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ABSTRACT  7 

Packaged air-conditioning systems, such as rooftop units (RTUs), are widely used in small commercial buildings in the 8 

United States. Although new regulations and standards require new air-conditioning equipment to have multi-speed supply 9 

fan operation, most of the installed units employ fixed-speed supply fans. The electrical energy usage associated with 10 

constant volumetric air delivery fan systems is on the order of half the total RTU electrical energy usage because supply fans 11 

operate continuously during the occupied periods in commercial buildings for ventilation. In addition, compressors within 12 

RTUs typically feature single- or two-stage capacity controls leading to frequent unit cycling and thus, deteriorated 13 

performance in energy efficiency. This paper presents relatively comprehensive assessment results for three RTU variable-14 

speed retrofit options: 1) retrofits of fixed-speed supply fans with variable-speed fans for single-compressor-speed units, 2) 15 

replacement of existing fixed-speed RTUs with RTUs having two-speed compressors with variable-speed supply fans and 3) 16 

retrofits of RTUs with new RTUs that incorporate variable-speed compressors and fans (indoor and outdoor). The assessment 17 

study involves parametric simulations across different building types and locations in the U.S. to understand the performance 18 

variation with respect to location and building use. Performance improvements in terms of energy efficiency, operation cost 19 

and indoor comfort delivery for the various retrofit options are demonstrated compared to conventional single-stage RTUs 20 

with constant speed supply fans. The assessment results show that all three retrofit options offer significant fan energy 21 

savings, but much smaller savings potential for compressor and condenser fan electricity consumption. The variable-speed-22 

unit retrofit provides the highest cost savings potentials, ranging from 40 to 250 $ per rated cooling ton per year depending on 23 

the building type and location. In addition to efficiency and economic benefits, the two-stage-unit and variable-speed-unit 24 

retrofits also lead to improved indoor humidity regulation performance due to reduced unit cycling.    25 
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1. INTRODUCTION  1 

Packaged air conditioning units, e.g., rooftop units (RTUs), serve approximately 52% of the total commercial building 2 

floor space in the U.S. (CBECS 2012, Table B41). Most of the installed RTUs employ single- or two-stage compressors with 3 

fixed-speed fans for air supply to the indoor space. The availability of relatively low-cost and small variable-speed motors 4 

has led to significant offerings of variable-speed technology for residential air conditioners and heat pumps with dramatic 5 

improvements in SEER. However, variable-speed equipment is only recently becoming available for packaged RTUs used in 6 

small commercial buildings even though the energy savings opportunities could be significantly greater because the fans 7 

operate continuously throughout the occupied period and cooling is often necessary for most of the year. New standards and 8 

regulations also incorporate variable-speed operation requirements: ASHRAE 90.1-2010 (ASHRAE 90.1, 2010, Section 9 

6.4.3.10) requires two-speed or variable-speed fan control for direct-expansion (DX) units with cooling capacity greater than 10 

110,000 Btu/hr; California Title 24 (CEC, 2015, Section 140.4(m)) requires new vapor compression equipment with capacity 11 

higher than 65,000 Btu/hr to have a minimum of two stages for fan control.  12 

Variable-speed air-conditioning (AC) systems offer more degrees of freedom for control compared to single- or multi-13 

stage units, leading to improved energy efficiency and tighter temperature control. Chen et al. (2009) performed comparative 14 

tests for a constant-speed AC and a variable-speed AC serving two identical rooms. The variable-speed AC has shown more 15 

stable temperature control and noticeable energy savings compared to the constant-speed unit. Yurtseven et al. (2014) carried 16 

out a field study comparing the energy performances of a constant-speed AC and a variable-speed (inverter) AC serving two 17 

identical offices. 25% electrical energy savings was observed with the inverter AC for a 43-day summer period. Cai and 18 

Braun (2015) compared two DX systems with different capacity modulation mechanisms: one system is equipped with a 19 

variable-speed compressor and the other unit has digital scroll compressors to provide variable capacity. It was shown that 20 

the two systems have similar performance at high load conditions but the variable-speed system provides much higher part-21 

load efficiency compared to the unit with digital scroll.  22 

In the past few years, the U.S. Department of Energy has supported several efforts in evaluating variable-speed technology 23 

in the HVAC industry. For example, NREL published a simulation study (Studer et al., 2012) that evaluated variable-speed 24 

supply fan retrofits in retail stores across 16 different locations in the U.S. This study demonstrated significant fan energy 25 

savings, ranging from 29% to 74%, with multi-step and variable-speed supply fans. In most cases, energy for cooling (sum of 26 

compressor and condenser fan electricity consumption) decreased but it increased in some cases.  The differences are due to 27 
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different latent load impacts associated with variable-speed fan operation in different climates. Slightly higher heating energy 1 

use was found with variable-speed retrofits due to reduced fan heat. PNNL also performed a simulation assessment of 2 

multiple advanced control strategies for packaged AC units, including economizer operation, demand controlled ventilation 3 

(DCV) and multi-speed supply fan control, for four types of commercial buildings across the U.S. (Wang et al., 2011). Multi-4 

step supply fan control contributed to total HVAC (site) energy savings of 5% to 35% and also significant cost savings. This 5 

study also reported an increased heating energy use for cold climates when applying multi-step supply fan control but its 6 

impact on cost savings is smaller since electricity prices are generally higher than gas prices. A follow-up report (Wang et al., 7 

2013a) published field assessment results for 66 RTUs on 8 different buildings and demonstrated fan energy savings that 8 

ranged between 26% and 94% and total RTU electricity savings ranging from 22% to 91%, attributed to advanced control 9 

retrofits combining multi-speed fan control, integrated economizer operation and DCV. Fan energy savings made a dominant 10 

contribution to the total RTU electricity savings while heating and cooling energy savings were much smaller. In the same 11 

year, Wang et al. (2013b) published a lab-based characterization approach for a variable-speed RTU based on correlations 12 

with boundary conditions (evaporator inlet temperatures and ambient temperature) and control settings (airflow and supply 13 

air temperature setpoint). The model was then used to evaluate the savings potentials for variable-speed RTUs compared to 14 

multiple single- and two-stage units. Wang et al. (2015) presented a field study for a 7.5-ton variable-speed RTU and 15 

compared the performance to an alternative two-stage unit with constant airflow control. The two units were serving two 16 

different buildings but with similar footprints. A whole year of monitoring data revealed that the variable-speed RTU had a 17 

seasonal efficiency (defined as the ratio of total cooling delivered to the total unit electricity use over the cooling season) 18 

31% higher than the two-stage unit.   19 

With individual compressor and supply fan speed controls, a variable-speed unit can operate with a variable latent heat 20 

ratio (LHR) while satisfying the same sensible load and thus, can provide better indoor humidity regulation. For example, 21 

Andrade and Bullard (2002) studied the effect of different combinations of supply air flow rates and compressor speeds on 22 

the performance of indoor humidity control as well as equipment efficiency for residential AC systems. The study considered 23 

unit run time fraction as a dependent variable for each compressor and supply fan speed combination and used the hourly 24 

average unit power for efficiency analysis. Khatter and Henderson (1999) performed a field study within two supermarkets 25 

and demonstrated that reduced supply airflow could lead to better indoor humidity regulation with a typical unloading 26 

capacity modulation scheme. Several researchers have utilized the controllability of compressor and fan speeds to achieve 27 

independent indoor temperature and humidity controls. Li et al. (2007) developed a DDC-based capacity controller for a DX 28 
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unit aiming at simultaneous control of indoor dry-bulb temperature and humidity level, using the sensible heat ratio (SHR) as 1 

a control variable. For the same purpose, Qi et al. (2009) proposed a multi-input-multi-output (MIMO) controller based on a 2 

Linear Quadratic Gaussian (LQG) technique which directly controls the compressor and supply fan speeds. Conventional 3 

staged units have to cycle on and off to meet the building sensible load where unit cycling causes moisture re-entrainment 4 

and reduces unit latent capacity (Henderson and Rengarajan, 1996). Variable-speed units can operate at part-load conditions 5 

with larger run time fractions providing consistent dehumidification to indoor spaces. This is another reason why variable-6 

speed units offer better dehumidification performance, but this effect has not been studied in the aforementioned work.  7 

Although there have been previous studies focused on understanding the characteristics of variable-speed HVAC systems, 8 

a comprehensive assessment of variable-speed technology for RTUs is still lacking that considers 1) different variable-speed 9 

retrofit options, 2) performance variation with respect to building types and locations, 3) cost savings under utility rate 10 

structures that are representative of the different regions of the U.S., 4) component-wise energy performance analysis and 5) 11 

indoor comfort impacts (based on differences in moisture removal and moisture re-evaporation effects with different 12 

technologies). This paper presents results generated from a comprehensive simulation-based assessment of variable-speed 13 

equipment applied to RTUs for different building types and locations. Multiple variable-speed retrofit options were 14 

investigated that involve retrofitting supply fans only and whole unit retrofits applying variable-speed drives to different 15 

components. A variety of performance metrics, including energy consumption, operation cost, indoor humidity and comfort, 16 

were evaluated for each variable-speed retrofit option and also for a baseline single-stage unit to provide a comprehensive 17 

assessment of the technology. Performance sensitivities with respect to location, building type and utility rate structure are 18 

also analyzed in this paper. The results presented can provide a set of guidelines for small business owners to identify the 19 

most feasible RTU solution and can also be used to better promote this technology. 20 

2. METHODOLOGY 21 

Three variable-speed retrofit options were considered in this evaluation study: 1) retrofits of fixed-speed supply fans with 22 

variable-speed supply fans for single-compressor-speed units, 2) replacement of existing fixed-speed RTUs with RTUs 23 

having two-speed compressors with variable-speed supply fans, and 3) replacement of existing fixed-speed RTUs with RTUs 24 

having variable-speed compressors, supply and condenser fans. A baseline case with single-stage RTUs employing constant 25 

speed supply fans was considered for comparison. 26 
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A simulation-based assessment was carried out utilizing the demand-limiting assessment tool (DLAT, 1 

https://engineering.purdue.edu/DLAT/) that was previously developed by the building research group at Purdue.  This tool 2 

was derived from earlier simulation programs described by Brandemuehl and Braun (1999, 2013) and Mercer and Braun 3 

(2005).  These tools were developed for modeling dynamic energy performance of small commercial buildings and they 4 

utilize the same basic modeling approaches, including transfer function models for building walls, semi-empirical equipment 5 

models that incorporate both sensible and latent effects, ventilation strategies that include minimum indoor air quality 6 

standards and economizer options, idealized feedback control, general utility rate structures with on-peak, mid-peak, and off-7 

peak energy and demand charge options, use of hourly weather data, and auto-sizing of equipment. A technical description of 8 

the original model is provided by Mercer (2003) and Braun and Mercer (2003) along with validation of the modelling 9 

approach through comparisons with results from Energy-10 and TRNSYS building simulation tools.   10 

DLAT was chosen for use in this study for a variety of reasons, including that it contains a library of prototypical small 11 

commercial buildings (big box retail, sit-down restaurant, small office, school, etc.), is set up to handle complex utility rate 12 

structures, and is computationally very fast.  The computational efficiency was very important in enabling the large-scale 13 

parametric studies carried out in this work.  Each building prototype included in DLAT is modeled as a single zone and the 14 

RTU equipment is auto-sized based on the annual peak loads. In the simulation studies, all RTU equipment was assumed to 15 

be sized with a typical oversizing factor of 20%. In addition, DLAT contains a variety of unique demand-response control 16 

strategies and thermostat optimization features that are not available in other tools and that were considered a companion 17 

study. Another reason for utilizing DLAT in the study described in this paper is that we could leverage modeling input data 18 

(buildings, equipment, utility rate structures) from the companion study. DLAT performs detailed hourly simulation. 19 

Building performance outputs from DLAT include hourly, monthly, and annual energy uses, utility costs and indoor 20 

environmental conditions.  21 

DLAT was modified for the current study to incorporate the following changes:  1) variable-speed supply fans and 22 

controls, 2) variable-speed rooftop units and controls, 3) an improved zone moisture buffer model, 4) an equipment moisture 23 

removal degradation model that considers re-evaporation of moisture off the evaporator coil that occurs when fans operate 24 

continuously and compressors cycle off, 5) up-to-date utility rates for locations where simulations were performed.  All of 25 

these changes were important in providing fair comparisons between the performance of fixed and variable-capacity systems.  26 

Large-scale parametric studies were performed for a range of building types, climate conditions, equipment types and utility 27 
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rate schedules. 1 

2.1. Building Types and Vintage 2 

The batch simulations ran prototypical models for seven types of small commercial buildings:  3 

 retail store,  4 

 restaurant,  5 

 small office,  6 

 classroom,  7 

 auditorium,  8 

 gymnasium and  9 

 library.  10 

DLAT offers prototypical models for two building vintages: typical 1985 and ASHRAE 90.1-2007. Only the ASHRAE 11 

2007 models were used in this study to reduce the total number of simulation runs. Details of the building parameters and 12 

schedules are provided within the help feature of DLAT (DLAT, https://engineering.purdue.edu/DLAT/).  The original zone 13 

moisture balance within DLAT assumed quasi-steady behaviour.  This model was replaced with a lumped capacitance 14 

moisture buffering model that was incorporated to better characterize the indoor environmental differences between fixed and 15 

variable-speed RTUs.  In this study, the built-in demand-limiting control options were not used and only a conventional night 16 

setup/back control strategy was implemented.  A dry bulb economizer was employed with minimum ventilation rates 17 

determined using ASHRAE Standard 62.1-2010 (ASHRAE 62.1-2010). 18 

2.2. Locations and Climate Zones 19 

Fourteen cities from the seven U.S. climate zones (shown in Figure 1) were selected for the simulation study and are listed 20 

in Table 1. For each location, typical meteorological year-3 (TMY3) weather data was used.  21 

https://engineering.purdue.edu/DLAT/
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 1 

Figure 1.  Climate zones that were covered in the simulation study 2 

Table 1. Locations identified for simulation 3 

Climate 
zone 

City 
Climate 

zone 
City 

Climate 
zone 

City 

1A Miami, FL 3B-other Las Vegas, NV 5B Colorado Springs, CO 

2A Houston, TX 3C San Fran., CA 6A Minneapolis, MN 

2B Phoenix, AR 4A Baltimore, MD 6B Helena, MT 

3A Atlanta, GA 4B Albuquerque, NM 7 Duluth, MN 

3B-CA Los Angeles, CA 5A Chicago, IL 
  

 4 

2.3. Utility Rate Schedules 5 

Up-to-date electricity rate schedules were collected from major utility companies that serve the fourteen locations 6 

considered in this study. The surveyed schedules cover the following categories of rates: 7 

 “flat” (no time-of-use) energy rates with no demand charges; 8 

 time-of-use (TOU) energy rates with no demand charges; 9 

 flat energy rates with demand charges; 10 

 TOU energy rates with demand charges. 11 

Detailed rate information such as winter/summer months, on-/off-peak periods, energy and demand rates, applicable 12 

customers, fixed monthly payment, etc., were extracted from data available on the utilities' websites. For several locations, 13 

multiple rate schedules exist for certain rate types due to different utility providers or because they were designed for 14 

different customer needs (e.g., low-load-factor user rate versus high-load-factor user rate). However, only the most typical 15 
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rates were selected and implemented in DLAT for each schedule type and each location. Details of the selected rate schedules 1 

can be found in Cai and Braun (2017). 2 

2.4. Variable-Speed Retrofit Options 3 

Three variable-speed RTU retrofit options were considered in this study. A baseline case with fixed-speed compressors 4 

and supply fans was used to evaluate the performance improvements associated with the retrofits. The same full-load 5 

equipment performance model was employed for all four cases, but with different control strategies for part-load 6 

performance. The implemented control strategies for the various equipment options were based on representative control 7 

sequences adopted by the manufacturers. It should be noted that for all retrofit and baseline cases, gas furnaces are used for 8 

space heating so there is no electricity usage for heating. Gas heating results are not reported in this paper, because the 9 

differences in annual gas usage between the various RTU options are much smaller compared to the electricity usage 10 

differences. Also the heating costs with gas are much lower than the electricity costs so the contribution of the gas usage 11 

difference to the overall economics is much smaller.  12 

Performance data for a 5-ton variable-speed RTU was obtained from a manufacturer. The performance data covers a wide 13 

range of operating conditions and was used to train an empirical model to be used for the simulation study. Table 2 gives the 14 

unit's full-capacity energy efficiency ratio (EER) at different ambient temperatures. Various empirical model forms were 15 

explored and eventually a model form with explicit dependence on compressor speed was chosen. The final model relies on 16 

correlations with respect to ambient temperature, evaporator inlet wet-bulb temperature, airflow rate and compressor speed in 17 

determining the total cooling capacity and energy input ratio (EIR). A bypass factor method is used to calculate the sensible 18 

heat ratio (SHR). When the evaporator coil is dry, iterations are required to find a fictitious evaporator air inlet wet-bulb that 19 

comes with a SHR equal to one. The modeling details and fitting results are given in Appendix A.  20 

Table 2. Full capacity EERs of the 5-ton variable-speed RTU at evaporator inlet air dry-bulb of 26.7C and relative humidity 21 

of 50%, extracted from manufacturer performance data 22 

 
Ambient dry-bulb temperature (C/F) 

40.6/105 35/95 29.4/85 23.9/75 

EER 9.72 11.26 12.99 14.86 

 23 

When the building load is less than the RTU cooling capacity, compressors cycle on and off for single-stage units to 24 

match the instantaneous cooling load. This also occurs for two-speed compressors and for variable-speed compressors when 25 
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operating at their minimum speed. Unit cycling leads to degraded unit performances in both cooling efficiency and 1 

dehumidification capacity. A correlation-based degradation model (DOE2 degradation model, see DOE-2 Reference Manual, 2 

1980) is implemented within DLAT to capture the efficiency degradation at part-load operation. In an off-cycle with non-3 

zero supply airflow (supply airflow is nonzero during occupied periods for ventilation), condensate on the evaporator coil 4 

will evaporate into the supply air stream leading to a reduced dehumidification capacity but an increased sensible capacity 5 

(higher SHR but total capacity unchanged assuming an adiabatic process). To capture this dehumidification capacity 6 

degradation, a fairly detailed latent degradation model, adapted from Henderson's model (1996) and Shirey et al. (2006), was 7 

implemented as a part of the RTU model. For each building type, a fixed ventilation rate based on the design occupancy is 8 

used in DLAT for all considered RTU options. For the three retrofits with variable supply airflow, the outdoor air damper is 9 

assumed to modulate to maintain a constant outdoor airflow rate (this is the actual control sequence adopted by the 5-ton 10 

variable-speed RTU mentioned above). It may be noted that duct heat gains in the cooling season vary with the supply 11 

airflow rate and cooling capacity (Krishnamoorthy et al., 2017). The cooling delivery effectiveness can also be affected by 12 

the supply airflow. The duct losses/gains and the impact of the variable airflow on the delivery effectiveness are not 13 

considered in this study.  14 

Baseline case 15 

The baseline case assumes fixed-speed compressor and supply fan operation. The baseline RTUs cycle on and off to 16 

match the building load and the cyclic performance degradation is predicted with the RTU degradation model. The supply 17 

fan is set to run at full speed during occupied periods for ventilation. 18 

Retrofit with a variable-speed supply fan (2SpFan) 19 

The first retrofit option considers replacing the supply fans for the baseline RTUs with variable-speed supply fans. The 20 

retrofitted supply fans are controlled to provide 100% airflow, i.e., the design airflow, when cooling is requested and the 21 

compressor is running. In the occupied periods when cooling is not needed (compressors are off), the supply airflow is 22 

reduced to 40% of the design flow rate to ensure adequate ventilation. This two-speed fan control strategy is typical of 23 

current approaches that are used in retrofitting existing supply fans in RTUs that incorporate fixed-speed compressors.  24 

Similar to the baseline case, the compressors cycle to match the building load and the cyclic effect on the unit performance is 25 

captured by the degradation model.  26 
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Retrofit with RTUs having a two-speed compressor and variable-speed supply fan (2SpUnit) 1 

The second retrofit option considers a two-stage RTU with a two-speed compressor and a variable-speed supply fan. 2 

Supply airflow is controlled at 100% of design airflow when stage-2 cooling is requested, at 50% of design airflow when 3 

stage-1 cooling is requested and at 40% airflow in the occupied periods when cooling is not needed (ventilation only). This 4 

control strategy is typical of currently available two-stage RTUs.  Under part-load conditions, the system might need to cycle 5 

between off and stage-1 cooling, or between stage-1 and stage-2 cooling. Performance degradation is considered only when 6 

the system cycles between stage-1 cooling and the off-stage. Note that stage-1 cooling is simulated using the same variable-7 

speed RTU model at 50% compressor speed. Two-speed compressors are not nearly as common as other two-stage capacity 8 

regulation methods that are available in the marketplace (e.g., internal bypass, cylinder unloading) and the chosen modeling 9 

approach may lead to somewhat optimistic energy and operating cost savings for this particular retrofit option.   10 

Variable-speed RTU retrofits (VSUnit) 11 

The last retrofit considered in this study involves a variable-speed RTU with variable-speed drives applied to all 12 

components: the compressor, supply and condenser fans. The developed variable-speed RTU model is used directly for this 13 

retrofit. Control strategies adopted by existing products on the market were surveyed and a representative strategy was 14 

chosen and implemented in the simulation study: airflow modulates to meet the building load and to maintain the indoor 15 

temperature setpoint; compressor speed varies to maintain a constant supply air temperature setpoint (55F in the simulation 16 

study). It is important to note that the use of this control strategy leads to equipment sizes that are somewhat different than 17 

those for the single- and two-speed RTUs. The number of RTUs (or aggregated RTU size) necessary for a given building and 18 

location is based on satisfying a peak load that occurs during the year as determined through simulation. However, the 19 

cooling capacity of an RTU at the peak load condition (ambient and return air condition) is different when operating in 20 

variable-speed mode than with single-speed or two-speed control. This is because the variable-speed control maintains a 21 

fixed supply temperature setpoint with a variable compressor speed and air flow rate, whereas the single and two-speed 22 

control options have a “floating” supply temperature at maximum compressor and fan speeds that depends on the return air 23 

conditions. As a result, a variable-speed RTU running at maximum air flow may not be running a maximum compressor 24 

speed depending on the supply air temperature setpoint and the return condition associated with the peak load condition. In 25 

contrast, the same RTU running in fixed-speed mode can have a lower supply air temperature and greater cooling capacity at 26 

the same condition. As a result, the necessary RTU size (rated capacity) for the VSUnit can be greater than the size for the 27 
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other RTU options in a given application.  1 

A 40% minimum airflow fraction and a 35% minimum compressor speed are imposed to ensure reliable system operation. 2 

When the supply airflow reaches the minimum and the cooling load is still smaller than the capacity, the supply air 3 

temperature setpoint is adjusted upward to match the load. When the minimum compressor speed is reached, the compressor 4 

cycles to maintain the supply air temperature close to its setpoint. Again, the degradation model is used to capture the cyclic 5 

performance. 6 

2.5. Performance metrics 7 

DLAT provides hourly simulation results such as fan and AC power, indoor temperature, humidity and percentage people 8 

dissatisfied (PPD), etc. DLAT also outputs monthly and annual electricity and natural gas usage, electricity cost and peak 9 

electrical demand. DLAT output data obtained from the simulation runs was processed to provide meaningful performance 10 

metrics to be used in the final analysis and comparisons of retrofit options. Performance metrics including annual electricity 11 

costs, peak demand reduction and indoor comfort conditions were evaluated for the various retrofit options compared to the 12 

baseline case. The following section presents detailed evaluation results.    13 

3. SIMULATION RESULTS AND KEY FINDINGS 14 

A total number of 1484 simulations were carried out across the fourteen locations, seven building types, four types of rate 15 

schedules and four equipment options including one baseline and three retrofits. Key simulation results are presented in the 16 

following sub-sections. 17 

3.1. Example Hourly Simulation Results 18 

Figure 2 to Figure 4 show some example hourly simulation results for different building types and locations on a typical 19 

summer day (July 15). The top-left subplot shows variation of the sensible loads on the evaporator coil. The top-right subplot 20 

shows indoor humidity profiles. The bottom-left subplot compares AC unit power (sum of compressor and condenser fan 21 

power) and the bottom-right subplot shows supply fan power comparisons among the baseline and retrofit units.   22 

Figure 2 presents a case for an auditorium building located in Miami, FL. It can be seen from the results that for the 23 

baseline unit, the fan operates at full speed regardless of the building load. For 2SpFan and 2SpUnit, reduced fan speeds are 24 

used when the compressor is off or stage-1 cooling is requested. 2SpUnit uses less fan power than 2SpFan because 2SpUnit 25 
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is designed with 3 levels of fan speeds and 2 stages of cooling so the supply fan runs at lower speeds for a longer period of 1 

time. VSUnit almost always operates at the minimum airflow (40% of design airflow) because the supply air temperature 2 

setpoint (55F) is lower than needed. So the unit maintains the minimum airflow and adjusts the supply air temperature 3 

setpoint upward to match the instantaneous load. Lower supply airflow involves less fan heat so the sensible loads on the 4 

evaporator coil are lower for the three retrofits. This behavior can be observed in the evaporator coil sensible load profiles in 5 

the upper-left subplot: the sensible loads for the four units have the same order as the fan power where the baseline unit with 6 

the highest fan power has the highest sensible load and VSUnit with the lowest fan power comes with the lowest sensible 7 

load.  8 

VSUnit operation uses much lower supply airflow but to provide an equivalent sensible cooling rate, the compressor needs 9 

to run at higher speeds and as a consequence, the evaporator coil has higher dehumidification than the baseline and 2SpFan 10 

units. This can be seen from the indoor humidity profiles in the top-right subplot where the humidity level with the VSUnit is 11 

substantially lower. 2SpUnit also provides better humidity control than the baseline and 2SpFan units. That is because 12 

2SpUnit allows the system to run at reduced airflow in stage-1 cooling that could result in greater moisture removal. It can be 13 

observed that 2SpUnit even beats VSUnit in indoor humidity regulation for a great portion of the demonstrated day. Another 14 

reason that VSUnit and 2SpUnit have better dehumidification performance than the other two units is that VSUnit and 15 

2SpUnit allow the systems to run at part-load continuously for a longer period of time while the baseline and 2SpFan units 16 

have to rely on unit cycling to match the building load, which results in degraded dehumidification performance. It can be 17 

observed that the baseline unit leads to higher indoor humidity than 2SpFan. That is because the baseline unit has constant 18 

supply airflow while 2SpFan operates at reduced airflow in the off-cycle so the latent degradation in the baseline unit is 19 

greater than 2SpFan (see Shirey et al., 2006 for effect of ventilation airflow on the latent degradation). The AC unit power for 20 

2SpUnit and VSUnit is also lower than the baseline and 2SpFan units. 2SpUnit has the lowest AC power because it can 21 

operate at part load and higher efficiency. VSUnit consumes higher AC power than 2SpUnit since VSUnit uses lower supply 22 

airflow and to achieve a similar sensible load, it has to use higher compressor power. The performance of the VSUnit could 23 

be improved with a better control strategy for adjusting the supply air flow (or a reset strategy for supply air temperature 24 

setpoint). This will be the subject of future work. 25 
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Figure 2. Example hourly simulation results for a summer day: Miami - Auditorium 2 

Figure 3 plots hourly simulation results for a small office located in Miami, FL. Similar observations can be made for this 3 

case: VSUnit and 2SpUnit use lower AC unit and supply fan power compared to the baseline and 2SpFan units; indoor 4 

humidity associated with VSUnit and 2SpUnit is lower than the baseline and 2SpFan cases. Some differences can also be 5 

seen compared to the auditorium case: the differences between the fan power uses and also between the evaporator sensible 6 

loads associated with the various equipment options are much smaller for a small office building. For the auditorium building 7 

type, the ventilation load is a much larger fraction of the total load than the office building because ventilation rates are based 8 

on peak occupancy and occupant density is very high for an auditorium.  This leads to significantly higher mixed air enthalpy 9 

entering the evaporator coil on a hot/humid day and to meet a given zone and total load, a smaller air flow fraction is required 10 

relative to the design airflow because packaged RTUs have integrated supply fans where the design air flow is proportional to 11 

the rated cooling capacity (e.g., 400 cfm/ton). As a result, greater fan energy savings are possible with variable-speed fans for 12 

applications where the ventilation load is a larger fraction of the total load (i.e., for high design occupancies).  It should be 13 

noted that the simulations were carried out assuming average occupancy schedules rather than peak design occupancies.  As a 14 

result, there could be days in practice where the excess air flow capacity would be needed to meet zone load requirements.  15 

However, the savings are typical of what would be expected.  It is important to note that the indoor humidity for the 16 

auditorium in Miami during occupancy is significantly higher than the humidity for the office because of the high ventilation 17 
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rates and humid ambient conditions. 1 
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Figure 3. Example hourly simulation results for a summer day: Miami – SmallOffice 3 

Figure 4 plots simulation results for a small office in San Francisco. The general behaviors are similar to the previous 4 

cases. This case involves a drier and milder climate so the indoor humidity levels are always below 55%. VSUnit and 5 

2SpUnit both have pretty low supply airflow. Because of the specific supply air temperature setpoint of 55F implemented in 6 

VSUnit, the fan power use in 2SpUnit is even lower than VSUnit for a great portion of the day. As a consequence, VSUnit 7 

provides less moisture removal and leads to higher indoor humidity compared to 2SpUnit. In other words, the 55F supply air 8 

temperature setpoint for VSUnit is not low enough to provide a comparative dehumidification capacity to the 2SpUnit case 9 

for this particular day. Due to the reduced latent load, the AC power consumed by VSUnit is significantly lower than 10 

2SpUnit.  11 
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Figure 4. Example hourly simulation results for a summer day: San Francisco - SmallOffice 2 

3.2. Electrical Energy Use Breakdowns and Comparisons 3 

Figure 5 and Figure 6 show annual electricity use breakdowns for all simulated locations and two example building types: 4 

auditorium and small office. The blue bar represents miscellaneous electric use including lighting, plug loads, etc (lighting is 5 

considered miscellaneous electric use in this study for ease of analysis). The green and red bars correspond to AC unit 6 

(compressor and condenser fan) and supply fan electricity uses, respectively. The miscellaneous electric use (lighting, plug 7 

loads) is invariant with respect to location or equipment and constitutes a small portion of the total electricity use for an 8 

auditorium because of high cooling loads. However, for office buildings like the results shown in Figure 6, the miscellaneous 9 

electricity use dominates the AC and supply fan energy uses. It can be seen that for both of the demonstrated building types, 10 

all three retrofits lead to significantly reduced supply fan electricity use. The fan electricity use savings for 2SpUnit and 11 

VSUnit are greater compared to 2SpFan. The AC electrical energy uses in the retrofits are also lower than the baseline case 12 

primarily due to reduced fan heat. For the auditorium, VSUnit and 2SpUnit have similar energy performances which 13 

consistently beat 2SpFan. For most simulation locations, VSUnit shows slightly higher AC electricity use than 2SpUnit 14 

because lower airflow is used and the compressor needs to work harder to meet the same sensible load because of greater 15 

moisture removal. For the small office building, VSUnit leads to lower AC electrical energy use consistently. Similar 16 

behaviors can be observed in the other simulated building types. Magnitudes of electrical energy savings for the three 17 
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retrofits exhibit the following order: VSUnit ≈> 2SpUnit > 2SpFan.  Greater savings for the VSUnit would be possible with 1 

an improved control strategy. 2 
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Figure 5. Annual electrical energy use breakdowns for auditorium. Left bar: baseline unit; mid-left bar: 2SpFan unit; mid-4 

right bar: 2SpUnit; right bar: VSUnit. 5 

FLMia TXHou AZPho GAAtl CALos NVLas CASan MDBal NMAlb ILChi COCol MNMin MTHel MNDul
0

20

40

60

80

100

120

A
n
n
u
a
l 
e
le

c
tr

ic
it
y
 u

s
e
 M

W
h

Building type: SmallOffice

 

 

Misc.

AC

Fan

 6 

Figure 6. Annual electrical energy use breakdowns for small office. Left bar: baseline unit; mid-left bar: 2SpFan unit; mid-7 

right bar: 2SpUnit; right bar: VSUnit 8 
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3.3. HVAC Energy Savings 1 

As shown in the preceding sub-section, all three retrofits provide significant AC and supply fan electrical energy savings. 2 

Figure 7, Figure 8 and Figure 9 show the percentage annual HVAC electrical energy savings (sum of supply fan and AC 3 

electricity savings) associated with different locations and building types for 2SpFan, 2SpUnit and VSUnit, respectively. 4 

Heating is not included in the HVAC electricity use since gas is the primary heating source for all the simulated cases. The 5 

three retrofits exhibit similar patterns in the percentage savings. The auditorium and gymnasium have larger HVAC electrical 6 

energy savings than the other building types because of high design occupancy and large ventilation requirements.  So 7 

unnecessarily high supply fan electricity use and fan heat gain exist in the baseline unit for these two building types, offering 8 

significant savings potential. In addition, these building types have a stronger load dependence on ambient conditions 9 

because of the large ventilation loads that leads to greater variation in cooling loads and more operation at part-load 10 

conditions compared to buildings where internal gains are a larger percentage of the cooling loads.  This leads to greater 11 

opportunities for electricity savings with equipment that has improved part-load performance.  This effect is particularly 12 

significant in milder climates, such as San Francisco and Los Angeles, leading to the greater HVAC savings percentage 13 

compared to other climates. VSUnit and 2SpUnit have comparable savings potentials, which are greater than 2SpFan. This is 14 

consistent with the results shown in the preceding sub-sections.  15 

 16 

Figure 7. Percentage annual HVAC electrical energy savings for 2SpFan. 17 
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 1 

Figure 8. Percentage annual HVAC electrical energy savings for 2SpUnit. 2 

 3 

Figure 9. Percentage annual HVAC electrical energy savings for VSUnit. 4 

3.4. Annual Electricity Cost Savings per Floor Area 5 

Figure 10 to Figure 12 show annual electricity cost savings per square foot of floor area for the three retrofits compared to 6 
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the baseline unit, with flat energy rates and no demand charges. The normalized savings are plotted for all simulated 1 

locations and for all building types. Similar to the results presented in the preceding sub-section, the auditorium cases in San 2 

Francisco and Los Angeles have the greatest cost savings for all three retrofits. Restaurants instead of gymnasiums offer the 3 

second greatest cost savings because the AC and ventilation power intensity is higher for dining spaces. VSUnit and 2SpUnit 4 

have comparable cost savings and 2SpFan offers lower cost savings potential. Table 3 lists the average annual electricity 5 

costs per square foot of floor area for three building types (dining, retail and office) in the U.S. The listed costs account for all 6 

electric uses in the building including AC and supply fan power, lighting, plug loads, etc. Comparing the floor-area-7 

normalized cost savings versus the averaged building annual electricity costs, significant economic benefits exist for the 8 

variable-speed technology.  9 

The cost savings shown in Figure 10 to Figure 12 are based on flat energy rates without demand charges. Simulation 10 

results show that the cost savings have small dependence on the electricity rate schedule because the retrofits do not lead to 11 

any load shifting and the relative load profiles among the different equipment options are similar. Figure 13 shows the cost 12 

savings for VSUnit subject to TOU energy rates with demand charges. The economic savings potentials are similar to those 13 

evaluated under flat energy rates without demand charges. The detailed rate schedules used in the simulations can be found in 14 

a companion study (Cai and Braun, 2017) and are not reported in this paper.  15 

 16 

Figure 10. Annual electricity cost savings per floor area for 2SpFan, subject to flat energy rates without demand charges. 17 



20 

 

 1 

Figure 11. Annual electricity cost savings per floor area for 2SpUnit, subject to flat energy rates without demand charges. 2 

 3 

Figure 12. Annual electricity cost savings per floor area for VSUnit, subject to flat energy rates without demand charges. 4 

Table 3. Averaged annual electricity cost for different types of buildings in the US (Source: Building Energy Data Book, 5 

DOE) 6 

Building Type 
Annual Electricity Cost 

($/SqFt) 

Dining 3.26 

Retail 1.09 

Office 1.4 
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 1 

 2 

Figure 13. Annual electricity cost savings per floor area for VSUnit, subject to TOU energy rates with demand charges. 3 

3.5. Annual Electricity Cost Savings per Design Cooling Capacity 4 

The upfront costs of the various variable-speed retrofits are dependent on the selected retrofit option and also the cooling 5 

capacity. For example, retrofit of an existing RTU with a variable-speed unit (VSUnit) would be more costly than the 2SpFan 6 

option which only adds a variable-speed drive for the supply fan. The retrofit cost is also dependent on the total cooling 7 

tonnage for a specific building. Upfront cost for retrofitting a larger tonnage building should be higher than the cost for a 8 

smaller tonnage retrofit. The annual cost savings per cooling capacity were evaluated since they can be directly used to 9 

perform a simple economic analysis when retrofit cost estimates are available. Figure 14 and Figure 15 show the annual 10 

electricity cost savings per cooling ton of capacity for the 2SpFan and VSUnit retrofit options compared to a single-stage 11 

RTU with constant supply airflow (2SpUnit was not included for comparison because it employs an atypical staging 12 

mechanism). It can be seen that the annual cost savings ranges from 20 to 150 $/ton for the supply fan retrofit option 13 

(2SpFan). San Francisco and Los Angeles are most favorable for such retrofits with annual savings above 100$/ton for most 14 

cases. Miami and Denver have the least economic incentive to apply the supply fan retrofit. The whole unit replacement 15 

option, VSUnit, has much higher annual savings potential, ranging from 40 to 250 $/ton. However, the upfront cost for 16 

VSUnit is also significantly higher than that for 2SpFan.   17 
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The annual cost savings results presented in Figure 14 and Figure 15 provide useful information for small building owners 1 

to determine if a variable-speed retrofit is an economically attractive solution or not. For example, suppose that a restaurant 2 

owner in Los Angeles would like to retrofit one of their 5-ton RTUs and expects a shorter than 5-year payback period. From 3 

Figure 14, it can be seen that the retrofit would result in an annual savings of 100$/ton so the five-year total savings for 4 

retrofitting this 5-ton RTU would be $2,500. Thus, the owner could afford to pay $2500 for the 2SpFan retrofit.  5 

 6 

Figure 14. Annual electricity cost savings per cooling ton for 2SpFan, subject to flat energy rates without demand charges. 7 



23 

 

 1 

Figure 15. Annual electricity cost savings per cooling ton for VSUnit, subject to flat energy rates without demand charges. 2 

3.6. Indoor Comfort Impacts 3 

Annual average indoor relative humidity (RH) 4 

As shown in Section 3.1, the various retrofit options lead to different indoor humidity levels due to the different 5 

dehumidification performance. Figure 16 and Figure 17 show the annual average indoor RH for two example building types: 6 

auditorium and small office, respectively. The averaged RH only accounts for the occupied periods during weekdays. From 7 

Figure 16 it can be seen that VSUnit and 2SpUnit lead to lower indoor RH compared to the baseline and 2SpFan units in 8 

humid climate locations. That is because the baseline and 2SpFan units cycle on and off frequently to meet the building load 9 

leading to degraded latent capacity. In addition, 2SpUnit and VSUnit can provide cooling at reduced fan speed, which could 10 

provide greater moisture removal capacity. Figure 17 shows average indoor humidity levels for the small office building. 11 

Similar to the auditorium case, VSUnit and 2SpUnit lead to lower indoor humidity than the baseline and 2SpFan units. The 12 

indoor humidity associated with VSUnit is consistently higher than 2SpUnit because VSUnit employs a constant supply air 13 

temperature setpoint at 55F, which is not low enough to provide adequate moisture removal.  The humidity levels during 14 

occupancy for the auditorium are significantly higher than those for the office in hot and humid climates because of the high 15 

ventilation rates. It may be noted that the RTU dehumidification performance is highly dependent on the adopted control 16 
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sequence, especially on how the compressor and supply fan speeds are varied relative to each other. For the VSUnit, the 1 

supply fan and compressor speeds are somewhat synchronized to maintain a constant supply air temperature setpoint and the 2 

chosen setpoint has a significant impact on the unit dehumidification performance.   3 
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Figure 16. Annual average indoor relative humidity for auditorium during occupancy. 5 

FLMia TXHou AZPho GAAtl CALos NVLas CASan MDBal NMAlb ILChi COCol MNMin MTHel MNDul
0

10

20

30

40

50

60
Building type: SmallOffice

A
v
e
ra

g
e
d
 i
n
d
o
o
r 

R
H

 %

 

 
Single-stage

2SpFan

2SpUnit

VSUnit

 6 

Figure 17. Annual average indoor relative humidity for small office during occupancy. 7 

Annual average percentage people dissatisfied (PPD) 8 

Indoor thermal comfort was also evaluated using the PPD indicator developed by Fanger (1970). Annual average PPD 9 

values were calculated that only account for the occupied periods on weekdays. Figure 18 shows the PPD levels for the 10 

auditorium as an example. The PPD trends are well aligned with the indoor RH levels and the discussion in the preceding 11 

sub-section can carry over directly.   12 
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Figure 18. Annual average indoor PPD for auditorium during occupancy. 2 

3.7. Peak Demand Reduction 3 

The variable-speed retrofits offer enhanced energy efficiency and should also lead to reduced electricity peak demand 4 

because design loads are rarely encountered (all simulation runs assumed a 120% oversizing factor).  Figure 19 shows 5 

example annual peak demand (the highest hourly building electricity use of the year) per floor area for one example building 6 

type: small office. The trends are similar to those in the annual energy uses shown in Figure 6 and VSUnit provides the 7 

lowest electricity peak demand in most cases. The peak demand reductions are very significant for all of the cases ranging 8 

from about 0.2 to 1.3 W/ft2. The peak demand reductions are mainly due to the fact that all RTUs were oversized in the 9 

simulation studies. So even during the peak hour of the year, the units are still running at part load leading to potentials for 10 

fan power reduction and efficiency improvement in the retrofit options.  11 
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Figure 19. Annual peak demand for the small office 13 
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4. CONCLUSIONS 1 

This paper presented simulation-based assessment results of variable-speed retrofits for RTUs in small commercial 2 

buildings. A semi-empirical model was developed for a variable-speed RTU using performance data from a manufacturer. 3 

Using this RTU model, three retrofit options and one baseline unit were simulated by incorporating appropriate control 4 

sequences. The baseline and retrofit models were integrated within a simulation tool, DLAT, to perform simulation 5 

assessments of the retrofit performances compared to the baseline unit across a range of building types, climate conditions 6 

and electricity rate schedules.  7 

Results including electricity use for cooling, electricity costs and indoor comfort were presented for the considered retrofit 8 

options. Some key conclusions can be drawn from the assessment results:  9 

 All three retrofits provide significant fan energy savings compared to the baseline unit; 10 

 AC (compressor and condenser fan) electrical energy usage for the three retrofits are also lower than the baseline 11 

unit due to reduced fan heat and improved part-load efficiency; 12 

 The retrofits can provide the greatest savings potential in applications with high design occupant density and 13 

ventilation requirements, such as auditoriums and gymnasiums, because of larger variations in load and air flow 14 

requirements with greater operation at part-load conditions. 15 

 Electricity and cost savings potentials for VSUnit and 2SpUnit are similar and greater than 2SpFan; 16 

 Electricity savings potential in percentage for mild climate locations such as San Francisco and Los Angeles is 17 

higher than other locations; 18 

 Annual electricity cost savings per floor area ranges from 0.1 to 0.9$/SqFt for 2SpUnit and VSUnit; the savings 19 

potential for 2SpFan is a bit lower, ranging from 0.05 to 0.7$/SqFt; 20 

 Annual cost savings per cooling capacity ranges from 20 to 150$/ton for 2SpFan; savings potential per cooling ton is 21 

much higher for VSUnit, ranging from 40 to 250$/ton; 22 

 Cost savings potential does not vary much with the type of electricity rate schedule; 23 

 2SpUnit and VSUnit lead to lower indoor RH and better comfort than the baseline and 2SpFan units because the 24 

baseline and 2SpFan have degraded latent capacity due to cyclic operation; 25 
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 All retrofits provide significant reductions in annual electrical peak demand ranging from about 0.2 to 1.3 W/ft2. 1 

The authors are partnering with a major RTU retrofit provider in the U.S. to collect cost information for the variable-speed 2 

retrofits in order to perform a thorough economic analysis, e.g., payback period and net present value analysis. When 3 

complete cost information is obtained, the results of an economic analysis will be presented in a follow-up publication. In 4 

addition, a future study will include alternative two-stage capacity modulation methods (e.g., internal bypass, cylinder 5 

unloading) that are more common in the marketplace than the two-speed compressor retrofit option considered in this study.  6 

Variable-speed equipment could enable additional economic savings when combined with demand response controls 7 

because a demand-limiting strategy tends to flatten the load profile leading to prolonged part-load operation time and 8 

variable-speed units have significantly higher energy efficiency at part load. The authors have performed preliminary 9 

evaluation of demand response controls with variable-speed and single-speed units and have found that the demand response 10 

savings potentials associated with variable-speed equipment could double the savings compared to utilizing single-stage 11 

units. Detailed evaluation results will be reported in future publications.  12 
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7. APPENDIX A: VARIABLE SPEED RTU MODEL 2 

Performance data for a 5-ton variable-speed RTU was obtained from a manufacturer. The performance data covers a wide 3 

range of operating conditions and different combinations of compressor and supply fan speeds. Rated capacity (Qcap,rate = 4 

18.86 kW) and EIR (EIRrate = 0.22) were extracted from performance data at ambient dry-bulb temperature of 95F and indoor 5 

wet-bulb of 66.7F. Rated supply airflow rate (Vrate) is 2300 CFM. The adopted model form is based on the ASHRAE Toolkit 6 

model (Brandemuehl et al., 1993) but considers additional correction terms associated with compressor speed.   7 

At 'wet' conditions, the following correlation form is used to calculate total cooling rate: 8 
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where Qcap is the total cooling capacity at the specific operating conditions, V is the actual supply airflow rate and Sp is the 10 

compressor speed.  11 

At 'wet' conditions, EIR (at any compressor speed) is assumed to follow the form: 12 
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The dry-coil points in the performance data were filtered out and only the wet-coil data was used to estimate the 14 

coefficients in Equations (1) and (2). Since cross multiplicative terms exist between different coefficients, a Levenberg-15 

Marquardt-based nonlinear regression algorithm was used to estimate all the coefficients (Madsen et al., 1999). Table 4 and 16 

Table 5 list the estimated coefficient values for the capacity and EIR models, respectively. There were 545 training points in 17 

total (wet-coil data points only). The root mean square of the relative fitting error is 3.6% and the maximum relative error is 18 

7.8% for the total capacity fit. For the EIR model, the root mean square of the relative fitting error is 4% and the maximum 19 

relative error is 11.7%.  20 

Table 4. Capacity model coefficients estimated based on manufacturer's performance data 21 
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 a0 a1 a2 a3 a4 a5 

Cap 9.82175e-2 9.14209e-3 -1.8701e-5 8.3976e-4 -2.3424e-5 -6.4213e-5 

 b1 b2 f1 f2 f3  

Cap 2.8239 -1.5465 -1.006 2.3899 -0.4317  

 1 

Table 5. EIR model coefficients estimated based on manufacturer's performance data 2 

 c0 c1 c2 c3 c4 c5 

EIR 0.6852 -2.813e-2 6.3019e-4 3.658e-3 4.2505e-4 -4.6407e-4 

 d1 d2 e1 e2 e3  

EIR -0.6496 0.2454 2.5374 -3.6662 2.4688  

 3 

A cubic correlation is used to calculate the fan power (Powfan) based on airflow fraction as below. Table 6 lists the fitting 4 

coefficients.  5 

2

0 2

3
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 6 

Table 6. Fan model coefficients estimated based on manufacturer's performance data 7 

 g0 g1 g2 g3 

Fan 0.004436 0.08417 -0.1816 1.2774 

 8 

In the sensible heat ratio (SHR) calculation, the bypass factor method is adopted, which assumes the leaving air to be a 9 

mixture of air that bypasses the coil and air that reaches equilibrium with the surface at an apparatus dew point condition. 10 

Details of this bypass factor method can be found in Brandemuehl et al. (1993). The model takes evaporator entering air dry-11 

bulb and wet-bulb temperatures, airflow rate and total cooling capacity as inputs and outputs the SHR. The bypass factor is 12 

determined based on correlations with respect to airflow rate using the following form:  13 

 exp 

 
  

 

n

rate

rate

BF NTU

V
NTU NTU

V

      (3) 14 

where the exponent n is an estimated parameter. Table 7 lists the estimated parameter value along with the rated NTU value, 15 

which was extracted from the rated performance data. When the calculated SHR is above one, the evaporator coil is dry. 16 

Iterations are required to find a fictitious evaporator air inlet wet-bulb that leads to a SHR equal to one and the calculated 17 

performance with this fictitious wet-bulb is used as the final model output.  18 
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Table 7. Coefficient estimates in the bypass factor method. 1 

 NTUrate n 

SHR parameter values 1.8871 -0.3819 

 2 


