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ABSTRACT
The purpose of this study is to evaluate the applicability of a dedicated outdoor air
system (DOAS) and variable air volume (VAV) system in a normal building above the
ground and underwater building. The annual energy consumptions of the two systems
were compared to determine their applicability in the normal and underwater buildings.
The sensible and latent loads of each model building were calculated by TRNSYS 17
program. The normal building above ground was located in Ulsan, South Korea and the
underwater building was located at 20 m below mean sea level in Ulsan. Based on the
calculated thermal loads, the performance of each system was evaluated through a
commercial engineering equation solver (EES). The result showed that the underwater
office building had relatively lower and more constant annual heating and cooling loads
compared to the normal building. Therefore, the DOAS and VAV system applied in the
underwater building showed energy conservation of 63% and 64%, respectively,
compared with the normal building. Additionally, the DOAS consumed 48% and 49%
less electric energy than the VAV in the underwater and normal building respectively.
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INTRODUCTION
Interests in underwater buildings for habitat and tourism have increased over the last
few years. Many studies and projects on underwater buildings were recently proceeded.
According to Kim et al. (2012), a dome and cylinder shape similar to a submarine is
suggested to be well-suited for underwater building structures due to under high water
pressure. Furthermore, recent studies on underwater buildings have explored the
possibility of the materials applied for structural stability of underwater buildings to
overcome the limitation of the underwater environment such as water pressure.
However, thermal comfort of occupancy and applicability of heating, ventilating, and
air conditioning (HVAC) systems have rarely been studied. Therefore, the HVAC
systems in underwater buildings require further investigations.
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Since the building is located underwater, surrounding environmental conditions of
underwater buildings are different from the normal buildings above the ground. When
designing an HVAC system in the underwater building, the plans for supplying and
exhausting the air should be properly established for indoor ventilation. Additionally,
due to limitations in ventilation and exhaustion, electric energy rather than fuelcombustion energy was selected for the energy supply. Also, the differences in material
characteristics and external environmental conditions between normal buildings above
the ground and underwater buildings, cause many differences between the two different
conditions in the aspect of required cooling and heating loads. Accordingly,
components and annual energy consumptions of the HVAC systems in the two different
applications will differ greatly.
The purpose of this study is to evaluate the energy saving potential of the two different
HVAC systems in an underwater building: variable air volume (VAV) system and
dedicated outdoor air system (DOAS). The annual energy consumptions of the each
HVAC system were compared to determine their applicability in the normal building
above the ground and underwater building.
UNDERWATER ENVIRONMENT CONDITIONS
Temperature and solar irradiance conditions
Generally, as the depth of water increases, solar irradiance and seawater temperature
tend to decrease. In this paper, the underwater building was assumed to be located at
20 m below mean sea level in Ulsan, South Korea. As the seawater temperature range
at 20m was from 13.13
to 23.86 , the monthly seawater temperature data was
relatively constant at 20 m below mean sea level in Ulsan, South Korea, provided by
the Japan Oceanographic Data Center (JODC).
Solar irradiance according to the depth of water is decreased by the influence of
convection and reflection. Fabricius et al. (2001) conducted a research on solar
irradiance variation associated with the change in water depth. Based on the research,
an equation that shows a correlation between the water depth and the solar irradiance
was obtained through regression analysis (Eq. (1)). Valid range of the water depth in
the equation is from 0 to 25 m. According to Equation (1), solar irradiance at 20 m
below the sea level is only 7% of that on the ground level. The coefficients used in
Equation (1) are presented in Table 1.

D  a0  a1  P  a2  P2  a3  P3  a4  P4 ,

(1)

where, D is the mean water depth [m] and P [%] is the percent of solar irradiance
according to water depth.
Table 1. Coefficients of equation (1)
-2.456718E+01

7.634894E-01

-1.164066E-02

1.111771E-04

-4.655187E-07
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THERMAL LOAD CALCULATION
The loads of the normal building above the ground and underwater building are
calculated to investigate the energy consumptions of the DOAS and VAV system in the
buildings. The normal building is located at ground level and the underwater building
is located at 20m below the sea level. Both of them are office buildings with 1000 m
of floor area and are able to accommodate 50 occupants. For the underwater building,
an acrylic panel is selected for the material contrary to materials of conventional
building. Other details of the model buildings are summarized in Table 2. The annual
sensible and latent loads of the model buildings were calculated by TRNSYS 17
program with the TMY2 weather data and seawater temperature were provided by
JODC for Ulsan, South Korea. For heating, the room condition was set to a dry-bulb
temperature of 20 and a relative humidity of 50%, whereas for cooling, it was set to
a dry-bulb temperature of 24 and a relative humidity of 50%.
Table 2. The physical information of the model buildings
Normal building
Underwater building
Volume
6000
(25 m 40 m 6 m, single zone)
HVAC
ASHRAE Standard 90.1 (2013)
Schedules
Occupancy
ASHRAE Standard 90.1 (2013)
75 W/person (sensible heat)
People
75 W/person (latent heat)
Internal heat gain
Equipment
230 W/person (sensible heat)
Lighting
130 W/ (sensible heat)
Figure 1 shows the annual thermal loads of the normal and underwater buildings. The
sensible load of the normal building fluctuated according to the ambient air condition
throughout the year while the annual sensible load of the underwater building was
relatively constant due to the ambient water temperature. Therefore, the annual sensible
cooling and heating loads of the underwater building were 57.5% and 90.9% less than
those of the normal building.

Figure 1. Annul thermal load of the normal and underwater buildings
HVAC SYSTEM OVERVIEW
For evaluating the system performance of the DOAS and VAV system in the normal
and underwater buildings, simulations of four cases were conducted by using a
commercial engineering equation solver (EES). Case 1 and case 2 refer to the
conventional VAV system applied to the normal and underwater building, while case 3
and case 4 refer to DOAS applied to the normal and underwater buildings, respectively.
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Case 1 is the conventional VAV system composed of a cooling coil, water-cooled
chiller, cooling tower and electric heater for reheating. When cooling is required in the
building, the system supplies process air at a temperature of 15 and relative humidity
of 80%. Conversely, when heating is required in the building, minimum ventilation air
is supplied at a neutral temperature of 20 . Additional heating is provided by a parallel
electric heater. The air-side economizer operation is applied in case 1.
Case 2 is the VAV system in the underwater building. Unlike case 1, which utilizes a
cooling tower as a cooling source for water-cooled chiller, case 2 utilizes seawater for
free-cooling without cooling tower. As shown in Figure 2(a), case 2 requires additional
duct systems and fans to supply outdoor air to the conditioned space. Case 2 is operated
in the same operation method as case 1.
Case 3 refers to a typical DOAS applied to the normal building, which mainly consists
of an enthalpy wheel, a cooling coil, water-cooled chiller, cooling tower and a sensible
wheel. DOAS treats all the latent loads and a portion of sensible loads while the parallel
cooling and heating systems condition the rest of the sensible loads in the conditioned
space. For parallel systems, the parallel electric heater and fan coil unit (FCU) are used
in case 3. When cooling is required in the building, the DOAS supplies air at a
temperature of 15 . Conversely, when heating is required, the DOAS supplies air near
the neutral temperature of 20 by controlling the enthalpy wheel and sensible wheel.
Case 4 is the DOAS applied to an underwater building that is operated in the same
operation method as case 3. Similar to case 2, case 4 also takes advantage of sea water
for water-side free cooling instead of using a cooling tower (Fig. 2(b)). Moreover,
additional duct systems and fans are applied to case 4 for supplying ambient air in the
underwater building located 20 m below the sea level.

(a) VAV system

(b) DOAS

Figure 2. HVAC system applied to underwater building configuration
SYSTEM COMPONENT MODEL
Fan and pump model
In each case, the fan model was variable-air-volume fan, and the pump was a constant
water pump with a 60% efficiency. In the cases of HVAC systems applied in the
underwater building, an additional pressure drop had to be considered due to the duct
systems that introduced outdoor air to underwater building. The ducts required for case
2 and case 4 were designed according to the ASHRAE Handbook (2013) DUCT
DESIGN guidelines. The fan energy consumptions were estimated using Equations (2)
and (3), and the pump energy consumption was calculated using Equation (4).
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where, Pfan,peak is the maximum fan power [MW], Pfan and Ppump are the fan and pump
power [MW], Vpeak is maximum the volume flow rate [ /s], V is the volume flow rate
[ /s], P is the pressure drop [Pa], fan and pump are the efficiency of fan and pump,
g is the acceleration of gravity,  is the density of water and Htotal is the head loss of the
system component.
Water cooled chiller and cooling tower model
In the simulation of each case, the water-cooled chiller model of the DOE 2 and the
cooling tower model provided by Energy Plus were adopted (US Department of Energy
2010, Energy Plus 2009). For case 2 and case 4, the HVAC system in the underwater
building cools chilled water supplied into the chiller using water-side free cooling with
seawater without using a conventional cooling tower. The systems in the underwater
building can take advantage of the seawater (17.89 ), which is relatively cooler than
the chilled water supplied by the cooling tower (27 ).
Electric heater
Coefficient of performance (COP) of the electric heater was assumed to be 1 in all cases
and for the VAV system, the electric heater was used for reheating and parallel electric
heater. The DOAS electric heater was only used by the electric heater in the parallel
heating system.
Energy recovery wheel model
The enthalpy wheel applied to DOAS was modulated by a variable-speed drive (VSD)
according to the outdoor air conditions (Jeong et al. 2003, Jeong and Mumma 2005).
Maximum efficiency of a sensible wheel and an enthalpy wheel were set to 85%.
SIMULATION RESULTS
Fan energy consumption
Table 3 shows the annual fan energy consumption of each system case. The VAV
system in the underwater building(case 2), saved 41% more fan energy than case 1
which was the VAV system in the normal building. This result was derived from the
relatively high thermal loads of the normal building compared with the underwater
building. Although the fan pressure drop of the case 2 was higher than that of the case
1 due to the additional duct system, case 1 which required higher air flow rate to
accommodate the high thermal loads of the normal building consumed more fan energy
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than case 2. Additionally, case 1 consumed additional fan energy by using cooling
tower.
The DOAS (case 4) applied to the underwater building consumed 4% more fan energy
than case 3. Both case 3 and case 4 supplied minimum ventilation air into the space
while the fan pressure drop in case 4 was higher than that in case 3 due to the additional
duct system. However, in case 3, additional fan energy was generated by the cooling
tower. Additionally, case 3 consumed more fan energy in FCU than case 4, which
supplied higher air flow rate in case 3 to accommodate the relatively high thermal load
of the normal building.
Table 3. Annual fan energy consumption
VAV system
CASE 1
CASE 2
Normal building
Underwater building
21.79 [MWh]
12.94 [MWh]

CASE 3
Normal building
10.75 [MWh]

DOAS

CASE 4
Underwater building
11.23 [MWh]

Chiller energy consumption
Table 4 shows the annual chiller energy consumption in all cases. For the VAV system,
the chiller in case 2 saved 60% more operating energy than that in case 1 while for the
DOAS, the chiller in case 4 saved 53% more operating energy than that in case 3. These
results show that the systems applied in the underwater building consume less chiller
energy than those applied in the normal building. The cooling load of the underwater
building, which was lower than that of the normal building due to the surrounding
environmental conditions, was responsible for the result. In addition, the cooling towers
used in case 1 and case 3 are responsible for the increased the annual chiller energy
consumptions. Conversely, because case 2 and case 4 used chillers with higher COP by
using water-side free cooling with the seawater, more energy was saved than that in
case 1 and case 3.
Table 4. Annual chiller energy consumption
VAV system
DOAS
CASE 1
CASE 2
CASE 3
CASE 4
Normal building
Underwater building Normal building
Underwater building
20.66 [MWh]
8.23 [MWh]
11.08 [MWh]
5.17 [MWh]
Pump energy consumption
The annual pump energy consumption for each case is summarized in table 5. The
systems applied to underwater buildings (case 2 and case 4) saved 62% and 57% of
pump energy consumption compared with those in case 1 and case 3, respectively. For
the VAV system, case 2 had a lower pump energy supplied from the chiller to cooling
coil that conditioned sensible cooling load and latent load than case 1. This result is
mainly due to the water flow rate based on the cooling load of the underwater building,
which was lower than that of the normal building due to the surrounding environmental
conditions.
Regarding DOAS, both in case 3 and case 4, pump energy was supplied from the chiller
to the cooling coil, which conditioned latent load, while case 3 consumed more pump
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energy than case 4 in FCU, which supplied higher water flow rate than case 3 to
condition the high thermal load of the normal building. Additionally, the cooling tower
pump consumed energy in case 1 and case 3. However, in case 2 and case 4, water-side
free cooling with the seawater was used, which consumed less energy than the other
cases that applied a cooling tower.
Table 5. Annual pump energy consumption
VAV system
CASE 1
CASE 2
Normal building
Underwater building
7.14 [MWh]
2.71 [MWh]

CASE 3
Normal building
3.83 [MWh]

DOAS

CASE 4
Underwater building
1.63 [MWh]

Electric heater energy consumption
Table 6 shows the annual electric heating coil energy consumption in all cases. For the
VAV system, the electric heater in case 1 and case 2 were used for reheating and parallel
electric heater, and for DOAS, the electric heater in case 3 and case 4 were only used by the
electric heater in the parallel heating system. All electric heater used in case 2 and case 4
conserved 72% and 85% more energy consumption than case 1 and case 3, respectively.
Because the heating load of the underwater building was lower than that of the normal
building, the annual electric heater energy consumptions in the DOAS and VAV system
were higher in the normal building than the underwater building.
Table 6. Annual electric heater energy consumption
VAV system
DOAS
CASE 1
CASE 2
CASE 3
CASE 4
Normal building
Underwater building Normal building
Underwater building
79.87 [MWh]
22.36 [MWh]
40.32 [MWh]
5.91 [MWh]
Based on the results, the conventional DOAS (case 3) saved 49% more energy
consumption than the conventional VAV system (case 1) as shown in Figure 3. In the
underwater buildings, DOAS (case 4) saved 48% more energy consumption than the
VAV system (case 2).

Figure 3. Total annual energy consumption by case
CONCLUSION
In this research, the annual operating energy consumption of each HVAC system was
estimated when the VAV system and DOAS were applied to an underwater and normal
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building. Simulation results showed that HVAC systems in the underwater building
(i.e., case 2 and case 4) saved annual energy consumptions compared with conventional
HVAC systems in the normal building (i.e., case 1 and case 3). Annual operating energy
consumption of the VAV system showed that case 2 saved 64% annual operating
energy compared to case 1. Regarding DOAS, case 4 saved 63% annual operating
energy compared with case 3. The simulation results for the annual operating energy
savings of case 2 and case 4 were mostly the lower thermal load of the underwater
building compared with the normal building. Additionally, water-side free cooling with
the seawater used in case 2 and case 4 significantly affected the chiller COP and chiller
operating energy consumption. The DOAS in underwater buildings saved 48% annual
operating energy compared with the VAV system in the underwater buildings.
Therefore, in the case of the underwater buildings, the DOAS is the most appropriate
in terms of the annual operating energy consumption comparing the DOAS with VAV
system.
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