
 ABSTRACT 

WOOTEN, JACKSON ROSE. A Collective Review and Analysis of HVAC Mechanical and 

Control Systems. (Under the direction of Dr. Stephen Terry). 

 

The recently built North Carolina History Education Center was to be used as a model of 

energy efficiency. More specifically, the HVAC system that was installed upon construction 

was designed to use the least amount of energy possible. To support the claims of energy 

efficiency, an energy study was conducted to project the annual energy use of the facility. 

Initially, the projected energy use data from the study was very optimistic. However, after a 

year of operation the actual energy use for the facility was found to be much more than the 

projected energy use. 

 

It was determined that the HVAC control system seemed to be contributing the additional 

energy. Data was collected by North Carolina State University staff and students to assist in 

the analysis of the HVAC system. From the data collected, several analyses were carried out 

to determine what alternatives can be taken to help improve the system. Based on the results 

of the analyses and discussions with facility managers, recommendations for the HVAC 

system were developed in order to help the facility reduce utility costs. Additionally, 

recommendations for lighting and air distribution will be considered to also help reduce 

energy use in the facility. 

 

It was discovered that two glaring mechanical issues need to be corrected before an overhaul 

of the HVAC control system could be done. The first issue identified was the outside air duct 

that was supplying air handling units 1, 2, and 4 was undersized. This prevents the air 



handling units from being able to utilize economizers throughout the fall and spring months. 

The second issue that was identified was that the PAC-2 unit cooling Control Room 131 is 

operating all throughout the year. This unit is being supplied chilled water that is coming 

from the chillers. Due to PAC-2 unit the chiller is operating at all times throughout the year.  

This means that during the winter months the chiller will operate at low capacity because the 

PAC-2 unit is the only piece of equipment that needs chilled water. This issue causes the 

chiller to run very inefficiently because it is operating at low loads.  

 

Considering the mechanical issues stated above, recommendations were developed in order 

to show energy and cost savings for the facility. It was determined that there are a few low 

hanging opportunities that the facility could take advantage of immediately such as lighting 

retrofits and adjustments to some of the HVAC control set points. Additionally, more in 

depth recommendations were generated to show the cost and savings from improving the 

issues with the mechanical systems. The following table summarizes the results of each 

recommendation. 

  



Table 1. Energy and Cost Savings 

Recommendation 
Conservation 

(-/yr) 

Savings 

(-/yr) 

Imp. 

Cost 

Simple 

Payback 

(months) 

1. Implement Changes 

Represented by the Carrier 

HAP Energy Model 

612,767 kWh 

4,184 MMBTU 
$82,295 $65,000 10 

2. Use a Dedicated 

Geothermal DX Unit to 

Cool Control Room 131 to 

Reduce Annual Chiller Use 

37,174 kWh $4,163 $14,500 42 

3. Install De-Stratification 

Fans to Reduce Space 

Heating Cost 

40.4 MMBTU $225 $1,140 60 

4. Install LED and CFL 

Fixture to Replace Halogen 

Fixtures 

LED 112,196 kWh $28,553 $25,672 11 

CFL 107,888 kWh $25,213 $20,901 10 

5. Program Dimmer 

Settings in the Gift Shop 

Area 

1,631 kWh $157 $25 2 

Totals (considering LED) 6,830 MMBTU $115,393 $106,337 11 

Totals (considering CFL) 6,815 MMBTU $112,053 $101,566 11 

 

 

It was determined that the facility could save up 6,830 MMBTU/yr. in energy. This results in 

a cost savings of $115,393/yr.  
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Chapter 1: Introduction 

Comfort within the confines of homes and workplaces have always been important to people 

throughout history. From the ancient Egyptians with their man power fans to the Romans and 

the hypocaust (type of central heating system), civilization has found a way to remain cool or 

warm depending on the weather (Raunekk). As times have changed, so have the systems that 

are used to keep people comfortable. Over time these systems have come to be known as 

heating, ventilation, and air conditioning (HVAC) systems. 

 

Today, HVAC systems have become an essential part of how buildings operate today. In fact 

the National Academy of Engineering listed air conditioning and refrigeration as the tenth 

greatest engineering achievement to impact quality of life in the past century (Howell, Coad 

and Sauer, Jr.). However, with the advancement of HVAC, costs of HVAC equipment and 

operation have increased greatly over the years. Therefore, understanding the cost aspects of 

owning and operating an HVAC system is imperative. The expenses that exist with an 

HVAC system are the initial cost of the equipment, the time of operation, and the type of 

controls that the system will use after installation.  
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1.1 The Purpose of HVAC 

HVAC systems are used to control the climate of a given area. However, when looking at an 

individual area what determines the type of climate that will exist in the room? The types of 

heating and cooling loads within a space are what determine the design criteria for that space. 

Therefore, when designing an HVAC system it is first important to figure out whether the 

system will provide comfort for “creatures” (aka humans) or equipment/process. 

 

1.1.1 Creature Comfort 

Human comfort can be defined as the maintaining environmental controls that allow for the 

comfort of occupants in a space (Howell, Coad and Sauer, Jr.). This type of primary function 

is defined by the number of people in a space, what type of work the group will be doing, and 

what other equipment may be in the space. For example, a space containing a group that is 

considered to be doing lighter work such as sitting at a desk will need less cooling as 

opposed to a group that will be moving heavy boxes around. Types of spaces where creature 

comfort is the primary function of the HVAC system would include areas such as offices, 

classrooms, and shopping centers. 

 

1.1.2 Equipment Comfort 

Equipment comfort can include a variety of items that may reside in a space. Some of these 

items include computers, products stored in warehousing, and even artifacts for museums. 
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Maintaining environmental requirements for equipment within a given space is done by 

supplying a set of environmental conditions (i.e. high temperature and high humidity, low 

temperature and high humidity, etc.) (Howell, Coad and Sauer, Jr.). These environmental 

conditions are dictated by what type of equipment is located within the space. For example, a 

computer control room will demand different environmental requirements than a museum 

that is displaying numerous ancient artifacts. Spaces with HVAC systems designed with the 

primary function of equipment comfort include, but are not limited to, industrial plants, 

pharmaceutical facilities, and museums. 

 

Once it has been determined what the HVAC system is providing comfort for, the parameters 

of the desired climate can be defined. The following table shows the types of functions that 

an HVAC system can provide along with a general description of each function.  

 

  

Table 2. Functions of HVAC System 

Function Description 

1. Heating Add sensible heat to the space 

2. Cooling Remove sensible heat from the space 

3. Humidification Add moisture (latent heat) to the space 

4. Dehumidification Remove moisture (latent heat) from the space 

5. Cleaning Filtration to remove particulate matter from the air stream 

6. Ventilation Dilution of toxic gases in a space such as CO2 

7. Air Movement Circulation to allow for proper energy transfer 
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An HVAC system can manipulate the air temperature or flow using these functions. How 

these functions change the properties of the air is dependent upon the requirements of the 

space. 

 

1.2 HVAC Components 

Components describe the roles that the different equipment within the HVAC system will 

play. The four types of equipment that can be found in an HVAC system are as follows: 

 

 

 Source Components – (chillers, boilers, cooling towers) 

 Distribution Components – (pumps, piping, ducting, fans) 

 Delivery Components – (diffusers, fan-coil units) 

 Control Components – (input devices, controllers, etc.) 

By understanding the functions of HVAC and the different types of components, equipment 

sizing and selection is possible. The equipment selection for HVAC systems can be a very 

involved process. The design that is selected should be able to handle the maximum heating 

and cooling loads for the spaces that are being served. Upon calculating the values for the 

maximum heating and cooling loads, the type of design needed for the space will become 

clearer along with the type and size of the equipment needed. There are many different pieces 

of equipment that can be used in an HVAC system design. Accessories such as boilers, heat 

exchangers, chillers, fans, and pumps can all be used to develop a functional HVAC system 

design. When selecting equipment, one should consider how all of these pieces of equipment 
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work together, the initial cost of the equipment, and how to create energy efficiency. Other 

criteria to be considered when designing and selecting equipment for an HVAC system are as 

follows (Howell, Coad and Sauer, Jr.): 

 

 Temperature, humidity, and space pressure requirements 

 Capacity requirements 

 Equipment redundancy 

 Spatial requirements 

 First cost 

 Operating cost 

 Maintenance cost 

 Reliability 

 Flexibility 

 Life-cycle cost analysis 

Once all of these items have been analyzed and reviewed, the process of selecting, buying, 

and implementing the necessary equipment for the HVAC system design can begin.  

 

1.3 Project Objective 

The main objective of this study is to analyze the present state of the HVAC mechanical 

systems and control systems for the North Carolina History Education Center in New Bern, 

North Carolina. From analysis it will be determined why the system is costing the facility 
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more money than projected. The North Carolina History Education Center is part of the 

Tryon Palace complex of museums. This study will involve data collection and analysis, 

manual calculations for heating and cooling loads, modeling of the subject facility and the 

HVAC system using Carrier’s Hourly Analysis Program (HAP) software, and 

recommendations to help resolve issues that exist in the current control system. To 

understand the facility’s current mechanical and control systems and how they are operating 

a discussion of subsystems within the HVAC system will be presented to provide insight. A 

few of the subsystems that will be discussed include variable air volume (VAV) and constant 

air volume (CAV) terminals, chilled water systems, and hot water systems. Energy and cost 

savings associated with the recommendations provided will be conveyed. 

 

Along with this analysis of the HVAC control system for the North Carolina History 

Education Center, other recommendations will be presented to help the facility save energy 

throughout the year. These recommendations will include items such as lighting upgrades 

and improved air distribution using ceiling fans.  
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Chapter 2: Mechanical Systems 

In a building design, the makeup of plumping systems, elevators, and air conditioning 

systems all fall under the category of mechanical systems. Each of these smaller subsystems 

play an important role in the operation of the building. When it comes to energy, the most 

taxing system that is utilized is by far the HVAC system because of the purpose it serves. 

 

Equipment that is necessary for the proper operation of an HVAC system includes the 

following: 

 

 

 Chillers 

 Boilers 

 Valves 

 Air Handling Units 

 Terminal Units 

 Pumps and Fans 

 Ducting 

 Diffusers 

All of these pieces of equipment are vital to the process of controlling the building’s 

environment. Therefore, to understand the operation of an HVAC system it is first important 

to understand the roles that each piece of equipment plays in the HVAC system. 



8 

 

 

 

 

2.1 Chilled Water System and Chillers 

In a commercial setting chillers are used to either cool process equipment or condition air 

going into a space. In general, large chillers can be used to cool multiple areas in a building 

while smaller chillers are usually dedicated to a specific task. A system that employs the use 

of a chiller is commonly called a chilled water system (Trane).  

 

There are many different types of chillers that are utilized throughout industry. A few of the 

types of chillers that are available for use in commercial or industrial settings are centrifugal, 

helical-rotary, and absorption. Of these chiller classifications, the differences between each 

chiller are based on either the type of refrigeration cycle (absorption or vapor compression) 

or the type of compressor used (centrifugal or rotary screw). For example, a chiller that uses 

a vapor compression cycle will typically use a different type of compressor depending on the 

size of the chiller. A smaller chiller will usually have a rotary screw compressor while large 

chillers will use a centrifugal compressor.  

 

2.1.1 Helical-Rotary (Screw) Water Chiller 

The name Helical-Rotary or Rotary Screw comes from the type of compressor that is used 

for the vapor compression cycle in the chiller. These types of chillers can either be air-cooled 

or water-cooled. Helical-Rotary chillers will generally range in size from approximately 70 

tons to 450 tons (Trane). The following figure shows the components that make up a Helical-

Rotary chiller. 
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Figure 1. Components of Helical-Rotary Chillers (Trane) 

 

 

The operation of a Helical-Rotary chiller first begins with the compression of the refrigerant 

vapor in the compressor. Vapor will enter into the intake port of the compressor housing. 

Here the vapor will settle into the grooves of the two helical rotors. As the rotors 

continuously rotate the pocket of refrigerant vapor is pushed out of the discharge port and 

compressed. To control the capacity at which the compressor is producing compressed air, a 

sliding valve is used on the bottom of the compressor housing (Trane). The following figure 

shows a side view and a vertical view of the compressor housing as the refrigerant vapor is 

compressed. 
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Figure 2. Compression of Refrigerant Vapor (Trane) 

 

 

During the compression process, oil is used for two purposes. The first task of the oil is to 

lubricate and cool the bearings of the helical rotors. In addition, oil is also injected into the 

rotors where the compression process is occurring. This is done to seal the rotor-to-rotor and 

rotor-to-housing clearance. Since oil is being directly injected into the area where the 

refrigerant vapor is being compressed, a vapor-oil mixture will form. To resolve this issue, 

the vapor-oil mixture is sent into an oil separator. The oil separator is a vertical cylinder that 

operates exactly how its name describes: by separating the oil from the refrigerant vapor.  

Due to the geometry of the separator, a vortex will form within the cylinder. Centrifugal 

force created by the vortex will cause the liquid oil will be thrown out to the sides of the 

cylinder where it will then drop down to the oil sump return pipe.  It is important to note that 

not all of the oil will be expunged during the oil separator cycle. Therefore, it is necessary to 

know the efficiency of the oil separator that is being used by the oil system. Once the oil is 
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separated, the refrigerant vapor then goes into the condenser (Trane). The following diagram 

shows the oil supply system for the Helical-Rotary chillers. 

 

 

 

Figure 3. Oil Supply System (Trane) 

 

2.1.2 Centrifugal Water Chiller 

A centrifugal compressor is used in a centrifugal water chiller to compress the refrigerant 

vapor. In a centrifugal compressor, the principle of dynamic compression is utilized to 

compress the refrigerant vapor. Dynamic compression involves converting energy from one 

form to another. In the case of the centrifugal compressor, this involves converting kinetic 

energy into static energy or static pressure. 

 

The centrifugal water chiller begins its cooling cycle by sending refrigerant vapor into the 

center of the rotating impeller of the centrifugal compressor. The rotation of the impeller will 
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throw the refrigerant vapor into the diffuser passages due to the centrifugal force caused by 

rotation. As the vapor travels through the diffuser passages, the area of the passages steadily 

increase, causing the vapor’s velocity to reduce. From here the vapor will start to collect in a 

chamber around the perimeter of the compressor impeller called the volute. The volute’s size 

steadily increases as the vapor travels through just like in the diffuser passages. At the end of 

this process, the refrigerant vapor is now at the proper pressure and temperature to reject heat 

(Trane). Below is a diagram of a centrifugal compressor impeller and its components. 

 

A centrifugal compressor will typically have more than one impeller to facilitate in the 

compression process. This kind of centrifugal compressor is called a multistage compressor. 

The purpose of this setup is to increase the pressure of the vapor incrementally with two or 

three impellers instead of doing the work all at once with a single impeller. 

 

 

 

Figure 4. Centrifugal Compressor Impeller (Trane) 
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To control the capacity of the compressed vapor provided by the compressor, two control 

schemes can be utilized. The first scheme is to control the amount of air entering the impeller 

also known as modulation. The second control scheme is to equip the drive turning the 

impeller with a variable speed drive or VSD (Trane). The conversion from kinetic energy to 

static energy of the refrigerant vapor can be seen in the following graph. 

 

 

 

Figure 5. Centrifugal Compressor Impeller (Trane) 

 

 

Similar to the Helical-Rotor chiller, once the refrigerant vapor is collected in the volute the 

vapor will then move onto the condenser. In the condenser heat will be transferred from the 

refrigerant vapor to another medium. This medium can be either water or air. 

 

In a water-cooled condenser, water will be pumped through the tubes of a shell-and-tube heat 

exchanger while the refrigerant vapor will condense on the outside of the tubes. The 
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condensed refrigerant will then collect at the bottom of the shell in a device called a 

subcooler. The subcooler allows the condensed refrigerant to submerge to the bottom water 

tubes of the condenser, essentially, “squeezing out” at much heat as possibly from the 

refrigerant. Once enough heat has been removed from the refrigerant to condense it into 

liquid, it is then sent to the expansion device. Simultaneously, the heated water will then be 

sent to a cooling tower to reject the removed heat to the atmosphere (Trane). The following 

figure shows the configuration of a two-pass, shell-and-tube, water-cooled condenser. 

 

 

 

Figure 6. Water-Cooled Condenser (Trane) 

 

 

In an air-cooled chiller, the refrigerant vapor is sent through condenser coils. These coils are 

bathed in cooler outside air which is pulled through the condenser by means of a draw 

through a fan at the top of the condenser. Heat will be removed from the refrigerant vapor 

causing it to condense in the tubes. In the bottom tubes of the condenser, the condensed 
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refrigerant is then subcooled, similarly to the water-cooled condenser, and finally sent out to 

the expansion device (Trane). The following figure shows a typical air-cooled condenser 

configuration. 

 

 

Figure 7. Water-Cooled Condenser (Trane) 

 

 

The purpose of an expansion device is to maintain the pressure difference between the high-

pressure condenser and the low-pressure evaporator. This pressure differential is established 

by the compressor. More specifically, the pressure difference allows the evaporator 

temperature to be low enough to absorb heat from the water being cooled. In addition, this 

allows the refrigerant to be at a high enough temperature in the condenser to reject heat to 

lower temperature air or water. Once the refrigerant has passed through the expansion device, 

the pressure drop will cause some of the refrigerant to flash. The pressure reduction is 

necessary because the refrigerant needs to be at the same pressure as the evaporator. 
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Simultaneously, the flashing of the refrigerant reduces the temperature of the refrigerant to 

the temperature of the evaporator.   

 

The flow of the refrigerant is now considered a vapor-liquid mixture because of the flashing 

process after expansion. This means that the mixture needs to be separated. To do this the 

refrigerant mixture flows into a liquid/vapor separator. In the separator a suspension is 

formed which results in liquid refrigerant settling on the bottom of the tank while the vapor 

moves to the top of the tank. A place for the vapor to discharge is located at the top of the 

tank. The vapor exiting the tank is sent back to the compressor to begin the cycle over again. 

The liquid refrigerant is now sent to the evaporator. By removing the vapor from the 

refrigerant flow, the liquid/vapor separator increases the effectiveness of the evaporator. This 

is true because liquids are more effective at evenly distributing heat in a heat exchanger 

(Trane). A diagram of the liquid/vapor separator is shown below. 

 

 

 

Figure 8. Liquid/Vapor Separator (Trane) 
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The evaporator is a shell-and-tube heat exchanger which transfers heat from a relatively 

warm water stream to the liquid refrigerant. Similar to the water-cooled condenser, water is 

sent into the tubes of the heat exchanger, but instead of the water absorbing heat from the 

refrigerant flowing over the tubes, heat is rejected from the water into the refrigerant. The 

refrigerant is vaporized during this process and finally sent back to the compressor where the 

vapor-compression cycle starts over. The following figure is a diagram of and shell-and-tube 

evaporator. 

 

 

 

Figure 9. Shell-and-Tube Evaporator (Trane) 

 

2.1.3 The Chilled Water Side 

This section will discuss different chiller system configurations that are used to deliver the 

chilled water coming from the evaporator to the different loads throughout the chilled water 

system. One of the first things to consider when designing a chilled water system is to 
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determine whether a single chiller is going to be used or if multiple chillers are going to 

supply the system. A single chiller system is typically used for small buildings and for 

comfort cooling only. 

 

Larger systems and system serving critical processes will have usually have a second chiller 

for the purpose of redundancy. Systems with multiple chillers can get complicated much 

more quickly than single chiller systems. One common type of pumping configuration is a 

parallel configuration (Trane). In a parallel pumping configuration, the flow of water is split 

evenly to travel through the two chillers at the same time. Below is a diagram of what a 

typical parallel chiller configuration might look like. 

 

 

 

Figure 10. Parallel Chilled-Water System Configuration (Trane) 
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Temperature mixing problems coupled with water flow problems can pose major issues to 

parallel chiller configurations. For example, if one of the chillers is off while the other one is 

still running, the temperatures of the water leaving the chillers will vary. The water leaving 

the chiller that is off will be at the same temperature as the return water coming back for the 

distribution loop. This requires the water leaving the running chiller to be at a much lower 

temperature because mixing the two streams caused the overall temperature of the supply 

water to go up. A higher temperature of water coming from the running chiller will cause the 

mixed supply water temperature to be higher. A higher supply temperature could cause 

comfort or humidity issues in the facility. Therefore, parallel configuration scenarios like the 

example above need to be considered to allow for compensation (Trane). 

 

Another type of chilled-water system configuration is the series chiller configuration. This 

type of configuration completely negates the issues that can plague the parallel chiller 

configuration. The reason being is because all of the water flow goes through both of the 

chillers as opposed to splitting the flow (Trane). Below is a diagram of a set of chillers piped 

in a series configuration. 
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Figure 11. Series Chilled-Water System Configuration (Trane) 

 

Typically, three-way modulating valves are used at the load terminals to ensure constant flow 

throughout the chilled water system. In addition, all of the water in the system will pass 

through both chillers. This means that piping in the chillers have to be sized to handle all of 

the water in the system instead of just half of the water as in the case with parallel 

configurations. System pressure drop is also an issue that can arise due to chilled-water 

systems using a series configuration (Trane). To account for this pressure drop, it would be 

necessary to increase the pump sizes in the system (i.e. more energy use). 

 

One final chiller pumping configuration is the primary-secondary configuration. This type of 

configuration is also called a decoupled configuration. The reason being is because a bypass 

pipe is used to separate the production capacity of the chillers from the distribution load in 

the facility. In addition to the bypass pipe, separate pumps are used for the production side of 
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the chilled-water system and the distribution side. The following figure shows a diagram of a 

primary-secondary chilled water system configuration. 

 

 

 

Figure 12. Primary-Secondary Chilled-Water System Configuration (Trane) 

 

This type of pumping configuration allows the chillers to have a constant flow of water while 

a variable flow of water can be used in the distribution loop by means of two-way 

modulating control valves (Trane). When designing a primary-secondary chilled-water 

system, there are three rules that should be followed. 

 

 

1. The bypass pipe should be free of restrictions. 

2. The load terminals should use two-way modulating control valves (i.e. variable water 

flow). 

3. All chillers should be selected for the same leaving chilled-water temperature and ∆T. 
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2.2 Hot Water Boiler Systems 

For most facilities boilers can be used for multiple purposes. Two common roles a boiler will 

play in a facility are heating for HVAC systems and heating for ovens or other process 

equipment. The boilers that are selected to be installed in a building will be sized based on 

the overall use of the combined systems such as HVAC, kitchen, and process. Therefore, it is 

important to understand where the heat coming from the boiler will be needed.  Along with 

knowing how big of a boiler is needed, what type of boiler needed will need to be 

determined. 

 

There are a few different types of boiler outputs that can be used to supply heat to a facility, 

with steam and hot water being the most popular. A major difference between the steam 

boilers and hot water boilers systems is that a steam boiler system will usually operate at a 

temperature above 212°F and a pressure of 50 to 150 psi while hot water boilers operate at 

temperatures below the boiling point for water and lower pressures. There are some 

situations where hot water boiler systems can operate at higher pressures allowing a higher 

water temperature, but these types of systems are not as common. Generally, steam boilers 

are usually much larger in size than a typical hot water boiler.  In reality, a hot water boiler is 

not technically a boiler. However, the term “hot water boiler” is a common term throughout 

industry because the units resemble steam boilers.  
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Like any boiler, a hot water boiler works under the concept of burning fuel to release energy 

in the form of heat. That heat energy will then be transferred to feedwater going into the 

boiler. The types of fuels that can be burned in a hot water heater are fuel oil, wood, propane 

and natural gas. Electric hot water boilers are also common. The following diagram shows 

the different parts of a hot water boiler. 

 

 

Figure 13. Gas Fired Hot Water Boiler (VanNorden) 

 

 

As seen in the diagram, the boiler has a burner which supplies heat to the feedwater. Exhaust 

from the combustion process exits the boiler by means of the stack, or in the case of the 

diagram, the chimney. Once the water has reached the specified temperature, it is sent out to 

the supply side of the system. Unlike a steam boiler system hot water systems need electric 

pumps to move the water around the system. In this aspect hot water systems use more 
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electric energy than a typical steam system would. The main hot water supply flow is 

controlled by a flow control valve. An additional control valve would also be used at the end 

uses (i.e. the heating coil of an air handling unit). Once the hot water has be utilized in the 

system, it is returned to the boiler to begin the process over again. 

 

2.3 Air Handling Units 

When organizing air conditioning equipment, an HVAC system can be implemented as either 

a central or a unitary system. A central system involves containing a number of plants (i.e. 

boilers, chiller, etc.) within a mechanical room. These plants are then used to serve the 

HVAC needs of an entire building. The distribution and delivery components are spread 

throughout the facility to reach the areas in need of conditioning. Central HVAC systems are 

typically used to serve widespread areas. In addition, a system that is centralized can be 

acoustically isolated to prevent disturbances during the operation hours of the building 

(Schneider Electric).  

 

A unitary system is a HVAC classification describing a unit that is packaged together in a 

single unit or enclosure. These types of systems are used to supply air conditioning to 

dedicated spaces or zones. Within the enclosure of the package unit exists compressor, 

expansion valves, condensers, evaporates, supply fans, electric or gas heating elements and 

many other pieces of equipment that would be necessary for a typical HVAC system 

(Schneider Electric). Although some packaged units are equipped with all of the source 
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components necessary for heating, cooling, and humidification control, it is not always 

necessary. Enclosures containing heating and cooling coils that are connected to boilers and 

the chiller, respectively, are called air handling units. An air handling unit is a type of unitary 

system that can be used to control the climate of either a single zone or multiple zones. A 

good example of a unitary system is a hotel room HVAC unit. It serves only one room and 

contains all of the components in one box. 

 

Air handling can be customized to contain various pieces of equipment and provide heating, 

cooling, and/or humidification. However, there are critical pieces of equipment that are used 

to define the operation of an air handling unit. These pieces of equipment are as follows: 

 

 

 Dampers (Outside Air, Return Air, Exhaust) 

 Filters 

 Cooling Coils 

 Heating Coils 

 Fans (Supply, Return, Exhaust) 

 Sensors and Controllers 

The following diagram shows the makeup of a typical air handling unit. 
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Figure 14. Air Handling Unit (Stanley) 

 

 

From Figure 14 it can be seen that the air volume in the spaces is controlled by a return air 

damper and an outside air damper. These dampers fluctuate in opening and closing, 

sometimes allowing more outside air into the system while at other times allowing more 

return air to recirculate. In the case of the air handling unit above, the air flow in the AHU is 

produced by a draw through effect. This means that the blower controlling the air flow into 

the spaces resides after the coils and the filter. An air handling unit with a blower that resides 

in front of the filter is classified as a blow through type air handler. Each space has its own 

airflow demand which is monitored and controlled by a control sequence based on the 

ASHRAE ventilation standard 62.2. The control system will open or close the dampers to 

maintain the appropriate airflow into the space.  
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The first piece of equipment that the air will travel through after entering the dampers is the 

filter(s). The filter is used to ensure that particulate matter does not clog heat exchangers and 

to ensure that the quality of the air going into the space is sufficient. Air pressure is measured 

both before and after the filters by pressure sensors. This is done to monitor when the filter 

needs to be changed. The dirtier the filter is the higher the differential pressure across the 

filter will be.  

 

Next, the air flow stream will cross either a preheat coil or the chilled water coil (cooling 

coil). The preheat coil is used only to heat incoming air that is below freezing air before it 

crosses the cooling coils. In the event that a preheat coil is not used, a freeze stat is usually 

installed as a failsafe system to prevent the water in the cooling coil from freezing. Chilled 

water coming from the chillers passes through the cooling coils. The cooling coils are used to 

dehumidify outside air that is coming in by means of the outside air dampers. To do this the 

cooling coil will cool the air down until the specified dew point is reached. In general, the 

dew point of the supply air is set to around 55°F. This dew point is used because reheating 

55°F air to 75°F in the space results in a relative humidity of approximately 50%. At this 

point the air can either be reheated to a set point by the heating coils as in the case of single 

zone AHU’s or the air can be sent to a terminal unit as in the case of multi-zone AHU’s. 

Heating coils are supplied hot water from the hot water boiler system. After the supply air is 

reheated to the desired level, the air is sent into the space. The air in the space is returned by 
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means of the return air duct and is either recirculated back through the return air damper or 

exhausted out by the exhaust fan. 

 

Two other types of sensors that are located within the air handling unit enclosure are 

thermostats and humidistats. The sensors that are installed in the air handling unit are 

monitored to tell the controllers how to manipulate the system to match the programmed 

control sequence.  

 

One final piece of equipment that is typically installed in an air handling unit is an 

economizer. Economizers are used to prevent over use of the hot water systems and chilled 

water systems during the transition months of the year (fall and spring). Economizers are 

installed on the outside air dampers to bring in fresh air when temperature and humidity 

levels outside are similar to the conditions desired on the inside. It is important to note that 

economizers will be used differently depending on the climate of the facility.  

 

2.4 Variable Air Volume Systems and Components 

Temperature control in a space is a key operation of the HVAC system. There are two 

approaches to controlling temperature in a facility. One approach is to use a constant volume 

(CV) system. This type of system is a traditional HVAC system which depends on a constant 

volumetric flow of air at all times. The temperature of the air flow within the system is varied 

in response to load changes that are required by the space. A constant volume system is 
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typically used when an air handler is serving a single space. If a constant volume system is 

used to supply multiple zones, it is necessary that the zones being supply have similar heating 

and cooling loads. This is true because the entire zone is going to be connected to one 

thermostat. Using a constant volume system to supply air to multiple zones usually requires 

the addition of a reheat coil either in the air handler or in a terminal box downstream of the 

air handler. Reheat is usually avoided in HVAC design because it adds heat back to air that 

has already be cooled once by the air handling unit. 

 

A variable air volume system (VAV) is another approach when it comes to temperature 

control. VAV systems are energy efficient in that they are able to reduce the amount of 

energy needed to cool and heat a space. This reduction in energy is a result of using multiple 

air flow streams at separate constant temperatures to mix and create supply air streams of 

varying temperatures. At full load a VAV system will operate in the same way as a CV 

system. However, during a part load event, VAV systems will use less energy than a CV 

system. For example, a room requires 30,000 BTU/hr of full load sensible cooling. For both 

the CV and VAV systems the air requirement in this room is calculated as follows: 

 

 

 Volumetric Flow = (30,000 BTU/hr) / (1.1 x (75°F – 55°F) 

    = 1,364 CFM 
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As can be seen above the volumetric airflow needed to cool the space is the same. However, 

during a part load event when the room only requires 10,000 BTU/hr of cooling, differences 

in response occur in the CV and VAV systems. In a CV system, a supply temperature reset 

has to occur. The temperature reset can be calculated as follows: 

 

 

Temperature Reset = 75°F – [(10,000 BTU/hr) / (1.1 x 1,364 CFM)] 

    = 68.3°F 

 

 

This supply air temperature will not provide sufficient dehumidification. Therefore a colder 

air temperature and reheat will be necessary for the proper operation of the system. 

 

For the VAV system the same supply air temperature of 55°F will still be used, but a new air 

flow rate must be calculated. 

 

 

Volumetric Flow = (10,000 BTU/hr) / (1.1 x (75°F – 55°F) 

    = 455 CFM 

 

 

Although the same amount of energy is used for cooling efforts by both the CV and VAV 

systems, energy savings in two other areas are realized. First, the fan energy needed by the 

CV system is much greater than the fan power required by the VAV system at part load. 

Second, the chillers that are producing chilled water for the cooling coil can throttle back 
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because they are not cooling as much air at one time. One other advantage of VAV systems 

over CV systems is that VAV systems have the ability to serve spaces with dissimilar load 

requirements effectively. This is possible because of the temperature control method utilized 

by the VAV system (Trane). 

 

2.4.1 Terminal Units 

In a VAV system primary air will be initially conditioned in an air handling unit. From the 

AHU the primary air will travel through a duct system to a VAV terminal unit. The terminal 

unit will supply air to a single zone. One air handling unit can have multiple terminal units. 

The VAV terminal unit serves the purpose of conditioning the primary air to the supply air 

requirements set by the thermostat in the space. VAV terminals consist of an air-modulation 

device, controls and sensors, filters, fans, and possibly a heating coiler (Trane). 

 

The first and simplest VAV terminal unit is a single-duct unit. This type of unit will only 

control the amount of primary air flow into a space. Single-duct units are the simplest form 

of the VAV terminal unit. Typically, single-duct units are used when a year-round cooling 

load is required by the zone. The following diagram shows a single-duct terminal unit. 

 



32 

 

 

 

 

 

Figure 15. Single-Duct VAV Terminal Unit (Trane) 

 

Another type of VAV terminal unit is the reheat terminal unit. This type of unit typically has 

an added reheat feature at the supply air side of the unit. The heating element can be 

supported by either electric heat or a hot water coil. Reheat terminal units are used for zones 

that are on the perimeter of the building because exterior walls will be most affected by 

seasonal heating and cooling (Trane). It is also important to note that the reheat that is being 

discussed is more efficient that the reheat associated with the CV system because of the 

decreased air flow in the terminal unit. Below is a diagram of a reheat terminal unit. 
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Figure 16. Reheat VAV Terminal Unit (Trane) 

 

 

The next two types of terminal units that are commonly used in VAV systems are parallel 

and series fan-powered terminal units. Parallel, fan-powered units work in the same manner 

as the single-duct terminal units in that an air-modulation device is open and closed as the 

cooling load varies. When more cooling is necessary, more of the primary airflow is 

introduced to the system and vice versa. However, if the cooling load continues to drop 

below a level where the primary airflow is no longer providing the minimum ventilation a 

secondary stream of plenum air is added to the supply (Trane). The additional plenum air 

causes the supply temperature to be warmer. If additional heating is needed an electric heat 

or hot water coil can also be added to the parallel, fan-powered terminal.  

 

In a series, fan-powered terminal, a supply fan blows a mixture of plenum air and primary air 

into the space. The mixing of the two streams occurs before the supply fan. This means that 
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the air flows are in series. The unit will either draw more primary air or plenum air 

depending on the temperature requirements of the space (Trane). The primary air is the 

cooler airflow stream while the plenum airflow is warmer. Both parallel and series, fan-

powered units will provide a constant volume of air to the zone. Below is a diagram of both 

parallel and series, fan-powered terminal. 

 

 

 

Figure 17. Parallel and Series, Fan-Powered Terminal Unit (Trane) 

 

One final VAV terminal unit is a dual-duct unit. This type of unit consists of two airflow 

streams that are modulated. The first modulated stream is the cool primary air while the other 

modulated stream is the warm primary air. These two modulating controlled streams are then 

mixed to generate the required supply air temperature (Trane). This type of unit, like the 

reheat terminal unit, is commonly used for spaces with exterior walls. Depending on the 

control setup, a dual-duct terminal unit can provide either a variable air volume flow or a 

constant air volume flow. Below is a diagram of a typical dual-duct terminal unit. 
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Figure 18. Dual-duct VAV Terminal Unit (Trane) 

 

2.5 Valves 

 Controlling an HVAC system is as important as selecting the equipment that makes up the 

system. Without proper control an HVAC system energy use can go unchecked. This means 

that not only will the system work improperly, but it will also be costly to operate. A very 

simple type of failsafe control system is to choose the correct type of valve for the system. 

Valves can be used to cutoff flow entirely in the case of open/close valves or they can be 

used to restrict medium flow by means of modulation valves. Some of the valve types that 

can be found in HVAC systems are valves such as two-way valves, three-way valves, and 

expansion valves. 

 

Two areas that are typically controlled by different types of valves are the cooling and 

heating coils. These are the areas where hot water and chilled water are used to add or 
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remove heat from the air flow. If measures to properly control the flow of water are not 

taken, it will result in extra work for source equipment such as chillers and boilers. The first 

type of control valve that can be used to modulate water flow is a two-way valve. The control 

operation that two-way valves use is modulation of water flow into the coil. What dictates 

how much modulation will occur, is the heating or cooling load needed for the airflow 

stream. Thermostats and humidistats within the AHU that are connected to controllers are 

typically used to monitor the heating and cooling needs of the airflow. Since the two-way 

modulating valve is either restricting or increasing the water flow, it is important to recognize 

that the system is considered variable volume. This means that the volume of water flow is 

not held constant throughout the system. Since water flow is variable throughout the system, 

savings on pump energy can be realized at part load operation. However, for a variable 

volume system it is necessary to make sure the chillers can properly handle a variable flow 

(i.e. VSD motors). Below is a diagram of a typical two-way valve. 
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Figure 19. Two-Way Modulating Valve (Trane) 

 

 

Another type of modulating control valve is the three-way valve. A three-way valve is used 

to serve the same purpose as a two-way valve. This is to regulate the flow of hot water or 

chilled water into the coils. Similarly to the two-way valve, the three-way valve is used to 

control the flow of water into the coils based on the desired load of the airflow stream. 

However, unlike the two-way valve, the three-way valve uses a bypass that allows water flow 

to remain constant throughout the entire system. Therefore, it is extremely important to 

monitor the volumetric flow of the water systems to make sure they are remaining constant 

throughout operation. A decrease in water flow at any point could be disastrous for critical 

pieces of machinery in the system (i.e. chillers). This is why there is a bypass installed in 

primary/secondary pumping systems.  In addition, the energy needed for the pumps that are 

moving the water in the system remains constant at all loads. Below is a diagram of a three-

way modulating valve. 
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Figure 20. Three-Way Modulating Valve (Trane) 

 

 

Another common type of valve that is found in HVAC systems is a two position isolation 

valve. These types of valves are used to isolate pieces of equipment from the water flow. On 

any piping system where water flows through machinery, a bypass pipe is installed for the 

purposes of maintenance and installation. A two position valve is used to cutoff water flow to 

the piece of equipment at the inlet and the outlet. At this point no water can flow through the 

equipment, but instead takes the bypass route.  Throughout a facility many two position 

valves are installed on major pieces of equipment that the water flow has to run through. 

 

One final valve that is commonly discussed in HVAC systems is the expansion valve. An 

expansion valve is typically used in a refrigeration cycle to account for the pressure 

differential between the high pressure condenser and the low pressure evaporator. The 

operation of this device is discussed in more detail in the Section 2.1. 
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2.6 Fans 

The types of fans that are located in an AHU are exhaust fans, supply fans, and return air 

fans. Each of these fans will serve a vital role to the operation of the AHU. In an HVAC 

system there are typically two classifications of fans. The first type of fan is the centrifugal 

fan. In a centrifugal fan, airflow enters through the center of the fan from the sides. The air 

that is being forced by the fan travels in a radial direction. Below is a diagram of a 

centrifugal fan and its airflow.  

 

 

 

Figure 21. Centrifugal Fan (Trane) 

 

 

Of the centrifugal fan family there are three types of fan wheels (blades) used. The first type 

of fan wheel is a forward curved wheel. Forward curved (FC) fans operate at relatively low 

speeds and low static pressures to deliver large quantities of air. The geometry of the fan 

blade allows air to leave the tip of the blade in a forward direction. Below is a diagram of a 

FC fan wheel. 
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Figure 22. Forward Curved Fan Wheel (Trane) 

 

 

The second type of fan wheel that could be found in a centrifugal fan is the backward 

inclined fan wheel (BI). This fan wheel has a blade that is sloped backwards, away from the 

fan wheel rotation. Typically, these wheels operate at higher speeds than FC fans. BI fans can 

move larger quantities of air than FC fans. Also, because of the shape of the blades, BI fans 

are more aerodynamic. This means that more air will be moved with less resistance, in turn 

making the BI fans more efficient. A diagram of a BI fan can be seen below. 

 

 

 
Figure 23. Backward Inclined Fan Wheel (Trane) 
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The final type of fan wheel that can be found in a centrifugal fan is an Airfoil Fan or AF. 

This type of fan wheel is orientated the same way as the backwards inclined fan. However, 

one slight variation in construction is that instead of using a flat incline, AF uses an airfoil 

shaped incline. This cause the airflow across the blade to remain smooth as the fan is 

rotating. This smooth flow of air helps to reduce the noise that can be generated by a BI fan. 

In addition, the smooth airflow also helps with pushing more air through the duct system 

(Trane). The following figure shows a diagram of an Airfoil Fan. 

 

 

 

Figure 24. Airfoil Fan Wheel (Trane) 

 

 

The other classification of fan that can be used in an HVAC system is an axial fan. This type 

of fan draws in air straight through the fan in a direction parallel to the shaft. Of the axial fan 

family there are three fan blade types to select from. The types of axial fan blades are 

propellers, tubeaxial, and vaneaxial. All three of these classifications are propeller type fans. 

However, tubeaxial and vaneaxial are designed to reduce the swirling motion created by a 
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typical propeller blade. This feature makes tubeaxial and vaneaxial fan blades more efficient 

(Trane). 

 

One other type of axial fan is the variable-pitch vaneaxial fan (VPVA). This fan incorporates 

a van system in which the pitch of the vanes can be adjusted. This feature is used to vary air 

flow in a duct. The following diagram shows a VPVA fan. 

 

 

 

Figure 25. Variable-Pitch Vaneaxial Fan (Trane) 

 

2.7 Pumps 

Chilled water and hot water systems are necessary for the operation of any HVAC system. 

To move water throughout the chilled or hot water system it is important to understand how 

much water will be flowing at one time and whether the system will have a variable volume 

flow or a constant volume flow. Taking items such as these into consideration is the first step 

when sizing the pumps for either of these water systems.  
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Most pumps that are used in an HVAC system will typically fall into one of two categories. 

The first category of pump is a positive displacement pump. This type of pump operates by 

trapping a fixed volume of water and forcing it into a discharge pipe. Since the volume that is 

trapped is constant, positive displacement pumps are considered to be constant flow pumps. 

These types of pumps are not commonly used in HVAC applications. Below is a diagram of 

a positive displacement pump. 

 

 

 

Figure 26. Positive Displacement Pump (Behchok) 

 

 

The other subclass of pump is the centrifugal pump. This type of pump operates similarly to 

a centrifugal compressor. However, instead of moving air, as in the case of the compressor, a 

centrifugal pump is designed to move water. A centrifugal pump converts the kinetic energy 

of water into hydrodynamic energy. Water will enter the pump at the impeller and then be 

thrown around the walls of the impeller. The water will then hit diffusers to slow its velocity. 
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At the diffusers the water is discharged into the system at a slightly higher pressure. Below is 

a diagram of a centrifugal pump. 

 

 

Figure 27. Centrifugal Pump (Dholariya) 

 

 

Centrifugal pumps are used more often than positive displacement pumps because their 

operation requires less moving parts. Also, centrifugal pumps are typically considered safer 

than positive displacement pumps. One final advantage to centrifugal pumps is that they have 

the ability to operate efficiently over a broad range of system loads. 

 

2.8 Ducting 

Ducting is considered a distribution component of HVAC systems. Duct is typically made 

out of sheet metal and can either be insulated or uninsulated. The operation of a duct is to 
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deliver supply air to a space or return air back to the AHU or exhaust fan.  An efficient duct 

design can be constructed with either a rectangular, oval, or circular cross-section. Ideally, air 

flow through a duct needs to be smooth and unimpeded. Ducting that is made of material that 

does not allow smooth air flow can greatly affect the HVAC system. Therefore, HVAC 

ducting is usually constructed out of either aluminum or steel. 

  

2.9 Diffusers 

Once the supply air has been brought to the space the final piece of delivery equipment is 

used to distribute the airflow. This component is called a diffuser. Diffusers are placed within 

the space to slow the air velocity and encourage equal mixing of the supply air with the air in 

the room. Without a diffuser supply air would just drop to the bottom of the room under the 

exit of the ducting. This phenomenon is called air dumping. Air dumping can cause hot and 

cold pockets of varying temperatures in the space. All diffusers serve the same purpose of 

distributing the supply air evenly throughout the space. Typically diffuser are installed at the 

ceiling, but depending on the application they can be placed on walls or on the floor. Types 

of diffusers that could be used in a facility are linear, round, perforated, grille, square, and 

slot-bar. There are other types of diffusers that are not listed here. However, selection of the 

type of diffuser that will be used in a facility is application dependent. Below, are sample 

pictures of the diffusers previously discussed.  
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Figure 28. Diffusers (Abdullah Nuhait) 
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Chapter 3: Control Systems 

Throughout time mechanical equipment in HVAC systems has been essential to the operation 

of buildings. Determining how large equipment needs to be and what type of system 

configurations will be implemented has become almost an art form. However, when it comes 

to HVAC, the mechanical equipment is only one aspect of design. Building controls is a field 

of HVAC engineering that has exploded in recent years. With the continuing innovation of 

building controls, the opportunities for energy conservation have grown tremendously. 

 

3.1 Terminology and Definitions 

Before discussing some of the techniques used in designing building controls systems, it is 

first necessary to understand the terminology associated with the discipline of HVAC 

control. 

 

Analog Value: The term analog refers to a signal that varies. Examples of analog value 

include a varying voltage, current, or resistive signal from a sensor that measures 

temperature, pressure, or airflow in a continuous fashion and is not one or more discrete 

values. Examples of analog input points (AIP) include a varying voltage, current, or resistive 

signal from a sensor that measures temperature, pressure, or airflow. Examples of analog 

output points (AOP) include a varying voltage or current signal that is used to change the 

position of a control valve or a damper, or to indicate a temperature set point. 
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Binary Value: The term binary refers to a control signal that has only two possible states, on 

or off. A control point is an individual input to, or output from, a controller. Examples of 

binary input points (BIP) include a switch that indicates whether a fan is on or off, and a 

pressure limit switch that indicates when a filter is dirty and needs to be replaced. Examples 

of binary output points (BOP) include a signal to start or stop a pump or fan, and a signal to 

open or close a damper. 

 

String: A string is a data type such as an integer and floating point unit, but it is used to 

represent text rather than numbers. It is comprised of a set of characters that can also contain 

spaces and numbers. 

 

Enumerated type: An enumerated type is a data type that enables a variable to be a set of 

predefined constants. In order to understand the following terms better, consider a room 

heated by air moving through a hot water coil. 

 

Control Agent: The medium that is manipulated by the controlled device (in the above 

example, hot water) 

 

Controlled Variable: The parameter being measured and controlled (in the above example, 

air temperature)  
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Controlled Medium: The medium in which the controlled variable exists (in the above 

example, air within the room) 

 

Manipulated Variable: The quantity or condition regulated by the automatic control system 

to cause the desired change in controlled variable (in the above example, flow of hot water) 

 

Control Point: A control point is an individual input to, or output from, a controller 

 

Controller: A device that works in conjunction with sensors to produce a suitable output to 

be fed to the actuator for the stability of the overall system.  

 

Cycling: A periodic change in the controlled variable from one value to another 

 

Hunting: Out of control cycling 

 

Short Cycling: Too frequent on-off cycling  

 

Set point: The value set (like temperature, pressure, or humidity) that should be maintained 

by the controller 
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Droop: A sustained deviation between the control point and the set point in a two position 

control system caused by a change in the heating or cooling load  

 

Dead Band: A range of input to the controller that results in no output (programmed to do so 

intentionally) 

 

Deviation: The difference between set point and the value of the controlled variable at any 

given moment   

 

Lag: The delay in response to changing parameter by a sensor, controller or actuator 

 

Offset: A sustained deviation between the control point and the set point of a proportional 

control system under stable operating conditions   

 

Sensor: A device placed in a medium to be measured or controlled that has a change in 

output signal related to a change in the sensed medium 

 

Actuator: A device that operates a final control element (like valve, damper, etc.)  

 

Final Control Element: A device such as a valve or damper that acts to change the value of 

the manipulated variable 
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3.2 Building Automation System (BAS) 

Building automation systems are multipurpose building control systems that can be used to 

monitor and manipulate subsystems such as HVAC, lighting, plumbing, and alarms. 

Buildings that utilize this technology are typically called “smart” buildings. A BAS is 

defined as a centralized network of hardware and software which is used to control the 

interior environments of different types of buildings. The ideology behind building 

automation systems is that by controlling environmental conditions (i.e. HVAC systems) 

along with other energy using areas, energy conservation opportunities can be realized. Some 

of the components that make up a control systems include the following: 

 

 

 Control Loops 

 Input Devices 

 Controllers 

 Controlled Devices 

 Data Types  

 Protocols 

All of these components work in conjuncture to control different operating systems of 

buildings. 
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3.3 Control Loops 

Control loops are used to monitor and adjust the control variable to the specified set point. In 

a typical controller, there are three core devices. The first device in a control loop is an input 

device. This device accepts or senses information from the control variable within a given 

area. Typical types of input devices are sensors and contact closures. The second device in 

the control loop sequence is the controller. The controller will accept the input and compare 

it to the logic that is programmed in the controller housing. The controller will then output a 

reaction to the third and final device called a controlled device. This component is used to 

control a manipulated variable to adjust the control variable. The three of these devices 

working together can be used to control many aspects of building operation. Below is an 

example of a control loop block diagram. 

 

 

 

Figure 29. Basic Control Loop (Schneider Electric) 

 

 

To better understand how control loops work on a more technical level, it is first important to 

know the different types of control loops that are used in industry today. The first and 

simplest type of control loop that will be discussed is an open control loop or no-feedback 
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control loop. The term no-feedback is a due to the fact that the control device does not return 

a signal back to the input device. Below is an illustration of an open loop control system. 

 

 

Figure 30. Open Control Loop 

 

 

In an open loop, an input device sends an input signal to the controller. The input signal that 

is sent to the controller is called a controlling variable. Based on the input received, the 

controller will be able to use programmable logic to output a signal to the controlled device. 

The controlled variable is the condition that is manipulated by the controlled device. An 

example of an open loop control system is boiling water on a typical kitchen stove when 

boiling water. The input device is the Hi-Medium-Low dial on the panel of the stove. The 

controlling variable would be the setting at which the dial is positioned. From here, the 

output tells the stove to continue to send electricity into the heating element at the burner. 

This is considered an open loop because when the water begins to boil there is nothing more 

to tell the stove dial to turn off. 

 

The second type of control loop is a closed loop system. Compared to the open control loop, 

a closed control is quite similar. However, in a closed loop system, instead of the controlled 

variable being adjusted by an outside source, like the person adjusting the stove dial in the 
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previous example, the actions of the controlled device will affect the controlling variable. 

Continuing with the kitchen stove example, if a thermometer is placed into the boiling water 

that can return a signal to the stove panel to tell the dial to turn off after the water is 212°F, 

then the loop is effectively “closed.” Below is a simple diagram of a closed loop system. 

 

 

 

 Figure 31. Closed Control Loop 

 

 

Closed control loops are sometimes referred to as feedback loops. These type of control 

loops are very common in HVAC systems.  

 

The final control loop type is called a cascading control loop. This type of control loop uses a 

closed loop configuration which causes the controlled variable to be adjusted by a second 

input. The second input effectively creates an additional open loop. Closed loops are 
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generally designed to control a singular aspect of a system. Therefore, in a situation where 

the design conditions can change regularly, having a simple closed loop control system is not 

always ideal. Adding inputs that can affect the behavior of the closed system enhances the 

effectiveness of the system. Below is a diagram of a simple cascading control loop system.  

 

 

 

Figure 32. Cascading Control Loop 

 

 

When it comes to energy efficiency, cascading control loops are very reliable. An example of 

an operating cascade control loop can be seen in a system that adjusts a heating coil’s hot 

water flow due to a higher outside air temperature. The closed loop is the hot water boiler 

system. To heat the incoming air, fans are used to blow the air over the heating coils. Heat 

goes into the air stream and is delivered to different areas within the building. However, there 

are days when the outside air temperature is so warm that additional heat is not always 
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necessary. This temperature would be inputted into the controller. This secondary input 

would tell the controller to adjust the logic used for the hot water temperature. Therefore, a 

different set of instructions would be given to the controlled device (i.e. a boiler bypass 

valve). A temperature sensor is placed in the hot water system after the boiler closes the loop. 

So, in essence, the controller will accomplish the following three items (Schneider Electric): 

 

 

1. Use outside air (OA) temperature to adjust the closed loop control logic. 

2. Set the boiler bypass valve to prevent the hot water system from providing water that 

is heated to excess, based on the OA temperature. 

3. Establish that the water is still hot enough by using the input from the temperature 

sensor that was placed after the boiler. 

 

These types of control loops are essential to the operation of a successful building automation 

system. It is now important to understand the hardware that is associated with control loops. 

 

3.4 Input Devices: Sensors 

Input devices can typically be split up into two categories. The first category of input devices 

is contact closures. This type of input device is generally used for open control loop systems. 

A contact closure can be classified as a type of switch or button. In general, contact closures 

are a type of manual input device that has to physically be switched or pushed. Once the 

contact closure has been activated, electrical signals can be carried to the controller. 
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The second and more modern type of input device is called a sensor. Sensors have become 

vital to the operation of building automation systems. A sensor is used to measure the data 

that a controller will use to make decisions based on some sort of logic. Sensors can be used 

to measure numerous types of data such as temperature, relative humidity, and toxic gases.  

 

In a typical closed loop control system, sensors can be utilized in two ways. The first use is to 

measure the incoming conditions of the controlled variable. Secondly, a sensor will be used 

to measure the effect of the control action from the control loop. The data that is collected 

about the conditions of the controlled variable can be used to determine if the control 

sequence is operating effectively or whether the sequence needs to be calibrated. 

 

Since sensors are used as monitoring devices, it is important that the placement of each 

sensor is considered. For example, a temperature sensor that is placed near an oven that is 

turned on may input a signal that calls for more cooling than is actually needed. Therefore, 

when designing a control system it is always necessary to determine beforehand where a 

sensor will be installed and if there are any consequences. 

 

3.4.1 Temperature Sensors 

 In HVAC systems, there are many different types of sensors that can be used. The first type 

of sensor that will be discussed are temperature sensors. Temperature sensors are used to 
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determine the temperature of different mediums that exist throughout the HVAC control 

system. Some of these mediums include, but are not limited to air and water. 

 

In an air handling unit, temperature sensors will typically be placed in multiple areas. The 

outside air coming into the unit will initially be measured. The next temperature sensor that 

the air will cross will be located after the mixing plenum, where the outside air mixes with 

the return air. After the mixing plenum, the air will go through the filter and cross over the 

cooling coil where it will encounter another temperature sensor. The air crosses then the 

heating coil and meets another temperature sensor before exiting into the space. Upon return 

via the return duct, the air will meet one final sensor to measure the temperature of the return 

air. All of these temperature sensors play an imperative role as inputs for the overall control 

sequence of the HVAC system. Since multiple inputs are used in the operation of the air 

handling unit discussed, this air handling unit is using a cascading control loop. 

 

In addition to the temperature sensors located within the air handling units, these types of 

sensors can also be found in mechanical systems such as chillers, boilers, and humidifiers. 

Monitoring the temperature of water flow in the chiller and boiler systems is important due to 

the fact that subtle changes with the temperature differences in the heat exchangers could 

possibly result in comfort issues for the building. 
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Temperature sensors located within conditioned spaces/zones should not be confused with 

thermostats. A thermostat is simultaneously a temperature sensor and a controller. The 

temperature sensor will measure the temperature of the room to signal an input to the 

thermostat controller. The controller will then adjust the outputs accordingly.  

 

For determining when a temperature sensor is appropriate to use in an area, the zones within 

the building must be specified. Buildings will typically have one temperature sensor per 

zone. An example of this is a group of cubes in a single story building. It will be assumed 

that the office space is on the interior of the building. Since the cubes are not affected by the 

exterior walls like some offices, it is appropriate to say the group of cubes can be considered 

one zone. Therefore, only one temperature sensor is required to monitor the conditions of the 

entire office cube area. The heating and cooling from the HVAC system will adjust 

according to the temperature readings of the centralized sensor. A figure of the interior office 

area can be seen in the following figure. 

 

 

 

Figure 33. Interior Zone Design 
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In addition, a group of offices that exist along the side of the building may need different 

attention due to the heating and cooling load influences of the exterior walls. When three 

offices located along one exterior wall exist, it can be assumed that their required heating and 

cooling loads will be similar. It is appropriate to say that this group of three offices can be 

counted together as a single zone. The following figure shows the group of exterior offices 

and the location of the temperature sensor monitoring their conditions. 

 

 

 

Figure 34. Exterior Wall Offices Design 

 

 

Take note that the sensor is located in only one of the offices. It can be assumed that the 

conditions of each office will remain roughly the same throughout occupied times. This 

assumption is common practice for most buildings, however, this type of configuration does 

not always consider the individual loads that could possibly be introduced by the occupants. 

 

3.4.2 Relative Humidity Sensors 

Another sensor type that is generally used in HVAC control is a humidity sensor. Humidity 

sensors are used in conjuncture with heating and cooling systems to help reduce the cost of 
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cooling. Humidity sensors are used to measure the relative level of moisture in the air. Air 

that is laden with water is much more expensive to cool than air that is considered dry, or 

without water. This is because water that is suspended in the air makes up the latent heat 

load. Humidity in a space can contribute to comfort, operating efficiency in some industries 

(i.e. textiles) and can be a factor in building air quality. 

 

Humidity sensors are typically located in the air flow stream within the air handling unit. 

They are used to monitor the relative humidity of three different air flow streams. The first 

air stream that will be monitored is the outside air stream. This air flow stream is usually 

monitored to determine how much cooling will be needed from the cooling coil. The next 

place that the relative humidity will be measured is after the cooling coil. This is because the 

cooling coil is used to reduce the outside air stream temperature to the dew point. A relative 

humidity sensor is necessary to ensure that the cooling coil is cooling the outside air to the 

proper level. The final relative humidity sensor that is located within an air handler is in the 

return air duct. A humidity sensor in the return air duct is used as a check to see if there is 

any additional latent heating load coming from the conditioned space.  

 

For areas where people will be working, relative humidity is usually set between 30% and 

50%. For museum areas humidity set points may vary depending on the type of exhibits 

being displayed. Additionally, humidity sensors need to be routinely checked due to the 

nature of the sensor measurements. Water damages and failure of components can occur 
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quite often. Therefore, it is important that humidity sensors are replaced every two years 

(Schneider Electric). 

 

3.4.3 Pressure Sensors 

The third type of sensor that is found in an HVAC system is called a pressure sensor. This 

type of sensor is used to measure the static pressure differential across a given distance. To 

determine the differential pressure of an air flow stream, pressure must be measured in two 

places. In most cases within an air handler, pressure sensors are located before and after 

items such as filters, pumps, and fans. In the case of a filter, the pressure will be measure 

before the filter and as the air is leaving the filter. The differential pressure that is measured 

by pressure sensor allows facility managers to see if a filter needs to be replaced. 

 

Another use of pressure sensors is to measure the static pressure of the air duct. Having a 

large static pressure with air ducts can cause extensive damage to the HVAC ducting system. 

If this parameter is not kept in check, the cost of repairing the duct damage will most likely 

be very high. Additionally, damage to fans within the ducts may also occur.  

 

Pressure sensors are also used to measure the pressure differential between the inside 

condition of a building and the outside atmospheric pressure. Most buildings will typically be 

slightly pressurized (positive pressure) to prevent infiltration from humid/cold outside air. In 

buildings that are located in northern latitudes, a negative pressure will be maintained. This is 
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to prevent water that exists in humid supply air from condensing in walls and attic spaces that 

could cause mold issues. 

 

3.4.4 Flowmeters 

Flow meters are used to measure the volumetric or mas flow of a particular medium. Two 

ways flow meters are used within an HVAC system are to measure the flow of air into a 

space and to measure the flow of water in the hot water boiler and chiller system. 

 

In general, there are four types of flow meters that can be used within an HVAC system. 

These four flow meters are as follows: 

 

 

 Differential Pressure 

 Positive Displacement 

 Velocity 

 Mass Flow 

 

3.4.5 Gas Sensors 

Gas sensors are another type of sensor that is often found in HVAC systems. Gas sensors are 

extremely important due to specific codes that mandate for the protection of humans from 

various levels of toxic gases. Gases such as carbon dioxide (CO2) will make employees 

drowsy and can possibly cause death at high levels CO2 readings. Other gases such as carbon 
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monoxide (CO) can have even more dangerous consequences at lower levels. Below shows a 

chart of the effects that can be felt at different levels of carbon monoxide. 

 

 

Figure 35. Carbon Monoxide Toxicity Levels (Schneider Electric) 

 

 

The technology used to measure levels of gases such as carbon monoxide and carbon dioxide 

is called non-dispersive infrared sensors (NDIS). Gases will absorb light in different ways 

due to the specific properties of each gas. Through calibration, the NDIS can detect the 

concentration of light that is absorbed by the substances that the sensor is detecting. Gas 

sensors will typically last between 5,000 and 10,000 hours. 

 

For carbon dioxide, gas sensors will be placed in areas where large crowds consistently 

populate such as exhibit halls, and lobbies. In the case of carbon monoxide, gas sensors will 

be placed in areas where combustion is occurring. One such example of a space that would 
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need a carbon monoxide sensor would be a boiler house. In HVAC systems gas sensors will 

return the information of whether there is too much of a gas in a conditioned space. If there is 

too much gas, the system will call for more ventilation from outside air. 

 

3.4.6 Occupancy Sensors 

Occupancy sensors are a final type of sensor that can be used in multiple applications. One of 

the most widely used applications of occupancy sensors is in the area of lighting. In general, 

when an area is unoccupied, it is ideal to turn off any lights that are not serving a purpose. 

Turning off lights can be left to manual control, but, quite often, lights will be forgotten and 

left on for extended periods of time. The installation of occupancy sensors would allow lights 

to be turned on and off based on whether people are in the area. 

 

Another application of occupancy sensors is in HVAC systems. Most HVAC systems are 

designed to operate in times when the building is occupied. However, for most facilities, 

employees tend to go home after a certain time. This means that the building will not be 

occupied over the course of the next few hours. Therefore, if the HVAC system was designed 

to keep occupants comfortable during operation hours, it is not energy efficient to run the 

HVAC system during unoccupied times. To tell the HVAC system that no one is in the 

building, occupancy sensors can be used.  
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A common strategy that is used to save energy in HVAC systems when buildings are 

unoccupied is to use setback thermostats. Setback thermostats are used to adjust temperature 

set points whenever no one is in the building. For example, during the winter time, a building 

temperature set point of roughly 70°F will be maintained during operation hours. At the end 

of the day, after everyone has left, occupancy sensors will detect that no one is in the 

building. This will cause the setback thermostats to adjust the temperature set point to a 

lower temperature so the HVAC system does not have to work as hard. 

 

There are multiple types of occupancy sensors that are commonly used in facilities today. 

One type is the motion detection class of occupancy sensors. These sensors use infrared 

technology to see if there is movement within a given area. The sensor itself will detect the 

temperature of objects in the surrounding environment. If motion is detected, then a signal 

will be sent to the controller and a control action will follow. Another type of occupancy 

sensor is an ultrasonic occupancy sensor. This type of sensor detects sound within a given 

area. Once the sound is detected a signal will be sent to a controller to cue the control action. 

 

3.5 Controllers 

Controllers are the brains of the HVAC control system. These devices are used to compare 

the measured conditions to the desired conditions through programmed logic. In the case of 

HVAC control, the measured conditions are received by the controller in the form of an input 
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from the input devices. The desired conditions of the system are controlled by an output 

signal from the controller that activates the controlled device. 

 

3.5.1 Controller Types 

Controllers are typically defined by two classifications. The first classification is the 

controller type. Controller types can be defined by the type of energy source that is used to 

power the controller actions. In today’s HVAC systems, the most common energy source 

used to power controllers is electricity. However, power sources such as compressed air can 

also be utilized to properly operate some types of controllers. The three types of controller 

that will be discussed are pneumatic controllers, electrical controllers, and microprocessor-

based controllers. 

 

3.5.1.1 Pneumatic Controllers 

In pneumatic controllers, compressed air is used to operate the controlled device. The 

controller that is used will be connected to the main compressed air header. Depending on the 

analog input signal received, this will allow the controller to draw the specified amount of air 

to activate to the controlled device. Pneumatic controller systems can be used to control 

items such as temperature and water flow. Over time pneumatic controls have been used less 

and less due to issues such as high initial costs and high maintenance costs. 
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3.5.1.2 Electrical Controllers 

The electrical controller accepts an input signal from the input device. The controller will 

then analyze the signal and calculate and appropriate output signal based on the controller 

logic. The appropriate output signal is then sent to the controlled device by varying voltage 

or current. Electrical controllers require much less maintenance as the fore-mentioned 

pneumatic control systems. In addition, electrical controllers allow HVAC systems to be 

controlled more accurately while also using less energy. 

 

3.5.1.3 Microprocessor-Based Controllers 

Microprocessor-based controllers work the same way as a typical electrical controller in that 

they will vary the voltage or current as an output signal to operate the controlled device. 

However, whereas electrical controllers will receive inputs that are analyzed by hardware 

components, a microprocessor-based controller will use installed software programs that are 

designed to generate the appropriate output signal. This type of control is called direct digital 

control (DDC). Unlike a typical electrical controller, the use of a microprocessor allows for 

more sophisticated control strategies. In addition, since microprocessor-based controllers are 

dependent on software as opposed to hardware, they are much more flexible when designing 

or reprogramming a control system. Just like electrical control systems, microprocessor-

based controllers allow for relatively inexpensive operation costs, reduce maintenance costs, 

and use energy efficiently.  
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3.5.2 Control Logic/Actions 

The second classification that defines a controller is its programmed logic or the control 

action taken when the controlled variable needs to be adjusted. These control actions are as 

follows: 

 

 

 Two-Position (on/off) 

 Floating 

 Proportional 

 Proportional-Integral (PI) 

 Proportional-Integral-Derivative (PID) 

 

 

3.5.2.1 Two-Position (on/off) 

Two-position, or on/off, control is the most common type of control action. In general, this 

type of control calls for the controlled variable to be either turned on or off whenever there is 

variation from the set point of the system. This type of control can be used in HVAC 

systems. For example, a cooling coil is set to reduce the air flow across it to 55°F. To adjust 

the temperature of the air flow, more or less chilled water has to flow through the cooling 

coil. A two-position controlled valve will have a temperature sensor measuring the 

temperature leaving the cooling coil regime. If this temperature gets to be too high, the 

cooling coil will open (position 1). On the other side of the spectrum, if the temperature of 

the air leaving the cooling coil drops too far below the set point, the cooling coil will close 
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(position 2). One disadvantage to this type of control system is the extended period of time it 

takes the controlled variable to respond to the control action. To account for this a wide 

differential band (usually +/- 5°F depending on the application) can be programmed around 

the set point. The following figure shows a graphical operation of a two-position controlled 

system. 

 

 

Figure 36. Two-Position Control Operation (Trane) 

 

3.5.2.2 Floating 

A floating control is considered a three-position type of control action. With a floating 

control an actuator will slowly modulate between the open and closed position. However, 

instead of consistently moving to a fully opened or fully closed position, a floating control 

action allows for the actuator to be stopped in a partially opened/closed position (Trane). A 

floating control action will typically require a fast responding sensor. Using the example 

from above for two-position control, as the temperature of the air hits the higher differential, 
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the actuator controlling the flow of chilled water will begin to slowly open. The temperature 

sensor connected to the actuator controller will then begin to input the changing temperature 

of the air flow. Once the air flow reaches the temperature of the stop set point, the controller 

tells the actuator to hold position. The air temperature will continue to drop until it reaches 

the lower differential temperature. At this point the reverse actual of the first two steps will 

begin. A diagram of this control action can be seen in the following figure.  

 

 

 Figure 37. Floating Control Operation (Trane) 

  

3.5.2.3 Proportional 

Proportional control works under the concept that the output signal from the controller will 

adjust based on the difference between the input signals from the set point. Using the same 

cooling coil example, the set point of the air temperature is 55°F and there is a differential of 

+/- 5°F for the control band. This range of temperature is called the throttling range. 

Additionally, the actuator controlling the flow of chilled water can be adjusted to valve 
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opening intervals of 10% and will be used proportionally to adjust the temperature of the air. 

This means that when the temperature of the air is 59°F, the controller will call the actuator 

to open the valve to 90%. This will increase the cooling capacity of the cooling coil. The 

figure below shows a graphical example of proportional control. 

 

 

Figure 38. Proportional Control Operation (Trane) 

 

3.5.2.4 Proportional-Integral 

Another type of control action that is commonly used in HVAC control systems is the 

proportional-integral (PI) control action. With proportional control actions, it was discovered 

that the output of the controller would adjust proportionally according to the received input. 

Due to this input/output relationship, there will always be a difference between the 

temperature deviation and the set point. This difference is called offset. For HVAC systems 

that require minimal deviations from the set points, proportional control will not be the best 

option. Therefore, a PI controlled system can be used instead. A PI controller works basically 
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the same way as a proportional controller. However, there is an added integral component 

from the system’s input devices. This integral component acts as a self-adjustment to the 

proportional control to bring the controlled variable closer to the original set point. A 

graphical representation of a proportional-integral control action can be seen in the following 

figure. 

 

 

Figure 39. Proportional-Integral Control Operation (Trane) 

 

3.5.2.5 Proportional-Integral-Derivative 

The final type of control action that can be utilized by controllers within an HVAC control 

system is the proportional-integral-derivative (PID) control action. Similar to the adjustment 

that the integral component makes to the proportional controller, a derivative control 

component can be added to the PI controller to allow for even more accuracy. Derivative 

control allows for a rapid response to changes in the control variable that may not be 
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accounted for by the proportional and integral control. The figure below shows a typical 

operation of a PID controller. 

 

 

Figure 40. Proportional-Integral-Derivative Control Operation (Trane) 

 

3.6 Controlled Devices 

Controlled devices are simply any component that reacts to an output signal that is sent from 

the controller. The function of the controlled device is to facilitate the required adjustments 

needed to drive the conditions of the control variable to the set point conditions. A few 

examples of controlled devices are items such as valves, actuators, or alarms. In the example 

of the cooling coil from the previous section, the valve that was being adjusted is considered 

the controlled device.  
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3.7 Protocols 

In general, communication protocols are a set of rules governing the exchange of data 

between two computers. Most communication systems use a unique format for delivering 

and receiving information. A communications protocol is an instruction for how an input is 

communicated to a controller. Similarly, a protocol also defines how an output will be carried 

from the controller to the controlled device. This means that a protocol must define the 

syntax, semantics, and synchronization of communication. Therefore, protocols can be 

implemented as hardware, software, or both. 

 

The type of protocols that will be discussed in this section are referred to as building 

automation protocols. These types of protocols are specifically designed to help building 

automation system (BAS) equipment to communicate with each other. A BAS is a distributed 

control system that is designed to monitor and control the mechanical, security, fire, lighting, 

and HVAC systems within a building. In recent years, building automation systems have 

become more and more prevalent in new buildings. These systems have proven to reduce 

energy and maintenance costs compared to older and more obsolete buildings. The reduction 

in cost that is attributed to building automation systems is totally dependent on how well the 

equipment within the building can communicate, or in other words, how well the protocols of 

the control system work.  
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Chapter 4: The North Carolina History 

Education Center  

The Tryon Palace’s North Carolina History Education Center completed construction and 

opened in October of 2010. The facility was built to allow visitors of the New Bern, North 

Carolina area to experience the atmosphere of the Tryon Palace itself along with some of the 

local history that is prevalent in the city. From colonial privateering to Civil War battles, the 

Regional History Museum was built to capture the essence of the central coastal region of 

North Carolina. 

 

The North Carolina History Education Center was constructed to reflect the best parts of the 

state. In particular, the building itself was to be a model of energy efficiency. During 

planning and construction, the facility sponsors wanted to strive to create a “green” building. 

The Leadership in Energy and Environmental Design or LEED certification program helped 

to guide the building architects and engineers in what were the best practices and strategies 

for engineering an energy efficient building that was also environmentally friendly. Some of 

the criteria that the LEED program considers are items such as lighting, incorporating areas 

for green vehicles and bicycles, land preservation, and optimized energy performance of the 

building. By the time of its completion, the North Carolina History Education Center had 

received a silver LEED certification. The following figure is the current layout of the facility. 
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Figure 41. North Carolina History Education Center Facility Layout 

 

4.1 Energy Use 

As part of the silver LEED certification, a building model was created to show the projected 

energy use. Some of the energy saving actions that the LEED energy model took into account 

can be seen in the following table. 
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Table 3. Summary of LEED Certified Items vs. Baseline Items 

 LEED Proposed Building Baseline Building 

Envelope 

PPG Solarban 70 XL Glass Budget Glass 

Horizontal and Vertical 

Shading Devices 
No Shading Devices 

HVAC 

VAV and CV air system 

with Variable Frequency 

Drives (VFD) 

Packaged Rooftop Air 

Conditioner DX 

Constant Volume 

Premium Efficiency Motors 

(93%) 

High Efficiency Motors 

(91%) 

Central Plant 

Air-Cooled Chillers 

Packaged Rooftop Units 
Gas Fired Boilers Copper-

Fin II High Efficiency 

(85%) 

Lighting 

Lighting Power Density = 

1.3 W/ft2 (average) 

Lighting Power Density 

= 1.7 W/ft2 (average) 

Continuous Daylight 

Dimming Control 

No Daylight Dimming 

Control 

 

 

From the LEED model a proposed energy use for the facility was able to be obtained. This 

model considered all of the LEED items listed in the previous table. Along with the proposed 

energy use, the facility was shown a comparison to the projected baseline energy use for 

standard equipment and operating systems that did not include the LEED items. The 

following figures display the projected energy cost data presented to the facility. 
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Figure 42: North Carolina History Museum Annual Energy Cost Projections 

 

 

From the chart above, the bar labeled baseline is representative of the facility’s annual energy 

cost while operating without the building upgrades from the LEED checklist. The bar labeled 

design is the proposed annual energy cost for the facility with the building upgrades. From 

Figure 42 a comparison of the design system energy cost and the baseline system energy cost 

can be seen. The cost of the design energy was approximately $150,000 less that the Baseline 

energy cost per year.  

 

With these projected cost comparisons, the designed system incorporating the LEED 

checklist items seemed like a great engineering decision. However, after a year of operation 

the actual energy use of the facility was recorded and displayed alongside the previous 

projections. The following figures and tables show the overall electricity and natural gas 

usage and costs from June 2012 to May 2013. 

$0 $100,000 $200,000 $300,000 $400,000 $500,000

Design

Baseline
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This following section provides an account of energy consumption at the facility.  An 

essential component of any energy management program is a continuous monitoring of 

energy use and cost.  This can best be done by keeping up-to-date records of energy use, 

demand, and costs.  Graphs will sometimes show irregularities in energy use that should be 

looked into.  Also, a comparison to the same month in consecutive years can give insight into 

equipment problems.  It is necessary to graph individual and total energy use and costs.  Any 

"spikes" should be investigated and their cause explored.  Through careful observations, it 

may be possible to catch wasteful equipment and practices before they get out of hand.  

 

The energy usage for a typical year is tabulated and graphed on the following pages.  The 

conversion factors used to prepare the graphs are listed in the following table. The facility is 

currently operating of the City of New Bern’s Medium General Service #2 Rate Schedule. 

 

 

Average Energy Rate  = $193,361 / 2,007,900 kWh 

(from historical data)   = $0.0963/kWh 

 

 

Average Demand Charge = $10.78/kW 

(from rate schedule)   
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The natural gas rate was calculated as follows:   

 

 

 Average Energy Rate  = $58,191 / 7,071 MMBTU 

 (from historical data)  = $8.23/MMBTU 

 

4.1.1 Electricity 

 

Table 4. Annual Electricity Use and Cost 

Month 
Demand 

(kW) 

Demand 

($) 

Energy 

Usage (kWh) 

Energy 

Cost ($) 

Additional 

Charges 

Total 

($) 

Jun-12 424.2 $4,573 192,600 $18,547 $71.74 $23,192 

Jul-12 399.3 $4,304 220,200 $21,205 $72.65 $25,582 

Aug-12 394.8 $4,256 204,900 $19,732 $74.16 $24,062 

Sep-12 387.6 $4,178 202,800 $19,530 $84.63 $23,793 

Oct-12 402.3 $4,337 150,900 $14,532 $85.69 $18,954 

Nov-12 336.6 $3,629 127,200 $12,249 $92.67 $15,971 

Dec-12 342.0 $3,687 136,500 $13,145 $96.77 $16,928 

Jan-13 408.0 $4,398 137,400 $13,232 $94.79 $17,725 

Feb-13 326.1 $3,515 128,100 $12,336 $88.12 $15,940 

Mar-13 364.2 $3,926 150,900 $14,532 $84.78 $18,543 

Apr-13 389.9 $4,203 159,900 $15,398 $76 $19,677 

May-13 415.5 $4,479 196,500 $18,923 $74 $23,476 

Total 4,590 $49,485 2,007,900 $193,361 $996 $243,842 
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Figure 43. Electrical Energy Cost 

 

 

Figure 44. Electrical Energy Usage and Demand Usage  
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4.1.2 Natural Gas 

 

Table 5. Annual Natural Gas Use 

Month 
Usage 

(Therms) 

Usage 

(MMBTU) 

Total 

($) 

Jun-12 5,552 555 $4,332 

Jul-12 4,775 478 $3,724 

Aug-12 6,446 645 $5,041 

Sep-12 6,429 643 $4,947 

Oct-12 5,502 550 $4,592 

Nov-12 5,256 527 $4,669 

Dec-12 5,534 553 $4,944 

Jan-13 6,384 638 $5,535 

Feb-13 5,376 538 $4,347 

Mar-13 5,474 547 $4,097 

Apr-13 6,317 632 $5,035 

May-13 7,660 766 $6,926 

Total 70,705 7,071 $58,191 

 

 

 

Figure 45. Natural Gas Energy Usage and Cost 
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Figure 46gives the monthly energy cost for electricity and gas.  The overall height of the bars 

represents the total cost of energy for the month. 

 

 

 

Figure 46. Total Energy Cost 

 

 

Looking at the electricity during the 12 month period that was analyzed, it was seen that a 

usage of 2,007,900 kWh cost the facility $243,842. On the natural gas side, 7,071 MMBTUs 

were used at a total cost of $58,191. This comes to a total energy cost of $302,033 for the 

year that was considered. In comparing this number to Figure 43, the actual energy costs for 

the facility are roughly 16% higher than the design system cost. The following figure shows a 

visual representation of this comparison. 
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Figure 47: North Carolina History Museum Energy Cost Comparison 

 

 

As can be seen in Figure 47 the actual utility cost for the year ended up being roughly 

$40,000/yr. more than the projected utility cost.  

 

4.2 The Problem 

The high energy cost raised several initial questions that needed to be addressed. The first 

question that needed to be addressed was what was causing the excess use of energy. 

Interestingly enough, it did not take long for the facility managers of the North Carolina 

History Education Center to determine that the HVAC system was the culprit. The next 

question was “Why is the HVAC system using more energy than expected?” This question 

was more difficult to answer in just one sitting. 
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Through a series of meetings over the course of a few months in late 2013 and early 2014, it 

was discovered that multiple issues were plaguing the HVAC system. HVAC control issues 

such as improper occupancy scheduling and small set point dead band caused the system to 

use more energy than was necessary throughout the year. Also, issues involving the three 

way valve in the hot water system contributed to the discomfort of employees in the office 

areas. In general, it can be said that the equipment within the HVAC system was 

overworking, in turn, using excessive energy.  

 

4.3 Facility Equipment 

It should be noted that the following sections were taken directly from the Final 

Commissioning Report of Mechanical and Critical Electrical Systems developed by EMC 

Engineers, Inc. This report was developed specifically for Tryon Palace Historic Sites & 

Gardens during the commission of equipment within the North Carolina History Education 

Center 

 

4.3.1 Chilled Water System 

The facility is currently using two air coo1ed 155 ton Trane chillers to provide chilled water 

to all of the air handling units. The chillers are being utilized in a lead/lag configuration 

within a single loop, variable primary system. Initially, when the lead (primary) chiller is 

enabled, the DDC controller will start one of the chilled water pumps and the chiller will be 

controlled to maintain a discharge water temperature of 42°F. If the lead chiller reaches a 



87 

 

 

 

 

load of 95% or the discharge temperature of the water exceeds 45°F for a period of 15 

minutes the DDC controller will tell the lag (secondary) chiller to enable. The shared load 

between the chillers will even out and supply chilled water until the next control parameter is 

executed. Both chillers will continue to run until the chiller loads fall below 40%. At this 

point the lag chiller will shut off and the lead chiller will take over the rest of the load. 

 

To control the speed of the chilled water pumps, differential pressure sensors are located by 

AHU-5 and AHU-7. The set point for each of these differential pressure sensors is between 

10 psig for AHU-5 and 13.6 psig for AHU-7. Typically, only one chilled water pump is 

active throughout the chilled water system. In addition, two bypass valves are located 

upstream of AHU-5 that modulate in sequence to maintain a minimum chilled water flow of 

217 GPM through the chiller. An expansion tank is located just is located before the chilled 

water pumps as the water is returning from the supply side. This expansion tank is used to 

help relieve pressure in the piping system. Below is a diagram of the chilled water system. 
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Figure 48. Chilled Water System Diagram 

 

 

Specifications for the chillers being used by the facility can be seen in Appendix A. 

 

4.3.2 Hot Water System 

The North Carolina History Education Center also utilizes a hot water system that is 

supported by two 1.22 MMBTU/hr hot water boilers that are arranged in a lead/lag 

configuration. Hot water is supplied by means of a primary/secondary pumping loop with. 

The hot water system provides hot water to AHU-1, AHU-2, AHU-3, and AHU-7. The 

burner stages on the boilers are modulated to maintain the secondary supply water 

temperature set point. The temperature set point of the hot water system is reset between 

160°F and 180°F, depending on the outside air temperature. 
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The hot water is pumped to the supply side by means of two hot water pumps. The pumps are 

used to deliver the water to the air handler preheat and reheat coils, the terminal unit reheat 

coilers, and the unit heaters and fan coils. The hot water pumps are controlled by variable 

speed drives and are modulated to maintain a minimum differential pressure between the 

supply and the return piping. The differential pressure sensors for this control are located at 

AHU-5 and AHU-6, and the pump speeds are set based on the lowest reading of the two 

differential pressure sensors. An expansion tank is installed just before the primary hot water 

pump to relieve express pressure in the line. Below is a diagram of the hot water system. 

 

 

 

Figure 49. Hot Water System Diagram 
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4.3.3 Air Handling Units 

The North Carolina History Education Center is made up of multiple central air handlers. 

There are a total of seven of these air handling units (AHU’s) being utilized at the facility. 

Currently four of the units serve only one space each while the other three units are 

considered multi-zone AHU’s. In addition, the regional history museum and special exhibits 

(Duffy) exhibit halls are required to adhere to Smithsonian standards for temperature and 

humidity control for historical artifacts. The following table shows a list of the seven air 

handling units and the respective spaces that they serve within the facility. 

 

 
Table 6. List of Air Handling Units 

Unit Type of System Space(s) 

Air Handling Unit 1 Single-zone Regional History Museum 

Air Handling Unit 2 Single-zone Pepsi Center 

Air Handling Unit 3 Single-zone Cullman Hall 

Air Handling Unit 4 Multi-zone 2nd Floor Offices 

Air Handling Unit 5 Multi-zone Great Hall (surrounding areas) 

Air Handling Unit 6 Multi-zone Cafeteria (surrounding areas) 

Air Handling Unit 7 Single-zone Special Exhibits 

  

 

4.3.3.1 Air Handling Unit 1 

AHU-1 serves the regional history museum area. The unit is a single zone constant volume 

air handling unit that provides conditioned air based on the temperature and the humidity set 

points. This unit is not equipped with outside air economizer control. The discharge 

temperature set point is varied between 55°F to 80°F to maintain a return air temperature of 
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70°F by modulation of the reheat coil control valve. The chilled water control valve is 

modulated to maintain the cooling coil discharge set point, which is calculated as the 

discharge temperature set point minus 5°F. This control action is used to constantly 

dehumidify the air. A freeze stat is used within AHU-1 to disable the supply fan when the 

cooling coil inlet temperature falls below 40°F. There is a constant speed relief fan that is 

used to exhaust air from the system. The supply fan is controlled by a variable speed drive 

that is modulated based on the discharge static pressure set point. 

 

In dehumidification mode, the discharge air temperature set point is reset linearly from 55°F 

to 49°F as space return air humidity rises from 47.5% to 49% or higher. In humidification 

mode, the humidification sequence and an electric boiler are activated to at a return air 

relative humidity below 46%. The system discharge relative humidity is varied between 55% 

and 85% to maintain the return air relative humidity set point of 47.5%. The following figure 

depicts a diagram of air handling unit 1. 
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Figure 50. Air Handling Unit 1 Diagram 

 

4.3.3.2 Air Handling Unit 2 

AHU-2 serves the Pepsi family center area. This unit is a single-zone variable volume air 

handling unit that provides conditioned air based on the temperature and humidity set points. 

The discharge temperature set point is varied between 55°F and 80°F to maintain a return air 

temperature of 70°F by modulation of the reheat coil control valve. The chilled water control 

valve is modulated to maintain the cooling coil discharge set point, which is calculated as the 

discharge temperature set point minus 5°F. This control action is used to constantly 

dehumidify the air.  A freeze stat is used within AHU-2 to disable the supply fan when the 

cooling coil inlet temperature falls below 40°F. There is a constant speed relief fan that is 

used to exhaust air from the system. The supply fan is controlled by a variable speed drive 

that is modulated based on the discharge static pressure set point. 
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In dehumidification mode, the discharge air temperature set point is reset linearly from 55°F 

to 49°F as space return air humidity rises from 47.5% to 49% or higher. The following figure 

depicts a diagram of air handling unit 2. 

 

 

 

Figure 51. Air Handling Unit 2 Diagram 

 

4.3.3.3 Air Handling Unit 3 

AHU-3 serves the Cullman Hall area. This unit is a multi-zone constant volume air handling 

unit with an occupancy schedule that provides conditioned air based on the temperature and 

humidity set points. The discharge temperature set point is varied between 55°F and 80°F to 

maintain a return air temperature of 70°F by modulation of the reheat coil control valve. The 

chilled water control valve is modulated to maintain the cooling coil discharge set point, 

which is calculated as the discharge temperature set point minus 5°F. This control action is 
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used to constantly dehumidify the air.   A freeze stat is used within AHU-3 to disable the 

supply fan when the cooling coil inlet temperature falls below 40°F. There is a constant 

speed relief fan that is used to exhaust air from the system. The supply fan is controlled by a 

variable speed drive that is modulated based on the discharge static pressure set point. 

 

In dehumidification mode, the discharge air temperature set point is reset linearly from 55°F 

to 49°F as space return air humidity rises from 47.5% to 49% or higher.  

 

The night set back mode is activated and deactivated based on a user defined time schedule. 

When the outside air temperature is below 50°F, the space temperature set point for the 

seating and stage area is 60°F. When the outside air temperature is above 70°F, the space 

temperature set point for the seating and stage area is 78°F. Between outside air temperatures 

of 50°F and 70°F no space temperature set point overrides occur. The following figure 

depicts a diagram of air handling unit 3. 
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Figure 52. Air Handling Unit 3 Diagram 

 

4.3.3.4 Air Handling Unit 4 

AHU-4 serves the second floor offices, training room, and administrative support areas. This 

unit is a variable volume air handling unit serving variable volume terminal boxes with hot 

water reheat. Conditioned air is provided based on the temperature and humidity set points. 

The discharge temperature set point is varied between 55°F and 58°F to maintain a return air 

temperature of 70°F by modulation of the cooling coil control valve. There is a low 

temperature limit safety that disables the supply fan when the low temperature set point is 

reached. The supply fan is controlled by a variable speed drive that is modulated based on the 

discharge static pressure set point. 
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In dehumidification mode, the discharge air temperature set point is reset to 55°F for five 

minutes if the return air relative humidity is greater than 55%.  

 

The night set back mode is activated and deactivated based on a user defined time schedule. 

In night setback modes, the terminal units expand their space temperature control dead band 

to a heating set point of 60°F and a cooling set point of 78°F. The following figure depicts a 

diagram of air handling unit 4. 

 

 

 

Figure 53. Air Handling Unit 4 Diagram 

 

4.3.3.5 Air Handling Unit 5 

AHU-5 serves the first floor orientation theaters, great hall, activity rooms, public restrooms, 

catering kitchen and support areas. This unit is a variable volume air handling unit serving 
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variable volume terminal boxes with hot water reheat. Conditioned air is provided based on 

the temperature and humidity set points. The preheat hot water valve modulates to maintain a 

preheat coil discharge temperature set point of 50°F. The discharge temperature set point is 

varied between 55°F and 58°F to maintain a return air temperature of 70°F by modulation of 

the cooling coil control valve. There is a low temperature limit safety that disables the supply 

fan when the low temperature set point is reached. There is a relief fan that is interlocked 

with the unit supply fan. The supply fan is controlled by a variable speed drive that is 

modulated based on the discharge static pressure set point. 

 

In dehumidification mode, the discharge air temperature set point is reset to 55°F for five 

minutes if the return air relative humidity is greater than 55%.  

 

The night set back mode is activated and deactivated based on a user defined time schedule. 

During the night setback mode, terminal unit heating and cooling set points are reset to 62°F 

and 78°F, respectively. The following figure depicts a diagram of air handling unit 5. 
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Figure 54. Air Handling Unit 5 Diagram 

 

4.3.3.6 Air Handling Unit 6 

AHU-6 serves the special events exhibit staging, café, and café support areas. This unit is a 

variable volume air handling unit serving variable volume terminal boxes with hot water 

reheat. Conditioned air is provided based on the temperature and humidity set points. The 

discharge temperature set point is varied between 55°F and 58°F to maintain a return air 

temperature of 70°F by modulation of the cooling coil control valve. There is a low 

temperature limit safety that disables the supply fan when the low temperature set point is 

reached. The supply fan is controlled by a variable speed drive that is modulated based on the 

discharge static pressure set point. 
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In dehumidification mode, the discharge air temperature set point is reset to 55°F for five 

minutes if the return air relative humidity is greater than 55%.  

 

The night set back mode is activated and deactivated based on a user defined time schedule. 

During the night setback mode, terminal unit heating and cooling set points are reset to 62°F 

and 78°F, respectively. The following figure depicts a diagram of air handling unit 6. 

 

 

 

Figure 55. Air Handling Unit 6 Diagram 

 

4.3.3.7 Air Handling Unit 7 

AHU-7 serves special exhibits (Duffy) area. The unit is a single zone constant volume air 

handling unit that provides conditioned air based on the temperature and the humidity set 
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points. The discharge temperature set point is varied between 55°F to 80°F to maintain a 

return air temperature of 70°F by modulation of the reheat coil control valve. The chilled 

water control valve is modulated to maintain the cooling coil discharge set point at system 

discharge temperature minus 5°F, which constantly dehumidifies the air. This control action 

is used to constantly dehumidify the air. There is a low temperature limit safety that disables 

the supply fan when the low temperature set point is reached. The supply fan is controlled by 

a variable speed drive that is modulated based on the discharge static pressure set point. 

 

In dehumidification mode, the discharge air temperature set point is reset linearly from 55°F 

to 49°F as space return air humidity rises from 47.5% to 49% or higher. In humidification 

mode, the humidification sequence and an electric boiler are activated to at a return air 

relative humidity below 46%. The system discharge relative humidity is varied between 70% 

and 85% to maintain the return air relative humidity set point of 47.5%. At 50% relative 

humidity the humidifier and electric boiler are deactivated. The following figure depicts a 

diagram of air handling unit 7. 
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Figure 56. Air Handling Unit 7 Diagram 

 

4.3.4 Additional Equipment 

4.3.4.1 Terminal Units 

Areas served by AHU-4, AHU-5, and AHU-6 are served by constant and variable volume 

terminal units with hot water reheat. The terminal units control space temperature by 

modulating between scheduled heating and cooling airflows and modulating a hot water 

reheat coil control valve. 

 

In addition, the terminal units serving the Great Hall (AHU-5) are equipped with ventilation 

demand control. This control mode can be initiated via calendar-scheduled events, a CO2 

level exceeding a set point of 600 ppm, manual operator override, or a timer switch. The 

terminal units serving the orientation theaters are controlled via and occupancy override with 
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CO2 level maximum set point of 600 ppm. If a terminal unit goes into ventilation demand 

control, its air flow set point is overridden to maximum scheduled value. If ventilation 

demand control is brought on by an excessive CO2 level, the terminal unit remains in this 

mode until the following morning, provided that the CO2 level has fallen below 500 ppm. 

The following figure depicts a diagram of two types of terminal units utilized by the facility. 

 

 

Figure 57. Terminal Units 

 

4.3.4.2 Kitchen Make-Up Unit 

The kitchen make-up unit (KMU-1) serves the catering kitchen area. This unit is a single-

zone constant volume unit that provides make-up air for the grease hood and exhaust fan. 

The hot water coil valve is modulated to maintain the system discharge air temperature set 

point of 70°F. The following figure depicts a diagram the kitchen make-up unit. 
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Figure 58. Kitchen Make-Up Unit Diagram 

 

Specifications for the kitchen make-up unit can be seen in Appendix A. 

 

4.3.4.4 Precision Air Conditioners 

The air cooled unit PAC-1 serves the Process Room 412 while the air conditioner unit PAC-2 

serves the Control Room 131. These units utilize hot water and chilled water for heating, 

humidification, and dehumidification. Neither PAC-1 nor PAC-2 is remotely controlled or 

monitored by the Building Automation System. Lastly, other areas such as attic spaces and 

mechanical rooms are conditioned by fan coils and unit heaters. 

 

PAC-1 maintains the Process Room 412 at a temperature of 70°F and a humidity level of 

50%. PAC-2 maintains the Control Room 131 at a temperature of 70°F and a humidity level 

of 50%. Specifications for the precision air conditioners can be seen in Appendix A. 

 

4.3.4.3 Fan Coil Units 

The mechanical room 800, attic floor, mechanical room 903 are served by fan coil units 

FCU-1, FCU-2, and FCU -3. Unit FCU-1 has only chilled water coils. Units FCU-2 and 
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FCU-3 have hot water and chilled water coils and are controlled by a thermostat in each zone 

served. Theses spaces are maintained at a cooling season temperature of 70°F and a heating 

season temperature of 65°F. Specifications for the fan coil units can be seen in Appendix A. 

 

4.3.4.4 Electric Boiler Humidifiers 

Air handling units 1 and 7 utilize electric boiler humidifiers to help maintain the relative 

humidity set point in the regional history museum and the special exhibits (Duffy) areas, 

respectively. As mentioned earlier the humidifier is activated when the return air relative 

humidity level is measured to be below 46%. This humidity level is important because the 

exhibits in the galleries require very specific humidity levels for preservation reasons.  

Specifications for the electric boiler humidifier can be found Appendix A. 

 

4.4 Facility Control System 

The HVAC controls system was install and programmed by Triangle Automated Controls 

(TAC). The equipment controllers are integrated to a Johnson controls FX40, which in turn 

routes information to the front-end operator workstation, which is running Johnson Controls 

Facility Explorer Server software. 

  

4.4.1 HVAC Control System 

The North Carolina History Education Center’s HVAC system was designed by and sealed 

by the engineering and consulting firm of Newcomb and Boyd. The HVAC control system 
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was design based of the sealed plans. The air handling units within the system were specified 

individual sequences of operation (SOO). These SOOs are logical representations of the 

control actions for each piece of equipment described in section 4.3. An example of the SOO 

for AHU-1 can be seen in Appendix H. Triangle Automated Controls, Inc. was the company 

that was in charge of designing and implementing the HVAC Control system. Controller 

hardware by Johnson Controls is currently being used at the facility. 

 

Employees of the North Carolina History Education Center are now able to monitor the 

HVAC system using Johnson Control’s Facility Explorer that’s is powered by Niagara AX 

Framework. This Niagara Framework allows the Facility Explorer program to communicate 

with the building automation system (BAS). This communication is facilitated by a Java 

Application Control Engine (JACE®). The JACE® is used as a physical connection between 

the Facility Explorer program and the HVAC system. This device acts as a translator 

between the Facility Explorer program and the buildings communication protocol. Through 

using the JACE® set points and adjustments to the system are able to be made via the 

internet. 

 

Currently, the North Carolina History Education Center employees are limited to read only 

rights to the Facility Explorer while Triangle Automated Controls has the administrative 

rights for the program. With TAC being based out of Raleigh, North Carolina, employees at 
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the facility must call and specify the needed adjustments to the HVAC system if a problem 

arises. 

 

4.4.2 Lighting Control System 

The interior and exterior lighting is controlled from a user adjustable schedule in the BAS. 

Included in this group are the exit lighting, emergency egress lighting, site lighting, room 

specific emergency lighting, and daylighting controls. Although daylight dimming is an 

option for some of the main areas only a few of these rooms are using this feature. Currently, 

the control system does a sweep of the building at 8 P.M. to turn off any lights that may have 

been left on in the facility. 
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Chapter 5: Building Load Models and Results  

A building loads model is an effective tool when trying to determine the size of the HVAC 

equipment that will be used to heat and cool a particular building. When developing a 

building loads model, there are typically two type of loads that need to be considered.  

 

The first type of load is the cooling load. A cooling load can be defined as the total amount of 

cooling needed when heat needs to be removed from a building. In general, cooling loads are 

experienced mostly in the summer months of the year. To calculate the size of an HVAC 

system, a worst case cooling load scenario is calculated. An example of a worst case cooling 

load would be if all of the equipment in a building were in operation at full load while the 

building is fully occupied on the hottest day of the year, at the hottest time of day. The worst 

case scenario is used because this cooling load would be the maximum amount of cooling 

needed at any point in time throughout the year. 

 

The second type of HVAC load is the heating load. Heating loads are defined as the total 

amount of heat needed when the internal temperature of the building drops below the set 

point. Typically, heating loads will occur during the winter months of the year. Similar to a 

cooling load, when HVAC equipment is sized for heating loads, the worst case scenario is 

used. Once again, this is to ensure that the maximum amount of heat that could be required 

by the building at a given time is accounted for. An example of a worst case heating load 

would be the exact opposite of the worst case cooling load. An example would be a building 
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where no equipment is operating while at minimal occupancy during on the coldest day of 

the year based on typical meteorological year (TMY) day. 

 

Using the heating and cooling load calculation methods introduced above, two separate 

building load models were developed for the North Carolina History Education Center. The 

first model that was developed is a manual calculations method using Microsoft Excel. The 

second model that was developed utilized the Carrier Hourly Analysis Program (HAP). 

These two models will be discussed in the following sections and compared to data collected 

at the facility. 

 

5.1 Manual Calculations Using Microsoft Excel 

5.1.1 North Carolina History Education Center Cooling Loads 

In calculating the cooling loads for the North Carolina History Education Center it was first 

important to establish the characteristics of the building. This means determining items such 

as the size of the building, location, building shape, wall color, and roof color. Establishing 

these parameters was essential in the cooling load model.  

 

The building that houses the North Carolina History Education Center has approximately 

65,000 square feet of floor space. It is located in New Bern, North Carolina at the mouth of 

the Trent River as it flows into the Neuse River. More specifically, New Bern, North 

Carolina is located at a latitude of 35°6’33” N. The building is made up of typical 
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construction materials such as brick and aluminum siding. Additionally, some parts of the 

roof consist of horizontally oriented light weight concrete while other parts are constructed of 

pitched metal roofing. The orientation of the building is not consistent throughout the 

conditioned spaces. Roughly 60% of the building is oriented in the North, East, South, and 

West direction. The other 40% is oriented in a North-Northwest, East-Southeast, South-

Southwest, and West-Northwest direction. Some of the windows and doors of the facility are 

shaded by awnings that were installed during construction. The operation hours for the 

employees of the building are between 8 A.M. to five 5 P.M. The museum opens to the 

public at 9 A.M. and closes at 5 P.M. 

 

The next step in developing a proper cooling load model was to select the appropriate 

outdoor design weather conditions. For the purposes of this model, weather data for the city 

of Jacksonville, North Carolina was used from ASHRAE’s Principles of HVAC book. New 

Bern weather data was not available in the book. However, Jacksonville’s weather data 

should be very similar to that of New Bern’s due to the fact that they are located at similar 

latitudes along the coast. A 1% dry bulb temperature data was used as the design parameter 

for the cooling loads model. The 1% dry bulb temperature for Jacksonville, North Carolina 

was found to be 91.4°F while the wet bulb temperature was found to be 75.8°F. This resulted 

in an outside air design enthalpy condition of 38.8 BTU/lbda (Howell, Coad and Sauer, Jr.). 

Annual dry bulb/wet bulb temperature and relative humidity data can be viewed in Appendix 

B. 
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With the building characteristics and the outdoor design weather conditions resolved, the 

cooling load model began to take shape. From the data received from the facility, an indoor 

design temperature 72°F was used for all conditioned spaces. The following table shows the 

conditioned spaces within the North Carolina History Education Center.  

 

It should also be noted that the exhibit areas such as the Regional History Museum and the 

Duffy Gallery have a relative humidity set point of 47.5% +/- 1.5% as an additional design 

condition. This is because these areas are used to show museum exhibits where preservation 

measures are needed. 
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Table 7. Conditioned Spaces within the North Carolina History Education Center 

Space 
Room 

No. 
Space 

Room 

No. 
Space 

Room 

No. 

Great Hall 100 Piano Storage 305 Storage 911 

Room 101 Coat Check 401 Copy/Mail 912 

Entry 102 Men 402 Office 913 

Hospitality 103 Janitor 403 Storage 914 

Vestibule 104 Women 404 Office 915 

Activity  Room 110 Corridor 410 Support Office 916 

Activity Storage 111 Anteroom 411 Office 917 

Orientation Hallway 120 Process Room 412 Shared Office 918 

Theater Lobby 121 Catering 413 Corridor 920 

Orientation Theater 122 Shipping and Rec. 414 Office 921 

Orientation Theater 123 Toilet 415 Office 922 

Corridor 130 Hall 420 Office 923 

Control Room 131 Pump Room 421 Office 924 

Electrical 132 Recycling 422 Media Dev. 925 

  Corridor 140 Corridor 430 Office 926 

Toilet 141 Electrical 431 Office 927 

Locker Room 142 Electrical 432 Conference Room 928 

Resolution Area 150 Maintenance Storage 433 Electrical 929 

Circulation 200 Security 434 Storage 930 

Museum Shop 201 MDF 435 Corridor 940 

Storage Office 202 Circulation 500 Office 941 

Mechanical 202A Outfitting & Orient. 501 Teaming Room 942 

Special Exhibits 

(Duffy) 
203 

Outfitting & Orient. 

(Gateway) 
502 Teaming Room 943 

Special Exhibit 

Staging 
204 

Regional History 

Museum 
600 Women's Toilet 944 

Electrical/IDF 205 Circulation 630 Staff Lockers 944A 

Café 210 Vestibule 631 AV Prep 945 

Vestibule 211 Gallery 632 Men's Toilet 946 

Men 212 Pepsi Family Center 650 Staff Lockers 946A 

Women 213 Mechanical 700 Building Super. 947 

Café Support 214 Mechanical 800 Corridor 950 

Storage 215 Circulation 900 Staff Lounge 951 

Cullman Hall 300 Reception 901 Kitchen 952 

Event Storage 301 Office 902 Training Room 953 

Hall Vestibule 302 Mechanical Room 903 Elevator E1 

Circulation 303 IDF 904 Stair S1 

Stage 304 Elevator Room 905 Stair S2 

Corridor 400 Corridor 910 AHU’s AHU’s 
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Next, the ventilation for each space was calculated using ASHRAE Standard 62.1-2010, 

which can be viewed in Appendix B. This standard provides guidance on ventilation 

requirements and indoor air quality. Indoor air quality is assumed to be acceptable if the 

concentration of pollutants in the incoming outdoor air meet the US national ambient air 

quality standards (Howell, Coad and Sauer, Jr.). The following table shows the United States 

Air Quality Standards for appropriate levels of toxic gas in occupied spaces. 

 

Table 8. United Stated Ambient Air Quality Standards (Howell, Coad and Sauer, Jr.) 
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All of the air flow rate values that can be found in the ASHRAE Standard 62.1 – 2010 are 

based on the appropriate gas level values seen in the table above. The AHUs in the North 

Carolina History Education Center are equipped with CO2 sensors. Typically, if high levels 

of toxicity are detected by the CO2 sensors that are installed within the air handling units an 

input signal will be sent to controllers that are used to adjust the air flow rate. However, the 

current sequences of operations for the AHUs at the North Carolina History Education 

Center do not utilize the CO2 sensors to dictate the outside air damper modulation. To 

calculate the ventilation needed for a particular room the following equation can be used. 

 

Ventilation = [(Occupants) x (Rp)] + [(Floor Area) x (Ra)] 

Where, 

 Rp = People outdoor air rate, CFM/occupant 

 Ra = Area outdoor air rate, CFM/ft2 

 

When determining ventilation from the equation above, the value for the number of 

occupants is considered the design occupancy level of the space. The designed occupancy 

level of the space is considered the maximum number of occupants that the space can hold. 

This value can be obtained as follows: 

 

 Occupants = (Floor Area) x (Occ. Density/1000 ft2) 
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As an example a sample calculation for the Great Hall will be used. The great hall is 

considered a “lobby” area for the purposes of this example. Using Table 26 in Appendix B, it 

was found that an occupancy density of 50 occupants per 1,000 ft2 is appropriate. The 

designed occupancy level for the Great Hall is calculated as such: 

 

 Occupants = (5,467 ft2) x (50 occupants/1000 ft2) 

   = 273 occupants 

 

Next, the required ventilation can be calculated by acquiring the corresponding values for the 

people outdoor air rate, Rp, and the area outdoor air rate, Ra, from Table 26 in Appendix B. 

 

Ventilation = [(273 occupants) x (5 CFM/occupant)] 

+ [(5,467 ft2) x (0.06 CFM/ ft2)] 

   = 1,693 CFM 

 

Once the ventilation requirements for the building were determined, the heat gains that the 

building would experience were calculated. Heat gains can take the form of many vehicles. 

Some examples of heat gains in buildings are as follows: 
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 Wall/Roof 

 Ventilation 

 People 

 Lights 

 Equipment 

All of these types of heat gains contribute to the cooling load of the building. Additionally, 

when determining these heat gains the maximum heat gain for each item must be used when 

appropriately sizing an HVAC unit. In the case of the North Carolina History Education 

Center these values were used to size chillers. 

 

5.1.1.1 Heat Gains through Walls, Roof, and Windows 

Heat gains are defined as heat that enters by means of conductive and convective heat 

transfer through walls, roofs, and windows. The thermal mass of a building insulation will 

control how much heat is transferred, in turn controlling how much fluctuation in 

temperature will occur within the building throughout the day. Heat gain is one of the most 

important values when sizing an HVAC system. This is due to the fact that solar heat gain 

cannot be avoided during the summer months.  

 

To calculate the heat gains for a building, the Cooling Load Temperature Difference Method 

(CLTD) can be used.  This method is used to account for all aspects of the heat gains such as 

solar, temperature difference, and thermal mass of the building. When calculating the heat 
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gains using the CLTD method many things must be considered. Some of the considerations 

consist of roof and wall construction, orientation of the walls, if the roof is pitched or flat, 

and the latitude of the building. Using a predetermined set of data based on different 

variables, the CLTD method provides a reasonably accurate cooling load calculation.  

 

Wall/Roof Heat Gain = Ui x Ai x CLTDcorrected 

Where, 

 Ui  = Overall heat transfer coefficient of the surface, BTU/hr-ft2-°F 

 Ai  = Area of the surface, ft2 

 CLTDcorrected = Corrected cooling load temperature difference, °F 

 

The corrected cooling load temperature difference was calculated using a number of different 

variables along with the indoor and outdoor design temperatures. These variables can be seen 

in the following equation. 

 

 CLTDcorrected  = (CLTDbase + LM) + (78-Ti) + (T∞, mean – 85) 

Where, 

 CLTDbase = CLTD based on sunlit wall orientations, °F 

 LM  = CLTD correction based on latitude and month, °F 

 Ti  = Indoor design temperature condition, °F 

 T∞, mean  = Average indoor and outdoor design temperature conditions, °F 
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The North Carolina History Education Center was a unique challenge in itself due to the fact 

that the building was comprised of multiple roof and wall construction types. In addition, the 

orientation of the building varied for some spaces. However, since each room was 

individually analyzed, a reasonably accurate heat gain value was able to be determined. 

Continuing with the example from above, the heat gains for the walls of the Great Hall can 

be seen below. As a sample calculation, only the CLTDbase and the heat gain for the north-

northeast wall of the Great Hall area will be shown. The north-northeast wall is considered to 

be a Group G wall with an overall summer time heat transfer value of 0.285 BTU/hr-ft2-°F. 

The heat gain results for the other three walls will be displayed in a table later in the section. 

 

Another important detail that was considered when using the CLTD Method to determine 

heat gains was the month and time of day that the HVAC system was designed for. For the 

purposes of the North Carolina History Education Center, a design condition for the month of 

August at 4 P.M. was used. 

 

To calculate the appropriate CLTDcorrected, the variables discussed above needed to be 

determined. Using ASHRAE’s Cooling Load Temperature Difference Method, determining 

these variables becomes quite simple. The CLTDbase can be found in Table 28 in Appendix B 

and was found to be 18. LM can be found in Table 29 in Appendix B and was found to be -

2.3. The indoor temperature design condition was stated earlier to be 72°F. The average 

temperature was calculated using the indoor design temperature of 72°F and the outdoor 
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design temperature of 91.4°F. The average temperature was found to be 81.7°F. From these 

variables the CLTDcorrected can now be determined. 

 

CLTDcorrected  = (26 + (-2.3)) + (78-72) + (81.7 – 85) 

    = 26.4°F 

 

Next, the solar heat gain of the north-northeast wall in the Great Hall was calculated using 

the previously stated solar heat gain equation. 

 

Wall Heat Gain = (0.285 BTU/hr-ft2-°F) x (1,440 ft2) x (26.4°F) 

   = 10,835 BTU/hr  

 

It is important to note that the area used in the previous equation does not include the area of 

the windows that are part of the corresponding wall. The following table shows the values 

necessary to calculate the Great Hall solar heat gains. 
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Table 9. Great Hall: Solar Heat Gain through Walls 

Wall 

Orientation 

Wall 

Type 

U-value1 

(BTU/hr-ft2-

°F) 

Area 

(ft2) 
CLTDcorrected 

Total 

Heat Gain 

(BTU/hr) 

NNE G 0.285 1,440 26.4 10,835 

ESE A 0.095 518 23 1,132 

SSW G 0.285 1,680 65 31,122 

WNW n/a n/a 0 n/a 0 

Totals     43,087 

 

 

The next area where heat gain needed to be calculated was the roof. Calculating heat gain for 

the roof was very similar to calculating the heat gain for the walls. However, there were some 

slight variations. For example, the Great Hall at the North Carolina History Education Center 

had a pitched metal roof. The angle of pitch was estimated to be roughly 45°. This gave the 

roof covering the Great Hall a total surface area of roughly 8,000 ft2. Also, since the roof was 

pitched it was exposed to the sun at different times. However, for the purposes of this report 

it is assumed that only one side of the roof is affected during the design condition of August 

at four o’clock p.m. In addition, the interior of the Great Hall did not have a drop down 

ceiling. These aspects can all be accounted for using the ASHRAE Fundamentals Handbook. 

Similar to determining the heat gains of the walls, a corrected CLTD must be calculated first. 

However, instead of using the CLTDbase for sunlit walls, CLTDbase for calculating cooling 

load from flat roofs was used. It should be noted that a table for flat roofs was used because 

calculated CLTDbase for pitched roofs was unavailable. As mentioned earlier, the Great Hall 

has a metal roof that does not have a drop ceiling. The CLTDbase can be found Table 30 in 

Appendix B assuming a roof number of 1. The CLTDbase for the Great Hall roof was found to 
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be 70. The LM variable was looked up in Table 29 in Appendix B and was found to be -1.8. 

The indoor temperature design condition was stated earlier to be 72°F. The average 

temperature was calculated using the indoor design temperature of 72°F and the outdoor 

design temperature of 91.4°F. The average temperature was found to be 81.7°F. From these 

variables the CLTDcorrected can now be determined. 

 

CLTDcorrected  = (70 + (-1.8)) + (78-72) + (81.7 – 85) 

    = 70.9°F 

 

Next, the heat gain of the Great Hall’s roof was calculated using the previously stated heat 

gain equation. The metal roof was determined to have an overall summer time heat transfer 

value of 0.121 BTU/hr-ft2-°F.  

 

Roof Heat Gain = (0.121 BTU/hr-ft2-°F) x (1/2) x (8,000 ft2) x (70.9°F) 

   = 34,316 BTU/hr 

 

The final type of heat gain that can affect buildings cooling loads are the heat gains through 

windows. To calculate heat gain due to fenestration the following equation can be used. 
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 Window Heat Gain = (Uwindow x A x CLTDwindow) + (A x SC x SHGF x CLF) 

Where, 

 Uwindow  = Overall heat transfer coefficient of the window, BTU/ hr-ft2-°F 

 A  = Surface area of the window 

 CLTDwindow = CLTD for conduction through glass, Table 31 in Appendix B 

 SC  = Shading Coefficient, assumed 0.19 

 SHGF  = Solar heat gain factor, Table 32 in Appendix B 

 CLF  = Space cooling load factor, Table 33 in Appendix B 

 

Continuing to use the example of the Great Hall, sample calculations for the heat gain of 

windows on the north-northeast side of the space were developed. These heat gain 

calculations will be displayed in a table later in the section. 

 

The windows in the Great Hall of the North Carolina History Education Center consist of 

two different types of windows. The windows along the north-northeast wall have an overall 

summer time heat transfer coefficient of 0.652 BTU/ hr-ft2-°F 

 

For all of the windows in the North Carolina History Education Center a CLTDwindow value of 

14 was used from Table 31 in Appendix B. Additionally, and assumed shading coefficient of 

0.19 was used for all windows. For the windows facing north-northeast in the Great Hall, the 

solar heat gain factor (SHGF) was found to be 75 from Table 32 in Appendix B. The cooling 
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load factor (CLF) was found to be 0.24 from Table 33 in Appendix B. Finally, now that all of 

these factors are known the heat gain of the north-northeast windows can be calculated. 

 

Window Heat Gain = (0.652 BTU/ hr-ft2-°F x 1,296 ft2 x 14)  

+ (1,296 ft2 x 0.19 x 75 x 0.24) 

    = 12,273 BTU/hr 

 

The following table shows the values necessary to calculate the Great Hall total heat gains 

through the windows. 

 

Table 10. Great Hall: Solar Heat Gain through Windows 

Wall 

Orientation 

U-value1 

(BTU/hr-

ft2-°F) 

Window 

Area 

(ft2) 

CLTDwindow SC SHGF CLF 

Total Heat 

Gain 

(BTU/hr) 

NNE 0.652 794 14 0.19 75 0.24 9,963 

ESE 0.657 500 14 0.19 212 0.28 10,238 

SSW 0.652 1,586 14 0.19 151 0.75 48,604 

WNW n/a 0 n/a n/a n/a n/a 0 

Totals       68,805 

 

 

5.1.1.2 Heat Gain from Ventilation 

Another type of heat gain that must be accounted for when determining the cooling load of a 

building is the heat gain due to ventilation. During the summer months whenever outside air 

is introduced to the air supply, it typically needs to be cooled and dehumidified. For the 

North Carolina History Education Center, hot outside air in the summer months is common. 
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The following equation can be used to determine the amount of heat gain contributed by the 

outside air that is brought into the system. 

 

 Vent. Heat Gain = �̇�∆ℎ 

Where, 

 �̇�  = Mass flow rate of air flow, CFM 

 ∆ℎ = Difference in indoor and outdoor enthalpy conditions, BTU/lb 

 

The maximum heat gain from ventilation had to be calculated to determine the cooling load 

of the Great Hall. The Great Hall requires a maximum ventilation of 1,693 CFM of air. To 

calculate the mass flow rate of the air, an assumed density of 0.074 lb/ft3 was used. The mass 

flow rate for the ventilation air was calculated as follows: 

  

Mass Flow Rate = (1,693 CFM x 0.074 lb/ft3 x 60 minutes/hr) 

    = 7,517 lbs/hr 

 

Once the ventilation air mass flow rate was determined, the enthalpy difference between the 

indoor and outdoor conditions needed to be found. The ventilation design condition of the 

Great Hall requires that 100% of the air in the space will be replaced by outside air at the 

design temperature condition of 91.4°F. This air then has to be dehumidified. To account for 

the dehumidification, the enthalpy of the outside air at the design condition was found to be 
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38.8 BTU/lb. For the North Carolina History Education Center, incoming air is typically 

cooled to 55°F or and enthalpy level of 23.2 BTU/lb for the purposes of dehumidification. 

Using the equation from above, the heat gain from outside air ventilation was calculated as 

follows: 

 

 Vent. Heat Gain = (7,517 lbs/hr) x (38.8 BTU/lb – 23.2 BTU/lb) 

    = 117,266 BTU/hr 

 

The overall heat gain from ventilation for the Great Hall was calculated to be 117,266 

BTU/hr. 

 

5.1.1.3 Heat Gain from People 

Heat gain from people is another type of cooling load that was considered when looking at 

the conditioned spaces within the North Carolina History Education Center. For the Great 

Hall it was assumed that occupants in this area would be standing and walking around. Using 

Table 34 in Appendix B the heat gain for the type of work the occupants in the Great Hall 

would doing was found to be 450 BTU/hr per adult male (Howell, Coad and Sauer, Jr.). The 

maximum total heat gain from people using the designed occupancy of the Great Hall was 

calculated as follows: 
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 People Heat Gain = (273 occupants) x (450 BTU/hr-occupant) 

    = 122,850 BTU/hr 

 

5.1.1.4 Heat Gain from Lights 

Lights are another type of heat gain that is considered when determining building cooling 

loads. The maximum heat gain that can be experienced from lights within a building would 

be if all of the lights in the building were on at one time. Therefore, for the design condition 

of the North Carolina History Education Center it was assumed that every light in the facility 

would be on. Based on data collected from the facility, the Great Hall had roughly 6.9 kW 

worth of light fixtures. This converts to 23,585 BTU/hr of lighting. 

 

5.1.1.5 Heat Gain from Equipment 

Heat gain from equipment can contribute to a large portion of the cooling loads in certain 

environments such as manufacturing. The term equipment encompasses any piece of 

machinery that may be contributing to the cooling load. This can include items such as ovens 

and air compressors, all the way to computer monitors and coffee makers. Virtually any item 

that produces heat can fall into this category of heat gain. 

 

The North Carolina History Education Center is a museum, and does not have large pieces of 

equipment such as air compressors within the conditioned spaces. However, computer 

monitors, printers, etc. all have to be accounted for when considering the heat gain from 
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equipment. Like the other areas of heat gain, the design condition assumes that all pieces of 

equipment within the given spaces are considered operating. Due to time constraints, an 

exact equipment survey was unable to be performed while at the facility. However, the Great 

Hall consisted of minimal equipment with the acceptation of a few monitors. So an 

equipment heat gain of 5,000 BTU/hr was used.  

 

5.1.1.6 Heat Gain from Infiltration 

Heat gain from infiltration is the last type of heat gain that is considered in the calculation of 

a building cooling load. Infiltration is air that flows in through the cracks of windows, doors, 

walls, and roofs due to negative pressure in the building. Air that infiltrates a building is 

unconditioned and unfiltered. To prevent infiltration, most buildings, especially in latitudes 

closer to the equator, will try to maintain a positive pressure. The North Carolina History 

Education Center typically has a positive net pressure for the building. Due to the building 

design it was assumed that there was negligible heat gain from infiltration. Therefore, the 

heat gain from infiltration in the Great Hall was calculated to be 0 BTU/hr. 

 

To complete the cooling load example of the Great Hall the cooling loads were added 

together. This calculation can be seen below. 
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 Cooling Load  = 43,087 BTU/hr + 34,316 BTU/hr + 68,805 BTU/hr 

     + 117,266 BTU/hr+ 122,850 BTU/hr + 23,585 BTU/hr 

     + 5,000 BTU/hr + 0 BTU/hr 

    = 414,909 BTU/hr / 12,000 BTU/hr-ton 

    = 34.6 tons 

 

The cooling load calculations for the other spaces in the facility can be viewed in Table 35 in 

Appendix C. It was discovered that at worst case conditions for the North Carolina History 

Education Center, roughly 301 tons of cooling was needed. The facility currently has two 

155 ton chillers totaling to 310 tons of cooling. In comparing these two numbers, it is 

appropriate to say that the cooling load model is reasonably accurate. The percent difference 

between the calculated cooling load and the installed chiller tonnage was calculated below. 

 

 % Difference  = [(301 tons – 310 tons) / 310 tons] x 100 

    = 2.9% 

 

The percent difference in the manual calculations above and the actual size of the chillers 

could be due to different methods of building load modeling. In addition, assumptions that 

were made could also attribute to the higher cooling load value obtain from the manual 

calculations. 
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5.1.2 North Carolina History Education Center Heating Loads 

Heating loads are the other type of building loads that are used to size the heat source related 

to the winter months. In calculating the heating loads for the North Carolina History 

Education Center, the building characteristics must once again be considered. The same 

building characteristics that were described in the previous section are suitable to use for the 

heating load calculation.  

 

With the building characteristics resolved, the next step in developing a proper heating load 

model was to select the appropriate outdoor design weather conditions. The design weather 

condition used for the heating loads utilizes weather data for the city of Jacksonville, North 

Carolina from ASHRAE’s Principles of HVAC book.  This time, 99% dry bulb temperature 

data was used as the design parameter for the heating loads model. This data represents the 

coldest day of the year when heating would be needed most in the facility. The 99% dry bulb 

temperature for Jacksonville, North Carolina was found to be 24.8°F (Howell, Coad and 

Sauer, Jr.). 

 

From data received from the facility, a winter time set point of 70°F was used for all 

conditioned spaces. The spaces that are considered can be viewed in Table 7 from the 

previous section. 
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In sizing the heating system of the building, it is necessary to determine the heat losses or 

heating loads. The design conditions for the North Carolina History Education Center require 

that the heating system must be able to heat the building to the temperature set point when 

the building is unoccupied. The heat losses that should be accounted for when modeling the 

design conditions are heat losses through walls, roofs, windows, and losses from incoming 

ventilation. All of these types of heat losses contribute to the heating load of the building. In 

the case of the North Carolina History Education Center these values were used to size 

boilers. 

 

5.1.2.1 Heat Losses through Walls 

When calculating the heat losses through a wall, the type of wall construction must be taken 

into consideration. An overall coefficient of heat transfer was determined and used in the 

following energy equation to calculate the heat losses.  

 

Wall Heat Loss = Ui x Ai x ∆T 

Where, 

 Ui = Overall heat transfer coefficient of the surface, BTU/hr-ft2-°F 

 Ai = Area of the surface, ft2 

 ∆T = Outside/Inside temperature difference, °F 
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It is important to note that the heat losses for this report are negative values to represent the 

difference between the outdoor temperature and the indoor temperature.  

 

As an example, sample heat loss calculations for the Great Hall’s north-northeast wall are 

shown below. The north-northeast wall is considered to be a Group G wall with an overall 

winter time heat transfer value of 0.292 BTU/hr-ft2-°F. The solar heat gain results for the 

other three walls will be displayed in a table later in the section. As mention earlier, the 

indoor temperature set point design condition was 70°F while the outdoor temperature design 

condition was 24.8°F. Using the previously stated wall area of 1,440 ft2, the north-northeast 

wall heat losses in the Great Hall was calculated as follows: 

 

Wall Heat Losses = (0.292 BTU/hr-ft2-°F) x (1,440 ft2) x (24.8°F – 70°F) 

   = -19,006 BTU/hr  

 

The following table shows the values necessary to calculate the Great Hall heat losses 

through the walls. 
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Table 11. Great Hall: Heat Losses through Walls 

Wall 

Orientation 

Wall 

Type 

U-value1 

(BTU/hr-ft2-

°F) 

Area 

(ft2) 

Temperature 

Difference 

(°F) 

Heat Loss 

(BTU/hr) 

NNE G 0.292 1,440 45.2 -19,006 

ESE A 0.094 518 45.2 -2,201 

SSW G 0.292 1,680 45.2 -22,173 

WNW n/a n/a 0 n/a 0 

Totals     -43,378 

 

 

5.1.2.2 Heat Losses through Roofs 

The next area where heat losses needed to be calculated was the roof. Calculating heat losses 

for the roof was very similar to calculating the heat losses for the walls. The Great Hall at the 

North Carolina History Education Center had a pitched metal roof. The angle of pitch was 

estimated to be roughly 45°. This gave the roof covering the Great Hall a total surface area of 

roughly 8,000 ft2. In addition, the interior of the Great Hall did not have a drop down ceiling. 

 

The metal roof of the Great Hall can be considered a number 1 roof type. Mentioned earlier, 

the indoor temperature set point design condition was 70°F while the outdoor temperature 

design condition was 24.8°F. The metal roof was determined to have an overall summer time 

heat transfer value of 0.122 BTU/hr-ft2-°F. From these variables the heat loss through the 

roof can now be determined. 

 

Roof Heat Loss = (0.122 BTU/hr-ft2-°F) x (8,000 ft2) x (24.8°F – 70°F) 

   = -44,115 BTU/hr 
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5.1.2.3 Heat Losses through Windows 

The final type of heat loss that can affect a building’s heating loads is heat loss through 

windows. The heat loss through windows can be calculated using the same equation that was 

used to calculate the heat losses for walls and roofs. Continuing to use the example of the 

Great Hall, sample calculations for the heat losses through the windows on the north-

northeast side of the space are shown below. The solar heat gains for the other sides of the 

building will be displayed in a table later in the section. 

 

The windows in the Great Hall of the North Carolina History Education Center consist of 

two different types of windows. The windows along the north-northeast wall have an overall 

summer time heat transfer coefficient of 0.652 BTU/ hr-ft2-°F. Knowing all of these factors 

allows the heat losses from the north-northeast windows to be calculated as follows: 

 

Window Heat Loss = 0.652 BTU/ hr-ft2-°F x 1,296 ft2 x (24.8°F – 70°F) 

    = -38,193 BTU/hr 

 

The following table shows the values necessary to calculate the Great Hall solar heat gains 

through the windows. 
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Table 12. Great Hall: Heat Losses through Windows 

Wall 

Orientation 

U-value1 

(BTU/hr-ft2-

°F) 

Window 

Area 

(ft2) 

Temperature 

Difference 

(°F) 

Heat 

Loss 

(BTU/hr) 

NNE 0.652 794 45.2 -23,399 

ESE 0.657 500 45.2 -14,848 

SSW 0.652 1,586 45.2 -46,740 

WNW n/a 0 n/a 0 

Totals    -84,988 

 

 

5.1.2.4 Heat Losses by Ventilation 

Another type of heat loss that must be accounted for when determining the heating load of a 

building is the heat loss due to ventilation. During the winter months whenever outside air is 

introduced to the air supply it typically needs to be heated. In some cases, such as the exhibit 

halls, the air must also be humidified. However, since humidity in the Great Hall is not 

controlled during the winter months the following equation can be used to determine the heat 

loss due to ventilation. 

 

 Vent. Heat Loss = 1.1 x (CFM) x (∆T) 

Where, 

 CFM  = Minimum volumetric flow of the outside air, CFM 

 ∆T = Difference in outside air temp. and supply temp., °F 

 

It is worth noting that the minimum volumetric flow of outside air is used because the design 

condition for the building states that spaces are unoccupied. Therefore, only the ventilation 
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required for the area of the room is necessary. The ventilation typically required for people 

within the room can be ignored. 

 

The Great Hall requires a minimum ventilation of 328 CFM of air when the space is 

unoccupied. Using the equation from above, the heat loss from outside air ventilation was 

calculated as follows: 

 

 Vent. Heat Losses = 1.1 x (328 CFM) x (24.8°F - 70°F) 

    = 16,309 BTU/hr 

 

5.1.2.5 Heat Losses by Infiltration 

One final type of heat losses that occurs within a building is the heat loss due to infiltrating 

outside air. This type of heat loss will occur through the opening of doors, leaking windows, 

and even cracks in the roof or the walls. For this calculation a rule of thumb of 0.6 CFM of 

infiltration per square foot of the floor area was used. Using an equation similar to the 

ventilation heat loss equation, the heat loss due to infiltration could be calculated. 

 

 Infilt. Heat Loss = 1.1 x 0.6 CFM/ft2 x A x (∆T) 

Where, 

 A  = Floor area of the room, ft2 

 ∆T = Difference in outside air temp. and supply temp., °F 
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The Great Hall requires has a floor area of 5,467 ft2. Using the equation from above, the heat 

losses from infiltration was calculated as follows: 

 

 Infilt. Heat Losses = 1.1 x 0.6 CFM/ft2 x 5,467 ft2 x (24.8°F - 70°F) 

    = -163,094 BTU/hr 

 

To complete the heating load example of the Great Hall the heating loads were added 

together. This calculation can be seen below. 

 

 Heating Load  = (-43,378 BTU/hr) + (-44,115 BTU/hr) 

+ (-84,988 BTU/hr) + (-16,309 BTU/hr)  

 + (-163,094 BTU/hr) 

    = -351,885 BTU/hr / 33,475 BTU/hr-boiler hp 

    = 10.5 boiler hp 

 

The heating load calculations for the other spaces in the facility can be viewed in Table 36 in 

Appendix C. It was computed that at worst case conditions for the North Carolina History 

Education Center, roughly -2,337,741 BTU/hr (2.338 MMBTU/hr) or 69.8 boiler horsepower 

(BHP) of heating was needed. The facility currently has two 1.22 MMBTU/hr hot water 

boilers totaling 2.44 MMBTU/hr or 73 boiler horsepower of heating. In comparing these two 

numbers it is appropriate to say that the heating load model supports the purchase of these 
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boilers. The percent difference between the calculated heating load and the installed boiler 

horsepower was calculated below. 

 

 % Difference  = [(2.338 BTU – 2.44 MMBTU/hr)  

/ 2.44 MMBTU/hr] x 100 

    = 4.2%  

 

A summary of both the heating and cooling loads can be viewed in the following table 

. 

Table 13. Great Hall: Summary of Building Loads Calculations 

AHU 
Heat Load Unocc. Heat Load Occ. Cool Load 

BTU/Hr BTU/Hr BTU/Hr Tons 

1 -244,947 -102,325 312,676 26.1 

2 -158,583 -50,059 243,300 20.3 

3 -235,755 61,182 491,791 41.0 

4 -232,377 -88,766 332,705 27.7 

5 -792,734 -228,905 1,385,974 115.5 

6 -150,148 7,873 402,990 33.6 

7 -101,105 -54,876 128,856 10.7 

other -422,091 -198,306 317,400 26.4 

Totals -2,337,741 -654,182 3,615,692 301 

 

 

The table above splits the respective heating and cooling loads up by the respective air 

handling units. It can be seen that air handling unit 5 accounts for most of the heat and 

cooling need throughout the facility. This is expected due to the fact that areas like the Great 

Hall, Catering, and the Gift Shop areas are controlled with AHU-5. Additionally, it should be 
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noted that the row that is categorized as “other” is representative of the loads in areas such as 

computer rooms and mechanical rooms housing the air handling units. The climates of these 

rooms are controlled by the fan coil units and the precision air conditioners (PAC) that are 

located inside each respective rooms. 

 

5.2 Carrier Hourly Analysis Program Model 

The Carrier Hourly Analysis Program (HAP) was used to simulate, as accurately as possible, 

the North Carolina History Education Center’s energy use throughout the year. Furthermore, 

a projected model of the buildings energy use was developed and will be discussed in a later 

section of this report. The projected model represents implemented recommendations that are 

expected to improve the efficiency of the building.  

 

5.2.1 Creating the Model 

Carrier HAP has the ability to model different components of a given building to create an 

annual energy use model. Items such as weather data, spaces/zones, and the building’s 

mechanical/control systems all play a role in the model that is generated by the software. 

 

5.2.1.1 Weather Data 

The first thing to consider when developing the Carrier HAP model is where the building is 

located. As mentioned earlier the North Carolina History Education Center is located in New 

Bern, North Carolina. The weather data for the city of New Bern was unable to be used 
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because it was not part Carrier HAP’s database of weather information. However, due to 

similar coastal conditions, weather data for the city of Wilmington, North Carolina was able 

to be used. This is not to be confused with the weather data for Jacksonville, North Carolina 

that was used for the manual calculations. After selecting the weather data for the model, the 

next step was to create the spaces that exist within the building. 

 

5.2.1.2 Spaces 

Similar to identifying the spaces for the manual calculations done in Excel, the spaces that 

were created for the Carrier HAP model can be found in Table 7. When creating a space in 

Carrier HAP many things are considered. The first item that was accounted for was the floor 

area of the room. The floor area was used to determine the square footage of the facility 

being modeled. From here, the internal loads of the building were identified. The internal 

loads of the building included lighting, occupancy, electrical equipment, and any other 

miscellaneous loads that may exist in the space. Next, the exterior wall types and roof types 

were identified and created within the program. Along with the walls and the roofs, any 

doors or windows that may exist in the space were created. Finally, the floor type of the 

building was specified. Using all of these components, the space was then saved and could 

now be connected to a specified zone and system. 

 



139 

 

 

 

 

5.2.1.3 Systems 

Within the Carrier HAP program, an air system is representative of the equipment controls 

that are used to condition the specified zones within a building. For the North Carolina 

History Education Center, the systems that were created are representative of the equipment 

and controls specified in section 4.3 and 4.4, respectively. The following table shows the 

systems that were created and the description of how each system was modeled based on the 

best available options from the Carrier HAP program.  

 

Table 14. Air Systems and Descriptions Created in Carrier HAP Program 

Unit Descriptions 

AHU-1 Constant volume system supplying a single zone 

AHU-2 Constant volume system supplying a single zone 

AHU-3 Constant volume system supplying multiple zones 

AHU-4 Variable volume system supplying multiple zones 

AHU-5 Variable volume system supplying multiple zones 

AHU-6 Variable volume system supplying multiple zones 

AHU-7 Constant volume system supplying a single zone 

KMU-1 Constant volume system supplying a single zone 

PAC-1 Constant volume system with tempering ventilation 

PAC-2 Constant volume system with tempering ventilation 

FCU-1 Constant volume system with tempering ventilation 

FCU-2 Constant volume system with tempering ventilation 

FCU-3 Constant volume system with tempering ventilation 

 

 

To simulate the control sequences for each of these systems, the best available control 

options were used to represent the sequences dictated by the control system as-builts and the 

commissioning reports obtained from the facility. Finally, each system was specified to 
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operate the heating and cooling modes by a hot water system and a chilled water system, 

respectively.  

 

5.2.1.4 Plants 

The plants component of the Carrier HAP program accounts for the heating and cooling 

source equipment that exists within the building. The North Carolina History Education 

Center currently has two 155 ton chillers that support a chilled water system and two natural 

gas hot water boilers that support a hot water system. To simulate the chilled water plant and 

the hot water plant in the North Carolina History Education Center, information from the 

chiller and boiler was used. The sequence of operations from the control system as-builts for 

both the chilled water system and the hot water were also represented as accurately as 

possible given the limitations of the Carrier HAP program. 

 

Other aspects of the North Carolina History Education Center included items such as load 

and thermostat scheduling, shading on windows/doors, and the types of doors and windows 

within the facility. In addition, the electric and natural gas rate schedules discussed in section 

4.1 were used in the Carrier HAP program in hopes to provide reasonably accurate simulated 

energy costs. 

 

Once the plants component for the North Carolina History Education Center was simulated, 

the spaces, systems and plants could now all be connected to a building model. The building 
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model was then simulated based on the weather data and specified electrical and natural gas 

rates to obtain the energy model. 

 

5.2. Energy Analysis Results 

After inputting all of the necessary data, a simulation of the North Carolina History 

Education Center could be modeled. The results of the building model simulation from the 

Carrier HAP program were useful; however, due to the limitations of the Carrier HAP 

program, an entirely accurate model could not be generated. More specifically, the model 

was unable to project a natural gas usage comparable to the building’s actual natural gas use. 

Within the North Carolina History Education Center, natural gas is used for heating during 

the winter time and reheat during transition months and the summer time. Additionally, 

natural gas is used in the Catering and Café areas for kitchen appliances; however these items 

are expected to be only a small percentage of the natural gas use. The control sequences for 

the HVAC system calls for outside air to enter the system during months of high humidity. 

This will require large amounts of energy to dehumidify the incoming outside air while also 

requiring a large amount of reheat (natural gas use) to increase the temperature of the supply 

air to specified levels. These actions were represented as accurately as possible; however, the 

Carrier HAP program was unable to completely embody the almost overlapping humidity set 

points of the reheat control action that was present in the facility’s HVAC system. Below are 

the energy use and results from the Carrier HAP model. 
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Table 15. North Carolina History Education Center Energy Use Simulation, Carrier HAP 

Month 

Energy 

Use 

(kWh) 

Energy 

Cost 

Demand 

(kW) 

Demand 

Cost 

Natural 

Gas Use 

(Therms) 

Natural 

Gas 

Cost 

Additional 

Charges 

Overall 

Cost 

Jan 109,140 $10,510 316 $3,409 4,952 $4,076 $445 $18,440 

Feb 93,216 $8,977 329 $3,547 3,859 $3,176 $404 $16,103 

Mar 118,493 $11,411 321 $3,457 3,255 $2,678 $474 $18,020 

Apr 134,575 $12,960 410 $4,418 3,121 $2,569 $549 $20,495 

May 185,811 $17,894 428 $4,613 4,453 $3,665 $703 $26,874 

Jun 221,073 $21,289 495 $5,332 5,276 $4,342 $826 $31,789 

Jul 259,575 $24,997 478 $5,157 6,623 $5,451 $932 $36,537 

Aug 253,713 $24,433 483 $5,206 6,506 $5,355 $917 $35,910 

Sep 213,041 $20,516 451 $4,856 5,636 $4,638 $789 $30,799 

Oct 161,416 $15,544 421 $4,542 4,051 $3,334 $630 $24,050 

Nov 127,789 $12,306 340 $3,663 3,782 $3,112 $507 $19,588 

Dec 106,826 $10,287 330 $3,557 4,103 $3,377 $443 $17,665 

Totals 1,984,668 $191,124 4,801 $51,756 55,617 $45,773 $7,619 $296,271 

 

 

 

Figure 59. Simulated Energy Use, Carrier HAP 
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Figure 60. Simulated Energy Cost, Carrier HAP 

 

From the table above, it can be seen that the energy costs and natural gas costs are slightly 

lower than that of Figure 46 in section 4.1. As mentioned before, this is due to Carrier HAP’s 

inability to properly simulate the amount of reheat that is occurring in the facility. 

 

The inputs from this model were used as a basis to create the projected model that will be 

discussed later in this report. The projected model considers recommendations that will 

improve the efficiency of the current HVAC system and provide significant energy and cost 
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5.3 Collected Chiller Data 

Data from the two 155 ton chillers was collected over a period from July 16, 2014 to August 

15, 2014. To obtain the data from the chillers HOBOware current transducers and data 

loggers were installed on each of the chillers. Over the next month the current transducers 

were able to detect the current that the chillers were drawing. The transducers then sent the 

data to the loggers where it was saved until time for readout. The HOBOware loggers were 

programmed to collect current readings every twenty seconds. The following figures depict 

the type of current transducers and loggers that were used. 

 

 

Figure 61. Current Transducer 



145 

 

 

 

 

 

Figure 62. HOBOware Data Logger 

 

At the end of the collection period, the loggers were gathered and taken back to the lab for 

analysis. The raw data taken from each logger displayed two items. The first item is a time 

stamp that shows exactly what time the current reading was taken. The second item that the 

data loggers displayed was the actual current reading from the chillers. Sample data from 

Chiller 1 can be viewed in Appendix F.  

 

The desired outcome from obtaining the chiller data was to determine the actual refrigeration 

tons that the chiller is using at a given time. This can be done by converting the current 

(amps) readings to power (kW). The following equation was used for this conversion. 
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Power  = (V) x (√3) x (I) x (PF) 

Where, 

 V = Operation voltage of the building, Volts 

 I = Current reading from the data loggers, Amps 

 PF = Power factor of the chillers 

 

NOTE: The square root of the three terms represents three phase power.  

 

The chillers operate on three phase power with an incoming line voltage of 460 Volts. A 

sample calculation for the day of July 16, 2014 at twelve P.M. is shown below.  

  

Power  = (460 Volts) x (√3) x (102.481 Amps) x (0.9) 

   = 73,486 Watts = 73.5 kW 

 

Once the power draw was determined for the chillers, a conversion was made to obtain the 

refrigeration tons. For air cooled chillers, typically efficiency factors can range between 0.9 

and 1.2 kW/ton depending on the load of the chiller. The following table shows the 

performance map of one of the 155 ton chillers at the North Carolina History Education 

Center. 
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Table 16. Chiller Performance Data 

Chiller Capacity Efficiency 

100% 1.080 

90% 0.957 

80% 0.957 

70% 0.970 

60% 1.046 

50% 1.069 

40% 1.099 

30% 1.235 

<20% 1.284 

 

 

To determine the chiller capacity the logged chiller data was compared to the rated full load 

power input from the chiller specifications. This full load power input was found to be 155.7 

kW. Continuing the example from above the chiller capacity was calculated as follows. 

 

 Chiller Capacity = 73.5 kW / 155.7 kW 

    = 47% 

 

From the data collected it was observed that the two chillers would fluctuate between full 

load and partial load. Therefore, the efficiency of the chiller would vary according the 

performance data listed in the previous table. The varying efficiencies were accounted for 

when calculating the refrigeration tonnages in the chiller analysis. Continuing the sample 

calculation, by interpolating for the chiller efficiency at a capacity of 47%, the refrigeration 

tonnage was calculated as follows: 
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Refrig. Tonnage = 73.5 kW / 1.078 kW/ton 

    = 68.2 tons 

 

The following figure displays the calculated refrigeration tonnage from the data collected for 

July 22, 2014.  
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Figure 63. Collected Chiller Data 
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This day was selected to show how the chillers operate on very hot days. As can be seen 

from the data collected, Chiller 1 (CH-1) is the lag chiller while Chiller (CH-2) is the lead 

chiller. In addition to the plots of chillers 1 and 2, a plot of the combined chiller load has also 

been included. 

 

From 12 A.M. on July 22 to roughly 6 A.M. it seems that the chillers were operating as per 

the control sequences. It can be seen that as Chiller 2 reached roughly 95% load, the lag 

chiller comes online. As time moves beyond 6 A.M. both chillers continue to run. The 

combined cooling load of the chillers steadily increases from 180 tons to 220 tons until 

roughly 2 P.M. At this point, Chiller 1 unloads completely and Chiller 2 ramps up to full 

load. This is strange because, typically, as the day sun goes down the load of the chiller will 

reduce. However, according to the data for the day given above, Chiller 2 continues to run at 

nearly full load for the rest of the day. 

 

As mentioned earlier the North Carolina History Education Center has operation hours 

between 8 A.M. and 5 P.M. With that information, it is important to understand why the 

chillers are operating at such high loads during the non-operation hours. All of the building’s 

HVAC equipment uses chilled water in some capacity. This includes the FCU-1, FCU-2, 

FCU-3, PAC1, and PAC-2. More specifically, PAC-2 which is located in Control Room 131 

is used to cool the computer equipment within that area.  It was confirmed by facility 

employees that the PAC-2 has to continuously run (24/7) to maintain the room temperature 
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within Control Room 131. Due to the fact the Control Room 131 is an interior space on the 

first floor, it is assumed that outside conditions do not affect the inside environment of the 

room. As a result of this assumption, the cooling load of the PAC-2 unit can be considered 

constant. This means that the chiller’s base load will always be dictated by the PAC-2 unit. 

The PAC-2 unit is sized to provide a maximum cooling of 7.5 tons. This means that one of 

the 155 ton chillers is always loaded with at least 7.5 tons of cooling (i.e. 5% loaded), even in 

the winter months.  

 

The following analysis shows the cost of running the chillers based on the data collected over 

a period of time from July 16, 2014, starting at 12 PM, to August 15, 2014, ending at 12 PM. 

A graphical representation of this data can be seen in Appendix F. Due to the fact that the 

data collected was during the given summer months of July and August, it is safe to assume 

that this would be the worst case scenario for the chillers running. The data loggers that were 

used collected snapshots of the current draw from the chillers every twenty seconds over that 

time period. Using the power equation that was mentioned earlier in this section the power 

draw for each snapshot was able to be determined. 

 

From section 4.1, it was calculated that the facility currently pays an energy rate of 

$0.0963/kWh and a demand charge of $10.78/kW. To calculate the energy cost to run the 

chillers it was first necessary to determine the energy use by the chillers. This was done using 

the following equation. 
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 Energy Use =  P x (Hours) 

Where, 

 P = Average power draw of the chiller over the logging period, 162.7 kW 

 Hours = Operation hours of the chiller during the logging period, 647 hrs 

 

The energy use of the facility over the logging period was calculated as follows: 

 

Energy Use = 162.7 kW x 647 hours 

  = 105,210 kWh 

 

Next, the energy cost was calculated by multiplying the Energy use by the energy rate of 

$0.0963. This calculation is shown as follows: 

 

 Energy Cost = 105,210 kWh x $0.0943/kWh 

   = $10,132 

 

Next, to calculate the demand charge of chillers it was important to understand how the peak 

demand was determined. From the rate schedule that the North Carolina History Education 

Center is on, peak demand is set by the largest 15 minute demand average over the course of 

the bill cycle (i.e. 1 month). Peak demand is set by the entire demand load of the facility. 

However, since the facility’s chillers have a large varying load, it can be assumed that when 
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the chillers have a peak power draw, the facility’s peak demand will be set. The demand 

charge is calculated as follows 

 

 Demand Charge =  Peak Demand x Demand Charge 

 

From the analysis of the chiller data, it was calculated that the peak demand set by both 

chillers during the given time period was 257 kW. This peak load was set on July 24 between 

12:25 P.M. and 12:40 P.M. The demand charge was calculated as follows: 

 

 Demand Charge = 257 kW x $10.78/kW 

    = $2,771 

 

The overall cost of energy and demand for the monthly data is shown in the following 

equation. 

 

 Overall Cost  = $10,132 + $2,771 

    = $12,903 

 

It should be noted that all of these values are low end estimates of the energy and demand 

costs associated with running the chiller. The reason being is because the data loggers are 

only able to provide a snapshot of the power draw every 20 seconds. A more accurate 
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analysis could be done using real time data that is captured over a smaller time window (i.e. 

every 1 second). However, this analysis provides reasonably accurate results that could be 

used for different months of the year. Additionally, the time period that the data was 

collected was in the middle of the facility’s July billing cycle and overlapped with the August 

billing cycle. However, the estimated energy cost to run the chiller is still reasonably 

accurate. 

 

Comparing the calculated chiller operation cost of $12,903 to the energy bills for the months 

of July and August in Figure 46 from section 4.1, it can be seen that the cost to operate the 

chiller was more than half of the energy bill. During the summer months, such as the 

example given above, this was not completely uncommon. However, the fact that the chiller 

has to run in the winter time to maintain the set point conditions of the Control Room 131 is 

not an ideal situation. Therefore, it is recommended that alternative measures be taken to 

reduce the energy use of the chiller throughout the year.  
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Chapter 6: Recommend Actions and Savings  

The following chapter will provide information on the problems the North Carolina History 

Education Center is currently facing. Furthermore, this chapter will provide energy saving 

recommendations that will allow the facility to operate more efficiently in the future. 

However, before determining energy and cost savings, it is important to understand the issues 

that are causing the HVAC system to operate inefficiently.  

 

6.1 Issues to Address 

A fundamental understanding of each of these issues will provide quality insight on why 

changes should be made to the current system and what the best alternatives for the facility 

are. 

 

6.1.1 Air Side Economizer Use 

An air side economizer is used by air handling units to reduce energy use throughout the fall 

and spring months. These devices work on the principle that the outside air has a lower 

temperature or enthalpy value than the return air coming from the space; therefore, cooler 

outside air is used to dehumidify and cool the return air will allow the chillers to operate less, 

in turn, reducing energy use. 
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Currently, the North Carolina History Education Center is using economizers on some of 

their air handling units. However, AHUs 1, 2 and 4 are currently unable to utilize this free 

cooling because a single outside air duct is being used to provide air to all three of these air 

handling units. This is not a problem during the summer and winter months of the year when 

incoming, outside air flow is relatively low. However, when opportunities for economizing 

are available during the fall and spring months, this duct is too small to provide the 

appropriate amount of outside air that will save energy for the facility.  

 

The cross sectional area of the duct that is providing outside air to AHUs 1, 2, and 4 is 32” x 

20”. By increasing the size of this duct, the economizer settings on each of the air handling 

units can be utilized. If this duct size were increased, energy savings could be realized in the 

form of a reduced chiller operation during the fall and spring months. 

 

6.1.2 Humidification and Dehumidification Dead Bands 

Through observation of AHUs 1 and 7 by means of the Facility Explorer, it has been noted 

that on days where the outdoor air temperature is roughly 70 to 75°F, there are periods of 

time when these air handlers will be dehumidifying and humidifying at the same time. This 

issue is a result of small overlapping humidification and dehumidification dead bands that 

have been defined by the control sequences. As a result, the facility is experiencing 

extremely high energy use on days when there should be minimal energy use.  
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By examining the excerpt from the control sequence for air handling unit 1, the 

humidification and dehumidification control action can be understood. Sequence numbers 7 

and 8 state: 

 

7. UPON SENSING A RETURN AIR RELATIVE HUMIDITY ABOVE 49% RH (ADJUSTABLE), 

THE NORMAL COOLING COIL DISCHARGE TEMPERATURE SETPOINT SHALL BE 

OVERRIDDEN, AND VARIED BETWEEN THE NORMAL SETPOINT AND 49°F 

(ADJUSTABLE) TO MAINTAIN A RETURN AIR RELATIVE HUMIDITY SETPOINT OF 47.5% 

RH (ADJUSTABLE).  UPON SENSING A RETURN AIR RELATIVE HUMIDITY BELOW 46% 

RH RELEASE THE OVERRIDE AND ACTIVATE THE HUMIDIFICATION SEQUENCE. 

 

8. UPON A CALL FOR HUMIDIFICATION, ACTIVATE THE ELECTRIC BOILER.  THE 

HUMIDIFIER CONTROL VALVE SHALL REMAIN CLOSED.  AFTER 5 MINUTES 

(ADJUSTABLE), MODULATE THE HUMIDIFIER CONTROL VALVE TO MAINTAIN THE 

SYSTEM DISCHARGE RELATIVE HUMIDITY SETPOINT.  UPON SENSING A RETURN AIR 

RELATIVE HUMIDITY ABOVE 50% RH (ADJUSTABLE), THE HUMIDIFIER AND ELECTRIC 

BOILER SHALL BE DEACTIVATED.  

 

From control sequence number 7, a call for dehumidification from the air handler will occur 

when the return air relative humidity is at 49%. However, in control sequence number 8, it 

can be seen that once humidification begins at a return air relative humidity of 46%, the 

humidification dead band does not end until the return air has a relative humidity of 50%. 

This can be represented visually in the following figure. 
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Figure 64. Humidification and Dehumidification Dead Bands for AHUs 1 and 7 

 

When looking at the figure, it should be noted that the humidification sequence will begin at 

a return air relative humidity of 46%. This humidification sequence will continue until a 

return air relative humidity of 50% is reached. However, as the return air relative humidity 

reaches 49%, the dehumidification control will initiate. This creates a fighting action between 

the humidification and dehumidification control actions. In other words, the air handler will 

be humidifying air and dehumidifying air at the same time. This is a huge issue that has 

resulted in the facility spending a lot more money on energy than necessary. 

 

Air handling unit 1 provides heating and cooling to the Region History Museum area while 

AHU-7 provides heating and cooling to the Special Exhibits (Duffy) area. Currently, the 

relative humidity dead band for both of these units is set between 46 and 49% with a set point 
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of 47.5% relative humidity. As a result of this small dead band, the electric boiler used for 

humidification and the chillers which are used for dehumidification are not given the ability 

to float or coast. This means that the electric boiler and the chillers are always primed to 

humidify or dehumidify, respectively.  

 

The current relative humidity dead bands were put into place to meet Smithsonian museum 

environment requirements. Through research, it was discovered that, as of 2004, Smithsonian 

museum exhibits may exist in a space that is 70°F +/- 4°F at a relative humidity of 45% +/- 

8%, (Smithsonian). Therefore, it was recommended that this relative humidity dead band be 

widened to better embody the 2004 Smithsonian requirements. Additionally, it may be 

beneficial to measure relative humidity within the space as opposed to measuring the relative 

humidity of the return air in the duct. 

 

6.1.3 Occupancy and Throttling Dead Bands on Thermostats 

From observation of the Facility Explorer during the night time, the air handling units are 

consistently operating in occupied mode. This is very inefficient because not only are the air 

handlers working harder to cool or heat during the night time, but they are continuing to 

humidify and dehumidify via the control sequences. If occupancy scheduling was correctly 

implemented, proper setback controls on thermostats could be used to save energy. 
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Also, from the control sequences it was noted that many areas that are not displaying exhibits 

are being controlled as if they were museum areas. Treating these spaces as non-exhibit areas 

will allow for the thermostats to have wider throttling ranges, allowing the chillers/boilers to 

coast during dead bands. Furthermore, the setbacks on the thermostats can accommodate a 

larger range instead of maintaining a single temperature set point at night. 

 

6.1.4 PAC-2 Unit in Control Room 131 

Another issue that was mentioned earlier involves the operation of the chillers to support the 

PAC-2 unit’s year round cooling of Control Room 131. If the chiller is operating between 

80% and 100% loaded, supporting the PAC-2 unit is not necessarily a problem. However, the 

operation of the chiller does become a problem during the winter months when the chiller 

may be operating at loads as low as 20% or less. This is due to the fact that the chiller is 

operating under load/unload controls. This means that when an “oversized” 155 ton chiller is 

providing cooling to a 7.5 ton cooling load, more energy is being used than if a properly 

sized unit were doing the work. During the winter months only 7.5 tons of cooling is needed 

for Control Room 131. Since the chillers are both 155 tons, and the PAC-2 unit only provides 

7.5 tons of cooling, it is likely that using a small dedicated DX unit in Control Room 131 

would be more effective.  
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6.1.5 Lighting 

In many areas of the facility, halogen lighting is being utilized. It was recommended that 

these types of lights be replaced with LED fixtures. This will help reduce energy use 

throughout the year and reducing maintenance costs over the course of the lamp’s lifetime. It 

has been noted that facility employees have already begun retrofitting some of the halogen 

lamps with compact fluorescent lamps; therefore, the energy cost savings associated with 

these types of lamps was shown in addition to the LED energy and cost savings. 

 

Furthermore, it was observed that programmable dimmers in certain areas of the facility are 

being utilized in some capacity. These dimmers are useful during the day time when sunlight 

experienced through windows is sufficient. However, additional information provided by 

employees indicated that not all of these dimmers were being used. It was recommended that 

programmable dimmers be used in areas that are currently not utilizing them.  

 

6.2 Recommendations 

This section provides detailed descriptions of the recommendations identified at the North 

Carolina History Education Center.  Calculations are included to show how energy and cost 

savings were determined.  The cost savings for a given recommendation do not depend on 

the implementation of other recommendations, unless otherwise noted. 
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Recommendation No. 1 - Implement Changes Represented in the Carrier HAP 

Energy Model 

 

Recommended Actions 

Implement changes to mechanical systems and control systems to improve the overall 

efficiency of the facility’s HVAC system. Savings are representative of values obtained from 

the Carrier Hourly Analysis Program. 

 

 Estimated Energy Savings  = 612,767 kWh/yr. 

 Estimated Natural Gas Savings = 4,184 MMBTU/yr. 

 Estimated Cost Savings  = $82,295/yr. 

 Estimated Implementation Cost = $65,000/yr. 

 Payback Period   = 10 months 

 

Background 

As previously mentioned the current outside air duct for AHUs 1, 2, and 4 is too small to 

provide adequate air flow for economizing. This issue is considered a mechanical systems 

problem, as it deals with a physical aspect of the duct work. 

 

To model the economizers within the Carrier HAP program, two items needed to be specified 

for each air handling unit. The first item that needed to be identified was the type of 

economizer control that would be used for the air handlers. It was determined that the best 
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type of economizer control would be an enthalpy sensor because the spaces in question are 

trying to maintain humidity and a temperature. The second item that needed to be specified 

was the enthalpy at which economizing controls would open the outside air damper. 

Economizing should begin when the outdoor air enthalpy is between 22.5 BTU/lb (55°F, 

90% RH), the supply air temperature, and 25 BTU/lb (70°F, 47.5% RH), the room 

temperature. At this point all of the return air will be exhausted outside and the unit will draw 

in and condition the cooler outdoor air, reducing chiller power.  When the outdoor 

temperature is below about 22.5 BTU/lb, return air and outdoor air are mixed to obtain a 

supply air condition of 55°F, 90% RH without the need for chiller power. The run time of the 

compressor in the chiller can then be reduced, in turn saving energy. 

 

In addition to upsizing the outside air duct, changes to the control sequences were also 

represented within the projected building model that was simulated by the Carrier HAP 

program. The first change was to adjust the relative humidity dead bands for all of the spaces 

within the facility. Second, changes to the occupancy scheduling and throttling of the 

thermostats were also modeled to reduce energy use within the building.  

 

The spaces being supplied by air handling units 1, 2, and 7 have humidity set points of 47.5% 

with a throttling range of +/- 1.5%. Respectively, these air handlers supply the Regional 

History Museum (AHU-1), the Pepsi Center (AHU-2), and the Special Exhibits (Duffy), 

(AHU-7) areas. Of these areas the Regional History Center and the Special Exhibits (Duffy) 
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are the only spaces that requires Smithsonian standard environmental control. However, after 

reviewing the control sequences for AHU-2 it was discovered that the Pepsi Center is also 

controlled per the Smithsonian standards. For the purposes of the building model, the dead 

bands for air handling units 1 and 7 were adjusted to operate a throttling range of +/- 5% 

(42.7% RH to 52.7% RH). By doing this the chillers, which are used for dehumidification, 

and the electric boiler that is used for humidification will be able to remain off for longer 

periods of time without sacrificing the environmental quality of the exhibit areas. 

Additionally, the air handling unit 2 relative humidity control set point of 47.5% was 

readjusted 55% RH. This set point was selected because this is the set point used in other 

areas of the facility that do not require critical humidity control. 

 

The final adjustment in the projected building model that was made involved the occupancy 

scheduling and the throttling ranges of the thermostats. Initially, based on observations made 

from the Facility Explorer, all of the air handling units are operating as “occupied” 

throughout the night. This means that the chillers and the natural gas boilers are operating at 

high loads during times when they should be either operating at low loads or completely shut 

off. Furthermore, adjusting the setback throttling temperatures was also represented within 

the model to account for more energy savings. The following table represents the thermostat 

adjustments that were made for the projected building model. 
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Table 17. Thermostat Adjustments Represented in the Carrier HAP Model 

Unit 

Thermostats 
Occupied Time 

Summer 

Setback 

Winter 

Setback 

AHU-1 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
74°F 66°F 

AHU-2 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
80°F 60°F 

AHU-3 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
80°F 60°F 

AHU-4 
6AM-8PM 

(Mon.-Fri.) 

10AM-8PM 

(Sat & Sun.) 
80°F 60°F 

AHU-5 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
80°F 60°F 

AHU-6 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
80°F 60°F 

AHU-7 
6AM-8PM 

(Mon.-Sat.) 

10AM-8PM 

(Sun.) 
74°F 66°F 

 

 

By representing all of the aforementioned recommendations within the Carrier HAP 

projected building model, simulated energy use and costs were able to be obtained. The 

projected energy use and costs were compared to the actual energy use and costs. 

 

Anticipated Savings 

The following table and figures show the projected energy use and costs that were obtained 

from the Carrier HAP building model. 
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Table 18. Thermostat Adjustments Represented in the Carrier HAP Model 

Month 

Energy 

Use 

(kWh) 

Energy 

Cost 

Demand 

Cost 

Natural 

Gas Use 

(Therms) 

Natural 

Gas 

Cost 

Customer 

Charge 

Overall 

Cost 

Jan 89,555 $8,624 $3,989 5,707 $4,697 $406 $17,716 

Feb 75,497 $7,270 $3,964 4,313 $3,550 $365 $15,149 

Mar 87,635 $8,439 $3,737 2,612 $2,150 $393 $14,719 

Apr 94,028 $9,055 $4,634 1,460 $1,202 $439 $15,330 

May 126,204 $12,153 $4,966 1,344 $1,106 $541 $18,767 

Jun 149,017 $14,350 $5,472 1,028 $846 $622 $21,290 

Jul 172,334 $16,596 $5,341 1,203 $990 $686 $23,613 

Aug 167,563 $16,136 $5,357 1,152 $948 $673 $23,114 

Sep 144,176 $13,884 $5,097 1,501 $1,235 $597 $20,813 

Oct 112,742 $10,857 $4,890 1,610 $1,325 $500 $17,572 

Nov 91,108 $8,774 $4,230 2,534 $2,085 $418 $15,507 

Dec 85,274 $8,212 $3,728 4,401 $3,622 $386 $15,948 

Totals 1,395,133 $134,351 $55,405 28,865 $23,756 $6,026 $219,538 

 

 

 

Figure 65. Projected Energy Use, Carrier HAP 
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Figure 66. Projected Energy Cost, Carrier HAP 

 

As seen in Table 18, the electrical energy use of the projected building model is roughly 

1,395,133 kWh while the natural gas use is roughly 28,865 therms or 2,887 MMBTU. The 

overall annual cost of energy for the project building model is $219,538. From section 4.1 it 

can be seen that the current electrical energy use of the facility is 2,007,900 kWh while the 

natural gas use is 7,071 MMBTUs. The overall annual cost the facility spent on utilities in 

the past year is $302,033. 

 

Comparing the data of the facility’s actual energy use to the projected energy use data, it can 

be seen that the projected energy use has a much more cyclical pattern than that of the actual 

energy use.  
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Figure 67. Actual Energy Use 

 

From the figure above, it can be seen that the electrical energy use does seem to go down 

during the winter time; however it can also be observed that the natural gas use for the 

facility seems to be fairly consistent throughout the year. The consistency of the natural gas 

use throughout the year indicated that reheat is a perpetual need. This should not be the case 

at all times throughout the year. Therefore, it can be understood that something in the system 

is not working correctly. 

 

In the projected building model, more electrical energy is used during the summer months 

while natural gas use seems to peak during the winter months. This is expected as the chillers 

are being utilized more in the summer and the natural gas boilers are used more during the 

winter. The model is also helpful in showing that some natural gas is still used during the 
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summer months. This is indicative that some reheat is still needed during the summer 

months.  

 

Using the information from above, the energy and cost savings from implementing the 

mechanical and control systems changes are calculated as follows. 

 

 Electrical Energy = 2,007,900 kWh/yr. – 1,395,133 kWh/yr. 

    = 612,767 kWh/yr. 

 

 Natural Gas Energy = 7,071 MMBTU/yr. – 2,887 MMBTU/yr. 

    = 4,184 MMBTU/yr. 

 

 Cost Savings  = $302,033/yr. - $219,538/yr. 

    = $82,495/yr. 

 

The following figures show the reduction in HVAC energy percentage before and after 

implementing the mechanical system and control system adjustments suggested in this 

recommendation. 
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NOTE: The first figure is based on the base model discussed in section 5.2 as opposed to the 

actual energy use. Although this model is not entirely accurate it can still be utilized for 

comparative purposes. 

 

 

Figure 68. Current Energy Use, Carrier HAP 
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Figure 69. Projected Energy Use, Carrier HAP 

 

The previous figure is an excellent aid in helping to visualize the reduction in energy used by 

the HVAC system at the North Carolina History Education Center. The HVAC energy, 

which originally accounted for 91.3% of the facility’s overall energy use was reduced to 81% 

through the implementation of the mechanical system and control sequence adjustments. 

 

Implementation 

When looking at upsizing the current outside air duct it is first necessary to determine the 

amount of outside air that is needed when the economizing mode is initiated by the control 

sequences. Between air handling units 1, 2, and 4 approximately 30,000 CFM of supply air is 

needed on a design cooling day during the summer time. It is expected that economizing will 

only occur during the months of March, April, September, and October. Therefore, only a 

certain percentage of the maximum 30,000 CFM will be needed as supply air during these 
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months. It is estimated that 50% of the maximum supply air will be sufficient to provide 

adequate outside air for economizing during the aforementioned months. 

 

 Outside Air for Economizing = 30,000 CFM x 50% 

     = 15,000 CFM 

 

The current outside air duct has a cross sectional area 32” x 20” and is only large enough to 

supply 6,500 CFM of air. This means that the cross sectional area of the duct needs to be 

increased by roughly 57%. The cross sectional area of the upsized duct is calculated to be: 

 

 Upsized Duct Cross-Section = (32” x 20”) x 1.57 

     = 1,005 in2  

 

It is expected that 300 feet of the 40” x 25” duct could be used to replace the current 

ductwork. Materials such as new blowers, ducting, and louvers will be needed for the 

implementation of this project. The cost of labor and materials is estimated to be roughly 

$25,000. Additional costs for engineering and miscellaneous items are expected to be around 

$10,000. 

 

For adjusting the control sequences of the HVAC system, the implementation cost is 

expected to be roughly $30,000. This cost includes using an outside party to re-design the 
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current control sequences to emulate something similar to what has been discussed in this 

recommendation. Furthermore, new sensors will also need to be purchased and installed. 

 

The overall cost for implementing each of these mechanical system and control system items 

is estimated to be $65,000. With an overall cost savings of $82,495/yr. the simple payback 

period for these recommendations is 10 months.   
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Recommendation No. 2 - Use a Dedicated Geothermal DX Unit to Cool Control 

Room 131 to Reduce Annual Chiller Use 

 

Recommended Action 

Install a dedicated direct exchange (DX) geothermal unit for the Control Room 131. This will 

allow the chiller to be shut off in the winter months and reduce chiller energy use year round.  

 

Estimated Demand Reduction = 4 kW 

Estimated Energy Savings  = 37,174 kWh/yr. 

 Estimated Cost Savings  = $4,163/yr. 

 Estimated Implementation Costs = $14,500 

 Simple Payback Period  = 42 months 

 

Background 

Currently, the facility is utilizing a precision air conditioning (PAC) unit in the Control 

Room 131 on the first floor of the building. The unit that is serving the cooling needs of the 

facility will be referred to as PAC-2. The PAC-2 unit is supplied cold water from the chillers 

for the purposes of cooling. The Control Room does not have any exterior walls as it is 

located on the interior of the building. However, due to the sizable number of computers 

within the room that operate the control system of the building, this area is required to have 

year round cooling from the PAC-2 unit. This means that even during the winter months at 
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least one of the 155 ton chillers must operate to maintain a chilled water supply for this 

cooling load. 

 

The large air cooled chillers that the facility is using work well when operating at reasonably 

high loads. However, as the capacity of the chiller declines, the efficiency of the chiller will 

decline as well. As mentioned earlier, the chiller data collected is representative of the 

facility’s summer time operation. From the data collected, it was observed that one of the 

chillers operates at approximately 60 tons during the night into early morning when the 

building is considered unoccupied (8 P.M. to 6 A.M.). For the winter months, it is anticipated 

that the chiller is operating at even lower loads. Therefore, it is recommended that the PAC-2 

unit be supplied with cooling water from a ground source DX unit as opposed to operating 

one of the current air cooled chillers at low loads. 

 

From a heat exchanger point of view, a ground source DX unit works basically the same way 

as air cooled chillers; however, the DX unit will use the ground, rather than the air, as the 

heat sinks. Additionally, a new ground source DX unit can be sized properly to provide 

adequate cooling to the Control Room. This would be advantageous because it would allow 

the facility to reduce the use of the 155 ton chillers during the summer and shut them off 

during the winter months.  
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Compared to the air cooled chillers which have a full load efficiency of 1.08 kW/ton of 

cooling, geothermal cooling units can have “efficiencies” or COPs between 2 and 5. The 

term Coefficient of Performance (COP) is generally used referring to a heating efficiency. At 

full load the facility’s air cooled chillers can provide 1 ton of cooling for every 1.08 kW. This 

efficiency is a result of the air cooled chillers equipment that is simultaneously generating 

heat that must also be rejected out of the unit. However, geothermal cooling systems work 

under the concept of moving heat from one place to another instead of generating it. As a 

result, they can provide up to 5 Watts (3.412 BTU/hr) of heat for every 1 Watt of electricity 

consumed. 

 

By using the ground as the cooling source, ground source DX units are able to access a 

thermal reservoir whose temperature generally stays constant around 62°F. Due to this, DX 

units will have more consistent, higher average COPs than air cooled chillers. The following 

figure shows the average shallow ground temperatures for different areas across the country. 
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Figure 70. Average Fround Temperatures in the U.S. (EPA.gov) 

 

By implementing a ground source DX unit at the facility, the PAC-2 unit can operate as a 

split system utilizing the ground source DX cooling water as a primary source while also 

having a secondary source of chilled water coming from the chillers if needed. The PAC-2 

unit would need to have a properly integrated control sequence to identify situations when 

chilled water from the chillers may be needed.  

 

Anticipated Savings 

For the North Carolina History Education Center, the annual energy costs of operating a 

properly sized ground source DX unit and the current air cooled chillers were compared. 

From vendor data it is anticipated that the ground source DX unit has a rated COP of 5 for 

cooling. The performance data for one of the 155 ton units in Table 16 will be used in 

determining the cost of operating the air cooled chillers. 
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From observations made on a visit to the facility, it was noted that the Control Room 

consisted of roughly 30 operating computers. It was anticipated that 7.5 tons of cooling is 

needed year round to cool the computers in the Control Room and that this load is the only 

cooling demand for the facility during the winter time. To supply this cooling load for the 

unoccupied time of 8 P.M. to 6 A.M. the chiller has to operate at a capacity of less than 20%. 

According to Table 16, the efficiency that will be used for the chiller is 1.284 kW/ton. For 

the purposes of the calculation below, the winter months were considered to be October 

through March. The cost of operating the chiller, CH, to cool the Control Room in the winter 

time is calculated as follows: 

  

 Winter CH Power = 7.5 tons x 1.284 kW/ton 

    = 9.63 kW 

 

 Winter CH Energy = 9.63 kW x 10 hours/day x 365 days x (6/12 months) 

    = 17,575 kWh 

 

Winter CH Cost = 17,575 kWh/yr. x $0.0963/kWh  

= $1,692  
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Next, the cost to operate the chiller at night during the summer months (April through 

September) was determined. As previously mentioned the chiller currently operates at 60 

tons during the summer nights. This represents a capacity of roughly 40% load. Therefore, a 

chiller efficiency of 1.099 kW/ton will be used. The cost of operating the chiller, CH, to cool 

the Control Room in the summer time is calculated as follows: 

 

Summer CH Power = 7.5 tons x 1.099 kW/ton 

    = 8.24 kW 

 

 Summer CH Energy = 8.24 kW x 10 hours/day x 365 days x (6/12 months) 

    = 15,043 kWh 

 

Summer CH Cost = 15,043 kWh/yr. x $0.0963/kWh  

= $1,449   

 

NOTE: Since these operations are occurring during the night time it is unlikely that the peak 

billed demand will be set. Therefore, demand savings are ignored for these cost calculation. 

 

The final chiller operation that must be accounted for is the cost to operate the chiller during 

the daytime from 6 A.M. to 8 P.M over the course of the entire year. To be conservative, a 
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annual average, full load chiller efficiency of 1.08 kW/ton was assumed. The cost of 

operating the chiller, CH, to cool the Control Room during the day was calculated as follows: 

 

Day CH Power = 7.5 tons x 1.08 kW/ton 

    = 8.1 kW 

 Day CH Energy = 8.1 kW x 14 hours/day x 365 days 

    = 41,391 kWh 

 

Day CH Cost  = (41,391 kWh/yr. x $0.0963/kWh) 

    + (8.1 kW x $10.78/kW x 12 months) 

= $5,034 

 

Summing these costs together, the annual cost of operating the chiller to cool the Control 

Room was determined. 

 

 Chiller Cost  = $1,692 + $1,449 + $5,034 

    = $8,174/yr. 

 

Along with the cost to run the chiller, the cost of pumping chilled water to the PAC-2 unit 

must also be considered. Currently, the facility is using two 15 hp pumps to supply chilled 

water to multiple users in the facility. The PAC-2 unit is one of these end users. It is 
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estimated that roughly 20% of one 15 hp pump is being used to supply the PAC-2 unit. The 

efficiency of a 15 hp pump is 92%. The cost of operating a pump to supply the PAC-2 unit is 

calculated as follows:  

 

Pumping Power = [(15 hp x 20%) / 92%] x 0.746 kW/hp 

    = 2.4 kW 

  

Pumping Energy = 2.4 kW x 8,760 hrs/yr. 

    = 21,310 kWh/yr. 

 

 Pumping Cost  = (21,310 kWh/yr. x $0.0963/kWh) 

     + (2.4 x $10.78/kW x 12 months) 

    = $2,366/yr. 

 

The overall cost to run the chiller year round including the cost to pump chilled water was 

calculated to be: 

 

 CH Operation Cost = $8,174/yr. + $2,366/yr. 

    = $10,513/yr. 
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The next section discusses the costs of operating a ground source DX unit to cool the Control 

Room for the entirety of the year. It is anticipated that the ground source DX unit will require 

5.3 kW of power on average to operate. The energy use and costs associated with operating 

the ground source DX, GSDX, were calculated as follows: 

 

 Annual Cooling = 7.5 tons x 8,760 hrs/yr. 

    = 65,700 ton-hrs/yr. 

 

GSDX Energy  = 65,700 ton/hrs / 5 (COP)  

= 13,140 ton-hrs x (3.52 kWh/ton-hrs) 

= 46,253 kWh/yr. 

  

 GSDX Cost  = 46,253 kWh/yr. x $0.0963/kWh) 

     + (5.3 kW x $10.78/kW x 12 months) 

    = $5,140/yr. 

 

In addition to the operating of the geothermal cooling unit, a pump will be necessary to move 

the cooling water from the geothermal unit to the PAC-2 unit. It is expected that a 2 hp pump 

can be used to supply cooling water from the geothermal unit to the PAC-2 unit. From 

vendor information a 2 hp pump can operate with an efficiency of 90%. Due to the cooling 
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load of the Control Room area, the pump will need to operate at 75% load on average. The 

annual energy use and cost of the pump is calculated as follows: 

 

 New Pumping Power = [(2 hp x 75%) / 90%] x 0.746 kW/hp 

    = 1.2 kW 

 

 New Pumping Energy = 1.2 kW x 8,760 hrs/yr. 

    = 10,892 kWh/yr. 

  

New Pumping Cost = (10,892 kWh/yr. x $0.0963/kWh) 

     + (1.2 x $10.78/kW x 12 months) 

    = $1,210/yr. 

 

The overall cost to run the chiller year round including the cost to pump chilled water was 

calculated to be: 

 

 CH Operation Cost = $5,140/yr. + $1,210/yr. 

    = $6,350/yr. 

 

The demand reduction and energy savings for implementing a ground source DX unit are 

calculated as follows: 



184 

 

 

 

 

 Demand Reduction = (8.1 kW +2.4 kW) – (5.3 kW +1.2 kW) 

    = 4 kW 

 

Energy Savings = [(17,575 kWh +14,043 kWh + 41,391)/yr.   

     + 21,310 kWh/yr.]  

– (46,253 kWh/yr. + 10,892 kWh/yr.) 

= 37,174 kWh/yr. 

 

The overall cost savings for switching to a ground source DX unit from operating one of the 

current 155 ton chillers to cool the Control Room was calculated as follows:  

  

Cost Savings  = $$10,513/yr. - $6,350/yr.  

= $4,163/yr.  

 

Implementation 

Implementation costs for the ground source DX unit can vary dramatically depending on the 

type and location of installation. The cost of buying one new DX unit for the control room 

along with a new 2 hp pump will cost roughly $8,500. In addition, trenching will have to be 

done to install the geothermal cooling system. This cost is estimated to be around $3,500. 

Finally, the cost of additional supplies, engineering, and labor will be another $2,500. The 
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overall implementation comes $14,500. With a cost savings of $4,163/yr. the simple payback 

period for implementing this project comes to 42 months. 

 

It is very important to contact an experienced geothermal professional when sizing a DX unit 

because there can be problems associated with undersized and over-sized systems. A quality 

contractor will design the system accurately which ensures a long lifespan and low operating 

costs.  
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Recommendation No. 3 - Install De-Stratification Fans to Reduce Space Heating 

Cost 

 

Recommended Action 

Install de-stratification fans in the Great Hall area to reduce the temperature difference 

between floor level and ceiling level during heating season. 

 

  Estimated Energy Savings  = 40.4 MMBTU/yr. 

  Estimated Cost Savings  = $225/yr. 

  Estimated Implementation Costs = $1,140 

  Simple Payback Period  = 60 months 

 

Background 

In a heated space where there is minimal air circulation, warmer air rises to the ceiling and 

cooler air settles to the floor causing stratification. If stratification is present, the heating 

requirements of the facility are increased due to higher average wall ceiling temperature. The 

temperature at the ceiling level is higher than the thermostat set point temperature while the 

temperature at the working level is near the set point temperature. In some cases the 

temperature of the air at the underside of the roof can be as much as 30°F warmer than the air 

at floor level. Therefore, if the room air is stratified, the average temperature in the facility 

will be higher than the set point. This means the heating system is working hard to maintain 

the set point in the room (i.e. using more energy).   
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When the air is de-stratified, the temperature at the ceiling level would be nearly equal to the 

temperature at the floor level. This de-stratification process also reduces the heat loss due to 

ventilation and infiltration. This implies that the average temperature of the facility will 

reduce to the desired set point temperature. 

 

Another way to look at it is in terms of heat loss. With no fans heat rises to the ceiling and 

escapes through the roof. Fans will recirculate warmer air from the ceilings to the floor where 

it is needed by facility employees. The air circulation also provides a more comfortable 

environment for workers, especially if the fans are also operated in the summer. 

 

The Great Hall area where the de-stratification fans are recommended to be installed has a set 

point of 70°F. To be conservative, the temperature difference from the ceiling to the floor is 

estimated to be 14°F. This temperature profile is assumed to be linear as well. Therefore, the 

average air temperature in the Great Hall is roughly 77°F. 

 

Anticipated Savings 

De-stratification fans cause the air at the ceiling and walls to remain at the set point 

temperature. This lessens the load on the heating system. The area considered for de-

stratification fans is roughly 5,467 ft2. The heating energy savings for the Great Hall area 

during the months from October to March to be realized may be estimated as follows: 
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ESH  = [UAroof  x (Tibd – Tiad)] + UAwalls x (Tibd – Tiad)] 

where, 

 UAroof = UA value for the roof, (976 BTU/hr °F) 

 UAwalls = UA value for the walls, (1,278 BTU/hr °F)* 

 Tibd  = Average air temp. before de-stratification, ((Tceiling + Tfloor) / 2 = 77°F 

 Tiad  = Average air temp. after de-stratification, (Tset point) = 70°F 

 

NOTE: The Great Hall area consists of multiple windows and two types of walls (brick and 

metal). To account for this a weighted average of the wall UAwall value was determined from 

the building loads model. Evaluating the expression above, the heat energy savings, HES, are 

calculated as follows:  

  

  HES   = [976 BTU/hr-°F x (77°F – 70°F) 

      + 1,278 BTU/hr-°F x (77°F – 70°F) 

  HES   = 15,778 BTU/hr 

 

Natural gas fired boilers are used to support the hot water system that is used to heat the 

facility. From the specifications found in Appendix A the facility’s hot water boilers have an 

efficiency of 85%. From earlier, the operating hours of the North Carolina History Education 

Center was determined to be 4,350 hrs/yr. It is expected that the de-stratification fans would 
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work well during the heating season (October through March). The overall natural gas 

savings from implementing de-stratification fans in the Great Hall is calculated as follows: 

  

 Nat. Gas Savings = (15,778 BTU/hr x 4,350 hrs/yr.) x (6/12 months) / 85% 

     = 40.4 MMBTU/yr. 

  

 Cost Savings  = 40.4 MMBTU/yr. x $8.23/MMBTU 

     = $332/yr. 

 

It is expected that three fans in the Great Hall would be sufficient to facilitate de-

stratification. The cost to run the fans must be subtracted from this figure to obtain the total 

annual cost savings. The fans operate on 120 V, 3-phase power, and draw 0.85 Amps each. 

The power draw for each fan is calculated to be: 

 

 Fan Power  = (120 V) x (0.85 A) x (√3) / 1,000 

     = 0.18 kW 

 

This is the maximum power draw for each individual fan. For the purpose of de-stratification, 

the fans do not need to run at this maximum. It is assumed the fans run at 75% power, 

yielding a power draw for each fan of about 0.13 kW. The energy use and costs associated 

with running the fans during the heating season (October – March) were: 
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 Fan Energy Use = 3 fans x 0.13 kW x 4,350 hrs/yr. x (6/12 months) 

     = 848 kWh 

  

 Fan Operation Cost = (848 kWh/yr. x $0.0963/kWh) 

      + (0.13 kW/fan x 3 fans x $10.78 /kW x 6 months/yr.)  

     = $107/yr. 

 

The total cost savings are the savings due to the reduction in heating load minus the cost of 

operating the fans: 

 

 Total Cost Savings  = $332yr.– $107/yr. 

     = $225/yr. 

 

Implementation Cost 

A detailed cost estimate was obtained from a fan manufacturer who specializes in de-

stratification fans. The fans selected are 4 foot diameter fans which move at nearly 21,000 

CFM. It is estimated that 3 fans are needed to adequately de-stratify the Great Hall area 

which is 5,467 ft2 area and has 25’ to 30’ ceilings. The price per fan is $380 per fan, 

including labor, yielding a total equipment cost of $1,140. The fans have a 3 year warranty 

after installation. The total implementation costs amount to about $1,140 giving a simple 

payback period of 60 months.  
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Recommendation No. 4 - Install LED and CFL Fixtures to Replace Halogen Fixtures 

 

Recommended Action 

Convert the existing halogen and metal halide bulbs to either compact fluorescent or LED 

bulbs. 

 

LED Replacement 

  Estimated Energy Savings  = 122,196 kWh/yr. 

  Estimated Cost Savings  = $28,553/yr. 

  Estimated Implementation Costs = $25,672 

  Simple Payback Period  = 11 months 

CFL Replacement 

  Estimated Energy Savings  = 107,888 kWh/yr. 

  Estimated Cost Savings  = $25,213/yr. 

  Estimated Implementation Costs = $20,901 

  Simple Payback Period  = 10 months 

 

Anticipated Savings 

The facility currently uses halogen lamps in multiple areas throughout the facility. In addition 

metal halide lighting is used in all of the post top lights in the parking lots.  Halogen and 

metal halide lighting use a lot of energy which makes them the perfect candidate for CFL and 
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LED retrofits.  Table 19 below details the existing halogen and metal halide fixtures, power 

usage, energy usage, electrical cost, and maintenance cost of the existing fixtures. 

 

Table 19. Existing Fixtures 

Area 
Fixture 

Type 

Number 

of 

Fixtures 

Operating 

Hours 

Power 

(kW) 

Energy 

(kWh) 

Electrical 

Cost 

Regional History 40W-HAL 250 4,350 10.0 43,500 $5,483 

Pepsi Center 40W-HAL 170 4,350 6.8 29,580 $3,728 

Special Exhibits 

(Duffy) 
40W-HAL 77 4,350 3.1 13,398 $1,689 

Great Hall 50W-HAL 12 4,350 0.6 2,610 $329 

Gift Shop 50W-HAL 60 4,350 3.0 13,050 $1,645 

Orientation & 

Outfitting (Gateway) 
50W-HAL 29 4,350 1.5 6,308 $795 

Elevator 20W-HAL 24 4,350 0.5 2,088 $263 

Parking Lot 150W-MH 60 4,380 11.1 48,618 $6,118 

Total   682   36.5 159,152 $20,049 

 

 

For this recommendation two types of lighting will be proposed as a replacement for the 

halogens lamps. The first proposed lighting that will be discussed is LED lighting. The 

second type of proposed lighting that will be discussed for the halogen lamps is compact 

fluorescent lighting. As for the lamps in the Elevator and Parking Lot Areas, only LED lamp 

retrofit savings will be shown as LED is the only viable replacements for the lamps in these 

areas.    
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LED Replacements 

For the LED replacements, it is recommended that 9.5W LEDs be used to replace the 40W 

and 50W halogens. Additionally the 20W halogen bulbs in the Elevator and the 150W metal 

halides in the Parking Lot should be replaced with 4W LEDs and 45W post lamp LEDs, 

respectively. Using the Regional History area as an example, all calculations will be shown 

in detail before a full summary of all of the areas is shown. The demand reduction and energy 

savings from replacing the halogen and metal halide lamps with LED lamps are as follows: 

 

Lamp Demand Reduction = 0.040 kW – 0.0095 kW 

     = 0.0305 kW 

 

Lamp Energy Savings  = 0.0305 kW x 4,350 hrs/yr. 

     = 132.7 kWh/yr. 

 

Energy Savings  = 132.7 kWh/yr. x 250 fixtures 

     = 33,169 kWh/yr. 

 

Demand Savings  = 0.0305kW x 250 fixtures 

     = 7.625 kW 

 

The total electrical cost savings, including energy and demand savings, are: 



194 

 

 

 

 

Electrical Cost Savings = (33,169 kWh/yr. x $0.0963/kWh) 

= + (7.625 kW/month x 12 months/yr. x 

$10.78/kW) 

     = $4,181/yr. 

 

Table 20 below details areas and the replacement LED fixtures, power usage, energy usage, 

electrical costs, and maintenance costs of the existing fixtures. 

 

Table 20. Proposed LED Fixtures 

Area 
Fixture 

Type 

Number 

of 

Fixtures 

Power 

(kW) 

Energy 

(kWh) 

Electrical 

Cost 

Electrical 

Cost 

Savings 

Regional History 9.5W-LED 250 2.4 10,331 $1,302 $4,181 

Pepsi Center 9.5W-LED 170 1.6 7,025 $885 $2,843 

Special Exhibits 

(Duffy) 
9.5W-LED 77 0.7 3,182 $401 $1,288 

Great Hall 9.5W-LED 12 0.1 496 $63 $266 

Gift Shop 9.5W-LED 60 0.6 2,480 $313 $1,332 

Orientation & 

Outfitting (Gateway) 
9.5W-LED 29 0.3 1,198 $151 $644 

Elevator 4W-LED 24 0.1 418 $53 $211 

Parking Lot 45W-LED 60 2.7 11,826 $1,488 $4,630 

Total   682 8.5 36,956 $4,655 $15,394 

 

 

In addition to electrical savings, there are also savings which can be gained from reduced 

maintenance and lamp replacement costs. It is important to note that, in some cases, the 

proposed maintenance costs may be slightly higher than the existing. This small increase is 
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generally completely negated by the electrical savings. In our calculations, a negative value 

for cost means there is an increase in cost and therefore a loss of savings. In either case, it is 

important to calculate the maintenance cost change. 

 

Maintenance Cost = (# of bulbs) x (
hours used per year

lamp life
)  x (labor cost + bulb cost) 

 

Current Maint. Cost = (250) x (4,350/1,500) x ($2.18 + $7.30) 

    = $6,873/yr. 

 

Proposed Maint. Cost = (250) x (4,350/25,000) x ($2.18 + $20.97) 

    = $1,007/yr. 

 

Maintenance Savings = Current Maintenance - Proposed Maintenance  

    = $6,873/yr. - $1,007/yr. 

    = $5,866/yr. 

 

Combining the electrical and maintenance costs differences, the total annual savings by 

changing from the existing to the proposed fixtures in the Regional History Museum is as 

follows: 
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Total Annual Savings = Elec. Annual Savings + Maint. Annual Savings 

    = $4,181/yr. + $5,866/yr. 

    = $10,046/yr. 

 

Table 21 below shows the overall maintenance and electrical savings for the implementing 

the new LED fixtures.   

 

Table 21. LED Replacement Savings 

Area 

Electrical 

Cost 

Savings 

Existing 

Cost of 

Maintenance 

New Cost of 

Maintenance 

Maintenance 

Cost Savings 

Total 

Annual 

Savings 

Regional History $4,181 $6,873 $1,007 $5,866 $10,046 

Pepsi Center $2,843 $4,674 $685 $3,989 $6,832 

Special Exhibits 

(Duffy) 
$1,288 $2,117 $310 $1,807 $3,094 

Great Hall $266 $233 $48 $185 $452 

Gift Shop $1,332 $1,167 $242 $926 $2,258 

Orientation & 

Outfitting (Gateway) 
$644 $564 $117 $447 $1,091 

Elevator $211 $331 $36 $295 $506 

Parking Lot $4,630 $645 $1,000 -$355 $4,275 

Total $15,394 $16,604 $3,445 $13,160 $28,553 

 

 

The total annual savings which can be gained by switching all of the existing fixtures to the 

proposed fixtures is $28,553/yr. The energy savings which can be achieved is 122,196 

kWh/yr. 
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Compact Fluorescent Replacements 

Currently, the facility is slowly switching to compact fluorescent lighting in the Gift Shop 

area. The following section will show savings associated with replacing halogen lamps with 

compact fluorescent lighting. For the compact fluorescent replacements, it is recommended 

that 15W CFL be used to replace the 40W and 50W halogens. The Elevator and Parking Lot 

areas lighting will be ignored for this section. Once again, using the Regional History area as 

an example, all calculations will be shown in detail before a full summary of all of the areas 

is shown. The demand reduction and energy savings from replacing the halogen lamps with 

compact fluorescent lamps are:  

 

Lamp Demand Reduction = 0.040 kW – 0.015 kW 

     = 0.025 kW 

 

Lamp Energy Savings  = 0.025 kW x 4,350 hrs/yr. 

     = 108.8 kWh/yr. 

 

Energy Savings  = 108.8 kWh/yr. x 250 fixtures 

     = 27,188 kWh/yr. 

 

Demand Savings  = 0.025 kW x 250 fixtures 

     = 6.25 kW 
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The total electrical cost savings, including energy and demand savings, are: 

 

Electrical Cost Savings = (27,188 kWh/yr. x $0.0963/kWh) 

= + (6.25 kW/month x 12 months/yr. x 

$10.78/kW) 

     = $3,427/yr. 

 

Table 22 below details areas and the replacement LED fixtures, power usage, energy usage, 

electrical costs, and maintenance costs of the existing fixtures. 

 

Table 22. CFL Proposed Fixtures 

Area 
Fixture 

Type 

Number 

of 

Fixtures 

Power 

(kW) 

Energy 

(kWh) 

Electrical 

Cost 

Electrical 

Cost 

Savings 

Regional History 15W-CFL 250 3.8 16,313 $2,056 $3,427 

Pepsi Center 15W-CFL 170 2.6 11,093 $1,398 $2,330 

Special Exhibits 

(Duffy) 
15W-CFL 77 1.2 5,024 $633 $1,055 

Great Hall 15W-CFL 12 0.2 783 $99 $230 

Gift Shop 15W-CFL 60 0.9 3,915 $493 $1,151 

Orientation & 

Outfitting (Gateway) 
15W-CFL 29 0.4 1,892 $238 $556 

Total   598 9.0 39,020 $4,918 $8,750 

 

 

In addition to electrical savings, there are also savings which can be gained from reduced 

maintenance and lamp replacement costs. It is important to note that, in some cases, the 

proposed maintenance costs may be slightly higher than the existing costs. This small 
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increase is generally completely negated by the electrical savings. In our calculations, a 

negative value for cost means there is an increase in cost and therefore a loss of savings. In 

either case, it is important to calculate the maintenance cost change. 

 

Maintenance Cost = (# of bulbs) x (
hours used per year

lamp life
)  x (labor cost + bulb cost) 

 

Current Maint. Cost = (250) x (4,350/1,500) x ($2.18 + $7.30) 

    = $6,873/yr. 

 

Proposed Maint. Cost = (250) x (4,350/10,000) x ($2.18 + $12.99) 

    = $1,650/yr. 

 

Maintenance Savings = Current Maintenance - Proposed Maintenance  

    = $6,873/yr. - $1,650/yr. 

    = $5,220/yr. 

 

Combining the electrical and maintenance costs differences, the total annual savings by 

changing from the existing halogens to the proposed CFL fixtures in the Regional History 

area is as follows: 
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Total Annual Savings = Elec. Annual Savings + Maint. Annual Savings 

    = $3,427/yr. + $5,223/yr. 

    = $8,650/yr. 

 

Table 23 below shows the overall maintenance and electrical savings for the implementing 

the new compact fluorescent fixtures. 

 

Table 23. CFL Replacement Savings 

Area 

Electrical 

Cost 

Savings 

Existing 

Cost of 

Maintenance 

New Cost of 

Maintenance 

Maintenance 

Cost Savings 

Total 

Annual 

Savings 

Regional History $3,427 $6,873 $1,650 $5,223 $8,650 

Pepsi Center $2,330 $4,674 $1,122 $3,552 $5,882 

Special Exhibits 

(Duffy) 
$1,055 $2,117 $508 $1,609 $2,664 

Great Hall $230 $233 $79 $154 $385 

Gift Shop $1,151 $1,167 $396 $771 $1,923 

Orientation & 

Outfitting (Gateway) 
$556 $564 $191 $373 $929 

Total $8,750 $15,628 $3,946 $11,682 $20,432 

 

 

It should be noted that the elevator area and the parking lot will still be changed to LEDs. 

Therefore, incorporating the LED savings, the total annual savings which can be gained by 

switching all of the existing fixtures to the proposed CFL fixtures is $25,213/yr. The energy 

savings which can be achieved is 107,888 kWh/yr. 

 



201 

 

 

 

 

It should be noted that all of the proposed LED and CFL lamps recommended above can 

easily be screwed into the current fixtures that are in place at the facility.  

 

Implementation 

A list of material and labor cost for each of the LED and CFL lamps can be seen in the 

following table. 

 

Table 24. Replacement Fixture Costs 

Area 
Material 

Cost 
Labor Cost 

Total Cost 

(per lamp) 

4W LED $14.89 $2.18 $17.07 

9.5W LED $20.97 $2.18 $23.15 

45W LED $182.05 $8.26 $190.31 

15W-CFL $12.99 $2.18 $15.17 

 

 

Since the LED and CFL lamps have screw bases and can easily replace the current halogen 

fixtures, only the cost of the bulb and the labor cost of installation is required when 

calculating the implementation cost. The implementation cost to replace the halogen lamps in 

the Regional History area with both LED and CFL lamps is calculated as follows: 

 

 Implementation Cost = (# of lamps) x (material cost + labor cost) 
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 LED Implem. Cost = (250 lamps) x ($20.97/lamp + $2.18/lamp) 

    = $5,788 

 

CFL Implem. Cost = (250 lamps) x ($12.99/lamp + $2.18/lamp) 

    = $3,793 

 

The simple payback for each area for both the LED and CFL lamp replacements is shown in 

Table 25 below. 

 

Table 25. Implementation Costs and Simple Paybacks 

Area 

LED Compact Fluorescent 

Total 

Annual 

Savings 

Implementation 

Costs  

Payback 

(Month) 

Total 

Annual 

Savings 

Implementation 

Costs 

Payback 

(Month) 

Regional History $10,046 $5,788 7 $8,650 $3,793 5 

Pepsi Center $6,832 $3,936 7 $5,882 $2,579 5 

Special Exhibits 

(Duffy) 
$3,094 $1,783 7 $2,664 $1,168 5 

Great Hall $452 $278 7 $385 $182 6 

Gift Shop $2,258 $1,389 7 $1,923 $910 6 

Orientation & 

Outfitting 
$1,091 $671 7 $929 $440 6 

Elevator $506 $410 10 $506 $410 10 

Parking Lot $4,275 $11,419 32 $4,275 $11,419 32 

Total $28,553 $25,672 11 $25,213 $20,901 10 

 

 

For replacing the halogens lamps with LED lamps, the overall cost for the replacement is 

$25,672, and presents a payback of about 11 months. For replacing the halogens lamps with 
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CFL lamps, the overall cost for the replacement is $20,901 and presents a payback of about 

10months.  
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Recommendation No. 5 - Program Dimmer Settings in the Gift Shop Area 
 

Recommended Action 

Use the dimming feature for the halogen lamps in the Gift Shop area to control lights during 

sunny days. 

 

 Estimated Energy Savings  = 1,631 kWh/yr. 

 Estimated Cost Savings  = $157/yr. 

 Estimated Implementation Cost = $25 

 Simple Payback Period  = 2 months 

 

Background 

Dimmable LED lighting was a component in the facility’s LEED energy model. However, 

only a few areas in the facility were equipped with a light dimming console. Also, many of 

the areas throughout the North Carolina History Education Center do not utilize LED light. 

Currently, the Gateway Room is using the dimmer settings to adjust light levels of the 

halogen bulbs based on the sunlight coming in the windows. However, the Gift Shop area, 

which is equipped with a light dimming console, does not utilize this feature. Therefore, it is 

recommended that the dimming features for Gift Shop area be utilized to reduce energy costs 

throughout the year.  
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Anticipated Savings 

In order to determine the savings from programming the dimmer settings the annual sunlight 

hours for New Bern, NC must be considered. Additionally, the dimmer settings would also 

be inactive on days in which there are cloudy or rainy skies. 

 

Typically, the facility’s lighting system is operating from 6 A.M. to 8 P.M. Monday through 

Saturday and between 11 A.M. to 8 P.M. on Sundays. According to sunrise and sunset data 

for New Bern, North Carolina, the North Carolina History Education Center can reduce 

lighting levels by roughly 75%. To be conservative, it will be assumed that for 20% of the 

4,350 hrs/yr. the facility is operating, cloud cover and rain will require that the light levels 

remain at full capacity. The energy and cost savings for utilizing the dimmer settings in the 

Gift Shop area are calculated as follows: 

 

Energy Savings = 75% x 20% x 50 fixtures x 0.05 kW x 4,350 hrs/yr. 

    = 1,631 kWh/yr. 

 

Cost Savings  = 1,631 kWh/yr. x $0.0963/kWh 

    = $157/yr. 
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It should be noted that an additional savings could be achieved from an accompanying 

demand reduction. However, this value would depend on the fluctuating sunlight levels 

throughout the year. 

 

Implementation 

The implementation of utilizing the dimmer setting in the Gift Shop area would require a 

facility employee to program the dimmer console. This would take approximately thirty 

minutes at an implementation cost 25$. With a cost savings of $157, the simple payback of 

this recommendation would be 2 months. 
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6.3 Additional Items 

In the interest of making this report more complete, this section gives some general 

information about best practices in energy management and presents other possible energy 

conservation opportunities.   

 

 Gain administrative access to the Facility Explorer from TAC and possibly take a course 

on how to make more technical adjustments to the control sequences within the program. 

This would allow employees to make immediate changes onsite in the event something 

needs adjusting instead of having to contacting TAC to make the change. An example 

would be if the occupancy scheduling for the Great Hall needed to be changed to 

accommodate an event. 

 

 Reduce fan speeds to minimum air flow requirements within air handling units when 

possible. This will help to save energy throughout the year.  

 

 Reduce the temperature of domestic hot water.  Normally 110-120F is sufficient for 

domestic purposes. 

 

 Keep air conditioner coils and filters clean. 
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 Seal and close cracks between doors and windows.  Infiltration is not a major loss, but a 

small investment of insulation and caulk could save money and increase comfort. 

 

 Remove ballasts from unused light fixtures.  Ballasts continue to use energy, even when 

there are no bulbs installed.   
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

From the recommendations above, it can be seen that there are multiple opportunities for the 

facility to reduce energy use and cost. The mechanical system and control system issues are 

critical reasons why utility bills at the facility are so high. From realizing how much money 

the North Carolina History Education Center is spending throughout the year, it is 

understandable why the facility managers are weary on when and how they will spend 

money. In conclusion, first addressing the low hanging fruit in the facility would be an ideal 

way to generate some immediate savings. The low hanging fruit items discussed in the 

previous chapter include retrofitting the halogen lights, looking into lighting controls, making 

adjustments to the relative humidity set points in spaces, and fixing the occupancy scheduling 

of the thermostats. By taking care of these items, the facility will be able to build up capital 

that can be used for a larger scale project. 

 

For the mechanical system issue involving the dedicated geothermal cooling unit for the 

PAC-2 unit, justifying initial costs could be done fairly quickly if the low hanging fruit 

savings are utilized. Additionally, since the major savings for this recommendation will be 

realized in the winter months due to the chillers being shut off, it would be ideal to start and 

finish this project over the course of the summer time. 
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Finally, when looking at the undersized outside air duct for AHUs 1, 2, and 4 it would first 

be necessary to consult Newcomb and Boyd on how to approach replacing this ductwork. 

The savings that were generated using the Carrier HAP software were representative of 

multiple changes to the facility’s mechanical and control system. This included utilizing 

economizers after the outside air duct in question is resized. Therefore, the cost savings for 

utilizing economizers during fall and spring months are only a partial amount of the savings 

generated by the model. Additionally, it should be advised that although significant savings 

were obtained from the Carrier HAP model, energy savings calculations done by other 

reliable outside parties should be utilized and considered. The changes to the ductwork 

system in the attic could be quite significant and should be taken lightly.  

 

Through the recommendations it was calculated that the facility could realize energy savings 

of roughly 8,987 MMBTU/yr. when considering CFL lighting retrofits or 9,133 MMBTU/yr. 

when considering LED lighting retrofits. These energy values represent a cost savings of 

$148,188 and $156,309, respectively. Furthermore, it was determined that incorporating all 

recommendations into implementation costs of $89,737 (CFL retrofits) and $106,737 (LED 

retrofits), the simple payback for each lighting retrofit scenario was calculated to be 8 and 9 

months, respectively. 
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The savings for these projects are fairly significant and would require a lot of planning and 

research when it comes to engineering and installation. With an organized plan of work and 

proper guidance, these suggestions should be viable options for the facility. 

 

7.2 Future Work 

This project was conducted in part to analyzed suggested solutions for some of the issues that 

the North Carolina History Education Center is facing. Pursuing some of the ideas 

recommended in this report will help to increase the energy efficiency of the facility. 

Additionally, researching alternative options could be beneficial in helping the facility 

resolve some of their problems. 

 

Going beyond this report, it is recommended that the North Carolina History Museum 

building managers work with Triangle Automated Controls Inc. (TAC) and Newcomb & 

Boyd to determine the most cost effective options to resolve the problems at hand. Initially, 

implementing minor changes to the HVAC control sequences would be an excellent way to 

reduce energy use in the facility. With the help of TAC representatives, applying this control 

system changes could be quite simple. Next, researching some of the equipment discussed 

per the recommendations such as geothermal cooling units, economizers/economizer 

controls, and different types of lighting upgrades will help building managers identify what 

are the best options in furthering the facility’s pursuit of energy efficiency. Furthermore, if it 
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were decided that any of these projects were to be implemented, consultation from outside 

sources should be considered when deciding on a vendors.   
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Appendix A – Facility Equipment and Specifications 

Chillers
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Hot Water Boilers 
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Humidifiers 
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Kitchen Make-Up Unit 
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Precision Air Conditioners 

 
  



227 

 

 

 

 

Fan Coil Units 
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Appendix B – ASHRAE: Principles of Heating Ventilating and Air 

Conditioning Tables and Figures 

Table 26. ASHRAE Standard 62.1-2010 – Minimum Ventilation Rates in Breathing Zones (Howell, Coad 

and Sauer, Jr.) 
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Table 26. ASHRAE Standard 62.1-2010 – Minimum Ventilation Rates in Breathing Zones (Howell, Coad 

and Sauer, Jr.) (cont.) 
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Table 27. Wall Construction Group Description (Mackintosh) 
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Table 28. Cooling Load Temperature Difference for Calculating Cooling Load from Sunlit Walls 

(Mackintosh) 
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Table 29. CLTD Correction for Latitude and Month Applied to Walls and Roofs, North Latitudes 

(Mackintosh) 
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Table 30. CLTD for Calculating Cooling Load from Flat Roofs (Mackintosh) 

 
 

 
Table 31. CLTD for Conduction through Glass (Mackintosh) 
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Table 32. Maximum Solar Heat Gain Factor for Sunlit Glass, North Latitudes1 (Mackintosh) 

  
 1Need to interpolate for 35 Deg latitude 
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Table 33. CLTD for for Conduction through Glass (Mackintosh) 

 

 
 

 

Table 34. Rates of Heat Gain from Occupants (Mackintosh) 
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Appendix C – Building Loads Model Spreadsheet 

Table 35. Cooling Load Manual Calculations 
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Table 35. Cooling Load Manual Calculations (cont.) 
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Table 35. Cooling Load Manual Calculations (cont.) 
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Table 36. Heating Load Manual Calculations 
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Table 36. Heating Load Manual Calculations (cont.) 
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Table 36. Heating Load Manual Calculations (cont.) 
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Appendix D – Carrier Hourly Analysis Program (HAP) Results 

Current Operation Model 
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Projected Operation Model 
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Appendix E – Average Yearly Weather Data for New Bern, NC 

 

 Figure 71. Annual DB and WB Temperature Date (Daily Averages)  
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Figure 72. Annual Relative Humidity Data (Daily Averages) 
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Appendix F – Collected Chiller Data 

Table 37. Sample Data Collected from Chiller 1 

Date Time, GMT-

04:00 

Current 

(Amps) 

Power 

(kW) 

Power 

(tons) 

7/16/2014 12:00 102.481 73.5 66.9 

7/16/2014 12:00 102.34 73.4 66.8 

7/16/2014 12:00 102.255 73.3 66.7 

7/16/2014 12:01 102.143 73.2 66.6 

7/16/2014 12:01 102.227 73.3 66.7 

7/16/2014 12:01 102.312 73.4 66.8 

7/16/2014 12:02 102.086 73.2 66.6 

7/16/2014 12:02 102.002 73.1 66.6 

7/16/2014 12:02 102.002 73.1 66.6 

7/16/2014 12:03 102.396 73.4 66.8 

7/16/2014 12:03 102.058 73.2 66.6 

7/16/2014 12:03 101.946 73.1 66.5 

7/16/2014 12:04 102.002 73.1 66.6 

7/16/2014 12:04 101.749 73.0 66.4 

7/16/2014 12:04 101.692 72.9 66.4 

7/16/2014 12:05 101.861 73.0 66.5 

7/16/2014 12:05 102.086 73.2 66.6 

7/16/2014 12:05 102.199 73.3 66.7 

7/16/2014 12:06 102.34 73.4 66.8 

7/16/2014 12:06 102.312 73.4 66.8 
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Figure 73. Data for Chiller 1 and Chiller 2 (July 16 to August 15)  
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Figure 74. Combined Chiller Data (July 16 to August 15)
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Appendix G – LEED Checklist for the North Carolina History Education Center 
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Appendix H – Example Sequence of Operation for AHU-1 

Sequence of Operation 

1. THE SYSTEM SHALL BE AUTOMATICALLY STARTED AND STOPPED BY THE 

DDC SYSTEM WHENEVER THE HAND-OFF-AUTOMATIC SWITCH IS IN THE 

AUTOMATIC POSITION, AND MANUALLY STARTED AND STOPPED BY THE 

HAND POSITION. 

 

2. THE UNIT SHALL RUN CONTINUOUSLY AND SHALL REMAIN ENERGIZED.  

ONCE THE RETURN DAMPER IS 100% OPEN, AS SENSED BY FEEDBACK FROM 

THE DAMPER ACTUATOR, THE SUPPLY FAN SHALL START.  THE OUTSIDE AIR 

DAMPER SHALL OPEN PRIOR TO THE SUPPLY FAN STARTING.  THE RELIEF 

DAMPER SHALL OPEN PRIOR TO THE RELIEF FAN STARTING.  THE RELIEF FAN 

SHALL BE INTERLOCKED WITH THE SUPPLY FAN, AND THE RELIEF FAN SHALL 

START AT THE MINIMUM SPEED. 

 

3. THE RELIEF FAN VARIABLE FREQUENCY DRIVE SHALL MAINTAIN A 

CONSTANT SPEED (ADJUSTABLE) AS DETERMINED DURING TESTING AND 

BALANCING TO MAINTAIN A POSITIVE BUILDING PRESSURE IN THE RANGE OF 

0.01" WG TO 0.05" WG AS MEASURED BY THE SENSOR IN THE REGIONAL 

HISTORY MUSEUM (SEE DRAWINGS FOR LOCATION). WHEN THE OUTSIDE AIR 

TEMPERATURE DROPS BELOW 40°F (ADJUSTABLE) FOR A PERIOD OF FIVE 
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MINUTES (ADJUSTABLE), THE RELIEF FAN VARIABLE FREQUENCY DRIVE 

SHALL MAINTAIN A SECOND SPEED CORRESPONDING TO A NEUTRAL 

BUILDING PRESSURE AS DETERMINED DURING TEST AND BALANCE.  

 

4. MODULATE THE CHILLED WATER CONTROL VALVE TO MAINTAIN THE 

COOLING COIL DISCHARGE TEMPERATURE SETPOINT, WHICH SHALL BE 

CALCULATED AS THE SYSTEM DISCHARGE TEMPERATURE SETPOINT MINUS 

5°F (ADJUSTABLE). 

 

5. MODULATE THE REHEAT COIL CONTROL VALVE TO MAINTAIN THE SYSTEM 

DISCHARGE AIR TEMPERATURE SETPOINT. 

 

6. VARY THE SYSTEM DISCHARGE AIR TEMPERATURE SETPOINT BETWEEN 

THE LIMITS OF 55°F (ADJUSTABLE) AND 80°F (ADJUSTABLE) TO MAINTAIN A 

RETURN AIR TEMPERATURE SETPOINT OF 70°F (ADJUSTABLE). 

 

7. UPON SENSING A RETURN AIR RELATIVE HUMIDITY ABOVE 49% RH 

(ADJUSTABLE), THE NORMAL COOLING COIL DISCHARGE TEMPERATURE 

SETPOINT SHALL BE OVERRIDDEN, AND VARIED BETWEEN THE NORMAL 

SETPOINT AND 49°F (ADJUSTABLE) TO MAINTAIN A RETURN AIR RELATIVE 

HUMIDITY SETPOINT OF 47.5% RH (ADJUSTABLE).  UPON SENSING A RETURN 
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AIR RELATIVE HUMIDITY BELOW 46% RH RELEASE THE OVERRIDE AND 

ACTIVATE THE HUMIDIFICATION SEQUENCE.  

 

8. UPON A CALL FOR HUMIDIFICATION, ACTIVATE THE ELECTRIC BOILER.  

THE HUMIDIFIER CONTROL VALVE SHALL REMAIN CLOSED.  AFTER 5 

MINUTES (ADJUSTABLE), MODULATE THE HUMIDIFIER CONTROL VALVE TO 

MAINTAIN THE SYSTEM DISCHARGE RELATIVE HUMIDITY SETPOINT.  THE 

SYSTEM DISCHARGE RELATIVE HUMIDITY SETPOINT SHALL BE VARIED 

BETWEEN THE LIMITS OF 70% RH (ADJUSTABLE) AND 85% RH (ADJUSTABLE) 

TO MAINTAIN A RETURN AIR RELATIVE HUMIDITY SETPOINT OF 47.5% RH 

(ADJUSTABLE).  UPON SENSING A RETURN AIR RELATIVE HUMIDITY ABOVE 

50% RH (ADJUSTABLE), THE HUMIDIFIER AND ELECTRIC BOILER SHALL BE 

DEACTIVATED.  A DIFFERENTIAL PRESSURE SWITCH LOCATED IN THE 

RETURN AIR DUCT SHALL PREVENT THE HUMIDIFIER FROM OPERATING 

WHEN THERE IS NO AIRFLOW. A MODULATING HIGH LIMIT HUMIDISTAT, SET 

AT 90% RH AND LOCATED IN THE SUPPLY AIR DISCHARGE PLENUM, SHALL 

OVERRIDE THE DDC SYSTEM AND DISABLE THE HUMIDIFIER AND ELECTRIC 

BOILER. 

 

9. MODULATE THE SUPPLY FAN VARIABLE FREQUENCY DRIVE TO MAINTAIN 

THE SUPPLY DUCT STATIC PRESSURE SETPOINT TO ACCOUNT FOR FILTER 
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LOADING. THIS SETPOINT SHALL BE DETERMINED BY THE TEST AND 

BALANCE PROCESS. 

 

10. MODULATE THE RETURN AIR DAMPER TO MAINTAIN THE MIXING PLENUM 

STATIC PRESSURE SETPOINT AS MEASURED BY A STATIC PRESSURE SENSOR 

IN THE MIXED AIR PLENUM AT THE SETPOINT DETERMINED BY THE TEST AND 

BALANCE WORK TO MAINTAIN THE MINIMUM OUTSIDE AIR QUANTITY. 

 

11. A SEPARATE LOW LIMIT SAFETY SENSING AIR ENTERING THE COOING 

COIL, SET AT 40°F, SHALL STOP THE SUPPLY FAN.  

 

12. ON POWER INTERRUPTION OR FAN SHUTDOWN, ALL DAMPERS AND THE 

CHILLED WATER VALVE SHALL CLOSE. 

 

13. ON ACTIVATION OF THE FIRE ALARM SYSTEM RELAY, THE SYSTEM SHALL 

SHUT DOWN.



269 

 

 

 

 

 

Figure 75. AHU-1 Graphic from Facility Explorer
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Figure 76. AHU-1 Sequence Flow Diagram from Facility Explorer (1)
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Figure 77. AHU-1 Sequence Flow Diagram from Facility Explorer (2)
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Figure 78. AHU-1 Sequence Flow Diagram from Facility Explorer (3) 



273 

 

 

 

 

 

 

Figure 79. AHU-1 Sequence Flow Diagram from Facility Explorer (4) 
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Figure 80. AHU-1 Sequence Flow Diagram from Facility Explorer (5) 



275 

 

 

 

 

 

 

Figure 81. AHU-1 Sequence Flow Diagram from Facility Explorer (6)  


