comfort zone and in an acceptable margin of a maximum 2 K from the generated
temperature of the thermal simulation. It was also important to observe the air temperature around the
radiant cooling panels. Regarding the suggested hybrid ventilation and radiant cooling approach, the
following indicators were observed within the scope of this CFD simulation: air velocity, air velocity
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distribution, air temperature, air temperature distribution, surface temperature of the radiant cooling
panels, and finally, the predicted mean vote (PMV) according to the ASHRAE Standard 55 scale of
thermal sensation.

Table 3. Framework of the conducted computational fluid dynamics (CFD) simulations.

Season
Natural Ventilation Mechanical Ventilation Radiant Cooling Room

Ta V′w m′w Rh Tsup V′m m′m Q′c Q′c Ts,c Ti

[-] [◦C] [m3/h] [kg/s] [%] [◦C] [m3/h] [kg/s] [W/m2] [kW] [◦C] [◦C]
Summer 30.02 244.20 0.08 76.00 16.00 1011.00 0.33 24.24 16.00 24.79 25.80
Autumn 26.50 1443.28 0.47 75.75 20.81 542.50 0.18 49.03 6.10 25.05 25.45

Due to the critical conditions in summer and autumn, which are mainly attributed to the elevated
relative humidity of outdoor air, the CFD simulation results for both seasons will be depicted in
detail. The settings of the water vapor pressure for the PMV calculation included 2383 Pa, and 2412 Pa
for summer and autumn respectively. They were calculated from the framework shown in Table 3.
The calculation of the mean radiant temperature took place in the CFD software and was obviously
affected be the varying surface temperatures of the radiant cooling panels. The set metabolic rate
of the 24 occupants was 1.0 met (sedentary work) with which was ca. 58 W/m2 body surface with
clothing factor of 0.55 clo according to ASHRAE Fundamentals [34]. Assuming a body surface area
of 1.8 m2, ca. 104 W/person is generated. To consider the heat dissipation by occupants in the CFD
analysis, heating panels to represent human models as per the dynamic simulations in IDA-ICE were
installed in the room. The 24 human models were distributed in the room evenly following an order of
(4 columns × 6 rows). The panels are highlighted in red in Figure 4. Additionally, each of them would
be using a computer that generated 75 W. The total generated heat was 3600 W (104 W × 24 persons +
75 W × 24 persons). This means, each occupant generated 150 W.

2.3.2. Grid Independence Analysis

Research found in [33,35] presented a method to perform grid independence testing by doubling
the number of cells. Subsequent to refining the grid size, a further simulation was run to verify
the sufficiency of the previously set grid. Therefore, the indoor temperature was analyzed in the
two grid Cases: (a) 132,398 cells (b) 2,530,469 cells. The latter case represented an increase in size by
2.08 times. The analysis included 58 points and the temperature values were found in good agreement
and no deviation was noticed. The further simulations were limited to the grid Case (a) to save
calculation time.

2.3.3. Investigating Condensation Risk

A large volume of outside air meets another volume of mechanically conditioned air in the
suggested hybrid ventilation concept. While radiant cooling surfaces were activated, a condensation
risk arose if the Tdif between the surface and the air was not within acceptable limits. Using a
Mollier Hx-diagram, each condition was analyzed and illustrated to determine the resulting Td of the
mixed volumes. Next, Tdif will be compared with the previously generated results using the thermal
simulation software IDA-ICE.

3. Results and Discussion

3.1. Impact of Radiant Cooling on the Current Condition (Closed Windows)

The simulation results for Case (1) (all-air) and Case (2) (air-water) indicated annual electric
energy demand for the cooling of 422 kWh/m2·a and 84 kWh/m2·a, respectively. The current practice
(Case (1)) assumed setpoint temperatures of 17–19 ◦C, which demanded high energy. Once setting the
setpoint temperatures to 21–26 ◦C in Case (2) besides other enhancements in the façade setup, a radiant
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cooling arrangement with a cooling capacity of 58 W/m2 was integrated into Case (2). The primary
axis of Figure 9 presents the seasonal daily average cooling load for Case (2), and the secondary axis
indicates the resulting Tdif. Substantial savings could be achieved and the annual energy demand of
this enhanced model dropped to 92 kWh/m2·a.Buildings 2018, 8, x FOR PEER REVIEW  15 of 25 
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Figure 9. Seasonal daily average cooling load against Tdif for Case (2).

According to Figure 9, a clear distance was maintained between the condensation risk line and the
Tdif values in the developed base model, Case (2), in all four seasons. This indicates safe conditions for
retrofitting classrooms with radiant cooling panels and mechanical ventilation, with dehumidification
and constant Tsup of 16 ◦C. Achieving the safe conditions was possible in Cases 0–2, in which the
windows were continuously closed, eliminating the risk of condensation. Despite the clear energy
savings and the supplied fresh air by mechanical ventilation, limited user comfort was provided owing
to the lack of window ventilation. Particularly, the operation of natural ventilation was a significant
parameter that affected the level of user satisfaction with the space [36]. The constant Tsup was also
energy-intensive, and methods to avoid both limitations are explored in the next sections.

3.2. Window Ventilation Potential and Impact of Air Supply Optimization

Figure 10 presents an overview of the window opening frequency (WOFreq) on an average day
in each season (primary axis) against the average daily cooling energy demand (right axis); annual
averages are indicated in orange. The unfilled columns refer to the WOFreq according to the WOTs,
despite condensation risks. The filled columns represent the RF-WOPot where the minimal risk of
condensation was totally avoidable (i.e., Tdif was higher than 4 K). The cooling load was relatively low
in many cases where this condition was present. This is understandable where the Ta was in acceptable
ranges and neither high energy for cooling nor dehumidification was required.
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Figure 10. Average daily total hours of risk-free window opening potential. (Primary axis: The columns
represent the duration of openings in each season with respect to the operation strategy, Secondary
axis: the corresponding daily cooling energy demand is depicted in red dots).

To discover the optimum cases that combined the best characteristics for each season, it was
imperative to conduct a comparison addressing the relevant features of each case. The red circles in
Figure 10 represent an overview of the daily electric cooling energy demand of the simulated cases.
The data are displayed on the secondary axis. The annual data of each case is the sum of the seasonal
daily average demands.

All simulations indicated a maximum RF-WOPot in winter, corresponding to 24 h/davg.
A maximum achievable RF-WOPot of 24 h/davg in spring as well can be seen in the four presented
Cases. The best conditions that included highest RF-WOPot in summer can be seen in Case (4), where
WOT was set at 26 ◦C and STR_2 was used for Tsup, i.e., 16 ◦C. Furthermore, Case (4) also provided the
best solution in terms of lowest energy demand for cooling. The best case from the same point of view
in autumn was Case (6) according to the diagram. It satisfied lowest cooling energy demand per day
(209 kWh/d) by highest RF-WOPot (18 h/d). Clearly, the absolute lowest cooling energy demand per
day was met by Case (3). However, this case demanded that windows should not be opened at all to
reduce the need for the dehumidification of mechanically supplied air to keep the Tdif higher than or
equal to 4 K. Therefore, Case (6) demanded slightly higher cooling energy. This is understandable,
because more cooling energy for Tsup was required to avoid condensation that might arise owing to
the increased window opening duration.

Interestingly, in summer, Case (6) indicated much less energy demand (82 kWh/d) than Case (3)
(147 kWh/d), which had a close value of RF-WOPot. Thanks to the optimization strategy of Case (6),
savings of approximately 44% between both cases could be achieved.

Obviously, it was important to keep the window ventilation option available within the realm of
hybrid ventilation to increase the satisfaction of the users. Regarding classroom environments, this
impact has been discussed in detail by [16–18,37]. Following that, a comparison based on the seasonal
average daily cooling demand was conducted to determine the cases that included the best qualities of
both RF-WOPot and cooling demand. Under these conditions, Table 4 outlines the best strategy for
each season.
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Table 4. Maximum risk-free window opening frequency.

Season
Best Strategy WOT RF-WOPot Cooling Demand

(-) (◦C) (h/davg.) (kWh/davg.)

Winter STR_1 26 24 45
Spring STR_1 28 24 111

Summer STR_2 26 9 46
Autumn STR_4 28 18 209

The main findings of the conducted analyses can be concluded by the following points:

• The recommended control strategies for maximum RF-WOPot are:

# Winter: STR_1
# Spring: STR_1
# Summer: STR_2
# Autumn: STR_4

• The recommended control strategies for lowest cooling energy demand are:

# Winter: STR_3, STR_4, STR_1 (close values!)
# Spring: STR_1, STR_3, STR_4 (close values!)
# Summer: STR_2
# Autumn: STR_1

• STR_4 works best in autumn where the lowest cooling load by maximum RF-WOPot is achieved
• The optimum strategy for summer is STR_2

3.3. Assessing the Condensation Risk that is Associated with Each Strategy

The results of simulation Cases (2)–(6) are illustrated in Figure 11. The primary axis refers to each
Tdif. The secondary axis depicts the Ta. The condensation limits (red curves) are also shown. The results
correspond to the results outlined in Figures 8 and 10. It can be clearly seen that all cases in winter and
spring lie in the safe zone, away from the condensation line. Cases (3) and (5) face condensation risk in
summer and autumn. Evidently, all the other cases are safe from condensation over the entire year.
The gray curve in Figure 11 refers to Case (2), suggesting that the risk of condensation is minimized
because window ventilation is not activated at all.

Especially in summer and spring Figure 11 indicates that the risk of condensation correlates with
Ta when the windows are open (i.e., Ta < 28 ◦C). This is due to the increased temperature that affects
the Td of the air flowing through the windows. Here, users have two options: close the windows and
rely on mechanical ventilation or keep the windows open and mix the fresh air that enters through the
windows with cooled dry air via mechanical ventilation. This is the scenario in which air cooling and
especially dehumidification need to be optimized to eliminate unnecessary energy consumption.

Although the Tdif values for Cases (4) and (5) are presented Figure 11, it is important to relate
them to the corresponding Tsup that was not optimized. The most striking result is the optimized Tsup

curve of Case (6). According to the diagram, the curve is not located in the zone of considerable risk
during daytime in summer, and during the night, early morning, and evening in autumn.

Moreover, the application of STR_4 in summer and autumn—presented in Case (6)—helps
generate an energy-efficient, condensation-risk-free (air–water) cooling approach that effectively
integrates window ventilation and radiant cooling. It is also important to consider such optimization
methods of Tsup control, even though windows are closed, because infiltration causes temperature
fluctuations and the condensation risk might increase again.
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3.4. Comparison of Presented Strategies Against Reference Case

Having considered Case (1) as the base case that reflects today’s conventional practice, Case (2)
represents a model that includes slight enhancements in the façade configurations, however, it still
represents the all-air cooling approach. Therefore, it is useful to assess the energy savings in percentages
in the presented strategies against the reference Case (2). Limitations are apparent in summer and
autumn, owing to the increased Ta and Td.

Figure 12 provides a comparison of the best cases presented in Table 4 against the enhanced
reference Case (2). According to the diagram, substantial savings can be achieved in winter, spring,
and autumn. While the basic advantage of the suggested strategies lies in the maximized RF-WOPot,
elevated energy demand for cooling can be seen in summer due to the increased required effort
for dehumidification of Tsup to reduce Td in the room and keep it above the values of condensation
risks. However, in this case, it is up to the users to decide whether windows should be opened in
summer—under the given conditions—for improved room quality, or not. The average annual savings
in the first option is in hatched diagonal blue lines. The latter option is in hatched horizontal blue lines.
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3.5. CFD Simulations for Summer and Autumn Framework

The suggested hybrid ventilation setup involves mixing mechanically supplied air with naturally
supplied air via window openings. Therefore, it is imperative to simulate the final effect of the
mixed air volumes on the overall condition of the room. The following diagrams, Figures 13 and 14,
depict the result of conditions at 09:00 AM for the best cases according to Table 4, in the most critical
seasons (summer and autumn), which are shown in the Cases (4) and (6) of Figure 11, respectively.
Subsequently, the change in temperature in relation to volumes of the mixed air in each season at
the selected time, as well as the corresponding Ts,c of the radiant cooling panels, are illustrated in
the Mollier Hx-diagram afterwards. Table 3 provided the basis for the data input for both the CFD
simulation and the Hx-Diagram.

The images in Figure 13 represent the conditions in summer of Case (4) after the application of
STR_2. The image number 1 in Figure 13 depicts the surface temperature of the radiant cooling panels
under the input conditions that are shown in Table 3. It is clear that the dominating Ts,c was between
24–25 ◦C. The temperature dropped on the sides of some panels due to the mechanically supplied cold
air from the outlets located next to the radiant cooling panels. The temperature of the supplied air was
19.3 ◦C. Obviously, there was no risk of condensation in this case as the moving air in these zones had
been dehumidified already. Once it touched the warm part of the surface, its temperature increased,
and it absorbed moisture. Yet, no condensation was expected as the Ts,c was higher than the Td of
the air.

The upper-left image in the simulation results shown in Figure 13 presents the air temperature
distribution on a horizontal slice at a 1.5 m height. The diagram to the bottom represents the same data
on Slice A-A. The location of the slice is marked on the upper left image. The air velocity distribution
can be seen on the horizontal slice (top-right) and the vertical slice (bottom-right). Additionally,
the location of the ceiling- and wall-integrated radiant cooling panels were marked on the 3-D images
of the simulated classroom. The PMV distribution shown in image number 2 is around +0.3. This result
is also in far from the result obtained from the dynamic simulation, which indicated an average PMV
of 0.5. The average values are located around the neutral level on the scale of thermal sensation.

According to the results displayed on image number 3, A homogeneous temperature distribution
can be seen. The average Ti lies between 24–25 ◦C. These values are in good agreement with the
results obtained previously from the thermal simulation software IDA-ICE, which indicated an average
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Ti of 25.77 ◦C. Homogeneous distribution of Ti can be noticed in the vertical and horizontal slices.
It is also important to note that the air velocity distribution presented in image number 4 was also
within acceptable limits at human sitting and walking heights. It is also noteworthy that the increase
in air velocity in such a warm humid condition helped improve thermal sensation under certain
conditions [37,38]. Moreover, the resulting air mix not only helped avoid condensation in the hot,
humid period of summer, but it also contributed to improving the temperature of outdoor air to
reach acceptable levels for human comfort. The vertical temperature profile shown in image number
5 indicates an average temperature distribution in the range between 24–25 ◦C.

Figure 13. Results of the CFD simulation for Case (6) at 09:00 AM, in summer.

The levels of relative humidity were relatively high and as the outdoor temperature increased,
the risk of condensation increases. According to the results shown in Figure 14 that represent the
application of STR_4 in Case (6), the temperature distribution at human height is in the range between
24–25 ◦C. Image number 2 shows PMV values are approximately 0.2. While this suggests considerable
correspondence between the CFD results and the previously generated thermal simulation results
where the PMV equaled 0.5, it was assumed that the CFD simulation had considered the increased air
velocity that contributed obviously to the enhancement of the thermal sensation. Ts,c remained around
its initial values between 24–25 ◦C. The air velocity in the classroom reached a maximum of 0.14 m/s.
Additionally, the air intake from the three available windows was considered in the CFD simulation
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model. The relatively high airflow mass via window ventilation of 0.47 kg/s allowed a large volume
of unconditioned air to mix with the 0.18 kg/s of mechanically conditioned air.

Figure 14. Results of the CFD simulation for Case (6) at 09:00 AM in autumn.

3.6. Assessment of Condensation Risk Using Hx-Diagram

The Hx-diagram in Figure 15 outlines the conditions of the air/water mixtures at the selected time
(09:00 AM) of each season, when hybrid ventilation was activated. Moreover, the shown data represent
the results generated from the thermal simulation process of Cases (4) and (6) for summer and autumn
respectively, in which Tsup was optimized to maximize RFWOPot. Similar to the CFD simulations,
the presented data indicate the framework presented in Table 3. Clearly, the winter condition is not
represented, as mechanical ventilation is not required. The conditions of spring, summer, and autumn
are represented in purple, blue, and red respectively.

According to the diagram, sensible cooling is considered in spring and autumn when no change
in specific humidity is required. However, the difference in temperature between Tsup and Ta in spring
is trivial and the conditioned air is very similar to the outdoor air. During autumn, considerable
reduction in the Ta can be seen to reach 20.81 ◦C. Since the dewpoint temperature of both cases, spring
and autumn, is considerably below the Ts,c, no condensation risk is present.

Regarding the case of summer, a graphical approach of calculating the condition of the air mix was
conducted. The aim was to determine the air mix between the naturally and mechanically supplied air.



Buildings 2018, 8, 69 22 of 26

This is important to evaluate the risk of condensation in relation to Ts,c. Equation (14) presents the
calculation method that indicates the results in proportion to the mass of each supplied air volume.

L1 =
L1,2· m2

m1 + m2
(14)

L1,2 indicates the total length between the two points that represent outdoor air and mechanically
ventilated air. L1 is the length between the mechanically supplied air and the stabilized mixed air while
m1 and m2 stand for the masses of the mechanically and naturally supplied air volumes respectively.
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Table 5 outlines the calculation results. During summer, while air was supplied at 16 ◦C,
the location of the air mix indicated a Td of 20.30 ◦C. This was 4.49 K below the Ts,c of the radiant
cooling surfaces. This value corresponds with the results generated by the thermal simulation, which
indicated the same Tdif and can be seen in the black curve at 09:00 in Figure 11. Additionally, the Tdif in
autumn of 4.24 K was within narrow ranges from the thermal simulation results, which suggested 4.58 K.

Table 5. Calculation of mixed air condition and the potential risk of condensation.

Variable Unit Summer Autumn

Tsup (◦C) 16.00 20.81
m1 (kg/h) 1204.2 642.6
Ta (◦C) 30.02 26.50
m2 (kg/h) 288 1688.76
Rh (%) 76.00 75.75
L1,2 (mm) 13.50 0
L1 (mm) 2.61 0
L2 (mm) 10.89 0
Ts,c (◦C) 24.79 25.05
Td (◦C) 20.30 20.81
Tdif (◦C) 4.49 4.24
Ti (◦C) 25.80 25.67
v (m/s) 0.14 0.14

MRT (◦C) 27.15 25.54
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The level of comfort under the generated values of summer and autumn displayed in Table 5 can
be further verified using an online comfort calculation tool [39]. Based on given data entered by the
user, it provides assessment of the comfort level according to ASHRAE Standard 55-2013 for naturally
ventilated spaces. Regarding the PMV as well as the Adaptive Comfort models, the outputs of the
tools indicate that the condition of the room was in the comfort zone. The comfort level was enhanced
by increasing air velocity in the PMV model [40,41]. Up to certain limits, the incorporation of fans or
increasing the speed of the air intake from the mechanical ventilation outlet will help improve thermal
sensation by increased room temperature.

4. Conclusions

Yergin asserts that energy conservation is the most important source of renewable energy [42].
As Saudi Arabia is seriously heading toward increasing energy efficiency in its public infrastructural
facilities, it is crucial to rethink the way buildings are cooled and conditioned. The aim of the present
research was to examine a method to extend the feasibility of radiant cooling in combination with
hybrid ventilation in warm and humid climates. Following investigating different window opening
threshold temperatures and window opening strategies, an optimization method was integrated into
the dynamic thermal simulations software IDA-ICE. It has been confirmed that mixing the two air
volumes (natural and dehumidified) results in remarkable energy savings, while maintaining the
dewpoint temperature within desired limits over the surface temperature of the radiant cooling panels.
Integrating passive and active cooling and ventilation solutions helps extend the period of window
ventilation, which eventually results in healthier and more comfortable spaces and user satisfaction.
Annual savings up to 34% in cooling energy demand were noticed. This is obviously due to the
reduced volume of air that needs to be dehumidified. The results of the conducted CFD simulations of
selected cases corresponded to a great extent with the outcomes of the dynamic thermal simulations
and confirmed the acceptable condition of the indoor temperature and thermal sensation.

The framework of this study was designed according to the setup of a university classroom in
the city of Jeddah, Saudi Arabia. Furthermore, the findings of this research also have some important
practical implications for the planning and retrofitting of new and existing buildings of other functions.
Building planners and operators can considerably benefit from the proposed approach, given that
coupling hybrid ventilation with radiant cooling would substantially reduce or eliminate the need for
ductwork and mechanical devices. The presented strategies can be incorporated into the BMS systems
not only to regulate the temperature of the supplied air as well as the window opening schedule, but
to integrate both and relate them to each other under certain conditions. Validation of the airflow
model against benchmark experimental cases was done to confirm the reliability of the generated CFD
data. Further research needs to be undertaken to assess the feasibility of the suggested development
for wide application across university campuses.
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Nomenclature

The International system of units (SI) is used throughout this paper

g Gravity vector (m/s2)
m′m Air flow mass through mechanical ventilation (kg/s)
m′w Air flow mass through window (kg/s)
MRT Mean radiant temperature (◦C)
P Pressure (Pa)
P′ Modified pressure (Pa)
Ta Outdoor temperature (◦C)
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Td Dew point temperature (◦C)
Tdif Difference between dewpoint temperature and cooling surface temperature (K)
Ti Indoor air temperature (◦C)
Tset,rm Set room air temperature
Tsup Air supply temperature (◦C)
V′m Air flow volume through mechanical ventilation (m3/h)
V′w Air flow volume through window (m3/h)
v Indoor air velocity (m/s)
ρ Air density (kg/m3)
Pεb Buoyancy turbulence model constant
Pk Shear production of turbulence (kg/m·s3)
Pkb Buoyancy turbulence model constant
Cµ k− ε turbulence model constant
k Turbulence kinetic energy per unit mass (m2/s2)
µ Dynamic viscosity (kg/m·s)
µt Turbulent viscosity (kg/m·s)
µe f f Effective viscosity (kg/m·s)
σ Stefan-Boltzmann constant (5.67 × 10−8 W/m2-K4)
σρ k− ε turbulence model constant
Cε1 Reynolds Stress model constant
Cε2 Reynolds Stress model constant
ε Turbulence dissipation rate (m2/s3)
σε k− ε turbulence model constant
U Velocity magnitude (m/s)
SM Sum of body forces (kg/m2·s2)
u Fluctuating velocity component in turbulent flow (m/s)
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