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Abstract 

 

Single-Zone HVAC Systems in K-12 Schools: A Literature Review 

 

Loren Alyson Muirhead, MSE  

The University of Texas at Austin, 2015 

 

Supervisor:  Atila Novoselac 

 

 Elementary and secondary schools are an important segment of the U.S. 

commercial building stock, both in terms of energy consumption and indoor 

environmental quality.   In 2008, K-12 schools spent over 8 billion dollars on utilities, 

and approximately 30% of schools reported unsatisfactory indoor environmental 

conditions related to indoor air quality.  There is an opportunity to address both of these 

issues by focusing on HVAC design and operation.  Optimizing this particular building 

system can result in significant cost savings, as well as improved environmental quality 

for students and teachers.  This report explores the existing literature on four single-zone 

HVAC systems – unit ventilators, fan coils, heat pumps, and package DX rooftop units – 

and discusses their potential for increased energy efficiency, cost savings, and improved 

indoor environmental quality.    
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1. Introduction 

1.1 ENERGY USE AND UTILITY COST IN K-12 SCHOOLS 

 

 Primary and secondary schools are an important segment of the U.S. commercial 

building stock.  As of 2014, there were 98,000+ public K-12 schools covering 

approximately 7 billion square feet.1,2 Relative to other commercial building types, K-12 

schools rank fourth in overall floor space and represent 8% of the total commercial 

footprint.3   Figure 1 highlights the contribution of K-12 schools to the total floor space of 

commercial buildings.    

                

Figure 1: Total Floor Space of Commercial Buildings by Activity Type4 

 

The energy required to operate these buildings is significant, but varies widely 

between schools.  The EPA’s Portfolio Manager, which has data from more than 55,000 

K-12 schools, provides particular insight to this point. Figure 2 is taken from a 2015 

report and illustrates the distribution of source Energy Use Intensity (EUI) across all K-
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12 schools in the database.  Source EUI ranges from 50kBTU/sqft to more than 

500kBTU/sqft, meaning schools in the 95th percentile use 4 times more energy than 

those in the 5th percentile.5 Another way to interpret this is that some K-12 schools 

operate at the same EUI as grocery stores or hospitals, two of the most energy intensive 

building types.  Climate and activity pattern account for some of this variability, but a 

significant portion is a result of equipment efficiency and energy management practices.  

      

Figure 2: Energy Use in K-12 Schools6 

The costs associated with this energy consumption are substantial and impact the 

operating budget of K-12 schools. In 2008, K-12 schools spent an annual average of 

$1.25/sqft for energy.7  At a national level, this translated to over $8 billion in total annual 

energy costs, an expense second only to personnel costs. As indicated above, there is 

room for improvement in these numbers; many, if not all, K-12 schools could operate 
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more efficiently.  The EPA has suggested that energy efficiency measures could save up 

to $2 billion per year, which could then be re-allocated for other purposes to improve 

educational quality.8  

1.2 INDOOR ENVIRONMENTAL QUALITY IN K-12 SCHOOLS  

 

As a building type whose specific purpose is to facilitate the educational 

achievement of young children and adolescents, the indoor environmental quality (IEQ) 

of K-12 schools is uniquely important.  During the 2013-14 school year, fifty million 

children were enrolled across the country and spent an average of 980 hours per year in 

school.9,10 Since the school environment is such a large potential source of exposure, 

second only to the home, it is critical that temperature, humidity, pollutant level, and 

noise be properly controlled in order to safeguard children’s health and facilitate their 

educational development.  

Unfortunately, a survey conducted by the National Center for Education Statistics 

found that more than 40% of public K-12 schools report sub-optimal ventilation, thermal 

discomfort, and excessive background noise.11  Daisey et al. concluded that, based on 

measured CO2 concentrations, many schools likely do not meet ASHRAE Standard 62 

for minimum ventilation.12  This study also determined that the most commonly 

measured indoor air pollutants in schools are volatile organic compounds (VOCs), 

formaldehyde, and biological contaminants. These findings are disconcerting since 

children are significantly more vulnerable to environmental toxins and toxicants 

compared to adults.  They breathe a larger volume of air relative to their body weight 
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than adults, resulting in higher exposure levels.  Children are also less equipped to mount 

an effective biological response because their detoxification mechanisms and immune 

systems are not fully developed.  Not surprisingly, studies show an association between 

poor IEQ in schools and increased illness, asthma, and absenteeism.13,14  

1.3 THE ROLE OF HVAC SYSTEMS  

 

Selecting and properly operating an HVAC system is a unique point of 

intervention that can address energy consumption, utility costs and indoor environmental 

quality concerns.   As Figure 3 illustrates, the breakdown of energy end-use in schools 

varies by climate, but heating, cooling, and ventilation represents at least 40% of energy 

consumption regardless of location. 15 

 

Figure 3: Energy End Use in K-12 Schools by Climate Zone16 

Optimization of HVAC performance can therefore have significant impacts on a 

facility’s energy consumption and utility costs.  Even a 5% reduction in HVAC energy 
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consumption could result in substantial savings over the course of several years.  It is also 

worthwhile to point out that reducing energy expenditures is one of the only budget 

cutbacks that will not adversely affect classroom instruction or student resources. 

HVAC systems are also the principal means of controlling indoor environmental 

quality. In fact, many of the aforementioned environmental hazards are directly or 

indirectly related to poorly operated systems. Relative humidity is a particularly 

important parameter.   As shown in Figure 4, when relative humidity drops below 30% or 

exceeds 60%, environmental conditions become conducive for bacterial growth, higher 

viral concentrations, and ozone production.17  

                     

Figure 4: Relative Humidity Sterling Bar Graph18  

Elevated levels of noise (i.e. unwanted sound) can also adversely a child’s 

learning environment.  Numerous studies have demonstrated the effect of noise levels on 

academic achievement.19,20,21 HVAC systems, specifically compressor and fan operation, 
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can be a significant contributor to this background noise if not properly isolated or 

insulated.  Ensuring that HVAC systems perform adequately in this respect is 

increasingly important given the percentage of students who are non-native speakers and 

require a quieter learning environment.    

1.4 HVAC STANDARDS 

The American Society of Heating, Refrigeration and Air Conditioning Engineers 

(ASHRAE) publishes energy efficiency and IEQ standards to help advance building 

performance.  There are three standards that are particularly salient to this report and will 

serve to benchmark system performance.  Standard 90.1-2013 addresses energy use in 

buildings and also sets guidelines for HVAC equipment efficiency and operation. 

ASHRAE updates this standard every three years to ensure it remains relevant and useful. 

Standard 62.1 sets the minimum ventilation rate for acceptable indoor air quality and 

aims to protect the health of occupants.  Lastly, Standard 55 defines acceptable thermal 

comfort parameters for occupants.  These standards are prominent throughout the 

building industry, but are not legally enforceable until adopted into the state or 

jurisdictional building code by the appropriate authoritative body.  Figure 5 (below) 

illustrates the current level of Standard 90.1 adoption among states.   
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Figure 5: Adoption Status of Standard 90.122  

 

Even if local building codes do not mandate high performance HVAC standards, 

school districts have the option to invest in advanced energy strategies and operate their 

facilities at the highest possible level of efficiency.  A major hurdle to this effort, 

however, is the lack of centralized information on this topic.  Representative Matt 

Cartwright (D-PA) recently took note of this oversight and introduced the Streamlining 

Energy Efficiency for Schools Act of 2014.  If passed, the bill would require the 

Secretary of Energy to establish a centralized clearinghouse with information from all 

government agencies regarding available retrofit programs, incentives, and financing.   In 

Cartwright’s words, “the bill is a strategic and cost-saving investment to relieve the fiscal 

pressure felt by schools across the country while bringing us closer to energy security.”23  

 

 



 8 

1.5 OBJECTIVE OF REPORT  

 

Given the impact that a properly designed and operated HVAC system can have 

on a school’s energy consumption and IEQ, it is important to understand the available 

system types and their performance characteristics. It would be convenient if all the 

relevant information concerning K-12 HVAC systems were located in a centralized 

database and if one system type clearly out performed all others, but this is not the reality.  

Information is dispersed and the HVAC needs of each school are unique.  Climate, 

building age, construction assemblies, programmatic use, size, schedule, target goals, and 

budget are just some of the many factors that will determine which HVAC system is 

optimal.  The objective of this report is to explore the existing literature on four HVAC 

systems relevant to K-12 schools and discuss their potential for improved energy 

efficiency and cost savings, as well as performance when considering indoor 

environmental quality. Specifically, this report will describe the mechanical design of 

each system and highlight energy saving features that could be incorporated to 

theoretically improve efficiency.   Case studies and energy modeling data will then be 

presented to better determine the actual savings potential of each system.  
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2. Methodology  

The information gathered in this report is the result of a broad literature review.  

A variety of sources were consulted during the process, including: industry association 

publications, government agency reports, peer-reviewed articles, manufacturer data, and 

self-reported information from school districts.   

2.1 IDENTIFICATION OF SUITABLE HVAC SYSTEMS 

 

The first goal of this research was to identify the most relevant HVAC systems for 

K-12 schools, both in terms of prevalence and performance.  Two sources proved 

particularly insightful in this regard and were used to steer the direction of this report.   

First, the 2003 Commercial Building Energy Consumption Survey (CBECS) provided 

data on the percentage breakdown of heating and cooling systems installed in K-12 

schools.  The results are shown in Figure 6.  

 

Figure 6: Area Weighted Average Primary Heating and Cooling System Type in K-12 Schools24 
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Second, ASHRAE’s Advanced Energy Design Guides for K-12 Schools highlighted 

six systems, three of which demonstrated the potential to achieve at least 50% energy 

savings relative to the 90.1-2004 Standard.  Based on these sources and other supporting 

evidence from the literature, four single-zone and two multi-zone systems were identified 

as notable.  Time restraints precluded examining all six, so this report focuses on the four 

single-zone systems:  

 

1. Unit Ventilator with Chiller/Boiler 

2. Fan Coil with Chiller/Boiler and Dedicated Outdoor Air System 

3. Ground Source Heat Pump and Dedicated Outdoor Air System 

4. Single Zone, Packaged DX Rooftop Unit 

2.2 HVAC SYSTEM ANALYSIS 

 

The second goal of this research was to describe each of these systems and 

discuss their advantages and disadvantages, primarily in terms of energy performance.   

Each of the following sections will outline the history of the system, basic unit 

components, centralized system arrangement if applicable, ventilation strategy, specific 

opportunities for energy efficiency, and overall potential for system efficiency.   

It is worthwhile to note that the information regarding overall efficiency will not 

provide an absolute percentage savings.  Instead, recommended equipment ratings, 

relevant energy saving features, case studies, and energy simulations will be presented to 

convey the potential savings possible with each system type.  Also noteworthy is that 

each section will introduce one or more specific energy saving features relevant to the 

system.  The reader should be aware that many of these features, such as demand control 
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ventilation, apply to all the system presented. A summary table at the end of each section 

will capture all relevant features that apply to that system, whether or not it has yet been 

discussed in the report.  

2.3 OUTLINE OF REPORT   

The report is dived into seven sections.  Sections 3-6 will discuss the selected 

HVAC systems.  Each of these four sections will follow a similar format, starting with a 

brief history of the system and its relevance to K-12 schools.  From there, a more 

technical discussion will begin that covers the unit configuration and energy saving 

potential.  Each of these sections will end with a summary table for easy reference.  The 

final section is a summary of the report as a whole and provides recommendations for 

future work in this area.   

 

This report is not intended to provide original data or research, but rather 

synthesis existing knowledge.  Furthermore, the scope of this report is large, which 

limited the level of detail that could be included.  For those interested in exploring this 

topic in more depth, the Reference section provides a wide selection of relevant articles.    
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3. Single Zone, Unit Ventilators with Chiller/Boiler 

Unit ventilators with a centralized chiller and boiler plant are the first of four 

systems that will be discussed.   

3.1 HISTORY OF SYSTEM AND RELEVANCE IN K-12 SCHOOLS  

 

Unit ventilators are one of the earliest HVAC systems installed in schools. They 

are also the only system type specifically designed for schools.  The technology was first 

introduced in 1918 and became a common feature in K-12 classrooms as early as the 

1950s.25  Figure 7 is an advertisement from 1961 illustrating how these systems were 

marketed specifically for use in schools.  

 

Figure 7: Trane Catalog from 1961 with Advertisements for Unit Ventilators26 

 

As the name suggests, the most notable feature of this system is its ability to 

provide a controlled amount of conditioned outdoor air to the classroom.   Prior to this, 

teachers ventilated their classrooms by simply cracking a window and allowing a variable 
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flow of unconditioned air into the space – an imprecise method that often impacted 

thermal comfort.   

The units were initially capable of heating and ventilating only.  This is not 

surprising since the majority of the U.S. is a heating dominated climate, where cooling 

can be achieved through ventilation.  Figure 8 illustrates the significant difference in the 

number of heating and cooling degree-days across the contiguous 48 states.     

 

Figure 8: Heating and Cooling Degree Days in the Contiguous 48 States, 1895-201427 

 

Despite the overall average, there are large regions of the Unites States that are 

cooling dominated (i.e. Climate Zone 1 and 2), and so cooling coils were later added to 

the unit to increase the range of applications.  Over time, additional elements have been 

incorporated to improve energy efficiency. 
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3.2 SYSTEM DESCRIPTION 

3.2.1 Unit Ventilator 

 

A typical unit ventilator today has seven main components: (1) an outdoor air 

inlet, (2) a return air inlet, (3) an outdoor/return air damper, (4) a filter, (5) a face and 

bypass damper (or control valve), (6) heating and cooling coils, and (7) a variable speed 

fan.  Variations exist between manufactures and models, but Figures 9 and 10 provide a 

representative example from Carrier.  

 

Figure 9: Section View of Carrier Model 40UV Vertical Unit Ventilator 28 
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Figure 10: Plan View Carrier Model 40UV Vertical Unit Ventilator29 

 

 In full heating or cooling mode, the minimum amount of outdoor air – 15 cfm per 

student – is brought in through an opening in the adjacent wall and mixed with return air.  

The mixed air is then pulled through a filter to remove particles and pollutants.  Based on 

ANSI/ASHRAE Standard 52.2, filters should be rated at least MERV 8 or higher, with 

the understanding that a higher rating increases the pressure drop across the filter and 

requires increased fan power. The total volume of air is then pulled through the heating or 

cooling coil by the fan and distributed through the supply air grill.  Figure 11 (below) 

helps illustrate the flow of air through a traditional vertical unit ventilator.  It should be 

noted that manufactures are now producing horizontal units that can be ceiling-hung and 

sometimes require a small amount of ducting.   
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Figure 11: Schematic of Air Flow through a Vertical Unit Ventilator30 

 

Supply air temperature is modulated using either a bypass damper, as illustrated 

in the above examples, or valve control.  In the case of valve control, a constant volume 

of air passes through the unit and the space temperature in maintained by adjusting the 

flow of water through the coil.  As the space load increases, the flow rate of water also 

increases, thereby increasing the amount of heat transfer between the chilled water and 

supply air.  One advantage of this option is that it allows for a variable flow system, 

which offers potential energy savings.  The major drawback is that valve control is less 

effective at dehumidification during part load conditions, which can result in moisture 

problems. Figure 12 (below) demonstrates how a reduced flow rate affects 

dehumidification.   Correct valve sizing is also important to avoid on-off cycling.  
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Figure 12: Part Load Dehumidification with Modulated Chilled Water Flow31 

 

On the other hand, units operating with a bypass damper maintain a constant flow 

rate of chilled water through the coil and meet changing load demands by modulating the 

percentage of air that passes through the cooling coil.  Units equipped with both a bypass 

damper and variable speed fan can be effective at maintaining both dry-bulb temperature 

and humidity levels.  In addition to better thermal control, the constant flow of water 

reduces the chance that coils will freeze during cold weather.  

3.2.2 Centralized Chiller and Boiler  

 

Unit ventilators can operate as self-contained direct expansion units, or they can 

be connected to a centralized chiller and boiler plant through a common water loop.  

Figure 13 (below) provides a system schematic of a four-pipe unit ventilator system 

connected to a centralized air-cooled chiller and boiler.  Note that each unit ventilator is 



 18 

serviced by a hot water loop, as well as a chilled water loop.  This enables simultaneous 

heating and cooling throughout a facility.  

 

Figure 13: Schematic of Four Pipe Unit Ventilator System with Chiller and Boiler32 

 

Using an air or water-cooled chiller and boiler is typically the more energy 

efficient option for several reasons. First, when a diverse group of spaces are connected 

to a centralized plant, the chiller and boiler can be sized based on peak load calculations 

rather than the total connected load.  In other words, a smaller capacity, less costly chiller 

and boiler can be selected.  Second, water is a better heat transfer medium than air.   

Water has a higher specific heat capacity and thermal conductivity, meaning it can 

transfer more heat at a faster rate compared to air.  Ultimately, moving water through 
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pipes with pumps is less energy intensive than moving air with the same amount of 

energy through ducts with fan power.  Pipes also require less material and space than 

ducts. 

3.3 OPPORTUNITIES FOR ENERGY EFFICIENCY  

Two energy efficiency measures were identified as particularly pertinent to unit 

ventilators and are included in this section: (1) air-side economizer and (2) demand-

controlled ventilation.  [Note: these measures are not exclusive to unit ventilators and can 

be applied to other systems as well].  

3.3.1 Airside Economizers  

 

Airside economizers are now typical features in unit ventilators.  This control 

mechanism saves energy by reducing the amount of energy needed for cooling.  For 

example, if the outdoor air is 60°F and the return air is 80°F, an economizer will draw in 

a larger portion of outside because it takes less energy to bring the outdoor air to the 

desired supply temperature.  In some cases, the outdoor air will be sufficiently cool and 

dry that no conditioning is required.  This is commonly referred to as “free cooling.”  

When a classroom is occupied and outdoor conditions are ideal, the unit ventilator can 

condition the classroom with up to 100% outside air.  Figure 14 (below) illustrates this 

scenario.   It is important to note that economizers with enthalpy sensors perform better 

than those with temperature sensors.   
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Figure 14: Economizer Schematic of Daikin Vertical Unit Ventilator33 

 

The ability to increase the amount of outdoor air when favorable outdoor 

conditions exist can result in reduced energy use, cost savings and improved indoor air 

quality.  A study by the U.S. EPA found that enthalpy economizers, when used in 

conjunction with a VAV system, could reduce energy costs by 6-10% in temperate and 

cold climates.34 Economizers were less beneficial in humid climates, where outdoor air 

typically requires dehumidification.  The use of an airside economizer with a unit 

ventilator is highly recommended when schools are located in appropriate climates.  

More often than not, outdoor air is neither sufficiently cool nor sufficiently dry to 

take advantage of the economizer feature.  In fact, conditioning outdoor air for ventilation 

accounts for 7% of electricity use in a typical K-12 school.35  To address this issue, 

manufacturers offer another energy saving feature: demand control ventilation.   
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3.3.2 Demand-Controlled Ventilation (DCV) 

 

Demand-controlled ventilation is a control strategy that uses carbon dioxide 

sensors to regulate the amount of outdoor air needed in a classroom.   When a classroom 

is unoccupied, carbon dioxide levels drop and sensors send a signal to close the outdoor 

air damper.   Once class resumes and carbon dioxide levels begin to rise, the outdoor air 

damper will open to supply the necessary amount of fresh air.  Ventilating a space based 

on actual occupancy patterns prevents over-ventilation, and can result in significant 

improvement in energy efficiency and cost savings.   

Gwinn High School, situated in Michigan’s upper peninsula, recently spent 

$12,000 to improve the energy efficiency of their HVAC system.  They purchased high 

efficiency condensing boilers and upgraded the ventilation system to include demand-

controlled ventilation.  Of all the improvements, DCV had the largest return on 

investment with an annual cost savings of $30,000.36  Demand-controlled ventilation is 

an applicable energy savings strategy in all climate zones and should be applied 

whenever possible.  

The case study above illustrates the savings that can be achieved with DCV, but a 

combination of technologies may be even more effective.  A study published in 

ASHRAE Transactions modeled multiple ventilation strategies and found that combining 

demand-controlled ventilation with an enthalpy economizer resulted in the most 

significant energy savings.37  Figure 15 (below) shows the annual percent savings for 

both gas energy and electric energy in schools across various climate zones when 
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compared to the base case.  Gas savings ranged from 72%-97% and electric savings 

ranged from 11%-22%.38   

 

Figure 15: Annual Energy Savings from DCV and Enthalpy Economizer in Schools 

 

3.4 INDOOR ENVIRONMENTAL QUALITY  

 

Unit ventilators are a potentially good way to obtain adequate ventilation and 

improve indoor air quality.  Outdoor air is provided directly from the unit, so there is no 

uncertainty about the amount of fresh air delivered to each classroom. Additionally, 

supply air is distributed directly from the unit, thereby eliminating the potential hazard of 

bacterial growth or mold in ducts.  It is important, however, to regularly clean the outdoor 

intake to minimize the amount of particulate in the outdoor air stream.  Figure 16 (below) 

shows an example of a clogged outdoor air inlet.  Regularly changing filters will also 

help maintain air quality and reduce the energy associated with fan power.  
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Figure 16: Unit Ventilator with Clogged Outdoor Air Intake39 

  

For the purposes of noise control, HVAC systems can be divided into three 

categories: (1) remote fan and compressor, (2) fan in room, and (3) fan in room with local 

compressor.  Unit ventilators fall into the second category, and therefore have the 

potential to cause disruptive levels of noise.  Newer models have addressed this with 

various design adjustments to meet noise level recommendations.   

3.5 POTENTIAL FOR OVERALL SYSTEM EFFICIENCY   

 

In order to achieve energy savings with this system type, energy saving features 

and high equipment efficiencies must be incorporated.  Airside economizers and demand-

controlled ventilation are two available options. Waterside economizers and energy 

recovery ventilation, although not discussed in this section, can also be applied.  Energy 

modeling analysis should be performed to determine which combination of technologies 

would yield the most savings for a given scenario.   
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Schools that select this system type should aim to meet or exceed the most current 

equipment efficiencies published in ASHRAE’s standard 90.1-2013, regardless of local 

and state building codes.  Water-cooled chillers with a capacity of less than 75 tons 

should be rated at 0.75kW/ton and 0.6 Integrated Part Load Value (IPLV).  The reader 

should be aware that water-cooled equipment efficiency standards vary based on 

equipment capacity. Boilers should be rated at a combustion efficiency of at least 90%.  

Temperature set points and dead bands should also be optimized to reduce energy 

consumption while maintaining occupant thermal comfort.  Careful attention to 

installation, operation, and maintenance can help ensure proper temperature control and 

indoor air quality.  

A relevant case study could not be identified for this system type; however, 

ASHRAE’s Advanced Energy Design Guide for K-12 Schools offers insight into the 

efficiency potential of this system.  The study found that a 30% energy savings relative to 

the 90.1-1999 standard could be achieved with unit ventilators, as long as other energy 

saving measures were also undertaken (e.g. lighting and envelop specifications).40 The 

authors conclude, however, that unit ventilators may not be able to meet the higher 

efficiency target of 50% savings relative to the 90.1-2004 standard.  A summary of the 

advantages and disadvantages of this system type is provided in Table 1 (below). 
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3.6 SYSTEM SUMMARY  

 

Advantages Disadvantages Energy Saving Features 

Provides heating, cooling 

and ventilation from a 

single unit 

Vertical unit located in the 

classroom can produce 

unacceptable levels of noise 

as a result of the fan 

operation.  

Economizer  Air-side;  

Water-side 

Provides room-by-room 

zoning for maximum 

thermal comfort 

Supply airflow is limited to 

approximately 2,000 cfm.  

Energy Recovery Ventilation 

Economizers allow for 

adjustable outdoor 

airflow up to 100% 

Up front cost associated with 

a four pipe chiller/boiler 

system is significant 

Demand Control Ventilation 

The space requirement is 

relatively small 

compared to standard air 

handling units.  

If a breakdown occurs at the 

chiller plant or boiler, a 

facility-wide failure is 

possible*  

Direct Digital Controls  

Cross-contamination of 

pollutants and odors are 

reduced as result of 

single zone use and no 

ducting.  

Unit Ventilators are visible 

elements in the classroom 

and may not be conducive to 

particular architectural 

design intentions.  

Optimized Temperature Set 

Points and Dead Bands 

Enhanced build-wide 

reliability since a single 

unit ventilator failure 

affects only one room, 

not the entire facility* 

Potential for energy savings 

may be less than with other 

systems 

 

Ventilator units are 

relatively easy to install  

This system should not be 

used in climate zone 1, 2A, 

or 3A due to high humidity 

levels 

 

Units are easily 

accessible for filter 

change and other 

maintenance 

  

Units can be coordinated 

and controlled though a 

building automation 

system for increase 

performance.   

  

Table 1: Unit Ventilator System Summary41  
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4. Single Zone, Fan Coils with Dedicated Outdoor Air System 

Fan coil terminal units with a centralized chiller and boiler plant are the second of 

four systems that will be discussed.   This system is paired with a separate dedicated 

outdoor air system for ventilation.  

 

4.1 HISTORY OF SYSTEM AND RELEVANCE IN K-12 SCHOOLS 

 

Fan coil units do not have a distinct historical path, nor did they appear in schools 

at one particular point in time.  The term “fan coil unit” (FCU) is an umbrella label for 

any device with a heating and/or cooling coil in series with a fan.  Like the unit 

ventilator, which is actually a modified version of a FCU, this general system type has 

been around for decades.  It pre-dates reliable packaged equipment and is common in 

older schools.  As a reference for this trend, Figure 17 illustrates findings from a survey 

of 73 schools in Florida.42   

 
 

Figure 17: HVAC Type by Age of School Built or Last Renovated43 

 

For the purposes of this report, FCU refers to a terminal unit located in or near a 

classroom, without ventilation capabilities, and which is connected to a larger 

chiller/boiler system.  This system is relevant not only because it is prevalent among K-

d. Packaged rooftop  

 

c. Fan and compressor in room  

 

b. Fan in room 

 

a. Remote fan and compressor    
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12 facilities (refer back to Figure 6), but also because it offers many opportunities for 

energy conservation and decreased utility costs.   

4.2 SYSTEM DESCRIPTION  

4.2.1 Fan Coil Unit 

 

The basic components of a fan coil unit include: (1) a return air damper, (2) a 

filter, (3) heating and cooling coils, and (4) a fan.  A section view of a simple FCU looks 

very similar to the unit ventilator in Figure 9, without the outdoor air inlet.    

FCUs can be divided into two main categories based on pipe arrangement.  Two-

pipe systems have one set of coils and must be switched between heating and cooling 

mode. Four-pipe systems have two sets of coils and can simultaneously heat and cool.  

Figure 18 helps illustrate the difference between these FCU types. 

 

 

                                      

Figure 18: Two Pipe (left) and Four Pipe (right)44 

Cooling Tower Cooling Tower 



 28 

Four-pipe systems are generally preferred in school facilities, since there is often 

a need to simultaneously cool interior spaces and heat perimeter spaces.  Typically, a 

four-pipe fan coil is installed in each thermal zone to optimize thermal comfort.  In order 

to better accommodate spatial limitations and architectural design intent, manufacturers 

also offer FCUs in a variety of form factors.  Commonly available options include: 

horizontal, vertical, ducted, stacked, and cassette. Figure 19 illustrates some of the 

options available from Carrier.  

 

                           
 

Figure 19: Various FCU models from Carrier 

 

FCU are commonly hung in the plenum space above the ceiling or in a nearby 

closet to preserve usable floor space and reduce fan noise.  A small amount of ducting is 

often used to distribute the air uniformly through the space.  

4.2.2 Centralized Chiller and Boiler  

 

Each FCU is connected to a common water distribution system.    An air or water-

cooled chiller provides cold water for cooling, while a gas-fired boiler provides hot water 

for heating.  If a school is located in a climate with minimal heating needs (i.e. climate 

zone 1 or 2), heating can be provided via electric resistance without incurring significant 

energy penalties.  It is worthwhile to point out that electric resistance heating converts 
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energy from its highest form (electricity) to its lowest form (heat) and should generally be 

avoided when attempting to improve the energy efficiency of a system.   

 ASHRAE recommends three different measures for increasing the efficiency of a 

chilled water system. First, modulating valves should be included to allow the system to 

reduce flow when operating at part-load conditions.  Ideally, the flow can be reduced to 

50% of the design flow rate.   Second, piping diameter should be carefully considered 

and optimized.   Smaller diameters increase friction loss.  This results in a larger pressure 

drop across the system and requires more energy for pumping. Conversely, larger 

diameters reduce friction loss and require less energy for pumping.   Larger diameter 

pipes are more expensive, however, and this should be considered during the design 

process.   The trade-off must be weighed case by case.  Figure 20 (below) helps illustrates 

the relationship between diameter and pressure drop.   

 

Figure 20: Pressure Drop for Water in Schedule 40 Steel Pipe45 
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As diameter increases with a constant flow rate, pressure loss decreases.  As flow 

rate increases with a constant diameter, pressure loss increases. These types of charts are 

used to design hydronic systems with an appropriate amount of pressure loss.   

Lastly, increasing the systems ΔT can reduce the flow rate required to serve the 

space load.  When flow rate is reduced, even by a small percentage, the required power 

input drops significantly as a function of pump affinity laws.  For example, a 10% 

reduction in flow rate translates to a 19% reduction in pressure drop and a 27% reduction 

in power input.  Figure 21 illustrates the relationship between these parameters.  

Designers interested in system optimization should take note of how changes in fluid 

velocity affects flow rate, pressure, and power. 

          

 

Figure 21: Pump Affinity Laws
46
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4.2.3 Dedicated Outdoor Air System (DOAS) 

 

The most fundamental difference between the Unit Ventilator system presented in 

the previous section and the FCU system discussed here is the way in which outdoor air 

is introduced to the space.   With a Dedicated Outdoor Air System (DOAS), outdoor air is 

conditioned and distributed by an entirely separate system of air handlers and ducts.  This 

separation makes it possible to decouple the sensible and latent loads of the space, and 

opens the possibility for substantial energy and cost savings.   

An article by Dieckmann et al.47 highlights several ways a DOAS can save 

energy. First, the system delivers a known volume of outdoor air to each thermal zone 

and is therefore able to meet Standard 62.1 with a smaller amount of total outdoor air. 

Traditional systems that mix outdoor air with return air may use anywhere from 20%-

70% more outdoor air than a DOAS.48  Second, the reduction in total outdoor air not only 

reduces the amount of air that must be moved by fan power, it also reduces the amount of 

energy needed to condition the outdoor air.  Third, since the latent load is handled 

entirely by the DOAS, the recirculated indoor AC system (e.g. fan coil system) can 

maintain the dry-bulb temperature of the space with higher chilled water temperatures.  

Operating at a higher temperature effectively increases the coefficient of performance 

(COP) of the compressor.  Lastly, the recirculating indoor AC can reduce fan power at 

part load conditions without compromising fresh air distribution. Figure 22 provides a 

schematic of a ducted fan coil and DOAS system.  
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Figure 22: Schematic of Outdoor Air System with Direct Delivery49 

 

School HVAC system designers should be aware that exhaust air recovery, 

demand-controlled ventilation, and temperature reset control strategies can all be applied 

to a DOAS.  

 4.3 OPPORTUNITIES FOR ENERGY EFFICIENCY  

Two energy efficiency measures were identified as particularly pertinent to fan 

coil systems with a dedicated outdoor sir system and are included in this section: (1) 

water-side economizer and (2) energy recovery ventilation.  [Note: these measures are 

not exclusive to these systems and can be applied elsewhere].  

4.3.1 Waterside Economizer 

 

The idea of “free cooling” is always appealing when talking about HVAC 

efficiency.  Unfortunately, most systems coupled with a DOAS are not well suited for an 

airside economizer.  The air handling unit and ducts of a DOAS are typically sized for the 
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minimum ventilation requirement, thereby reducing the amount of “free cooling” that 

could conceivably be achieved.   

A waterside economizer is an alternative option.  In this case, a plate-and-frame 

heat exchanger is placed between the chilled water and condensing water pipes. When the 

ambient wet-bulb temperature is sufficiently low, heat is transferred from the returning 

chilled water to the cooling tower water.  This effectively pre-cools the water entering the 

chiller and reduces the amount of energy required to meet the load.  Figure 23 (below) 

provides a schematic of a water economizer piped is side stream arrangement.  The 

highlighted section of the image indicates where the heat is transferred from the returning 

chilled water loop to the cooling water loop. 
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Figure 23: Schematic of Plate-and-Frame Water Economizer50 

  

A case study published by the Southern California Edison Company demonstrated 

the potential savings of a waterside economizer.  A data facility located in San Juan was 

designed to utilize “free cooling” with 53⁰F water and a 10⁰F differential.  The study 

found that the facility could operate for 3200 hours/year without chiller assistance. They 

estimate a total annual chiller energy savings of 52%.51   Figure 24 shows a typical year’s 

weather in San Jose at every hour and demarcates those hours suitable for “free cooling.” 
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Figure 24: Psychometric Chart with a Typical Year’s Weather in San Jose52 

 

4.3.2 Energy Recovery Ventilation 

 

In addition to demand-controlled ventilation, energy recovery ventilation is 

another commonly applied strategy to reduce the energy required to condition outdoor 

air.  This feature is frequently seen in DOAS, which is why it was included for discussion 

in this section.  The concept is fairly simple: energy is transferred between the exhaust 

and outdoor airstreams, thereby reducing the energy needed to bring the outdoor air to the 

supply air set point. In cooling mode, return air is used to pre-cool, and in some cases 

dehumidify, the incoming outdoor air.  In heating mode, the return air is used to pre-heat 

the incoming outdoor air.  Figure 25 (below) illustrates the general concept of energy 

recovery ventilation during the heating season.   
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Figure 25: Schematic of Energy Recovery Ventilation
53

 

 

There are a variety of mechanisms that can perform this function, including: 

fixed-plate heat exchangers, heat pipes, and sensible/enthalpy wheels. Regardless of the 

type selected, ASHRAE recommends units that are at least 60% efficient.54 

 

4.4 INDOOR ENVIRONMENTAL QUALITY  

 

With proper installation and operation, a fan coil system with a DOAS can 

provide excellent indoor environmental quality.  The direct delivery of outdoor air to 

each thermal zone ensures that all spaces are appropriately ventilated.   Decoupling of the 

sensible and latent loads also increases the system’s ability to maintain thermal comfort, 

both in terms of temperature and relative humidity.  Noise control may be an issue 
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depending of the location of fans and compressors.  Designers are advised to isolate these 

pieces of equipment and also be mindful of duct vibration.  

If the DOAS incorporates energy recovery, cross-contamination of air streams 

should be carefully considered before selecting a particular heat-exchanging device. 

Ductwork for both systems should also be monitored for condensation and organic 

growth.   

 

4.5 POTENTIAL FOR OVERALL SYSTEM EFFICIENCY    

 

 

In order to maximize the energy saving potential of this system, certain energy 

saving features and high equipment efficiencies must be incorporated. Waterside 

economizers, energy recovery ventilation, and demand-controlled ventilation can all be 

applied.  Energy modeling analysis should be performed to determine which combination 

of technologies would yield the most saving for a given location. Unlike unit ventilators, 

fan coil systems are recommend for all climate zones.  

For new construction, all equipment should meet or exceed ASHRAE’s standard 

90.1-2013.  Water-cooled chillers with a capacity of less than 75 tons should be rated at 

0.75kW/ton and 0.6 IPLV.  Boilers should be rated at a combustion efficiency of at least 

90%.  Water circulation pumps should be equipped with variable frequency drives, with 

motors rated by the National Electrical Manufacturers Association.  FCU fans should also 

be multi-speed.  Temperature set points and dead bands may also reduce energy 

consumption.  Careful attention to installation, operation, and maintenance can help 
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ensure proper temperature control and indoor air quality.  Schools with existing fan coil 

system should consider investing in new equipment as their budget permits.  

A relevant case study was not identified for this system type, however, the 

simulation study conducted by ASHRAE suggests a high potential for efficiency. The 

study indicates that a fan coil system with DOAS can achieve more than 50% savings 

relative to the 90.1-2004 standard, when applied in conjunction with other energy savings 

measures, such as efficient lighting.55  Figure 26 (below) illustrates the potential savings 

relative to 90.1-2004 across all climate zones for primary schools.  The savings range 

from 57.5% (zone 8) to 69.6% (zone 2B). Savings in secondary schools were very similar 

and ranged from 57.2% (zone 8) to 66.7% (zone 2B).56  
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Figure 26: Primary School Fan Coil Unit System Simulation Results
57 
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4.6 SYSTEM SUMMARY  

 

Advantages Disadvantages Opportunities for Energy 

Savings 

Single zone design 

provides better control of 

better thermal comfort 

Four pipe installation can be 

expensive. 

Economizer  Water-side 

Hydronic system requires 

less space that ducting 

Fan coils require significant 

maintenance  

Energy Recovery Ventilation 

Pumps require less 

energy than fans 

Coils are difficult to clean  Demand Control Ventilation 

System has potential for 

significant energy 

savings 

Fan may cause noise issues Direct Digital Controls 

DOAS provides a known 

volume of outdoor air for 

adequate ventilation  

If the centralized chiller goes 

offline, the entire system 

shuts down 

Optimized Temperature Set 

points and Dead bands 

DOAS decouples the 

sensible and latent loads 

for better thermal control 

  

Units can be concealed   

Table 2: Fan Coil System Summary 
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5. Geothermal Heat Pump with Dedicated Outdoor Air System 

Heat pumps with a ground source heat exchanger are the third of four systems that 

will be discussed.   This system is paired with a separate dedicated outdoor air system for 

ventilation.  

5.1 HISTORY OF SYSTEM AND RELEVANCE IN K-12 SCHOOLS 

 

The concept of a heat pump dates back to the 19th century.  In December of 1852, 

Lord Kelvin presented a paper titled “On the Economy of Heating or Cooling of 

Buildings By Means of Currents of Air.”58  In this presentation, he laid out the theoretical 

foundation of the heat pump.  Hundreds of papers were publish on this topic over the next 

90 years, but it wasn’t until the 1940s that the technology was brought to fruition.   

Figure 27 shows one of the earliest manufactured heat pumps from 1948.  

 

Figure 27: Drayer-Hanson Heat Pump from 194859 
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Despite its long history, heat pumps have only recently become a significant 

fraction of the U.S. market share.  Figure 28 illustrates the trend in heat pump shipments 

in the U.S. over the last 45 years. The first boom of installment occurred in the late 1970s 

as a reaction to the energy crisis.  The demand for energy efficient systems drove the 

equipment sales of heat pumps from 5% to 20%.60   Sales remained constant for the next 

20 years, until concerns over energy consumption and climate change again reinvigorated 

demand.  A recent report from the Freedonia Group suggests that heat pumps will be the 

fastest growing HVAC unit type through 2019.61  

  

 

Figure 28: Air Source Heat Pump U.S. Market Share of Total Unitary A/C and Heat Pump Sales62 

  

Schools districts have also taken notice of the energy saving potential of this 

system. Although packaged A/C units remain dominant, heat pumps represent a 

respectable portion of school HVAC systems – 15% of cooling systems and 14% of 
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heating systems as of 2003.63   The percentages are likely higher today and will continue 

to grow if school installment rates follow the projections for the overall commercial 

building sector.   

5.2 SYSTEM DESCRIPTION  

5.2.1 Heat Pump  

 

The fundamental principle behind a heat pump is reversible vapor-compression 

refrigeration. In other words, heat pumps condition a space by efficiently transferring 

thermal energy in the opposite direction of spontaneous flow.  The main components 

necessary to achieve this are: (1) a compressor, (2) condenser (heat exchanger), (3) 

expansion valve, (4) evaporator (heat exchanger), (5) reversing valve, and (6) a variable 

speed fan.   

In cooling mode, the refrigerant enters the evaporator as a low-pressure, low-

temperature gas/liquid mixture (Point 1).  As the refrigerant moves through the 

evaporator coils, it absorbs energy from the indoor environment.  This effectively cools 

the indoor space and converts the working fluid to a low-pressure, low-temperature gas 

(Point 2).  Next, the refrigerant is compressed to a high-pressure, high-temperature gas 

(Point 3).  As the working fluid passes through the condenser – a second heat 

exchanger— it rejects heat to the outdoors and becomes a high pressure, warm liquid 

(Point 4).  Lastly, the refrigerant flows through an expansion valve, which allows the 

refrigerant to expand and cool even further to a low-pressure, low-temperature gas/liquid 

mixture (Point 1). The working fluid is then ready to enter the evaporator again and 
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repeat the cycle.  Figure 29 provides a schematic illustration of this process in cooling 

mode.  

            

 

Figure 29: Schematic of Heat Pump in Cooling Mode64 

 

In heating mode, the refrigerant follows the same cycle but a reversing valve 

effectively switches the position of the two heat exchangers. It is worthwhile to point out 

that a heat pump does not create heat, but rather moves it from one environment to 

another.  This is a very different principle than the one underlying an electric resistance 

heater, which generates heat by converting electric energy to thermal energy.  Figure 30 

(below) illustrates a heat pump in heating mode.    
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Figure 30: Schematic of Heat Pump in Heating Mode65 

 
 
At standard testing temperatures of 95°F and 32°F, the theoretical maximum 

efficiency for cooling and heating is 7.8 and 8.8, respectively.  In practice, however, a 

heat pump will rarely exceed a COP of 5 and more often operates between 2-4.  Despite 

the limitation of current technology, a key take away is that COP increases as the 

temperature gap between 𝑇hot and 𝑇cold decreases.  Facility managers should keep this in 

mind when establishing enter/exit and set point temperatures. 
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5.2.2 Ground-Source Heat Exchanger  

 

In this system, every thermal zone is equipped with a separate heat pump.  Each 

heat pump unit contains a complete refrigeration circuit, and is also connected to a 

ground heat exchanger through a common water loop.  Figure 31 provides a simplified 

schematic of this system to convey the general arrangement.  

         

Figure 31: Schematic of Ground-Source Heat Pump System66 

 

 

 

Because the ground maintains a relatively constant temperature throughout the 

year, a GSHP system can use this as a source or sink for heat in lieu of a cooling tower 

and boiler.  In heating mode, thermal energy is transferred from the ground through the 

common water loop to minimize the temperature differential between indoor and outdoor 

environments.  In cooling mode, thermal energy is transferred to the ground to achieve 
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the same effect.  A “hybrid system” may be necessary in cases where ground source heat 

exchange in insufficient.  In this scenario, a smaller capacity cooling tower and/or boiler 

is used in conjunction with a ground-source heat exchanger.  

To achieve the necessary heat exchange, a typical GSHP system will include 

multiple vertical pipe bores ranging in depth from 200-400 ft.  These vertical pipe bores 

are circuited together with horizontal piping, which is then routed to the heat pumps 

inside the building.  Figure 32 provides an illustration of a vertical ground heat exchange 

system.  In some cases, vertical bores may be inefficient and a horizontal exchanger may 

be designed instead.   

 

Figure 32:  Vertical Ground Heat Exchanger67 
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5.2.3 Dedicated Outdoor Air System  

 

 With this specific hydronic system, outdoor air is conditioned and delivered by a 

separate dedicated outdoor system. Direct delivery of the conditioned outdoor air to the 

space, as opposed to the heat pump intake, is recommended to ensure indoor air quality 

and maximum energy savings.  Depending on the climate, the DOAS unit may act as a 

complete air-handling unit, capable of filtering, cooling, heating, dehumidifying and/or 

humidifying the outdoor air.  It may also include energy efficiency features like a plate-

heat exchanger or enthalpy wheel to pre-condition the incoming air.  These options and 

the potential advantages of a DOAS are the same as those discussed in Section 4.   

 

5.3 OPPORTUNITIES FOR ENERGY EFFICIENCY 

Two energy efficiency measures were identified as particularly pertinent to heat 

pump systems and are included in this section: (1) variable refrigerant flow and (2) 

variable flow pumps.  [Note: these measures are not exclusive to these two systems and 

can be applied elsewhere].  

5.3.1 Variable Refrigerant Flow  

 

Variable refrigerant flow is an important energy saving technology that can be 

used in conjunction with heat pumps. Daikin Industries developed the technology in 

1982, but it wasn’t until 2002 that VRF systems first penetrated the U.S. market. 68   The 

application of VRF in the U.S. building sector, specifically schools, is an exciting new 

frontier for the U.S. HVAC industry.  
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The term “variable refrigerant flow” is used to describe a system that is capable of 

continuously modulating the flow rate of refrigerant to match heating or cooling demand.  

In many systems, this function is achieved by pairing an external variable frequency drive 

to the motor of an inverter compressor. Rather than cycle on-off at fixed, full capacity, 

VRF systems ramp up and down to achieve higher efficiency at part-load conditions. 

Figure 33 illustrates the Energy Efficiency Ratio (EER) improvement of various 

compressors over a range of part-load conditions.   

 

    

Figure 33: Relative Performance of Variable-Capacity Compressors69 

 

The variable speed scroll compressor out performs the digital, one- and two-stage 

compressors at all part load conditions, and under performs slightly at full load.  Since 
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schools operate at part-load conditions a majority of the time, VRF technology can yield 

significant savings. VRF systems also reduce temperature fluctuations in the space, and 

provide better control of thermal comfort.  

5.3.2 Variable-Flow Pumping 

 

The rate at which pumps move water through the ground heat exchanger to the 

heat pump units can be constant or variable.   Constant speed pumps run at full capacity 

whenever the system is operating, much like a single stage compressor.  Variable speed 

pumps are connected to a variable frequency drive that allows them to modulate flow rate 

in response to demand.   For example, if several heat pump units are shut-off, a variable 

speed pump can decrease the flow to meet the part-load condition. Delivering only the 

necessary amount of water reduces the amount of energy needed for pumping and 

translates into cost savings for the school. 

Occasionally, the circulating water will fall within the desired temperature range 

without energy transfer from/to the ground. A diverting valve and bypass pipe can be 

added to allow the water to pass through the system without incurring an unnecessary 

pressure drop through the ground heat exchanger.  Pumping energy is reduced and 

additional cost saving can be realized. 

 

5.4 INDOOR ENVIRONMENTAL QUALITY  

Similar to the FCU system discussed earlier, a ground-source heat pump system 

with a DOAS can provide excellent indoor environmental quality, so long as the 
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equipment is properly installed, operated, and maintained. Direct delivery of outdoor air 

guarantees that each thermal zone receives adequate ventilation.  Variable refrigerant 

flow allows more precise temperature control, while also providing adequate 

dehumidification at part-load conditions. Noise control may be an issue since fans and 

compressors are located near the space, rather than at a centralized plant.  Designers are 

advised to isolate these pieces of equipment to the degree possible and ensure ducts are 

designed to reduce vibration. Ductwork should also be monitored for condensation issues 

that might lead to organic growth.  These types of problems, once present, are both 

harmful and expensive to remediate.  Figure 34 illustrates a poorly maintained system 

that resulted in mold growth.  

 

                 

Figure 34: Mold Growth in Duct70 
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5.5 POTENTIAL FOR OVERALL SYSTEM EFFICIENCY  

 

  

Ground source heat pumps with a DOAS have the potential to be extremely 

efficient systems.  To ensure this potential is met, certain energy saving features and high 

efficiency equipment must be incorporated.  Demand-controlled ventilation and energy 

recovery with at least 60% efficiency should be included in the dedicated outdoor air 

system. Heat pumps should meet or exceed an EER of 18.0 for cooling and a COP of 3.7 

for heating.  A variable speed or two-stage compressor is necessary to maximize capacity 

control.  Similarly, fans should be connected to a variable frequency drive to curb fan 

power use.  Optimized temperature set points, dead bands, as well as other control 

strategies may also increase system efficiency.  

 

A compelling case study from Birdville High School in Fort Worth, Texas 

provides real data for consideration.  Their system is comprised of the following: 160 

ground-source heat pumps, a zoned vertical ground-loop heat exchangers made up of 70 

to 80 wells per zone, a distributed water pumping system, and  energy recovery 

ventilators to supply conditioned fresh air into the building.  According to the reported 

data, the school has experienced “a nearly 50% reduction in costs over comparable gas 

and electric HVAC systems used with other similarly designed schools in the district.”71  

Table 3 provides a comparison of HVAC operating costs for three different schools in the 

area.  Although the specific system types of the other two schools were not identified, 

both had been retrofitted within 5 years of the publication of this data.  
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School Birdville High Haltom High Richland High 

HVAC System GSHP  N/A Central and Split 

Total Sqft. 300,000 305,000 252,000 

Annual 

$Energy/Sqft. 

$0.58/sqft  

(heating & cooling) 

$1.04/sqft 

(heating only)  

$0.92/sqft 

(heating only) 

Table 3: Comparison of HVAC Operating Costs72 

Although capital costs are high with this type of system, the school district 

(BISD) determined that the overall costs were nearly identical to those of constructing a 

traditional HVAC system with a centralized pumping plant.  They also anticipated 

savings from reduced maintenance and longer service life.  

Lastly, the simulation study from ASHRAE indicates that more than 50% energy 

savings can be achieved relative to the 90.1-2004 benchmark with this system type when 

applied in conjunction with other energy savings measures, such as efficient lighting.  

Figure 35 (below) illustrates the potential savings relative to 90.1-2004 for secondary 

schools across all climate zones.  Savings range from 53.3% (zone 3B:CA) to 63.3% 

(zone 7).  Findings were similar for primary schools, with savings ranging from 54.6% 

(zone 3B:CA) to 64.5% (zone 7). This system shows remarkable potential for energy 

savings if schools are willing to make the financial investment.  
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Figure 35: Secondary School GSHP System Simulation Results73 
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5.6  SYSTEM SUMMARY  

Advantages Disadvantages Opportunities for Energy 

Savings 

HP units can cool and 

heat through reversible 

vapor compression 

refrigeration  

Installation is difficult and 

expensive; high up front cost 

Energy Recovery Ventilation 

One unit for every 

thermal zone provides 

maximum thermal 

control 

Installation causes 

disturbance to the 

environment 

Demand-Controlled Ventilation 

HP unit space 

requirement is relatively 

small   

 Local compressor may cause 

noise 

Variable Refrigerant Flow 

HP unit and ground 

exchange have a long 

service life 

 Variable Flow Pumping 

Ground heat exchanger 

reduces cooling tower 

and boiler capacity, or 

eliminates altogether 

 Direct Digital Controls 

System does not use 

combustion and is 

therefore safer 

 Optimized Temperature Set 

Points and Dead Bands 

Saves space as fuel 

storage in not needed 

  

Less equipment in central 

plant requires less space 

and maintenance 

  

DOAS ensure adequate 

ventilation  

  

DOAS decouples the 

sensible and latent loads 

for better control of 

thermal comfort  

  

System has a high 

potential for energy 

savings 

  

Table 4: GSHP System Summary 
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6. Single Zone, Packaged DX Rooftop Units 

Packaged DX Rooftop Units are the fourth and final system that will be discussed.   

Ventilation for this system is integrated into the unit itself.  

 

6.1 HISTORY AND RELEVANCE IN K-12 SCHOOLS 

 

Single zone, packaged rooftop units have been a standard HVAC system in 

commercial buildings for more than 3 decades.  In the beginning, they were not that 

reliable and required a significant amount of time to service.  They also lacked sufficient 

control for energy management.  Over the years, however, this model has evolved into a 

hardier product with some potential for energy savings.  

 Packaged systems are far and away the most common cooling system currently 

installed in K-12 schools.  As of 2003, packaged systems made up 33% of cooling 

systems and 21% of heating systems.74   The reason for this is likely due to low initial 

cost and individual zone control.    

 

6.2 SYSTEM DESCRIPTION 

6.2.1 Single Zone Packaged DX Unit  

 

In this system, like all those discussed previously, a packaged DX unit is used for 

each thermal zone.  All the components are factory designed and assembled into a single 

unit.   The unit typically includes:  (1) outdoor-air and return air dampers, (2) filter, (3) 

heating source, (4) cooling coil, (5) compressor, (6) air-cooled condenser, (7) fan, and (8) 

controls. The heating source is provided by either an indirect-fired gas burner, electric 
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resistance heat, or by reversing the refrigeration circuit to operate as a heat pump.  Single 

packaged units are typically mounted on the roof or at grade level outdoors, and then 

ducted into the desired space. Figure 36 illustrates a typical roof mounted, single zone 

packaged unit. 

 

                 

Figure 36: Schematic of Single Zone Packaged Unit75 

  

 Performance characteristics vary among manufactures, and the selected 

equipment should be sized for peak load. With these units, it is also important to select a 

model that can provide adequate dehumidification at part-load conditions.  
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6.3 OPPORTUNITIES FOR ENERGY EFFICIENCY  

One energy efficiency measure was identified as particularly pertinent to 

packaged rooftop units: (1) variable air volume control. This measure is fairly elementary 

but does merit its own discussion.  

 

6.3.1 Constant Air Volume vs. Variable Air Volume 

 

 One common way of categorizing an HVAC system is by its method of 

temperature control.  Constant air volume (CAV) systems provide a constant flow of air 

and modulate coil temperature to achieve the desired supply temperature.  Variable air 

volume (VAV) systems maintain the coil temperature and vary the volume of air to meet 

the supply temperature.  This distinction has been referenced throughout this report (i.e. 

variable speed fans/pumps), but never explicitly examined.  It makes sense to do so here, 

since packaged single zone VAV systems have become more common in K-12 schools.  

 The advantages of VAV over CAV are threefold. First, compared to a constant-

volume system, a SZVAV can result in significant fan energy savings at part load 

conditions.  Figure 37 (below) illustrates the how fan speed is regulated with supply air 

temperature. 
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Figure 37: Single Zone VAV Control with Variable-Speed Fan76 

 

Figure 38 (below) shows the potential energy savings of using two-speed or 

variable speed fan control in a single-story K-12 school.  TRACE was used to model the 

building with a package rooftop unit serving each zone.  The baseline building uses 

conventional, constant-volume rooftops. In each climate scenario, the variable speed fan 

consumes significantly less energy than the constant speed fan, and marginally better 

than the two-speed fan.  
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Figure 38: Example Energy Savings from Two-Speed or Variable-Speed Fan Control77 

 

 Other benefits include better dehumidification at part load conditions and less fan 

generated noise at reduced fan speeds.  A CAV system at part load conditions continues 

to supply a constant volume of air to the zone.  As the sensible cooling load decreases, 

the compressor cycles on and off, resulting in warmer air delivered to the zone.  Although 

delivering this warmer air prevents over-cooling in the space, the cycling of the 

compressor results in a warmer average coil temperature and less dehumidification.  In 

contrast, the SZVAV system responds to part load conditions by reducing airflow while 

maintaining the cooling coil temperature.  The lower dew point ensures that 

dehumidification will still occur.   

6.4 INDOOR ENVIRONMENTAL QUALITY 

 

 In this system arrangement, outdoor air is brought into the unit through an outdoor 

air outlet and mixed with return air. The filtered and conditioned air is then delivered to 

the space to meet ventilation needs.  This system does not benefit from a decoupling of 
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sensible and latent loads, but it does provide adequate ventilation so long as system 

controls are operating properly.   Selecting a VAV system will ensure more precise 

control of both temperature and relative humidity.  It will also reduce the noise associated 

with fan power.  SZVAV Packaged DX systems have the potential to provide adequate 

indoor environmental quality, but designers should carefully evaluate the unit features 

and controls before making a final selection.  All associated ductwork should also be 

monitored for moisture-related issues.  

6.5 POTENTIAL FOR OVERALL SYSTEM EFFICIENCY 

 

 Newer single-zone packaged units may have potential for meaningful energy 

efficiency.  However, designers should select units that incorporate energy saving 

features and meet or exceed ASHRAE Standard 90.1-2013.  An air-side economizer, 

demand-controlled ventilation and energy recovery can all be applied to this system type. 

Depending on the configuration and tonnage of the unit, certain equipment efficiency 

should be observed.  For a standard air-conditioner with a capacity of 65kBTU/h or less, 

a minimum SEER 13 is required. For an air-source heat-pump configuration with the 

same capacity, a minimum SEER 14 for cooling and HSPF 8.2 for heating is required. 

Gas furnaces should be at least 80% efficiency. Finally, variable speed fans with a rating 

of 1.3hp/1000cfm are recommended over constant speed fans.  Please note that efficiency 

minimums for other tonnages can be found at the ASHRAE website.   

  In terms of case study data, one interesting project was conducted in 2002 by 

Armstrong et al.78  They aimed to validate the field performance of a particular package 
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system that had been selected by the DOE as one of five units representing the market 

transformation of package units (i.e. high efficiency).  The unit selected was a 10-ton 

high-efficiency packaged rooftop unit manufactured by Global Energy Group (GEG). It 

was installed at Fort Gordon, Georgia along with a standard efficiency 20-ton rooftop 

unit manufactured by AAON2.  Both units were operated identically over a 3-month 

period (May-July) to observe performance under a range of conditions. Based on the 

results, the GEG unit performed 8% better with a single stage compressor and more than 

16% better with a two-stage compressor compared to the AAON2 unit.  While this 

indicates that some improvements are being made in rooftop unit efficiencies, the authors 

also pointed out that the cost premium associated with the better unit meant that a return 

on investment would only be observed in climates or building types with long cooling 

seasons.  

Lastly, data from the ASHRAE simulation study suggests that package units may 

have less potential for energy savings compared to other system types. The study 

indicates that 30% savings can be achieved relative to the 90.1-1999 standard with this 

system type, but that it is not able to reach the higher benchmark of 50% savings relative 

to the 90.1-2004 standard.79   
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6.6. SYSTEM SUMMARY   

 

Advantages Disadvantages Opportunities for Energy 

Savings 

Provides heating, cooling 

and ventilation from the 

same unit 

Energy saving potential is 

less than other systems  

Economizer Air-side 

Self-contained Maintenance costs can be 

high with multiple units 

Energy Recovery Ventilation 

Flexible system can grow 

with building 

 Demand Controlled Ventilation 

Upfront cost is low    

Breakdown is isolated to 

a single zone and does 

not affect other areas of 

the facility 

  

Easy installation   

Access for maintenance 

is relatively easy 

  

Table 5: Package DX Summary 
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7. Summary 

 The information presented in this report was gathered from a wide range of 

sources.  It was a time consuming task that ultimately revealed a lack of organization 

around this issue and the need for more a centralized data system.  It is also clear that 

certain data gaps could be remedied with additional government support.  Case in point, 

the most recent Government Accountability Office report on the status of U.S. public 

schools was published in 1995.  The EPA’s Portfolio Manager tool is a step in the right 

direction.  Currently, more than 55,000 K-12 schools have submitted building and energy 

consumption information to this database.  It is an excellent resource and should provide 

reliable benchmarking data for the future.  If the Streamlining Energy Efficiency for 

Schools Act is passed, this too may help schools and other interested stakeholders locate 

information regarding retrofitting and financing in a more centralized and timely manner.   

 Despite the diffuse body of literature, it was possible to compile a meaningful 

amount of information on the four HVAC systems of interest. The Fan Coil with DOAS 

and the Ground Source Heat Pump with DOAS appear to have the greatest potential for 

energy efficiency, as well as improved IEQ.  Unit Ventilators and Package DX Units 

demonstrated less energy savings potential, but should not be ruled out as viable system 

options.  Each of these systems comes with a set of advantages and disadvantages that 

must be carefully weighed on a case-by case basis.  HVAC designers should consider 

these and perform an energy model analysis to help determine the best option.   

Moving forward, this report could be greatly enhanced with additional case study 

data.  This information is difficult to come by, but is extremely useful for determining the 

actual benefits of a system.  It would also be beneficial to expand the scope of this 

research to include an analysis of multi-zone systems.  Multi-zone packaged units and 
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multi-zone VAV with a centralized chiller and DOAS are two good places to start.  

Finally, system controls play a large role in efficiency outcomes and would need to be 

incorporated into this analysis for a full picture of system efficiency potential.  
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