
ABSTRACT 

 

CHAUDHARY, GOPAL. Analysis and Evaluation of a Fire Station VAV HVAC System 

(Under the guidance of Dr. Stephen Terry)  

 

Variable Air Volume (VAV) systems are highly capable HVAC systems that can provide 

precise temperature controlled air to places with the strictest of air quality requirements. 

However, their performance depends much on the heating and cooling method they are 

coupled with, as well as end use of the building they are being installed in. While some work 

has been done in the past to look at the applicability of VAV systems in homes and industrial 

spaces, not a lot of effort has been made to explore their application in mixed use buildings.   

 

The research in this technical paper focusses on the analysis and modelling of a VAV system 

in a modern day Fire Station (mixed use). This presents an opportunity to contrast real world 

data from that system with computer generated models. The comparison attempts to discover 

trends between a multitude of variables such as the heating practices, internal loads, fuel 

used, and cost of operations. 

 

The results obtained from the analysis help highlight the importance of correct design and 

control of VAV systems for use in mixed use buildings. The optimum solution to have a hot 

water loop instead of electric strip heat is modelled and presented. The benefit of having two 

separate Roof Top Units (RTU) instead of a single unit are discussed. Finally, other minor 

recommendations that may improve the energy efficiency of the building are also proposed. 
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1 INTRODUCTION 

 

1.1 Basics of a VAV Systems 

 

Air conditioning is an indispensable part of modern life. Its versatility of use can never be 

underestimated, from manufacturing to health care, from homes to offices, from cars to 

airplanes etc. Though very useful and practical, its impact on energy costs cannot be ignored. 

In 2014, 41% of total U.S. energy consumption was consumed in residential and commercial 

buildings, or about 40 quadrillion British thermal units [1]. Additionally, nearly 100 million 

US homes and offices now have air conditioning [2]. With such vast penetration of air 

conditioning and such large amounts of energy being used, the correct selection and design 

of an HVAC system becomes paramount. This allows for significant opportunities to 

optimize energy usage and improve air conditioning performance. 

 

HVAC systems may be classified in many ways based on usage, fuel use, capacity etc. One 

such classification based on air volume lists two systems, namely a Constant Air Volume 

(CAV) system and a Variable Air Volume (VAV) system. Constant Air Volume (CAV) is a 

type of heating, ventilating, and air-conditioning (HVAC) system. A CAV system, as defined 

by the American Society of Heating, Refrigeration and Air Conditioning Engineers 

(ASHRAE), is a heating, ventilating, and/or air-conditioning (HVAC) system in which, the 

supply air flow rate is constant, but the supply air temperature is varied to meet the thermal 

loads of a space. Inversely, A VAV, is defined as a type of HVAC system that varies the 

airflow at a constant temperature.  
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A simple VAV system as shown in Figure. 1 [3] incorporates one supply duct that, when in 

cooling mode, distributes supply air at a constant temperature of approximately 55 °F (13 

°C). Because the supply air temperature is constant, the air flow rate must vary to meet the 

rising and falling heat gains or losses within the thermal zone served. 

 

Figure 1: Standard VAV System 

 

 Such systems no matter how simple have a range of benefits such as: 

i) Precise Temperature Control - In a single-zone VAV unit, the fan speed varies 

depending on the actual space temperature and the temperature set point, while the 

compressor modulates the refrigerant flow to maintain a constant supply air 

temperature. The result is precise space temperature control. 

 

ii) Energy Savings and Reduced Wear - VAV fan control, especially with modern 

electronic variable-speed drives, reduces the energy consumed by fans, which can be 

a substantial part of the total cooling energy requirements of a building. Modulating 

control of the compressor also reduces wear and delivers further energy savings.  



 

3 

iii) Increased Dehumidification - Because VAV air flow is reduced under part-load 

conditions, air is exposed to cooling coils for a longer time. More moisture 

condenses on the coils, dehumidifying the air. Thus, although a constant-volume and 

a single-zone VAV unit maintain the same room temperature, the VAV unit provides 

more passive dehumidification and more comfortable space conditions  

 

1.2 Project Objective 

 

Fire Station 8 is part of the Town of Cary’s network of new generation fire stations. This 

study will involve data collection and analysis, modeling of the subject facility and the 

HVAC system using Department of Energy’s eQuest software, determination of optimum 

system design for the facility and other recommendations to help improve the energy 

efficiency of the building. The main objective of this study is to analyze the current state of 

VAV system at the Town of Cary Fire Station 8 and determine the root cause of discrepancy 

between design energy use and actual energy use during peak heating days. From analysis it 

will be determined why operating the HVAC system is costing the facility more than 

projected.  

 

Along with the analysis of the facility, an in depth look into different VAV systems and their 

comparison with CAV systems is also provided. The nuances of a VAV system are detailed 

to enable better selection of such a system for a particular application. 
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1.3 Literature Review  

 

Study of VAV systems and their applicability in different buildings has been done on 

multiple occasions by researchers. Reddy, Liu and Richman, and Claridge evaluated the 

potential of VAV terminal reheat systems in North American buildings for satisfactory zone 

ventilation back in 1998 [4]. The paper compared the differences in energy use and 

ventilation air flow rates supplied to different zones in a building using outdoor air 

ventilation strategies. A simplified simulation methodology was used to predict heating and 

cooling energy use of a terminal reheat VAV system. 

 

The three major results derived from the simulations are the effect of air flow rates on the 

performance of the VAV systems, the relation between summer and winter air flow rates 

with indoor air quality, and the variation in performance of a VAV reheat system based on 

the geographical location of a building [4].  

 

The authors varied the ventilation levels in simulations and observed the interaction between 

the air flow rate and the HVAC loads. Across all simulations for buildings in different 

locations, increase of air flow rate of up to 20% over ASHRAE code did not necessarily 

eliminate the problem of deficient cooling in hotter locations like Dallas. However, the 

performance was satisfactory in cooler areas such as Seattle, where the cooling loads are 

lower. Surprisingly, it was discovered that heating energy use was virtually independent of 

ventilation strategy used.  
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The results of their study were that, in general, across all building types and geographic 

locations, there is no significant HVAC related savings for VAV reheat systems during the 

heating season. However, the authors did find that when looking at individual climate zones, 

colder climates showed greater savings while warmer climates [4] tend to see virtually no 

improvement unless the air flow rates are increased substantially. 

 

Mehdi, Yao, and Cook did a similar study in the UK [5] with the objective of characterizing 

the energy performance of an HVAC system for a prototype office building. The study 

considered the performance of the system with either CAV or VAV systems as secondary. 

Simultaneous dynamic simulations of the building using TRNSYS software was done.  

 

Results of this study [5] showed that, in the secondary part of HVAC&R systems, utilizing 

the VAV system (instead of CAV system) reduced the auxiliary energy consumption by 15–

35% which is equal to a 5–15% reduction in the total energy consumption of the building. In 

addition, the amount of energy used to meet the heating and cooling demands in VAV 

systems was slightly higher than in CAV systems The results of this study on the 

performance evaluation of 36 HVAC&R systems was used as a complementary part of the 

existing building energy benchmarks in order to enhance the performance characterization 

assessment of a variety of HVAC&R systems. In terms of CO2 emissions, the best 

performance was delivered by a Combined Cooling, Heating and Power system (CCHP) 

when linked to a VAV system [5] with heat recovery whereas, the highest pollution was 

produced by an absorption chiller and boiler when linked to a CAV system with terminal 

reheat coils. 
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Another study, this time from Japan, looked at the potential for energy savings with variable 

air volume systems using advanced simulation techniques. Toshio M. and Uiche I.  studied 

the energy consumption [6] of a VAV system and compared it with that of several other 

types of air conditioning systems used in the interior and the perimeter zones of a model 

building. Subsequently, the energy saving properties of the VAV system were verified by 

actual measurements in an existing building equipped with it. The dynamic hour-by-hour 

heating and cooling loads were calculated using the standard computer program 

HASP/ACLD 7101 and the standard meteorological data in Tokyo provided by SHASE 

(Society of Heating, Air Conditioning and Sanitary Engineers of Japan). 

 

The results of this study showed that comparison of air conditioning systems by simulation 

proved that in the interior zone the annual cooling coil loads increased per system when 

going from a VAV system (both single and dual duct) to a CAV system. The minimum was 

about 60% of the maximum, and about 40% energy saving [6] was obtained. Although the 

single duct VAV system was found to be inferior in the perimeter zone, it could be improved 

by using a dual duct VAV system or by resetting the temperature of the supply air separately 

in each zone. As for the annual fan power consumption, the VAV system was found to be the 

most economical of all systems and its consumption was lower than that of a dual duct CAV 

system by 50% or about 33% less than of that of a terminal reheat CAV. These facts were 

verified by actual measurements in an existing building. 

 

S.C. Sekhar wrote a paper which presented an evaluation of variable air volume systems in 

hot and humid climates [7]. The main objective of this paper was to compare critically the 
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performance of a VAV system with an equivalent constant air volume (CAV) system for five 

different buildings in such a climate, whose internal loads remained constant throughout but 

the thermal loads due to the building envelope and orientation varied among the five 

buildings. The presence of a diversity in cooling loads was investigated which then lead to 

the exploration of potential energy savings with a VAV system.  

 

The end result being that, while maintaining the same floor area and altering either the 

window wall ratio or the shape of the floor plan, substantial energy savings were accrued 

with the use of a VAV system. A minimum energy savings of 11.5% was expected with a 

VAV system [7] due to building envelope variations for identical floor plan and similar 

internal loads. It was also established that savings in fan energy alone could be between 50-

70% depending on the shape of the building, its orientation and envelope characteristics. The 

energy required for space cooling was also found to be significant and was in the range of 

10.9-18.5%.  

 

A more recent study that was conducted by [8] showed the energy savings opportunities with 

a VAV system for use in a building in a humid subtropical climate location such as Beijing 

and Chengdu. This paper is of significance as the climate zone is same as that of Cary. In this 

paper energy-saving of variable-air-volume system was compared to constant-air-volume 

system and fan-coil systems. One small office building was taken as an example, year-round 

energy simulations of the three kinds of HVAC systems (VAV, CAV and Fan Coil System) 

of the same building were made in different cities across China.  
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The end result showed that VAV systems outperformed their CAV and fan coil system (FCS) 

counterparts in every city where the simulations were run. In Beijing especially, the 

improvement was seen to be 19.2% over CAV and 6.4% over FCS [8]. The paper was 

comprehensive in its coverage of the locations across China and used a standardized building 

to ensure equitable results. However, the main drawback of this analysis was the lack of 

clarity in the type of VAV system used. There was also lack of evidence to support their 

claims whether the energy savings were for cooling, heating or both. 

 

As seen by the sample of studies discussed here, there have been numerous attempts to 

analyze and study VAV systems across several nations. While all these papers have dabbled 

into the benefits of VAV systems in standard office buildings, none have been able to justify 

its applicability for a mixed use building. There is also a no mention or comparison of VAV 

systems based on reheat techniques. This results in a lack of clear understanding of the 

applicability of VAV systems in general. Additionally, all the papers have used different 

modelling and simulation techniques which may color the result in some capacity and 

prevent the comparison of VAV with other HVAC systems on a common ground.  

 

Taking a slightly different approach for our study, VAV systems are studied intrinsically 

before being compared with other HVAC systems. Our study limits this analysis to a single 

geographical location and a singular mixed use building. This allows us to create a new 

subset of research that opens up the avenue of new and more in depth research on the topic of 

VAV systems. 
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2 UNDERSTANDING VAV SYSTEMS 

 

2.1 HVAC Zoning and Control 

 

An HVAC system conditions the supply air to provide the spaces with an acceptable 

combination of humidity and temperature within the comfort zone. It also provides a 

sufficient amount of outside air for ventilation. The effectiveness of the system depends upon 

three factors: 

 The quantity of air being supplied, measured in cfm (cubic feet per minute). 

 The temperature of the supply air. 

 Humidity 

To heat or cool a space, these two factors are combined in different ways depending upon the 

type and design of the particular HVAC system. The combinations are: 

i) Constant Volume-Variable Temperature (CV-VT) 

ii) Variable Volume-Constant Temperature (VV-CT) 

iii) Variable Volume-Variable Temperature (VV-VT) 

As the indoor air temperature varies, the humidity also increases or decreases. Ideally, the 

indoor humidity remains within the comfort zone. However, in dry climates, many HVAC 

systems have a humidifier unit in the central air handler to increase the moisture level in the 

conditioned air when it is needed. In humid climates, systems may have a means of removing 

moisture from the supply air. Figure. 2 shows a simple CV-VT system. 
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Figure 2: Single Zone CV-VT System 

 

In large buildings, the HVAC system must meet the varying needs of different spaces. 

Different zones of a building have different heating and cooling needs. In the past, large 

commercial buildings were often designed with a central light well i.e. primarily with 

exterior walls for windows. This admitted light and air to the inner rooms. As building and 

land costs increased and HVAC systems developed, this inner light well was eliminated. 

Now buildings are designed with a core of inner rooms where the light well used to be 

(Figure. 3). The development of this inner core created a new air conditioning problem. The 

core spaces do not generally require heating, but do require cooling and ventilation, even in 

winter. 

 

Figure 3: Typical Zoning of an Office Space 
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The rooms along the outer walls require either heating or cooling as well as ventilation. 

These outer rooms are also called perimeter spaces since they have at least one wall exposed 

to the outside temperatures. This means that these offices have more heat loss and heat gain 

than the interior rooms: 

 On cold days, heat transfers from the heated spaces of the building to the colder 

outside air (heat loss). 

 On warm days, heat transfers from the warm outside air to the cooler spaces of the 

building (heat gain). 

The outer rooms gain or lose heat at a varying rate. For example, when the sun strikes one 

side of a building, that side has more heat gain than the sides that are shaded. The position of 

the sun, color of the wall, insulation, amount of glass, and shading all affect this solar heat 

gain. 

 

The core of the building gains heat from the interior load such as people, lights, and 

equipment. Therefore, these spaces generally do not require heating except for a top floor 

where heat is lost through the roof. The normal condition is that they gain too much heat and 

therefore require cooling when occupied even on the coldest of winter days. 
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The cooling load for both core spaces and outer spaces depends on many factors such as 

these: 

 Types of occupancy (density, active or passive work tasks). 

 Heat produced by equipment. 

 Type and level of lighting. 

Since different spaces have different rates of heat gain and heat loss, it is impossible for an 

HVAC system that delivers the same temperature of air at a fixed volume to every space to 

provide comfort conditions for all of them. Therefore, heating and cooling must be supplied 

at varying rates to different zones of the building. A zone is a space or group of spaces in a 

building with similar requirements for heating and cooling. All rooms in a zone can be 

supplied with the same temperature supply air at the same flow rate. 

 

2.2 Features of a VAV System. 

 

Variable Air Volume (VAV) systems (Figure. 4) were developed to be more energy efficient 

and to meet the varying heating and cooling needs of different building zones. A zone can be 

a single room or cluster of rooms with single, dual or even triple ducting, each the same heat 

gains and heat loss characteristics. 

 

In dual-duct systems, the air handling unit has two coils, a continuously operating cooling 

coil and a continuously operating heating coil. The cooling coil feeds chilled air into a cold 

air duct. The heating coil feeds hot air into a hot air duct. The two ducts run in parallel 

throughout the building. At each space, air is tapped from the two ducts by a terminal unit. 
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The terminal unit has a hot air damper and a cold air damper. When the space thermostat 

calls for heating, the hot air damper opens. When the thermostat calls for cooling, the cold air 

damper opens.  

 

 

Figure 4: A VAV System In Operation 

 

Efficiency suffers if a terminal unit mixes chilled air with heated air under any conditions. 

The system may be designed to do this deliberately under low conditioning loads to maintain 

a minimum air flow into the spaces. VAV systems can save as much as 30 percent in energy 

costs as compared to conventional dual duct systems. In addition, they are economical to 

install and to operate. Duct sizes and central air handling units are smaller and the design and 

installation is generally much simpler. 

 

The main duct for a typical VAV system is designed to provide air at 55°F which is called 

primary air. Room thermostats control the amount of primary air delivered to each zone 

through modulating dampers for each zone. These dampers vary the volume of air to each 

zone according to the cooling needs. 
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Early VAV systems varied the fan cfm output according to the total need of the zones. The 

fan was sized for the maximum probable load. As the air volume for the zones varied, the 

static pressure (SP) in the main duct tended to vary. An SP sensor in the main duct controlled 

the fan output to maintain a constant supply duct static pressure. The fan output was varied 

either by fan inlet vanes or by a damper at the fan outlet. These systems were variable 

volume-constant temperature (VV-CT). 

 

Early VAV systems were cooling only, so a separate source of heat was needed, particularly 

for the outer rooms. This was usually supplied by perimeter heating in the rooms. These early 

VAV systems were low-cost to install. However, depending upon the position of the zone 

dampers, the zones were subject to delivering too much cold supply air, which sometimes 

created drafts and air noise. These systems were very difficult to balance. 

 

 

Figure 5: VAV Terminal Unit 

 

To better control the secondary air delivered to each zone, the VAV terminal unit was 

developed. A terminal unit is a small metal box (Figure. 5) located in the supply air duct just 
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before the outlet of each zone. A terminal unit is also called a VAV box, VAV unit, or outlet 

box. 

Each terminal unit (Figure. 6) receives primary air from the central air handling unit at the 

same temperature (about 55°F). The terminal unit contains a primary-air damper also known 

as a butterfly damper which modulates (continuously changes position) according to signals 

from the automatic control system. For this type of box, the primary-air damper regulates the 

volume of cold primary air delivered to the terminal unit according to the needs of the 

spaces. This is also the volume of secondary air delivered to that space. Figure. 6 shows only 

the key features of a terminal unit. 

 

 

Figure 6: Simple VAV Terminal Unit Without Controls 

 

In its simplest form, the VAV terminal unit provides cooling only. The core spaces generally 

do not require heating, and the outer rooms are heated by another means. Other terminal units 

may include a means of heating. The big advantage of VAV systems with terminal units is 

that they are able to meet the comfort requirements of different zones in a building without 

heating and cooling at the same time.  
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There are instances where precise temperature control may be needed especially for large 

buildings or mixed use buildings. In this case, the VAV system may also include a reheat coil 

system. A reheat system works by cooling air to a temperature low enough to condense or 

remove moisture (for humidity control) and to offset the largest heat gain generated 

anywhere in the building. The cold (~50˚F - 55˚F) air is pushed out everywhere in the 

building and then warmed up throughout the reheat system, depending on the space cooling 

needs. This system provides the flexibility of delivering different amounts of cooling to 

different zones at different times. Reheat systems are very precise but they are energy 

intensive if not controlled correctly 

 

VAV systems are either pressure dependent or pressure independent. The first VAV terminal 

units were pressure dependent. They had no means for limiting the quantity of supply air. In 

pressure dependent systems, the volume of air supplied by the terminal unit varies depending 

upon the static pressure (SP) in the primary air duct. The primary-air damper in the terminal 

unit is controlled by a thermostat in the space. However, the airflow through the damper 

varies according to the SP in the main duct. Terminal units that are close to the supply fan are 

likely to supply too much primary air. Terminal units that are farthest from the supply fan are 

not likely to supply enough primary air. 

 

Pressure independent terminal units have flow-sensing devices that limit the flow rate 

through the box. They can control the maximum and minimum cfm that can be supplied and 

are therefore independent of the SP in the primary air duct. Almost all HVAC systems 
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installed or retrofitted at present have pressure independent VAV terminals. Pressure 

independent systems can be balanced and will allow the correct airflow from each terminal. 

Because each terminal unit regulates its primary air volume independently, the volume (cfm) 

of primary air delivered by the central air handling unit varies according to the demands of 

the terminal units in the system. This means that the supply fan in the central air handling 

unit must vary its output in order to meet the needs of all the terminal units. If the primary-air 

dampers of most terminal units are full open, the cfm required for the entire system is high. If 

most terminal unit dampers are closed, the cfm required for the system is much less. 

 

In many current systems, the rpm (speed) of the central supply fan is regulated by the control 

system to meet the changing demands of the system. A static pressure (SP) sensor in the 

primary air duct sends a signal to a controller that regulates the fan speed to maintain a 

constant SP in the primary air duct. The location of the SP sensor in the primary duct is 

critical to the performance of the system. It is best placed near the terminal unit that is most 

difficult to supply. This is the location that has the greatest pressure drop from the fan. If the 

sensor is placed too close to the supply fan, the SP in the supply duct will be too high during 

periods of low cfm demand. 

 

2.3 Types of VAV Systems 

 

Early VAV systems were not highly regarded by HVAC technicians. They were considered 

almost impossible to balance and to keep in balance. Today, pressure independent VAV 

systems are widely regarded as the best HVAC system design available. This change is 

largely a result of improvements in the terminal unit. Many VAV systems and terminal units 
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have been developed to provide for the particular needs of a building. VAV systems may be 

of many different classifications based on controls, terminal units, and method of temperature 

control.  

The following four types of VAV systems shown in Table 1 are most commonly used and 

will be discussed in brief.  

Table 1: Common Types of VAV Systems 

 

Classification 
Ducting 

Method 

Primary 

Air 

Flow 

Secondary Air 

Flow 
Notes 

VAV with 

Cooling Only Single Variable Variable  

VAV with 

Reheat Single Variable Variable/Constant 

May have fan powered 

reheat units 

VAV with Dual 

Duct Dual Variable Variable  

VAV with 

Bypass Single Constant Variable 

Variation may include a 

changeover 

 

2.3.1 VAV with Cooling Only 

 

In a single-zone VAV system, the temperature sensor in the zone is used to vary the cooling 

or heating capacity and the airflow delivered by the supply fan to maintain supply-air 

temperature at a desired set point. Figure 7 Shows a typical single zone VAV. 

 

Figure 7: Typical Single Zone VAV with Cooling Only (Heating Coil is Separate)  
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Traditionally, single-zone VAV has been used for larger, densely occupied zones that have 

variable cooling loads. Common examples include gymnasiums, cafeterias, lecture halls, 

auditoriums, large meeting rooms, churches, and arenas. Therefore, it has been available 

primarily in larger air handling units and large, packaged rooftop equipment. This type of 

equipment has long been available with variable-speed fans and cooling/heating that can be 

staged or modulated to control discharge air temperature. However, due to increased focus on 

reducing energy use, single-zone VAV is starting to be used more often in K-12 classrooms, 

retail stores, dormitories, and even offices. As its popularity has increased for these smaller 

zones, this functionality is beginning to be offered in smaller equipment, such as small 

packaged rooftop units or direct expansion (DX) split systems, fan-coils, classroom unit 

ventilators, and water-source heat pumps. 

 

Figure 8: Typical Control Scheme for a Single Zone VAV with Cooling Only 



 

20 

Figure 8 depicts an example control sequence for a single-zone VAV system [9] that uses a 

variable-speed fan. (Note that control can vary by manufacturer, and there are nuances that 

depend on whether chilled water or DX is used for cooling and whether the type of heater 

used can support variable airflow.) When the zone is at design sensible cooling load (right-

hand side of the chart), this system delivers maximum supply airflow at the design supply-air 

temperature (SAT) for cooling (e.g., 55°F).  

 

As the zone cooling load decreases, supply airflow is reduced as needed to maintain the 

desired temperature in the zone. This is accomplished by varying the speed of the fan motor. 

Cooling capacity is then staged or modulated to maintain SAT at the same design set point. If 

the system has an airside economizer, the economizer may provide all or part of the cooling 

needed to achieve the SAT set point. Eventually, the zone sensible cooling load decreases to 

the point where supply airflow reaches a minimum limit.  

 

As the cooling load continues to decrease, the fan remains at minimum airflow, but now the 

SAT set point is gradually reset upward to avoid overcooling the zone. Depending on the 

outdoor conditions, as the SAT set point increases, eventually no mechanical cooling is 

needed to make this temperature, so the compressors are turned off. And even the airside 

economizer modulates back to bring in only the minimum outdoor airflow required for 

ventilation. When that happens, and the load continues to decrease, the zone temperature 

begins to drop below the zone cooling set point, into the dead band between cooling and 

heating set points. The fan continues to operate at minimum airflow, with no compressors or 

heaters operating, and the zone temperature is allowed to float within this dead band. 
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2.3.2 VAV with Reheat  

 

 

Figure 9: VAV With Reheat 

 

Figure 9 shows a typical VAV system with reheat. In VAV systems, chilled air is distributed 

to spaces from an air handling unit, and the temperature of individual spaces is controlled by 

throttling the quantity of air into each space. The throttling is accomplished by terminal units 

that are controlled by the space thermostats. 

 

VAV systems were originally introduced as a more efficient alternative to constant-volume 

reheat systems. The VAV concept offers two major efficiency improvements: (1) it reduces 

or eliminates reheat and (2) it minimizes fan power. Unfortunately, the full efficiency 

potential of many VAV systems has not been achieved in practice. In many systems, the 

terminal units contain reheating coils. These are used to provide space heating, or to reheat 

the chilled air to allow a minimum air flow to be maintained in the spaces, or for both 

purposes. 
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As VAV systems became widespread during the 1980’s, it became apparent that they incur a 

number of conflicts with comfort and air quality. Indeed, VAV has become notorious for its 

comfort problems. Attempts to resolve the comfort problems and to reduce the installation 

cost of the systems often resulted in systems that squandered much of the efficiency potential 

of the VAV concept. 

 

By far the largest opportunity for energy conservation in VAV reheat systems is minimizing 

the operation of the reheat coils. Also, you can save both reheat energy and fan energy by 

using accurate fan modulation to match cooling or heating load changes. 

 

Energy conservation measures for optimizing the efficiency of VAV systems, must pay 

particular attention to reducing comfort and ventilation problems and include reducing reheat 

losses by adjusting the discharge temperature of the cooling coil automatically with supply 

air temperature reset controls. Changeover controls that can completely eliminate reheat for 

much of the time should also be installed. 

 

VAV systems also allow you to use energy saving thermostatic controls, including dead band 

thermostats and temperature setback thermostats. 

 

2.3.3 VAV with Dual Duct 

 

The next common type of VAV system is double duct or dual duct systems [10]. VAV dual-

duct systems have the potential of being efficient and comfortable, but they often have 

significant opportunities for improvement. 
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In dual-duct systems, the air handling unit has two coils, a continuously operating cooling 

coil and a continuously operating heating coil. The cooling coil feeds chilled air into a 

cold air duct. The heating coil feeds hot air into a hot air duct. The two ducts run in 

parallel throughout the building. At each space, air is tapped from the two ducts by a 

terminal unit. The terminal unit has a hot air damper and a cold air damper. When the 

space thermostat calls for heating, the hot air damper opens. When the thermostat calls 

for cooling, the cold air damper opens. This can be seen in  Figure 10 shown below. 

 

 

Figure 10: A Dual Duct VAV System 

 

Efficiency suffers if a terminal unit mixes chilled air with heated air under any 

conditions. The system may be designed to do this deliberately under low heating or 

cooling loads to maintain a minimum air flow into the spaces. 
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“Triple-duct” systems avoid air mixing. They are similar in appearance to dual-duct 

systems. The main difference is a third duct that carries unconditioned air (a mixture of 

return air and outside air) for mixing with either the heated air or the chilled air. If 

properly installed, triple-duct systems have no mixing losses, except for leakage that 

occurs inside the terminal units. 

 

The largest opportunity for energy conservation in VAV double duct systems is 

eliminating any mixing of heated air and chilled air. Also, fan energy can be saved by 

using accurate fan modulation to follow the cooling or heating loads. Variable-speed fans 

are the favored approach. VAV systems also allows the use of energy saving thermostatic 

controls, including dead band thermostats and temperature setback thermostats. The dual-

duct VAV system design is especially favorable for exploiting the energy saving 

principle of the outside air economizer cycle.  

 

2.3.4 VAV with Changeover Bypass 

 

 

Changeover-bypass VAV is a comfort system developed for light commercial applications. A 

changeover-bypass VAV system responds to changing cooling or heating requirements by 

varying the quantity or volume of air delivered to each zone. Each zone has a thermostat for 

individual comfort control. An HVAC unit delivers a constant volume of air to the system. 

As the volume of air required by the zone changes, excess supply air is directed to the return 

duct via a bypass duct and damper. (See Figure 11 for typical system components.) A 

changeover-bypass VAV system combines the comfort benefits of VAV with the cost 

effectiveness and simplicity of packaged, constant volume unitary equipment.  
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Figure 11: A Changeover-Bypass VAV System 

 

Changeover bypass systems [11] use the practicality and cost effectiveness of constant 

volume unitary components like packaged rooftop units, split systems, or water-source heat 

pumps, and simply add dampers and a central control panel to coordinate the components. 

This allows for multiple (over 10) individual sensors (thermostats) for independent 

temperature control. 

 

A changeover-bypass VAV system commonly consists of an HVAC unit with a constant-

volume supply fan, and direct-expansion (DX) cooling. This combined system has the ability 

to “change” to the heating mode or cooling mode, depending on individual zone comfort 

requirements. A heating coil or a gas-fired heater and an outside air damper are possible 

options.  
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A temperature sensor in each zone communicates information to an electronic controller on 

the VAV terminal unit. The controller then modulates the zone damper open or closed, 

supplying heating or cooling air to the zone. The HVAC unit delivers a constant volume of 

supply air to the system. In order to maintain duct static pressure, a bypass duct and damper 

are required to bypass (detour) air not required in the zones.  

 

The VAV terminal unit controller communicates zone temperature information to a central 

control panel (CCP). The CCP also gathers information from the system, including duct 

static pressure and supply-air temperature. The CCP determines zone heating or cooling 

needs using voting (or polling) logic, then requests heating or cooling from the HVAC unit. 

The CCP directs the HVAC unit to provide ventilation air to high-occupancy areas (demand 

control ventilation) or free cooling when the outside air temperature falls below the 

temperature set point (economizer control). 
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3 TOWN OF CARY FIRE STATION 8 

 

3.1 Facility Overview  

 

The Town of Cary has united its fire and police personnel under one roof with the 

construction of Fire Station 8.  The building, located at 408 Mills Park Drive (Figure 12 

[12]) on property owned by the Town of Cary, includes a Police Department substation.   

 

Figure 12: Town of Cary – Fire Station 8 

 

Fire Station 8 is housed in a modern 14,410 sq. ft. building that is LEED registered and has a 

low carbon footprint. Located at 408 Mills Park Drive, it is a good example of a green building. 

The facility was built & commissioned in 2013 and has a satellite Police response office 

attached to it.  

 

The two storied building uses a host of energy efficient equipment including LED lighting, 

occupancy sensors, zone based thermostatic control for HVAC, solar lighting, solar water 

https://www.townofcary.org/Assets/Fire+Department/Fire+Department+Images/vicinitymap.jpg
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heating and a staged roof top unit (RTU) that services the building’s HVAC needs. The garage 

bay also uses natural gas fired infra-red heaters as shown below in Figure 13 

 

 

Figure 13: Natural Gas Fired Infrared Heaters in the Garage Bay  
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The RTU has an integrated furnace that burns natural gas in order to provide primary heat 

during winter. The building itself is maintained using ten VAV boxes that control the volume 

of air being delivered to each zone in order to maintain temperature in that zone. The VAV 

boxes have electric strip heat built into them that are designed to provide secondary heating.  

The RTU is shown in Figure 14 below. 

 

 

Figure 14: RTU at Fire Station 8 
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3.2 Energy Use 

 

For analysis of the facility, energy use data from 2014 was used. Energy use is split into two 

categories, electricity and natural gas. Electricity is provided by Duke Progress Energy on the 

Medium General Service (MGS) rate schedule. Based on this rate schedule the facility is 

charged at the rate of $0.0712/kWh for energy use and $4.81/kW for demand however based 

on mutual understanding between the Town of Cary and Duke Progress Energy, the facility 

paid a combined rate of $0.0821/kWh for electricity. The facility also uses natural gas for 

which it is charged $8.97/MMBTU. The building is occupied between 8 AM and 5 PM, 

however occupancy levels are highly variable throughout the day. 

 

3.2.1 Electricity 

 

Table 2 shows electricity usage of the facility for the year 2014. It should be noted that 

electricity use remains fairly consistent during the summer months; this may indicate that 

there is not a lot of reheat occurring. Humidity is kept at 50% and any form of reheat is for 

dehumidification purposes only. However, the energy use numbers for the winter months 

indicate high electricity use which may be caused due to use of electric heating. This will be 

investigated in a later section. 
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Table 2: Electricity Usage for 2014 

2014 
Billed 

Electricity 

Energy 

Cost 
Demand 

Demand 

Cost 
Total Cost 

Month kWh $ kW $ $ 

Jan 44,920 $3,198 68 $385 $3,525 

Feb 27,720 $1,974 73 $385 $2,325 

Mar 24,840 $1,769 73 $385 $2,120 

Apr 20,120 $1,433 67 $385 $1,755 

May 22,840 $1,626 52 $385 $1,876 

Jun 24,080 $1,714 58 $385 $1,993 

Jul 28,400 $2,022 64 $308 $2,330 

Aug 28,480 $2,028 63 $303 $2,331 

Sep 32,080 $2,284 64 $308 $2,589 

Oct 23,120 $1,646 58 $279 $1,925 

Nov 30,200 $2,150 72 $346 $2,497 

Dec 30,720 $2,187 67 $322 $2,510 

Total 337,520 $24,031 868 $4,175 $27,710 

 

 

 

Figure 15: Electric Energy Usage and Demand 
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3.2.2 Natural gas 

 

The following table (Table 3) details the actual natural gas consumption for the year 2014.  

Table 3: Natural Gas Usage for 2014 

Year 
Natural Gas 

Use 

Natural Gas 

Cost  

2014 MMBTU $ 

Jan 70.2 $630 

Feb 65.8 $590 

Mar 36.2 $325 

Apr 11.2 $100 

May 6.5 $58 

Jun 11.7 $105 

Jul 7.5 $67 

Aug 8.2 $74 

Sep 7.7 $69 

Oct 8.3 $74 

Nov 8.5 $76 

Dec 13.1 $118 

Total 254.9 $2,286 

 

 

Natural Gas use remains is very low during the summer months as expected. The water 

heaters and gas stoves are the only things using it. During the winter months, energy use 

numbers increase slightly which indicates that the gas fired infrared heaters are being 

operated for cooling the garage bays. The natural gas usage is far less than what is expected 

for a building of this size. This observation will be analyzed in later sections. Energy usage 

trends are shown below in Figure 16 and Figure 17 
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Figure 16: Natural Gas Usage and Cost 

 

Figure 17: Total Energy Cost 

 

Based on the figure above we can see that even though natural gas use goes up in the winter 

months, the electricity use remains high. This is the cause for concern and a focal point of 

investigation 
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3.3 Understanding the Problem  

 

The recently built Town of Cary Fire Station 8 was designed to be a model of energy 

efficiency for all current and future fire stations in the Town of Cary. In particular, the 

HVAC system that was installed at the site was designed to be highly energy efficient and 

have a very low carbon footprint. To support the claims of energy efficiency, an energy 

model was created during the design realization phase to project the energy use of the facility 

over a period of one year. Initially, the projected energy use data from the model was very 

optimistic. However, after a year of operation the actual electrical energy use for the facility 

was found to be much more than the projected energy use. 

 

The analysis of the HVAC system occurred in multiple stages, ranging from initial survey to 

data collection and finally design modelling. Over the course of the next few months, it was 

determined that the VAV reheat system within the HVAC seemed to be contributing to the 

additional electrical energy use. Data was collected by MAE Energy Solutions staff and 

students to assist in the analysis of the HVAC system. From the data collected, several 

energy models were created and analyzed to determine the root cause and determine 

alternative solutions that may be taken to help improve the system.  

 

First, a walkthrough of the building was conducted by the assessment team to gather high 

level information and understand the HVAC system installed. The team also interacted with 

the building’s original designers and HVAC consultants. Next, the roof top unit (RTU) at the 

fire station was data logged to determine the reason behind increased use of electricity during 

winter. Figure 18.  
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Figure 18: Logged Data for the RTU 

 

The logged results showed that the maximum load on the RTU goes up 80 kW while the 

average load is about 15 kW. The ‘spikes’ in loads, as seen above, are likely due to increased 

use of air conditioning during peak cooling operation periods but only some during periods 

of very low temperature. Due to the fact that the logged data was from a period of very low 

temperatures, it might indicate that the increased loading may be due to the compressors 

running within the RTU. This was followed by an energy model using the eQuest modelling 

software created to verify that the system was performing as per the approved design.  

 

Data gathered from this model concluded that the VAV system was using electric strip heat 

as primary during heating season instead of from the natural gas fired furnace. This was 

confirmed during a subsequent visit, when on a very cold morning with temperature in the 

low teens, the natural gas furnace stacks were not only cold but also showed no signs of paint 

wear (peeling) which would indicate use over time. 
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4 BUILDING LOAD MODELS 

 

The investigation involved trial and error type modelling to determine the mode of operation 

that would cause the electric use to be high during the winter. Initial investigation pointed 

towards the compressors in the RTU, it was speculated that the RTU was running the 

compressor and using its bypass heat to provide reheat to the building instead of the natural 

gas. Thus putting extra load on the compressor and driving up the electrical usage during 

winter. 

 

This conclusion was at odds with the logger data since we were not able to see a spike in 

RTU loading during very cold days. This led the investigation team to abandon this theory. It 

was only when the original commissioning plans were made available to the investigation 

team that it was determined that during the commissioning process [13], the design was 

changed in such a way that the electric strip heat acted as primary and the natural gas was 

barely used, if at all. 

 

This required further investigation and hence, the original building design models (eQuest 

[14]) that were created during the initial stages of the project were retrieved. The analysis of 

the models confirmed this claim and it was determined that the natural gas heat was indeed 

replaced with electric strip heat as effective primary source of space heating. 

 

To understand the problem better, two energy models that were originally created during the 

design phase of the building (by a third party) were fine-tuned and simulated for the purpose 
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of this analysis. First was an ASHRAE baseline model, created to determine the minimum 

design that will satisfy the ASHRAE building efficiency guidelines.  

Second, a proposed pre-construction model that improved upon the ASHRAE model with 

lower energy costs, through the use of a single duct VAV system that used of natural gas 

fired heaters for the RTUs with backup electric strip heat.   

 

After comparing the two models with the actual energy use profiles of the building it was 

determined that although the building was sized correctly, the HVAC system itself was 

designed in way that virtually eliminated the need for gas heat to ever activate. This placed 

the electric heat strips firmly as the primary source of heat thus producing a cascading effect 

on the energy use patterns of the building. 

 

As a solution, a new energy model was created that utilized hot water coils at the VAV boxes 

instead of electric reheat. This resulted in a reduction in proposed electrical energy use 

during winter, conversely it increased the natural gas use. However, as natural gas is less 

expensive as a fuel and has a smaller carbon footprint, this model was found to be a better fit 

for the fire station. 

 

The result for all the models were compared and it was concluded that while a hot water 

system was the better option, having two HVAC systems where one served the inner (core) 

rooms and the other served the outer (perimeter) rooms was the optimum design as it allowed 

for having better temperature control with minimal use of electric strip heat during winter.  
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To conclude, additional recommendations for lighting, thermostatic control and HVAC data 

reporting system were discussed in order to make the building as energy efficient as possible. 

 

Some of the basic details of common to all the models such as the 3D layout and floor plans 

are shown below in Figure 19. These have been used to model both the pre-construction and 

post-construction designs and are very accurate. 

 
 

Figure 19: 3D Layout of Fire Station 8 

 

This layout is based on the floor plans approved by the Public Works Department of Town of 

Cary which are shown in Figure 20 and Figure 21. 
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Figure 20: First Floor Plan 

 

 

 

 

Figure 21: Second Floor Plan 
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4.1 Pre - Construction Design Models 

 

The first phase of the design modelling involves analyzing and simulating models that were 

created during the design realization phase of the project, i.e. pre-construction phase. These 

models were created by a third party for the Town of Cary to determine the feasibility of the 

HVAC system and to verify whether they meet and exceed the minimum ASHRAE baseline 

requirements.  

 

For this purpose, two models were created, the first model was meant to simulate the 

building’s HVAC performance according to ASHRAE 90.1.2007 [15] baseline requirements. 

The second model was created to meet the ‘Green Building’ standards of the Public Works 

Department of Town of Cary and provide an improvement of at least 30% over the ASHRAE 

baseline. 

 

Since both of these models were pre-construction, they may not account for changes in 

occupancy levels and weather pattern differences that may have occurred once the building 

commenced operation. Hence, for the purpose of this research both these models were 

suitable modified and simulated to achieve results that are discussed in the next section. 
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4.1.1 Baseline ASHRAE Model 

 

The first step in creating the model for the building is to input its construction information. 

Since the exact construction details were known, these were used to ensure that the results 

are as accurate as possible. The ASHRAE baseline model for this building requires it to 

adhere to the ASHRAE 90.1.2007 standards. This standard is used to define all aspects of the 

building from an HVAC point of view. Hence, the model must be able to meet the minimum 

requirements for indoor air quality (IAQ), ventilation, occupant comfort, temperature ranges 

and infiltration. 

 

The building operation schedule was set to be open 9 hours per day and 7 days per week but 

closed on holidays. The entire model was divided into ten zones each with its own indoor air 

quality (IAQ) and cooling/heating requirements. As an example Figure 22 shows the space 

properties for the ‘Dining Area’. All the other zones were designed using the same 

methodology. 

 

Figure 22: Space Properties for Dining Area 
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With the characteristics of the building entered, the heating and cooling systems can be input. 

The model uses an RTU with a direct expansion (DX) coil for cooling, a natural gas furnace 

for primary heating, and an air side economizer to reduce the amount of mechanical cooling 

required. The set points were chosen to be cooling at 70°F and heating at 68° F to maintain 

comfort. Finally, the humidity set point was chosen to be a maximum of 50% to keep the 

occupants comfortable. All sizing of equipment was automatically done by eQuest. With all 

of these variables set, the simulation could be run. For ease of understanding, the HVAC 

system layout is shown in the schematic below (Figure 23). 

 

 

Figure 23: HVAC Layout for ASHRAE Baseline Model 

 

 Setup for the HVAC system in eQuest is shown below in Figure 24. The system is designed 

per zone and the return air path is ducted. The same HAVC design details are maintained for 

the 2nd floor as well. 
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Figure 24: Air Side System for ASHRAE Baseline Model 

 

As the electric and gas bills that were obtained were from 2014, the simulation was set to use 

that year’s weather data for Raleigh. Shown below in 
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Figure 25. are the energy consumption plots and tables generated by eQuest for the heating 

and cooling of the building. 
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Figure 25: eQuest Simulation Results for ASHRAE Baseline Model 
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It can be seen that since this model assumes natural gas furnace as the primary heat source 

with no strip heating, the natural gas use goes up proportionally. Additionally, the electricity 

consumption for the winter drops save for the fans that are modelled to run 24/7. This is 

projects the energy use for the building according to the AHRAE baseline.  

 

While this model meets the ASHRAE minimum, it still does not produce optimum results. 

Keeping this in mind, a second, more robust model was created by the designers to get the 

desired ‘30%’ improvement that was required. 

 

4.1.2 Final Proposed Model 

 

The second model was an improvement over the ASHRAE model and was intended to be the 

‘Final Proposed Model’ for the HVAC system to be implemented at Fire Station 8. This 

model made a number of minor changes and modifications to the ASHRAE baseline model 

with the intent of achieving a 30% improvement in energy usage. The physical layout and 

zoning of the building was kept the same. The HVAC system continued to use a DX cooling 

coil with gas furnace heat as primary and economizer to recover heat but the ventilation 

requirements and occupancy levels were both altered to represent a real life scenario for the 

building.  

 

This can be seen below for the same ‘Dining Area’ space that was discussed earlier. The new 

space properties for the room are shown in Figure 26. Here, we can see that the occupant 

density has changed in order to better reflect actual usage. The new values are 8 people with 

100 ft2 per occupant as compared to 24 persons with 33 ft2 per occupant. 
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Figure 26: Space Properties for Dining Area for Final Proposed Model 

 

This time the thermostat set points were chosen to be 76°F for cooling and 70°F for heating. 

Finally, the humidity set point was chosen to be a maximum of 50% as earlier to keep the 

occupants comfortable. The economizer was operated with a 65°F dry-bulb reset. Once 

again, all sizing of equipment was automatically done by eQuest. With all of these variables 

set, the simulation could be run. The set point details are shown in the screenshot below 

(Figure 27). 
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Figure 27: Temperature Set points for Final Proposed Model 

 

With the necessary input provided, the simulation was run and the results were recorded. 

These are shown below in Figure 28. The results show a reduction in natural gas 

consumption by 34% over the ASHRAE baseline model. There is also a significant reduction 

in electric energy use which went down by 28%. 

Reduction in natural gas   = 1,097.8 MMBTU – 200.02 MMBTU 

     = 370.69 MMBTU ~ 34% less than ASHRAE Baseline 

Reduction in electricity  = 278,320 kWh – 200,020 kWh 

     = 78,300 kWh ~ 28% less than ASHRAE Baseline 
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Figure 28: Simulation Results for Final Proposed Model 
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4.2 Post - Construction Design Models 

 

With the initial data models created, the next step was to recreate the eQuest model with the 

data gathered during the investigative process.  These post construction models were created 

with some basic assumptions such as: 

 

 The Building dimension were kept at 14,410 sq. ft. of floor area and 12 ft. ceiling 

height. 

 All other physical properties were automatically decided by eQuest for the given 

input. 

 The Temperature set points were considered to be 72°F for cooling and 70°F for 

heating. 

 The solar PV system was not modelled to keep the design simple 

 Operating hours of 8 AM to 5 PM 

 RTU fans were set to start at 7 AM and shut off at 6 PM 

 Setback temperatures were kept at 78°F during summer and 50°F during winter 

 

The first post construction model (hence forth referred to as ‘test model’) was designed to be 

noncomplex, intended only to replicate the actual energy use data from the building and 

provide comparison between different heating solutions. This was instrumental in proving the 

presence of electric strip heat as primary within the HVAC system.   
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4.2.1 Initial Verification Models 

 

The initial verification model was created using the same parameters for construction of the 

building, however modifications were made to the HVAC system to better model the actual 

building as constructed and completed. The test model underwent several revisions to 

compare and contrast results with the pre-construction models and actual real life energy use 

data.  

Some of the modeling parameters that were used for the test model can be seen below in 

Figure 29, Figure 30, and Figure 31. Note the changed fan operation and temperature set 

points. 

 

Figure 29: Test Model Basic Input 
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Figure 30: Temperature Settings for Test Models 

 

 
Figure 31: Fan Timings for Test Model 
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The test model was varied slightly over the course of the modelling process to achieve three 

different results based on the type of heating. The results for each one are shown below with 

their accompanying analysis (Figure 32, Figure 33, and Figure 34). 

 

The first test model incorporated standard gas fired furnace heating with no electric strip 

heating while keeping all other design parameters as mentioned earlier. This model (hereby 

referred to as test1) was made early on during the analysis when sufficient data was not 

available regarding the building’s performance. The result from this model was used to 

determine the building’s HVAC performance based on the commissioning information which 

stated the use of a natural gas furnace within the RTU to provide primary heat.  

 

The figure below (Figure 32) show similar numbers compared to the final proposed model. 

There is a slight difference in the energy use numbers between the two models but the overall 

trend is nearly same. This proves that our simulation of the building performance is valid. 

This sets a firm base for us to make changes to the model to simulate different VAV reheat 

systems.  

 

This model, as predicted shows increased electricity use during the summer for cooling and 

reduced use during winter when cooling requirement is minimal if not completely absent. On 

the contrary, natural gas usage peaks during winter and drops off during summer (minimal 

use for water heating). This is to be expected from a system that uses natural gas furnace for 

heating instead of electric strip heat. 
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This model also confirms the results from the ASHRAE baseline model because of similar 

energy use trends. This implies that the model conforms to the basic system requirements 

mentioned during the commissioning process i.e. the HVAC system was supposed to use 

natural gas heating for primary heat.  

 

 

Figure 32: Results for Model Test1 with Gas Heating 
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The second model test model incorporated electric strip heating only with no natural gas 

furnace heating while keeping all other design parameters as mentioned earlier. This model 

(hereby referred to as test2) was made immediately after model test1. Since concrete 

evidence of building performance was yet to be determined at this time, the model was as of 

yet still experimental in nature. The result from this model (Figure 33) was used to determine 

the building’s HVAC performance based on the assumption that the system was using 

electric heat in the VAV terminal boxes.   

 

The results below show very different results when compared to the final proposed model. 

The difference in electricity use is significantly higher in this case, with winter usage 

increased by nearly 450%. The summer also sees an increased electricity use, likely due to 

frequent activation of the strip heaters to provide reheat for dehumidification. Natural gas use 

also changes significantly. In the previous two cases – test1 and final proposed; we see a 

marked increase in natural gas use in the winter months which tapers off during the summer 

months. This does not occur in test2 because natural gas use is restricted to water heating 

only which remains constant and negligible throughout the year. This model gives us an idea 

of how the building may perform if electric strips are the only source of heat. 

 

This model has some similarities to the actual usage trends seen earlier (refers to section 3.2). 

The electricity usage during January is nearly identical. The trend also shows similarity 

during summer months. Differences arise due to the fact that the actual building also uses 

natural gas as a secondary source. Natural gas usage is also similar for nearly all months 

except the first three.  



 

56 

 

 

Figure 33: Results for Model Test2 with Electric Strip Heating 

 

The numbers clearly show that the energy usage for the facility increases by nearly 250% 

over test model test1 which incorporated gas furnace heating. The analysis of this model will 

be dealt with in more detail in later sections. These similarities with the actual energy use 

patterns are enough to paint a basic picture of how the actual system might be performing. 
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The third model test model incorporated a heat pump within the terminal units while keeping 

all other design parameters as mentioned earlier. This model (hereby referred to as test3) was 

made immediately after model test2. By this time, some understanding of the building 

HVAC performance was achieved hence this model was used to simply understand the 

functioning of the building in a completely different mode of heating, i.e. with a heat pump.  

 

The rationale behind developing this model (Figure 34) was to compare and show why the 

heat pump based system would still be preferable over one with electric heat for primary 

heating only. The model also presented an opportunity to compare the usefulness of such a 

system in place of a natural gas fire system. 

 

The results below show similar trend compared to the test model test2 which used strip heat, 

but the heat pump model uses less power. Since a heat pump principally uses electricity as a 

power source the numbers will be in the same range. The only additional electric load is the 

heat pump supplement (auxiliary heat) which is small and relatively insignificant.  

 

It is interesting to note that a heat pump uses less electricity for HVAC operation as 

compared to strip heating. This is because for humid subtropical climate conditions like in 

Cary, NC where the temperature rarely drops below freezing, a heat pump is more efficient.  

This is because a heat pump uses a thermos cycle to move heat at COP greater than unity. 

However, if the temperature does drop below freezing then a heat pump turns on its 

‘auxiliary heat’ which is essentially electric strip heating. This may increase the energy usage 

in such situations. Hence heat pumps are recommended for places with moderate climate and 

not for colder regions as they cannot perform well at very low temperatures close to freezing. 
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Figure 34: Results for Model Test3 with Heat Pump 

 

NOTE: Double peaks are visible during winter and summer months. This is because of air 

conditioning needs of the building during the summer and heating during winter. Natural gas 

numbers are still lower compared to test 1. 
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4.2.2 Optimized Model with Hot Water Loop 

 

The final model was created after analyzing all the previous energy models and concluding 

that none of the earlier models were able to ensure efficient performance of the VAV system. 

There were two glaring flaws that became apparent from the previous models. 

 

The first issue is the imbalance in the zone based temperature control. Even though a natural 

gas fired furnace system would provide necessary heat, it would be unable to provide 

optimum zone based air conditioning without requiring some form of electric heat as backup. 

The inner zones or the core zones would naturally be warmer while the outer zones near the 

walls (perimeter zones) would be colder.  

 

A single RTU can only provide a single stream of conditioned air (usually 55°F) to all the 

zones and then the electric heaters in the VAV boxes would have to heat the air up to 

requisite temperatures in each zone individually. Since the interior zones rarely require 

heating and may require constant cooling, the gas fired heater may not be needed and the 

cooling system may run year round. This increases the energy required by the HVAC system 

to condition the space since majority of the spaces are cooled and then subsequently heated. 

 

The perimeter zones are near the exterior walls and by extension on the perimeter of the 

building. The core zones are on the interior of the building and do not share any external 

walls. In each of the previous models that employed natural gas heating, accurate 

temperature control was not possible. This was because under regular operation, the natural 

gas furnace would provide the requisite heating to raise the temperature to the minimum 
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acceptable level based on the temperature of air needed by the zone with the lowest heating 

demand. Under normal operation, the hot air temperature requirement of the supply air for 

the perimeter zones would be very high, say 100°F.  

 

However, since the inner rooms (core zones) would be better insulated from the cold, their 

heating requirement would be significantly lower, say 60°F or 70°F. So, the temperature in 

the inner zones would become too high to be comfortable. To counter this increased 

temperature in the core zones, the control system of the RTU would have to switch to cooling 

mode to provide cold air to the rooms in order to bring the temperature down to comfortable 

levels. Conversely, this action would have the effect of lowering the temperature of the outer 

perimeter zones to unacceptable levels. Under such conditions, the system would remain in 

constant state of flux and the cooling system would be competing against the heating system 

at the same time thus becoming inefficient in the process. 

 

Second, if a pure electric system was used instead of the natural gas furnace, it would be able 

to provide better zone based heating using the VAV terminal boxes but at the same time 

drive up the air conditioning costs. The increase in costs can be attributed to the higher cost 

of electricity versus natural gas. To counter this, an optimized HVAC model was created 

with the intent of solving both these issues, the system has two main features: 

 

First, the existing system has been split into two separate RTUs such that one services the 

inner core areas while the other services the outer rooms. Such a design eliminates the first 

issue of zone imbalance discussed earlier. Since the system has been divided into two, this 
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gives each RTU the freedom to control the temperature of its respective zone independently. 

The perimeter zone RTU can operate in heating mode at a higher temperature, and the core 

zone RTU can operate less aggressively. This allows better temperature control and also 

reduces energy usage. 

 

Second, it uses natural gas furnace as primary heat and a hot water loop at VAV terminals to 

provide more efficient heating that electric strip heating. Since water is heated by burning 

natural gas, energy costs are lowered. Hot water reheat coils tend to last longer than electric 

strip heaters. Additionally, they do not pose a fire hazard unlike electric heaters. 

 

It is important to note that this model is based off several assumptions as mentioned above. It 

is also not perfectly indicative of building performance due to the simplicity of design. It is 

likely that the actual building with such a system may have a higher energy use. This is 

because the model cannot accurately simulate variations that may occur after construction 

such as change in temperature set points based on personal comfort or use of personal 

electric heater by the residents. However, for the purpose of modelling results, this variation 

is being ignored 

 

Figure 35 and Figure 36 show how the system is designed, the system includes a variable 

volume, single duct fan/distribution system serving multiple zones each with its own 

thermostatic control. Each zone is equipped with a variable volume terminal unit and hot 

water reheat coils. 
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Figure 35: VAV with Hot Water Reheat for Core Zones 

 

 

 

Figure 36: VAV with Hot Water Reheat for Perimeter Zones 
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The HVAC system shown above is for the core zones only while the HVAC system shown 

below is for the perimeter zones only. The model incorporated to separate RTUs; one for the 

core zones and one for the outer perimeter zones. It is expected that such a system would 

provide more uniform cooling and heating of the building as well as ensure better IAQ as per 

the ASHRAE 90.1. standards. The simulation results for both the RTU systems can be seen 

below in Figure 37 and Figure 38. 

 

The results from the simulation appear to be different from each other. This is expected and 

is preferred. The core zone RTU has lower heating load during the winter due to the fact that 

the core zones are better insulated from the outside temperatures. The cooling load is also 

lowered for that same reason. 

 

Conversely, the perimeter zone RTU has a higher heating load due to the fact that the 

perimeter zones have at least one side exposed to the surroundings. This results in higher ΔTs 

which causes the furnace to run for more prolonged periods. 
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Figure 37: Simulation Results for Core Zone RTU 
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Figure 38: Simulation Results for Perimeter Zone RTU 
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The Figures below (Figure 39 and Figure 40) shows a comparative graph for the two zones. 

 

Figure 39: Natural Gas Use – Core Zone vs Perimeter Zone 

 

 
 

Figure 40: Electricity Use – Core Zone vs Perimeter Zone 

 

Cost savings associated with this model over actual use is calculated using the energy use 

values for 2014 and the energy use values predicted by the model. The historical energy use 

and energy costs have been provided in chapter 3.  
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The costs associated with the actual energy use are: 

Current Electricity Cost = 337,520 kWh x $0.0821/kWh 

    = $27,710/yr. 

 

Current Natural Gas Cost = 1097.8 MMBTU x $8.97/MMBTU 

    = $2,286/yr. 

 

Current Total Energy Cost = $27,710/yr. + $2,286/yr. 

    = $29,996/yr. 

Similarly, the energy costs associated with the model are: 

 Model Electricity Cost = 127,200 kWh x $0.0821/kWh 

    = $10,443/yr. 

 

Model Natural Gas Cost = 487.03 MMBTU x $8.97/MMBTU 

    = $4,368/yr. 

 

Current Total Energy Cost = $10,443/yr. + $4,368/yr. 

    = $14,811/yr. 

 

Hence the projected cost savings for this model over actual use are: 

Projected Cost Savings = $29,996/yr. - $14,811/yr. 

    = $15,185/yr. 

 

 

The greatest hurdle in the realization of this model would be the implementation. A project of 

this scope would require not only installation of a new second RTU but also involve re-

ducting of the entire HVAC system and installation of hot water piping. There would also be 

an additional cost for controls and setting up of a new hot water loop at the terminal boxes. 

The cost of such a project is estimated to be around $150,000 including cost of labor. This 

gives an expected payback of 10 years. This would prove to be cost prohibitive, even with 

the projected savings of $15,185/yr. over current estimates.  
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5 RESULTS AND COMPARISON WITH REAL WORLD DATA 

 

The results from the ASHRAE baseline model, final proposed model and the post 

construction optimized model with hot water loop are compared with real world usage data to 

determine the performance of the building using each type of HVAC system mentioned 

above. 

 

It was determined that the actual building Energy Use Intensity (EUI) [16] is approximately 

30% lower than ASHRAE code. EUI expresses a building’s energy use as a function of its 

size or other characteristics. For most property types in EUI is expressed as energy per square 

foot per year. It’s calculated by dividing the total energy consumed by the building in one 

year (measured in kBtu or GJ) by the total gross floor area of the building. However, this 

does not necessarily dictate the cost per square foot. In fact, the actual cost per square foot 

does not align with the EUI because of the cost difference between natural gas and 

electricity.  

 

 

To calculate the EUI we will first consider the energy use for the year 2014 and compare it 

with the energy use based on each model. This can be seen in Figure 41 below. Energy use is 

split into two categories, electricity and natural gas. Table 4 details the baseline ASHRAE 

data, the proposed model data, the optimized model, the billed electricity, PV production, and 

the total electricity consumption. The total consumption is calculated by adding the billed 

electricity to the PV production. Table. 4 shows energy use comparison between the models 

and real world energy bills. 
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NOTE: Energy Star [16] TM recommends using source energy for determining EUI however 

based on design information used during construction, building energy use was used. 

Table 4: Energy Use Comparison for Each model with Actual Data 

 

2014 

ASHRAE 

Baseline 

Model 

Final 

Proposed 

Model 

Optimized 

Model 

(Combined) 

Actual 

Billed 

Electricity 

Actual 

PV 

Output 

Total 

Consumption 

Month kWh kWh kWh kWh kWh kWh 

Jan 19,450 12,340 7,000 44,920 1500 46,420 

Feb 17,470 11,270 6,960 27,720 1500 29,220 

Mar 19,730 12,950 8,890 24,840 2200 27,040 

Apr 20,370 14,380 10,340 20,120 1800 21,920 

May 24,120 18,160 11,050 22,840 500 23,340 

Jun 27,970 21,470 14,210 24,080 0 24,080 

Jul 31,160 24,350 15,300 28,400 50 28,450 

Aug 33,210 25,360 14,970 28,480 100 28,580 

Sep 25,690 19,620 12,870 32,080 1500 33,580 

Oct 20,870 15,130 10,320 23,120 1000 24,120 

Nov 18,790 12,510 7,490 30,200 0 30,200 

Dec 19,490 12,470 7,800 30,720 100 30,820 

Total 278,320 200,020 127,200 337,520 10,250 347,770 

 

 
 

Figure 41: Electricity Use Comparison of Models with Actual Data 
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Figure 42 clearly demonstrates that the final proposed model does indeed consume minimum 

electricity, the optimized model also consumes nearly 70% less electrical energy than actual 

building. This fairly significant reduction in the optimized model is likely due to better 

handling of air loads and tighter temperature control of each zone. 

 

Table 5 details the ASHRAE baseline, the final proposed model natural gas consumption, the 

optimized model natural gas consumption, and the actual consumption for the year 2014. 

 

Table 5: Natural Gas Use 

Year 
ASHRAE 

Baseline 

Final 

Proposed 

Optimized 

Model 
Actual 

2014 MMBTU MMBTU MMBTU MMBTU 

Jan 223.8 160.06 69.23 70.2 

Feb 185.9 134.35 60.63 65.8 

Mar 124 85.56 48.96 36.2 

Apr 86.1 53.76 42.45 11.2 

May 34.5 15.19 27.13 6.5 

Jun 17.7 6.13 24.54 11.7 

Jul 11.5 4.19 23.27 7.5 

Aug 13.4 4.46 21.29 8.2 

Sep 20.8 7.75 23.76 7.7 

Oct 67.8 37.56 31.13 8.3 

Nov 117.7 75.27 43.52 8.5 

Dec 194.8 142.87 71.12 13.1 

Total 1,097.80 727.11 487.03 254.9 
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Figure 42: Natural Gas Use Comparison of Models with Actual Data 

 

Figure 42 shows that the optimized model consumes less natural gas than both the final 

proposed model and the ASHRAE baseline model. While the use as compared to real world 

bills is more because the actual design uses electric strip heat. 

 

This leads us to the Energy Use Intensity (EUI) calculations for this facility. The building 

baseline energy use was based upon ASHRAE 90.1 -2007 code, and then improved on for 

31% better performance for the final proposed model. The optimized model improved upon 

the ASHRAE baseline by 55%. The total (natural gas and electricity) modeled energy use for 

the facility, in kBtu/yr. is calculated below. 
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Energy use Intensity 

 

For ASHRAE baseline Model: 

Proposed Model Use = Modeled Electric Use + Modeled Nat Gas Use 

    = 278,250 kWh/yr. x 3.413 kBtu/kWh + 1,097 kBtu/yr. 

    = 2,046,667 kBtu/yr. 

 

Therefore, the total proposed EUI is: 

Proposed Model EUI = 2,046,667 kBtu/yr. / 14,410 sqft 

    = 142 kBtu/sqft –yr. 

 

For Final Proposed Model: 

Proposed Model Use = Modeled Electric Use + Modeled Nat Gas Use 

    = 200,020 kWh/yr. x 3.413 kBtu/kWh + 727,110 kBtu/yr. 

    = 1,409,778 kBtu/yr. 

 

Therefore, the total proposed EUI is: 

Proposed Model EUI = 1,409,778 kBtu/yr. / 14,410 sqft 

    = 98 kBtu/sqft –yr. 

 

For Optimized Model: 

Optimized Model Use = Modeled Electric Use + Modeled Nat Gas Use 

    = 127,200 kWh/yr. x 3.413 kBtu/kWh + 487,030 kBtu/yr. 

    = 921,163 kBtu/yr. 

 

Therefore, the total proposed EUI is: 

Optimized Model EUI= 921,163 kBtu/yr. / 14,410 sqft 

    = 64 kBtu/sqft –yr. 

 

For Actual Energy Used: 

Total Actual Energy  = Actual Electricity Use+ Actual Natural Gas Use 

    = 347,770 kWh/yr. x 3.413 kBtu/kWh + 254,900 kBtu/yr. 

    = 1,441,839 kBtu/yr. 
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Thus, the Total Actual EUI is: 

Total Actual EUI = 1,441,839 kBtu/yr. / 14,410 sqft 

    = 100 kBtu/sqft – yr. 

 

Based on the calculations above, the ASHRAE Model is supposed to have an EUI of 142 

kBtu/sqft – yr. This implies that the final proposed design is 31% more efficient than the 

original baseline ASHRAE model. Additionally, the Optimized model is 55% more efficient 

than the ASHRAE model.  

 

Final Proposed EUI Change  = (142 – 98) / 142 x 100 

      = 31% better 

 

Optimized Model EUI Change = (142 – 64) / 142 x 100 

      = 55% better 

 

Actual Energy Use EUI Change  = (142 – 100) / 142 x 100 

      = 30% better 

 

This means that the actual building performance is approximately 30% better than if 

designed with ASHRAE 90.1 – 2007 code. But the actual performance is still not as efficient 

as if it were based on the Optimized model with hot water loop. The actual model is in fact 

56% less efficient than it. This difference may be slightly exaggerated due to difference in 

model design and actual operation however, it is likely that even as a conservative estimate 

the optimized model would still be at least 25% more efficient. 

 

Actual Energy Use EUI vs Optimized Model  = (64 – 100) / 64 x 100 

        = -56 % (worse) 

 

Table 6 summarizes the EUI values for the categories of total proposed model EUI, 

ASHRAE code model EUI, and Total Actual EUI. 
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Table 6: EUI Comparison 

 

 
Energy Use Intensity 

(kBtu/sqft-yr.) 

Improvement 

Compared to Code 

ASHRAE Baseline 142 - 

Proposed Model 98 34% 

Optimized Model 64 55% 

Actual 100 30% 

 

The actual EUI performance (30% improvement) is lower than the proposed model’s 34% 

and the optimized model’s 55% improvement compared to ASHRAE code respectively. This 

can be explained in two ways. First, the model did not factor in the solar hot water heating 

when calculating natural gas consumption. Additionally, the model assumes the natural gas 

heating instead of electricity. Natural gas heating ensures burner efficiency losses close to 

20% (depending on type of water heater). Additionally, there are other systems in the 

building that may influence overall energy use. For example, lighting may consume fewer 

kWh than expected.   

 

However, EUI does not tell the whole story. In the next section we will look at cost per 

square foot for the ASHRAE model, the proposed model, the optimized model and the actual 

usage.  

 

Cost Per Square Foot 

 

The cost per square foot is based on the mixture of natural gas use and electricity use. If 

electricity is used for heating, the facility will incur higher energy costs, as electricity is 2 to 

3 times more expensive for heating.  
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Table 7 summarized the cost per square foot for the proposed model, the code model, and the 

actual energy use. Average energy rates for electricity and natural gas were used to calculate 

costs. 

Table 7: Overall Energy Cost Per Square Foot 

 

 
Cost per Square Foot 

($/sqft) 

Improvement 

Compared to Code 

ASHRAE Code 1.65 - 

Proposed Model 1.08 35% 

Optimized Model 1.03 38% 

Actual 1.98 -20% 

 

Despite the better than expected Actual EUI compared to the ASHRAE Code EUI, the actual 

cost per square foot is a 20% increase as compared to the cost per square foot with the 

building designed to the code. Worse still, it is 88% more expensive compared to the 

optimized model. 

 

Carbon Footprint 

 

The Carbon footprint of a building can be estimated based on its CO2 emissions (tons/yr.). 

According to the Environmental Protection Agency (EPA) [17], North Carolina as a state has 

the 14th highest carbon footprint in the USA. In 2014, North Carolina emitted 123 million 

metric tons of CO2. It can be calculated based on the metrics provided by EPA eGRID [18] 

database. The Emissions & Generation Resource Integrated Database (eGRID) is a 

comprehensive source of data on the environmental characteristics of almost all electric 

power generated in the United States. Based on the model data and actual data, we can 

tabulate the emission values as follows (Table 8): 
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Table 8: Overall Greenhouse Gas Emissions Per Year  

 

 

Natural Gas 

GHG (tons 

CO2/yr.) 

Electricity 

GHG (tons 

CO2/yr.) 

Total 

(tons 

CO2/yr.) 

% 

Improvement 

from 

ASHRAE 

Blended Energy 

Footprint 

(MMBTU/yr.) 

AHSRAE 64 149 214 - 2051 

Proposed 42 98 140 34% 1348 

Optimized 28 68 97 55% 921 

Actual 15 181 196 8% 1441 

 

 

 

Figure 43: CO2 Emissions Comparison of Models with Actual Data 
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Despite having lower actual CO2 emissions compared to the ASHRAE baseline model (8% 

lower), it is 40% higher than final proposed model and a staggering 105% more than the 

optimized model. This is true because the actual system uses far more electricity than natural 

gas. The process of generation of electricity is highly inefficient and only 30% of the input 

fuel energy is converted to electric energy, the rest is lost as heat. In case of natural gas, the 

energy conversion efficiency is nearly 80%, hence a higher electricity use may make a 

system look efficient in terms of kWh usage but increases the cost per ft2 and CO emissions. 

 

Based purely on blended electricity and natural gas kBtu/yr., the facility is operating with a 

30% improvement over the code. But this comes with a caveat. The cost per square foot does 

not align with the EUI improvement because electric heat is much costlier than gas heat. 

 

Finally, in terms of energy costs, the actual energy costs are 8% lower than ASHRAE 

baseline, but 30% higher than final proposed model and 102% higher than the optimized 

model. The primary cause behind this being the cost of natural gas being lower than 

electricity. Table 9 shows this in detail. 

Table 9: Energy Cost Comparison 

 

 

Natural Gas 

Cost ($/yr.) 

Electricity 

Cost ($/yr.) 

Total Cost 

($/yr.) 

% 

Improvement 

from 

ASHRAE 

AHSRAE $9,847 $22,850 $32,697 - 

Proposed $16,422 $6,522 $22,944 29% 

Optimized $10,443 $4,369 $14,812 55% 

Actual $27,710 $2,286 $29,997 8% 
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Figure 44: Energy Cost Comparison of Models vs Actual Use 

 

Figure 44 encapsulates the comparison of costs between the models and actual use detailed in 

Table. 9. Note that despite the lower energy use and EUI, the energy costs for the actual 

HVAC system are not much lower than the ASHRAE baseline. 
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5.1 Additional Recommendations 

 

In View of improving energy efficiency and overall energy use of the building, other minor 

recommendations are compiled in this section. These recommendations may have low or no 

energy savings potential but are easier to implement and verify. 

5.1.1 Ensuring that thermostats are set at 72°F 

 

The building has thermostatic control provided in each of the rooms to allow the residents to 

change the temperature at will. It is recommended that the thermostats be maintained at 72°F 

during the summer months to ensure occupant comfort and energy efficiency. It has been 

observed that the thermostats are kept at very low temperatures, about 68°F by the occupants 

during the summer months. This is a personal preference of the occupants for their own 

comfort however it increases the energy usage of the building.  

 

In order to gauge the difference in performance of the HVAC system by changing the set 

point from 68°F to 72°F, a simple eQuest model (separate from the detailed models discussed 

earlier) was created to reflect the changes suggested. The objective of this model was to 

simply show a decrease in energy use by employing proper thermostatic control. 

 

The facility was modeled using a floor area of 14,410 ft2.  Weather data for Raleigh, NC was 

used for the simulation.  A one shift operation (8 am – 5 pm) was assumed. The model 

replicated the thermostat condition and on weekends, the space was considered unoccupied. 

Table 10 below shows the proposed energy usage and cost savings for the current model and 
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the model with changed temperature set points. The months of June to September were 

considered as they represent the month with highest cooling requirements. 

 

Table 10: Expected Energy Savings from Thermostat Control 

Month 
Cooling Load (kWh ) Savings 

Existing Proposed KWH Cost Savings 

June 10,290 9,475 815 $67 

July 13,017 12,075 942 $77 

August 14,961 13,922 1,039 $85 

September 8,023 7,598 425 $35 

Total 46,291 43,070 3,221 $264 

 

The expected energy savings due to this energy conservation measure will be: 

 

Cost Savings  = 3,221 kWh/yr. x $0.0821/kWh 

    = $264/yr. 

 

Figure 45 illustrates the difference in energy use in the two cases. 

 

 

Figure 45: Change in Energy Use due to Thermostatic Control 
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The implementation for such a change would require a simple setting change within the 

thermostats. Following this suggestion, the changes were implemented. The old thermostat 

and new thermostat readings can be seen below in Figure 46. 

 

 

Figure 46: Comparison of the Old Thermostat Setting vs New Thermostat Setting 

 

5.1.2 Remove strip heat in stairwell 

 

There are two small wall mounted electric heaters placed in the two stairwells of the 

building. The two heaters have been provided to maintain similar temperatures in the 

stairwells as the inner rooms to make the entire building more comfortable for the occupants. 

However, the stairwells are rarely occupied and heating the space using the electric heaters is 

both unnecessary and wasteful. It is recommended that the small electric heaters in the 

stairwell be removed. 

 

Based on the specifications available online [19], each of the two heaters are 1.5 kW each 

and operate for 8 hours per day, 5 days a week during the winter months of December to 
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February. This total to approximately 500 hours a year. The energy savings expected from 

their removal is: 

Current Energy use  = 2 x 1.5 kW x 500 hr./yr. 

    = 1,500 kWh/yr. 

 

Expected Energy Savings = 1,500 kWh/yr. x $ 0.0821/kWh 

    = $123/yr. 

 

Although the energy savings and cost savings may appear small, the implementation cost is 

virtually zero hence the payback for such an energy conservation measure (ECM) is minimal. 

The wall heaters being used in the building are shown below (Figure 47). 

 

 

Figure 47: Wall Heater in the Stairwell 
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5.1.3 Improve Building Performance Data Reporting 

 

The building employs data monitoring system to get real-time data about the building’s 

energy performance.. The software has been created to monitor all the electrical subsystems 

within the building, generate real time data and publish energy usage reports. The system in 

use is robust and useful but it does have a few shortcomings. The user interface has some 

issues with report creation and data presentation. This issue can be seen below in Figure 48. 

 

 

Figure 48: Ion Enterprise UI with Missing Hyperlinks 

 

The links in all of the green boxes (note circles above) are supposed to be hyperlinked to new 

views but the hyperlinks do not work. This creates an issue while attempting to access 

different areas within the building within the software. It also results in broken links that give 

incorrect readings. 

Another issue with the software is the lack of customized information for the end user. The 

naming schemes used to represent various areas within the facility in the electrical map are 
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not user friendly and can only be understood by a legacy (expert) user. In order to make it 

more user friendly, it is recommended that these names be changed to reflect the actual 

locations instead of code words. Figure 49 illustrates this point. 

 

Figure 49: Naming Scheme for Electrical Circuits for Each Area in the Facility 

 

The implementation of a new and improved Ion Enterprise Version 8 is underway and it 

should eliminate the problems mentioned above.  Additionally, it is recommended that proper 

training be provided to end users of the system so that they may be able to use the new 

system more efficiently and use its robust features to help monitor and improve energy usage 

of the building. 
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5.2 Lessons Learned 

 

The entire project required a concerted effort from day one. During the course of the project 

it became apparent that even though a system may be designed in a certain way, it is not 

guaranteed to work in the same way. This can be because of many reasons including change 

in operational parameters during actual use, increase occupant density than predicted etc.  

 

While software modelling of a building is essential from an engineering point of view, it does 

not completely encapsulate the construction process. The process of commissioning is an 

equally important aspect of building construction. Through the course of the actual project 

multiple design changes are suggested that meet the performance requirements of the 

building but must also be cost effective. In such cases, it likely that the team designing and 

constructing the building might opt for “equivalency” which means the use of a material or 

equipment that performs in equal capacity to the material or equipment stated in the tender 

but at a much lower cost. This may result in designs that look good on paper but may have 

adverse effect on the performance of the building in the long run. In the case of Fire Station 

8, the use of an electric strip heater was a consequence of such a design choice. 

 

The entire project was also valuable in providing more in-depth understanding of the entire 

design and analysis process. The importance of having separate RTUs to cater to the inner 

and outer rooms cannot be emphasized enough. Most importantly, it brought forth the 

importance of using correct fuel for heating based on not just energy use but also energy cost 

i.e. natural gas instead of electricity. 
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6 CONCLUSION 

 

From the analysis in the previous sections it can be understood that while the HVAC system 

underwent multiple design iterations, it could never perform optimally. The actual building, 

though efficient was not able to lower its EUI to the lowest possible level. The ASHRAE 

baseline model presented a useful baseline to develop the design. The final proposed model 

improved upon the design by making changes to the heating system in order to better 

capitalize on the low cost furnace heat over the more expensive electric heat options. 

However, both the models failed to produce optimum results.  

 

The analysis of the building also led to the creation of multiple ‘post construction’ energy 

models that were used to test the validity of the pre-construction models and demonstrate the 

benefits and drawbacks of the different types of heating methods in the HVAC system such 

as furnace, electric strip heat and heat pumps. 

 

The end result from the analysis proved that a two zone HVAC system with two separate 

RTUs was the optimal solution for the building. Such a system would have one RTU 

dedicated to serve the inner core zones and the other would serve the perimeter zones. This 

system would benefit from reduced HVAC load on each individual system and provide 

correct temperature air to each of the two zones. Since the RTUs would be independent of 

each other, the problem of constant switching between heating and cooling modes present in 

a single RTU would be avoided.  
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The analysis and simulation of this model also proved that such a design would have a much 

lower EUI of 64 as compared to 142 for the ASHRAE baseline and lower than the actual EUI 

of 100. The optimized model utilized a hot water loop which enabled it lower energy costs by 

50% over the actual use data and 55% from the ASHRAE baseline model. The carbon 

footprint also reduced by 55% from the ASHRAE baseline and 50% from the actual use data. 

Finally, the cost of energy per square foot was lowered by 38% from ASHRAE code and 

88% from actual use data. 

 

The optimized model predicts that the HVAC with such a design would perform efficiently 

for the building and produce energy savings worth $15,185/yr. but with an implementation 

cost of $150,000, such a system would prove too costly for a retrofit. However, it can be 

considered as a viable option for any fire stations or mixed use buildings that may be 

constructed at a later date under consideration 
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7 FUTURE WORK 

 

This project was conducted in part to analyzed suggested solutions for some of the issues that 

the Town of Cary fire station 8 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 Town of Cary managers work with 

other external companies to determine the most cost effective options to resolve the problems 

at hand. While the HVAC system for this building may not be changed as it would be cost 

prohibitive, lessons learned from the project should be used to design and develop future fire 

stations in the city. 

 

This project lays the groundwork for more detailed study of similar VAV based systems for 

use in mixed use buildings. The results from the analysis may be used as basis for analyzing 

and understanding similar type buildings across North Carolina and maybe even the entire 

country. VAV systems are suitable choice for larger buildings with multiple floors and 

rooms. Their usefulness comes in to question with smaller buildings though. Proper controls 

and efficient HVAC system design is essential in ensuring that the system performs as per 

requirement. Hence a lot more research and case studies would be required to ensure that 

VAV systems are better understood and correctly implemented  
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8 APPENDIX 
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8.1 APPENDIX A: Supplementary Data 
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