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ABSTRACT 
 
Ventilation systems are critical to heating or cooling spaces in commercial buildings. 2% of 
one fifth of all the energy produced in the U.S. is consumed by the commercial buildings’ 
ventilation systems. However, the existing ventilation systems are needed to improve the 
energy efficiency and indoor air quality (IAQ) strategy. The integrated ventilation 
technologies are demanding to reduce energy use and ensure IAQ and dissemination to 
market. The Schaefer Engineering Library at Morgan State University was selected as a 
demonstration site with integrated ventilation strategies. Different Software (Design Builder, 
Trace 700, etc.) and Design of Experiment (DOE) were used to model and analyse the UFAD 
and overhead variable air volume (VAV) ventilation systems. The annual energy simulation 
results indicated that integrated systems along with different source technologies could save 
more than 20% of energy and improve significant amount of IAQ.  
 
 
 
 
Keywords: Ventilation; Overhead Variable Air Volume (OHVAV); Under Floor Air 
Distribution (UFAD); Desiccant Wheel; Energy Efficient; Indoor Air Quality (IAQ).  
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INTRODUCTION 
 
According to the Department of Energy 2012 Annual Energy Review, commercial buildings 
consume 19% of all the energy produced in the U.S. Ventilation is the method to deliver air to 
the individual space. Ventilation systems in commercial buildings consumed 12% of that 
energy. At a price of $28.92/million Btu, these systems cost $12.6 billion dollars to operate 
(U.S. Energy Information Administration, 2012). Therefore the design and implementation of 
the integrated ventilation systems are critical to commercial buildings. 
 
There are various types of conventional ventilation systems used in commercial buildings; of 
which the most common are conventional air distribution (CAD) systems – for example, an 
overhead variable air volume (OHVAV) system. An overhead VAV ventilation system 
typically consists of an air handler unit (AHU) to provide the conditioned air, duct work to 
move the conditioned air, VAV box which modulates the conditioned air, and a ceiling 
diffuser which introduces the conditioned air into the space. Another new approach is the 
under floor air distribution (UFAD) system, which consists of an AHU, VAV box, floor 
diffusers, duct work, and raised floor panel. UFAD systems, in which raised access floors 
serve as plenums for distributing cooled air through buildings, offer the potential to reduce 
energy use under certain conditions (Lee et al, 2013). Cool air with low velocity in this 
ventilation system is introduced at the lower part of the space and spreads out above the floor. 
Compared to the traditional mixing ventilation, this under floor air distribution system has the 
possibility of creating both high temperature effectiveness and high-ventilation effectiveness 
(Wang et al, 2011). 
 
HVAC systems with a desiccant wheel (DW) system are more energy efficient, with a low 
ambient impact, and can be profitable if compared to the traditional system; it also allows 
better indoor air quality (Prakash et al, 2012). It will be used in refrigerated warehouses, 
schools, hospitals, supermarkets etc. It is believed that thermal comfort and IAQ can be 
critical for energy efficiency, driving market acceptance and improvement in life cycle 
economics. 
 
The objective of this study is to analyze the potential of a specific integrated ventilation 
system to energy conservation and improving indoor air quality in commercial buildings. 
Analysis and simulation results have demonstrated that the integrated ventilation system 
could significantly improve energy efficiency and IAQ. 
 
 
 
BASIC CONCEPTS AND PROBLEM FORMULATION 
 
Air Flow Model 
 
Ventilation systems depend on the air distribution in rooms that are ventilated. Air 
distribution has various elements; according to (Aiulfi et al, 1998) “air distribution in 
ventilated rooms is a flow process that can be divided into different elements, such as, supply 
air jets, exhaust flows, thermal plumes, boundary layer flows, infiltration and gravity 
currents”. Figure 1 shows the flow element model with its various jets, flow, etc.  
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Figure 1. Flow Element Model 
 
 
 
UFAD and OHVAV Air Distribution Systems 

Air distribution systems can be designed using the flow element model. However, this model 
is appropriate when there is only one flow element in the room or the flow elements that do 
not interact with one another. In the case of displacement ventilation, such as under floor air 
distribution (UFAD) systems, “the supply air from a low level device and the thermal plume 
from heat sources above the floor are good examples of different flow elements that do not 
influence each other, and where the design of the air distribution system can be based on the 
models of these two flow elements” (Aiulfi et al, 1998).  

Daly describes the system as one that “…supplies conditioned air through ducts at the ceiling 
and typically takes return air back through a plenum above the ceiling. The diffuser or air 
outlets to the supply duct system are designed to throw air around the room in such a manner 
to induce full mixing of the air in the occupied space. For this reason, these systems are called 
“mixing” systems” (Daly, 2006). The “mixing” system is ideal ventilation system which 
combines the conventional ventilation systems. There are two different air distribution 
scenarios as shown on the Figure 2 and Figure 3. Figure 2 shows the overhead air distribution 
scenario. Figure 3 shows the UFAD ventilation scenario. 

The OHVAV air distribution is a method of bringing the conditioned air into a space using the 
duct- located on the top of the ceiling. The outside unconditioned air and return air coming to 
the AHU and mixing in the AHU becomes the conditioned air. Then, the conditioned air goes 
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Figure 2. Overhead Ventilation Scenario 
 
 
through the supply duct into the VAV box and finally the VAV box sends it through the 
ceiling diffuser into the space. The Overhead VAV systems use the inlet guide vanes for duct 
static pressure control. And the supply duct pressure is controlled by modulating dampers on 
the inlet of the fan, open and closed. Nowadays, variable frequency drives (VFDs) offer 
superior fan speed control and quieter energy efficient operation. In the overhead ventilation 
systems, the temperature in the room is uniform; supply and return plenum are located on the 
top of the ceiling with no under floor plenum. 
 
 

 
 

 
Figure 3. UFAD Ventilation Scenario 

 
 

The under floor air distribution is a method of bringing the conditioned air into a space 
through an under floor plenum that is below the raised floor system. The operation of a 
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UFAD system is the opposite of an overhead ventilation system. Stanke’s description of the 
UFAD system operation is the following:  
 

o Floor-mounted diffusers release cool 63°F-to-68°F (17°C-to-20°C) air, which induces 
local circulation and causes partial mixing and relatively uniform temperatures from 
the floor to a height of 3 to 6 ft (1 to 2 m). Above that point, the air temperatures 
stratify.  
 

o At the return openings near the ceiling, the air temperature ranges from 80°F to 85°F 
(27°C to 29°C), depending on heat sources, airflow, and ceiling height. 
(http://www.trane.com/commercial/library/vol30_4/ April 22, 2013.) 

 
According to York International, UFAD systems offer “20% - 30% total energy 
savings vs. overhead HVAC system”. This is due to many reasons. For example, the 
UFAD system operates by using low differential static pressure, “0.05” vs. “1.5 – 
2.0” which is typically used for overhead supply plenums” 
(http://www.seco.cpa.state.tx.us/TEP_Production/g/TEPMtgsb5-york_09082004_14.pdf, 4-
20-2013).  
 
As a result, the “fan horse power” is reduced, and consequently energy consumption. Using 
EnergyPlus V6., Webster et al was able to create simulations comparing the UFAD vs. the 
overhead air distribution systems (Webster, T. et al, 2012). For example, Figure 4 shows the 
results of the simulation. Figure 4 shows that UFAD systems produced total heating savings 
of about ~45 KBtu per square feet per year. Furthermore, the total HVAC savings is between 
5% and 25% (Webster et al, 2012). Other research has yielded a tool for “cooling airflow 
design for Displacement Ventilation (DV)”. Researchers at the Center for the Built 
Environment (CBE) have created a program that allows the user to calculate cooling airflow 
based on input parameters such as the heating load of a space (Schiavon et al, 2009). 
 
 

 
 

Figure 4. EnergyPlus Simulation Results 



JBU III (2013) 1&2 ·  110 
 

___________________________________________________________________________ 
 

© 2013, 2014 Journal of Biourbanism 

Desiccant Wheel Systems 

A Desiccant wheel is a type of heat recovery system which is a honeycomb circular matrix for 
the moisture absorption to remove humidity from the air. Thus, the desiccant wheel has a high 
potential to saving energy and improve the indoor air quality (Lee et al, 2013). Desiccant 
wheel is rotated slowly within a system by a small electric motor and spins the desiccant 
coating on the wheel which absorbs the humidity in the airstream. The desiccant cooling is a 
technology that, based on an open psychrometric cycle, is able to provide cooling using heat 
as the main energy carrier. This technology uses a considerably smaller amount of electricity 
than refrigerators based on the vapor-compression cycle, which is an electricity driven cycle 
(Urrutia, 2010). Electricity is often more expensive than other types of energy and has CO2 
emissions associated with its generation, so desiccant cooling has the potential of achieving 
both economic and envrionmental benifits ( Beccali et al, 2004). 

The heating, ventilation, and air conditioning (HVAC) industry faced several challenges in 
the 1990s, including a decrease of energy souces, an increase in energy demand due to the 
population growth, and new regulatory policies. To respond to these challenges, more energy 
efficient heating, cooling ventilation and dehumidification technologies are needed. The 
higher ventilation rates for the buildings are needed because of concerns regarding IAQ and 
occupant health. However, the higher ventilation rates translate into greater cooling loads - in 
particular, greater latent loads - during cooling seasons when the relative humidity within a 
building must be kept sufficiently low to inhibit the growth of micro-organisms that cause 
health problems and also may damage building materials. Air dehumidification has become a 
very important part of HVAC function (Tang, 2010). Desiccant dehumidification and cooling 
technology can provide energy-efficient solutions for the industry. (Ahmad, 1993) Facing an 
increase in energy demand and the IAQ problems of the humidity which comes out from the 
conventional system, we need the integrated system along with the desiccant wheel to respond 
to the problem of the humidity and provide high energy efficient systems. 

 

METHODOLOGY 
 
As a fifth of all the energy produced in the U.S., 12% of that energy is being consumed by the 
commercial buildings’ ventilation system; this means that the existing conventional 
ventilation systems need to improve the energy efficiency and indoor air quality (IAQ) 
strategy. The integrated ventilation technologies demand the reduction of energy use and 
ensure IAQ and distribution to the market. The Department of Energy has funded an energy 
innovation hub known as the EEB hub to solve this problem. Morgan State University is 
among the participating institutions in the hub. The staff at the Center for Advanced Energy 
Systems and Environmental Control Technologies (CAESECT) has applied integrated 
ventilation systems which include the under floor air distribution (UFAD ) system and 
overhead variable volume (OHVAV) air distribution along with the desiccant wheel systems 
to reduce energy consumption and improve indoor air quality in the buildings.  
 
Design Builder Software (version 3.0.0.105) is used for creating 3D models of buildings and 
is also used to perform energy simulations. Minitab 15 is used for collected baseline data and 
also used for analyzing and displaying data. Desiccant simulation software is used to choose 
the size and type of the desiccant wheel. Trace 700 software is used to design integrated 
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systems (UFAD and OHVAV systems) along with the desiccant wheel system, and perform 
the heating and cooling load calculation and energy consumption simulations. 
 
Baseline information of the schematics for the Schaefer engineering library of Morgan State 
University was obtained from the Department of Design and Construction Management 
located in the Montebello complex. The schematics included 1st floor plan view, building 
sections, wall sections, etc. Figure 5 is the 1st floor plan view of the Schaefer engineering 
library.  
 
 

 
 

Figure 5. 1st Floor Plan View of Schaefer Engineering Library 
 
 
Table 1 shows the baseline information of Schaefer Engineering Library which shows the 
schematics and measurement. It includes the area of the library, the dimensions of the 
windows, door, door opening and curtain wall. We also observed the direction of the wall and 
the direction and configuration of the roofs in Library. Additionally, the library has three hot 
water radiators to heat along the perimeter by the windows. It also has eight ceiling diffusers 
and three ceiling returns. There are 27 2 ft. x 4 ft. recessed fluorescent light fixtures and 15 
down lights.  
 
 
 

Type Dimensions 
Square Footage 1,839 ft. 
Windows (4) 5 ft. 5 in. x 6 ft. 7 in.  
Door 3 ft. x 7 ft. 
Door opening 7 ft. x 8 ft. 
Curtain Wall 19 ft. x 9 ft. 3 in. 

 
Table 1. Schaefer Engineering Library Data 
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Based on the schematics and the all dimensions of different components in the Schaefer 
Engineering Library, we have designed the Overhead VAV 3D model Schaefer Engineering 
Library by using the Design Builder software which is shown in the Figure 6. And for the 
UFAD 3D model, we have just added the under floor plenum; we have also designed the 
return plenum height. And we are now using different construction materials to design the 
individual walls, door, door opening and current wall with several layers. 
 
Then, we have defined a different ventilation system in Schaefer Engineering Library at 
Morgan State University, which serves the building, so that the program knows how to size 
the fans and coils. After having performed cooling and heating load calculations for the 
buildings, the program calculates the room airflows, coil loads, fan sizes, and other design 
system information. Defining the system tells the program how to calculate design 
information and what components (coils, fan, etc.) make up the system itself. 
 
 

 
 

Figure 6. Schaefer Engineering Library Overhead VAV 3D Model 

 
 
The HVAC system is designed to resemble the HVAC system conditioning Schaefer 
Engineering Library. It has a boiler, which supplies hot water to the heating coils, a chiller 
which supplies cold water to the cooling coils, a condenser which condenses the refrigerant 
back to liquid, an AHU which supplies the conditioned air to the library zone, and a VAV 
with reheat to control the dry-bulb temperature in the library zone. All of these components 
are either connected by the hot and cold water supply; return and/or duct plenum objects in 
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the model aid the function of actual plenums for supply and return air. HVAC system is 
shown on the Figure 7. Data for various parameters obtained from the Morgan State Plant 
personnel were entered for each component. Schaefer Engineering Library UFAD 3D Model 
is the same as the previous model. The only differences are that the model has an under floor 
plenum, its function is defined in the HVAC model, and the VAV reheat is replaced with a 
VAV reheat variable speed fan.  
 
In order to simulate the annual energy consumption, you need to model the plant and 
equipment configuration using the pieces of the equipment, create the plant by including the 
configuration of the heating and cooling plant, cooling equipment, heating equipment and 
base utility and miscellaneous equipment. For Schaefer Engineering Building at Morgan State 
University, the cooling equipment is water cooled chiller and the heating equipment is a 
boiler. The chilled water plant provides the cold water for the cooling coils in the AHU and 
VAV; the boiler supplies the hot water to heating coils in the VAV box for heating in the 
winter.  
 
 
 

 
 
 

Figure 7. HVAC System for Overhead VAV 3D model 
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The chilled water plant provides the cold water for the cooling coils in the AHU and VAV. 
When the conditioned air in the AHU goes through the cooling coils, it becomes cooled; it 
sent into to the space for cooling in summer. Figure 8 is the scheme for AHU #8 that provides 
the conditioned air to the Schaefer Engineering Library. In Figure 8, we could find the 
exhaust fan, supply fans, heating coils, cooling coils, filters and adjustable inlet guide vanes; 
we could see that part of the return air is used again.  
 
Figure 9 is the scheme for the VAV that delivers the conditioned air into the library. The 
VAV box includes the supply fan, pressure sensor, heating coils and ceiling diffuser. When 
the  conditioned  air  is  going through the inlet of the VAV box, the pressure sensor is 
measuring the static pressure and the inlet guide vanes will control the static pressure. If it 
does not satisfy the set point, inlet guide vanes will be either closed or opened, and fan speed 
will be increased or decreased to control the amount of stock air. The conditioned air goes 
through the heating coils to become hot, and it is sent through the ceiling diffuser into the 
space.  
 
 
 

 
 
 

Figure 8. Schematic Diagram of Air Handling Unit (AHU) 
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Figure 9. Schematic Diagram of VAV 
 
 
For the energy consumption simulation, we need to know the internal load of the buildings. It 
includes the people, lights and the miscellaneous equipment. Both of them are very important 
factors for the energy consumption. We need to know how many people are in the room at 
different periods, how many lights are on and off, how many workstations are in the library, 
etc. The most important thing is control strategies on these system and internal loads. We 
should make the specified schedules for the internal loads (people, lights, etc.), ventilation 
systems and equipment (chiller, boiler, etc.). And also the temperature setpoint, humidity 
setpoint, ventilation requirements should be designed. We need to monitor the Library 
between week and weekend days in order to make a schedule. 
 
Then, we need to select a weather profile to use to calculate building design cooling and 
heating loads, system load profiles, and equipment energy consumption. From the location of 
our library, we could select the location of Baltimore, MD into the location fields in the 
program. This will ensure that when energy simulations are run, that weather data for 
Baltimore, MD will be used.  
 
After creating the buildings’ ventilation systems and plants, we could perform the heating and 
cooling load and monitor energy consumpion. Additionally, some levels of the indoor air 
pollutants which related to the indoor air quality could be obtainted.  
From the results on the annual energy consumption based upon UFAD and OHVAV systems, 
we set the 2-sapmle T-test to compare the main annual energy consumption and analyze the 
results. Parameters of interest are as follows, 
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       (1) 

       (2)  

Null hypothesis, H0 is 

            (3) 

Alternative hypothesis, H1 is  

             (4) 

 
which is based on the comparison of the mean energy consumption. The 2-sample t-test is 
used to determine which ventilation system is more energy efficient.  
Test statistic equation is as follows, 
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Where X and Y are the sample means, and xn and yn are the sample size; the root of the 

estimated common variance is computed as ps from 
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            (7) 

 
 
ANOVA (Analysis of Variance) Method is the appropriate procedure for testing the equality 
of several means. The name analysis of variance is derived from a partitioning of total 
variability into its component test. ANOVA is used to determine which factors may 
significantly affect energy consumption. 
 
A factorial design means that, in each complete trial or replicate of the experiment, all 
possible combinations of the levels of the factors are investigated. The main effect refers to 
the primary factors of interest in the experiment. An interaction occurs when the difference in 
response between the levels of one factor is not the same at all levels with the other factors 
(Montgomery, Douglas C., 2012).  
 
For the energy simulation experiments, a 25 factorial design will be used. It means five factors 
and two levels of each factor. The five factors will be: fan efficiency, motor efficiency, set 
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point temperature, dehumidification set point, and humidification set point. Each factor will 
have two levels, a “high level” and a “low level.” For fan efficiency, the high level is 70% and 
the low level is 50%. For motor efficiency the high level is 90% and the low level is 70%. For 
set point temperature, the high level is 72 °F and the low level is 68 °F. For the 
dehumidification set point, the high level is 65% and the low level is 55%. For the 
humidification set point the high level is 30% and the low level is 20%. The following Table 
2 shows the different combinations of the factors on the 25 factorial designs. 
 
 

Run Fan 
Efficiency

(%) 

Motor 
Efficiency 

(%) 

Set Point 
Temperature

(°F) 

Dehumidification
Set point 

(%) 

Humidification 
Set Point 

(%) 
1 50 70 68 55 20 
2 70 70 68 55 20 
3 50 90 68 55 20 
4 70 90 68 55 20 
5 50 70 72 55 20 
6 70 70 72 55 20 
7 50 90 72 55 20 
8 70 90 72 55 20 
9 50 70 68 65 20 
10 70 70 68 65 20 
11 50 90 68 65 20 
12 70 90 68 65 20 
13 50 70 72 65 20 
14 70 70 72 65 20 
15 50 90 72 65 20 
16 70 90 72 65 20 
17 50 70 68 55 30 
18 70 70 68 55 30 
19 50 90 68 55 30 
20 70 90 68 55 30 
21 50 70 72 55 30 
22 70 70 72 55 30 
23 50 90 72 55 30 
24 70 90 72 55 30 
25 50 70 68 65 30 
26 70 70 68 65 30 
27 50 90 68 65 30 
28 70 90 68 65 30 
29 50 70 72 65 30 
30 70 70 72 65 30 
31 50 90 72 65 30 
32 70 90 72 65 30 

 
Table 2. 25 Factorial Design 
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After having set up the experiments, following the procedures of data collection is completed. 
At first, we look at the combination of factors, i.e. fan efficiency level. Secondly, we adjust 
the parameters for the components in the HVAC model according to the combination of 
factors. Thirdly, we click on the simulation tab and set it for an annual run. As a fourth action, 
we perform the annual simulation and as a fifth action, we look at and collect the results. 
Finally, we repeat steps one to fifth, until all experiments are completed.  
 
Then, the simulation of the desiccant wheel is performed. Before doing the simulation of 
desiccant wheel in the Schaefer Engineering Library at Morgan State University, the first step 
is selecting the type of the desiccant wheel. The type of the desiccant wheel depends on 
relative humidity of the outside air or inlet air. Based upon the average relative humidity in 
Baltimore area for the summer (June, July, and August), which is around 65.5% and higher 
than 60%, the High Performance Silica Gel type is determined. Then, the size of the desiccant 
wheel is designed by the desiccant wheel simulation software. The Schaefer Engineering 
Library at Morgan State University has two VAV boxes and 8 diffusers which provide near 
2163 cfm, and the return air is around 2000 cfm with half of them supposed to be used to 
regenerate the desiccant wheel. Average temperature and relative humidity for summer is as 
shown in Table 3. 
 
 

 
Outside Average Air Temperature 

74.8°F 

Outside Average Air Relative 
Humidity 

65.5% 

Supply Air Flow Rate 2163cfm 

Return Average Air Temperature 72°F 

Return Average Air Relative 
Humidity 

60% 

Return Air Flow Rate 1022cfm 

 
Table 3. Summary of DW Input Data for simulation 

 
 

The computer software (Trace 700) is used to the modelling and simulation of the desiccant 
wheel along with the UFAD system and OHVAV systems to perform the heating and cooling 
load calculation and energy consumption simulations. The simulation procedures included: a 
selection of input of weather information; data on the construction of the building structure 
(dimensions, direction, materials, etc.); creating a ventilation system and assigning the system 
to individual rooms; creating the heating and cooling plant and assigning the plant to the 
systems (chiller and boiler, etc.). Finally, the annual energy consumption could be calculated. 
 
 
SIMULATION RESULT AND DISCUSSION 
 
Tables 4 and 5 are shown the summary of heating and cooling design calculations for 
overhead VAV and UFAD systems respectively. 
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Design Calculations Btu/h 
Heating 50.820 
Cooling 49.40 

 
Table 4. Heating and Cooling Design Calculations for Overhead VAV System 

 
Design Calculations Btu/h 
Heating 51.85 
Cooling 58.80 

 
Table 5. Heating and Cooling Design Calculations for UFAD System 

 
 
Ru
n 

Fan 
Efficiency 

Motor 
Efficiency 

Set Point 
Temperature

Dehumid. 
Set Point 

Humid. 
Set Point 

OHVAV Total UFAD 
Total 

1 50 70 68 55 20 165637.99 137973.70 
2 70 70 68 55 20 147813.69 118201.67 
3 50 90 68 55 20 165637.99 130973.70 
4 70 90 68 55 20 147813.69 118201.67 
5 50 70 72 55 20 135572.58 110584.83 
6 70 70 72 55 20 124260.89 102953.39 
7 50 90 72 55 20 135572.58 110584.83 
8 70 90 72 55 20 124260.89 102953.39 
9 50 70 68 65 20 166236.22 130973.70 
10 70 70 68 65 20 148394.98 118201.67 
11 50 90 68 65 20 166236.22 130973.70 
12 70 90 68 65 20 148394.98 118201.67 
13 50 70 72 65 20 135883.32 110584.83 
14 70 70 72 65 20 124530.76 102953.39 
15 50 90 72 65 20 135883.32 110584.83 
16 70 90 72 65 20 124530.76 102953.39 
17 50 70 68 55 30 177945.30 137353.95 
18 70 70 68 55 30 159864.64 124806.22 
19 50 90 68 55 30 177945.30 137353.95 
20 70 90 68 55 30 159864.64 124806.22 
21 50 70 72 55 30 147647.15 116907.01 
22 70 70 72 55 30 136205.95 109294.26 
23 50 90 72 55 30 147647.15 116907.01 
24 70 90 72 55 30 136205.95 109294.26 
25 50 70 68 65 30 178548.85 137353.95 
26 70 70 68 65 30 160490.06 124806.22 
27 50 90 68 65 30 178548.85 137353.95 
28 70 90 68 65 30 160490.06 124806.22 
29 50 70 72 65 30 147946.21 116907.01 
30 70 70 72 65 30 136441.37 109294.26 
31 50 90 72 65 30 147946.21 116907.01 
32 70 90 72 65 30 136441.37 109294.26 

 
Table 6. Annual Energy Simulation Data for Overhead VAV vs. UFAD 
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Table 6 shows the annual energy consumption on the different combinations of fan efficiency, 
motor efficiency, set point temperature, dehumidification set point, humidification set point. 
 
From the Table 6, the mean annual energy consumption for the overhead VAV system is 
149,588.75 KBtu. The mean annual energy consumption for the UFAD system is 118,884.38 
KBtu. The UFAD system could save more than 20% of energy than that of the overhead VAV 
system. The statistical results of two-sample T-Test for OHVAV and UFAD systems are 
summarized in Table 7.  
 
 

 N Mean StDev SE Mean

OHVAV 32 149589 16884 2985 
UFAD 32 118884 11021 1948 

 
Table 7. 2-Sample T-Test for mean annual energy consumption 

 
 

Where,  
 
Difference = mu (OHVAV) - mu (UFAD).  
Estimate for difference: 30704. 95%.  
CI for difference: (23579, 37829). 
T-Test of difference = 0 (vs not =) 
T-Value = 8.61. P-Value = 0.000.  
Degree of Freedom=62. 
Both use Pooled StDev = 14257.270. 
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Figure 10. Box-plot for Energy Consumption 



JBU III (2013) 1&2 ·  121 
 

___________________________________________________________________________ 
 

© 2013, 2014 Journal of Biourbanism 

 
From the results of 2-sampe t-test in Table 7, there is a significant difference in the mean 
energy consumption and therefore the null hypothesis is rejected since p < 0.05. The 
alternative hypothesis is therefore true.  
 
The mean energy consumption of the UFAD system is much lower than that of the Overhead 
VAV system as shown by the Box-plot for energy consumption in Figure 10. 
 
Table 8 shows different types of ANOVA sources for C10 (code units). According to the 
ANOVA results in Table 8, p is less than 0.005 for the main effects. Therefore, one or more 
individual factors might have a significant effect on energy consumption. In addition, the 2-
way interaction indicates that interaction of two factors has a significant effect on energy 
consumption. 
 
 

Source DF Seq SS Adj SS Adj MS F P 

Main 
Effects 

5 371462031
2 

371462031
2 

74292496
2 

562349.01 0 

2-way 
Interactions 

10 50839839 50893839 50839839 38.27 0 

Residual 
Error 

16 21138 21138 1321   

Total 31 376548128
9 

 
Table 8. Source of Analysis of Variance (ANOVA) for C10 (coded units) 

 
 
The letters A, C, and E as shown in Table 9 indicate the fan efficiency, set point temperature, 
humidification set points respectively. These are the individual factors that significantly affect 
energy consumption. In addition, the interaction AC is the interaction of fan efficiency and set 
point temperature, which has a significant effect on energy consumption. 
 
 

sTerm Coefficient 
Constant 704867 
A  -4930.30 (Fan efficiency) 
B  -0.0000 
C -8152.55 (Set point temperature)
D -0.0000 
E 886.279 (Humidification setpoint)
A*B 0.0000000 
A*C 62.9723(Fan efficiency*set point temperature) 
A*D 0.000000 
A*E 0.607475 
B*C 0.000000 
B*D 0.000000 
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B*E 0.000000 
C*D -0.000000 
C*E -4.02187 
D*E -0.000000 

 
Table 9. Summary of ANOVA Table 

 
 
Figure 11 shows the simulation result for the Schaefer Engineering Library at Morgan State 
University. The results provide optimal dimensions (wheel diameter and depth) and types of 
desiccant wheel required for the demonstration site. 
 
 
 

 
 

Figure 11. Simulation Result 
 
 

 
Table 10 shows the annual energy comsuption results. The annual energy consumption for the 
OHVAV system is around 107,749 KBtu. When added the materials (eg. insulation materials) 
and schedules (eg. seasonal, time) of the OHVAV system, the annual energy consumption 
decreases to 94,329 KBtu (energy savings over 13%). For the OHVAV system along with the 
desiccant wheel and energy recovery wheel, the annual energy consumption decreases to 
78,471 KBtu( energy savings over 26% ).  
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 Without adding 
materials 

With adding 
materials 

With adding schedules 

VAV 107,749 KBtu 
(or 59.86 KBtu/ft2) 

123,069 KBtu  
(or 68.37 KBtu/ft2) 

94,329 KBtu 
(or 52.40 KBtu/ft2) 
Saving: over 13% 

DW and ERW 
with VAV 

101,739 KBtu  
(or 56.52 KBtu/ft2) 

107,024 KBtu  
(or 59.46 KBtu/ft2) 

78,471 KBtu 
(or 43.60 KBtu/ft2) 
Saving: over 26% 

 
Table 10. Summary of Annual Energy Consumption Results 

 
 
 
CONCLUSION 
 
1. The energy consumption by using the UFAD system could save over 20% energy than 

that of the overhead air distribution system. 
 

2. An ANOVA results test indicated that individual factors, such as fan efficiency as well as 
2-way factor interactions had a significant effect on the energy consumption in the UFAD 
system.  
 

3. The desiccant wheel could remove the humidity for over 50%, which could contribute to 
IAQ improvement.  
 

4. OHVAV system along with the desiccant and energy recovery wheels could save over 
26% of energy consumption. 
 

5. Integrated Ventilation System along with the desiccant and energy recovery wheels could 
save energy effectively and improve the indoor air quality in the commercial buildings. 
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