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EXECUTIVE SUMMARY

This report provides second-year project simulation results for the multi-year project titled “Evaluation of
Variable Refrigeration Flow (VRF) system on Oak Ridge National Laboratory (ORNL)’s Flexible
Research Platform (FRP).” The purpose of the second-year project was to

o Evaluate the full- and part-load performance of a VRF system compared with the existing baseline
heating, ventilation, and air-conditioning (HVAC) system, which is a conventional rooftop unit
(RTU) variable-air-volume (VAV) system with electric resistance heating

¢ Evaluate the energy savings potential of using VRF systems in major US cities, using hourly building
energy simulation

This report focuses on the second purpose of the second-year project; the first purpose is presented in
separate reports. The second-year project performance period was from July 2015 through June 2016.
Three separate reports for cooling season analysis, heating season analysis, and simulation analysis are
provided based on the analysis results; this report presents the simulation analysis results.

The performance of two HVAC systems was evaluated using ORNL’s Flexible Research Platform (FRP),
which is a two-story, 3,200 ft? (297.3 m?) multi-zone unoccupied building that represents a typical low-
rise, small office building common in the US existing building stock. The FRP is equipped with a
conventional 12.5 ton (44 kW) RTU-VAYV reheat system as a baseline system. For this study, a 12 ton
(42 kW) VRF with a dedicated outdoor air system (DOAS) was installed to be compared with the
baseline RTU system. The data collected during the project performance period were used to develop and
calibrate energy simulation models of the two HVAC systems installed in the FRP. The models were
developed and simulated using EnergyPlus 8.1. It was determined that the original version of EnergyPlus
was not suitable to model the VRF-DOAS system installed in the FRP (i.e., particularly the use of the
VRF heating and cooling coils to condition outdoor air in a DOAS). To be able to model the existing
VRF-DOAS settings in the FRP, the source code of the original EnergyPlus was modified. The source
code modification added two new objects, a VRF air-loop cooling coil and a VRF air-loop heating coil, to
enable modeling of the DOAS coupled with a VRF outdoor unit providing 100% conditioned outdoor air
to individual zones.

The VRF and RTU models from project year one were updated and calibrated with the measured data.
Normalized mean bias error (NMBE) and coefficient of variation of the root mean square error (CV-
RMSE) from ASHRAE Guideline 14 were used to evaluate the validity of the calibrated models. The
calibration results show that the baseline RTU model would result in a 20.2% CV-RMSE and a 3.6%
NMBE. For the VRF simulation model, hourly CV-RMSE and NMBE would be within 15.7 and 3.8%,
respectively. These results indicate that the calibrated models of both the VRF and the RTU were
reasonably calibrated based on the criteria from ASHRAE Guideline 14.

With the calibrated simulation model, the energy savings potential of the VRF system was evaluated in 12
climate locations in the United States using the corresponding typical meteorological year 2 weather data.
The comparison results show that VRF systems would use less overall energy compared with RTU
systems in all 12 climate locations. The predicted site energy savings was 33% (25,304.0 kWh/year) for
San Francisco, the location with the highest savings, and 21% (17,663.0 kWh/year) for Miami, the
location with the lowest savings, among the 12 climate locations. After the model output was converted to
source energy savings, the highest predicted energy savings was 33% (80,065.0 kWh/year) for San
Francisco, and the lowest was 24% (64,643.0 kWh/year) for Miami.



The energy cost savings potential of the VRF system was estimated in 12 climate locations in the United
States using the states’ average 2015 electricity and natural gas prices. The estimated overall whole-
building annual percentage cost savings for the VRF system compared with the RTU system was
approximately 24-33%, and the corresponding whole-building annual energy cost savings was
approximately $2,090.0 to $3,534.0 per year. The corresponding percentage cost savings for annual
HVAC energy use was ~43-68%. San Francisco had the highest predicted cost savings—68%
($3,534.0/year), and Miami had the lowest—43% ($2,090/year).

National weighted HVAC energy and cost savings were calculated by the construction area weights of the
representative building types (i.e., the small and medium office types) in the 12 climate locations. The
national weighted average HVAC energy and cost savings for the VRF system compared with the RTU
system were 51.1% (82.0 kWh/m?-year) and 50.8% (7.4 $/m?-year) based on the 12 US climate locations.



1. INTRODUCTION

1.1 BACKGROUND

This report provides test results from the second year of the multi-year project titled “Evaluation of
Variable Refrigeration Flow system on Oak Ridge National Laboratory’s Flexible Research Platform.”
The research for the first year of the 3-year project was performed from July 2014 through April 2015.
The purpose of the first year was

1. Todesign and install a variable refrigerant flow (VRF) system in the new Flexible Research Platform
(FRP) test facility at Oak Ridge National Laboratory (ORNL)

2. To evaluate the energy savings potential by comparing the energy use of the VRF system with that of
the existing baseline heating, ventilation, and air conditioning (HVAC) system, a conventional
rooftop unit (RTU) with a variable-air-volume (VAV) system and electric resistance heating

In addition, a newly developed enhanced control algorithm called CCM (the comfort control method),
was implemented to estimate the potential for additional energy savings. The final report from the first
year includes the background of the research, FRP building characteristics, baseline HVAC and VRF
system characteristics, and the final results of the estimated energy savings of the VRF system and CCM
control algorithm (Im et al. 2015).

Based on the lessons learned and findings from the project’s first year, and further discussions with the
manufacturer, the goal of the second year was developed. The first-year research confirmed the potential
of a VRF system to reduce energy use and enhance indoor thermal comfort. At the same time, it
emphasized the need to explore several other aspects of the performance of the VRF systems, including
the following:

e Analysis of part-load performance of VRF and baseline HVAC system: VRF systems are known
for their superior part-load performance compared with conventional HVAC systems. The future
study could include evaluation and comparison of the part-load performance of the VRF system and
the baseline system in ORNL’s FRP.

¢ Analysis of VRF and baseline HVAC system performance in different climates: To evaluate the
performance of a VRF system in different climates, a simulation-based energy analysis could be
performed. A building energy model could be developed, calibrated using the measured VRF and
baseline HVAC system performance data, and simulated with corresponding typical meteorological
year (TMY) weather files.

o Application of a dedicated outdoor air system (DOAS): After the first year, it was suggested that a
DOAS be included with the VRF system to provide adequate fresh air to the indoor space according
to the requirements of the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) Standard 62.1 (ASHRAE 2013). In the first year, unconditioned outdoor air
(OA) was introduced into the plenum space by continuous operation of an exhaust fan.



1.2 PURPOSE/OBJECTIVE
Therefore, for the second-year project, the following two main research objectives are defined.

1. To modify the previously installed VRF system and add the DOAS on the two-story FRP as one of
multiple HVAC options and compare the full- and part-load performance with that of another
baseline HVAC system (i.e., rooftop packaged HVAC with VAV reheat).

2. To evaluate the energy savings potential of using VRF systems in various US climate zones based on
calibrated simulation modeling.

1.3 ORGANIZATION OF THE REPORT

Chapter 2 describes a methodology to measure full- and part-load performance of the VRF and the RTU
systems and to evaluate the nationwide energy savings potential of VRF systems using calibrated
simulation modeling. Chapter 3 provides a simulation analysis for various US climates locations using the
calibrated simulation modeling. Chapter 4 concludes the study with a summary, findings, and discussion
of future work.



2. METHODOLOGY

2.1 TEST FACILITY: TWO-STORY FLEXIBLE RESEARCH PLATFORM

The test facility is a two-story, 3,200 ft? (297.3 m?) multi-zone unoccupied building that represents a
typical low-rise, small office building common in the US existing building stock (Figure 1). The
occupancy in the building can be simulated by process control of lighting and other internal loads. On this
building, retrofits and alternative building components and systems can be implemented and their
performance monitored. In addition, a dedicated weather station is installed on the roof that provides
actual weather data for use in performance analysis and energy modeling. The building is equipped with a
conventional 12.5 ton (44 kW) RTU-VAV reheat system. For this study, a 12 ton (42 kW) VRF with a
DOAS was installed (Figure 1, center and left); the existing RTU system served as the baseline system.
Table 1 summarizes the baseline building and system characteristics.

Figure 1. Test facility (left), VRF system outdoor unit (center), and indoor unit (right).

Table 1. Building characteristics

Location Oak Ridge, Tennessee, USA

Building size Two-story, 40x40 ft (12.2x12.2 m), 14 ft (4.3 m) floor-to-floor height

Exterior walls Concrete masonry units with face brick, Rus-11 (Rsi-1.9) fiberglass insulation

Floor Slab-on-grade

Roof Metal deck with Rus —18(Rsi —3.17) polyisocyanurate insulation

Windows Double-pane clear glazing, 28% window-to-wall ratio

Baseloads 0.85 W/ft? (9.18W/m?) lighting power density, 1.3 W/ft? (14.04W/m?) equipment power density

Baseline HVAC system 12.5 ton, 9.7 EER rooftop unit; 81% AFUE natural gas furnace; VAV terminal units and electric
reheat

VRF system 12 ton (42 kW) VRF system with a DOAS at OA rate of 0.189 m%/s (400 CFM)

2.2 HVACSYSTEMS

Figure 2 shows a schematic of the two systems. The RTU provides direct expansion (DX) cooling,
heating with a natural gas furnace, and electric resistance reheat at VAV terminal units. The return air is
drawn from each room through an above-ceiling plenum on each floor. Fresh air is introduced through the
fan of the DOAS to provide adequate ventilation in accordance with ASHRAE Standard 62.1-2013
(ASHRAE 2013). An exhaust fan is located on each floor and operates continuously. The RTU is
programmed to maintain a constant discharge air temperature at 14°C (57°F) during the cooling season.
During the heating season, the RTU discharge air temperature was adjusted based on an OA reset
schedule (See Figure 3). The natural gas furnace would engage if the return air temperature to the RTU
dropped below the discharge air set point temperature. In the cooling mode (i.e., discharge temperature
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The VRF system has a 12-ton (42 kW) outdoor unit, one DOAS unit, and ten indoor units with capacities
ranging from 0.5 to 1.5 tons (1.8-5.3 kW). The ten indoor units and the DOAS (Figure 4) are connected
to the same VRF outdoor condensing unit, and the DOAS provides conditioned OA to ten zones at 0.189
md/s (400 CFM). Note that the VRF system in this test is a heat pump-type system that provides only
cooling or heating at any single time and cannot provide simultaneous heating and cooling for different
thermal zones.

2.3 BUILDING OPERATION

The VRF and the baseline RTU system performance was evaluated by comparing their hourly and daily
energy use and the indoor thermal condition (i.e., temperature). In year 1, the entire building was
conditioned for the performance evaluation, which had a limitation in part-load performance evaluation.
In year 2, the building was partially and fully conditioned to compare the part-load performance of the
systems in more detail. Figure 5 illustrates the schematic of operation to emulate (a) 50% load, (b) 75%
load, and (c) 100% load.! Each system was operated alternately for 8 consecutive days with 3 days each
for 50 and 75% and 2 days for 100% loads. Unlike in year 1, there was no discrete weekday and weekend
schedule; the same occupancy schedule was used for all days. Table 2 and Table 3 provide each schedule
for the cooling and heating seasons, respectively.

! The operation scenarios were named 50 and 75% loads based on the combined rated capacity of the indoor units.



Figure 4. Installation of dedicated outdoor air system.

As shown in Table 2, the cooling season analysis was based on the measured data from July 11, 2015,
through September 12, 2015. During this period, the RTU system was operated for 9 days at 50% load, 13
days at 75% load, and 8 days at 100% load. The VRF system was operated for 9 days at 50% load, 9 days
at 75% load, and 6 days at 100% load. Table 3 shows the heating season operation schedules of the RTU
and VRF systems under different loads. In both tables, the green-shaded cells indicate the days of VRF
system operation and the orange-shaded cells indicate the days of VRF system operation. As shown in
Table 3, the heating season analysis was based on the measured data from December 30, 2015, through
March 6, 2016. During this period, the RTU system was operated for 9 days at 50% load, 9 days at 75%
load, and 13 days at 100% load. The VRF system was operated for 9 days at 50% load, 12 days at 75%
load, and 11 days at 100% load.

Based on the schedule, occupancy emulation also was controlled so that only the conditioned rooms had
emulated occupancy.
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Figure 5. Schematic of operation to emulate (a) 50% load, (b) 75% load, and (c) 100% load.
24 EVALUATION METRICS

The performance of the RTU and VRF systems was compared in terms of (1) energy use, (2) ability to
maintain room temperature, and (3) system efficiency. The energy use and thermal performance
comparison were performed using measured hourly data for occupied hours only (i.e., 8 a.m. to 6 p.m.),
excluding the startup hours. The coefficient of performance (COP) analysis was performed using both
hourly and 1-minute data. Figure 2 shows the air-side monitoring points, which include the room
temperature and relative humidity, supply, return, and mixed-air temperature and relative humidity. The
airflow rate was measured at the RTU supply, upstairs and downstairs of the supply duct, and at the fresh
air supply for the RTU system. For the VRF system, one-time airflow measurements were conducted for
each indoor unit; and the DOAS supply side for the VRF system was measured continuously. Power
measurements were obtained separately for the RTU unit, the supply fan, and the DOAS fan for the
baseline RTU system. Power consumption for the VRF outdoor unit, each VRF indoor unit, and the
DOAS was measured as well. Table 4 shows the list of sensors that were installed for the VRF system.
The measured supply, return temperature and relative humidity, and airflow were used to calculate the
delivered heating and cooling loads to the building and the system COP as well.



Table 2. Summer season operation schedule

Date RTU50 RTU75 | RTU100 [ VRF50 VRF75 | VFR100 Date RTUS50 RTU75 [ RTU100 | VRF50 VRF75 | VFR100
11-Jul 12-Aug
12-Jul 13-Aug
13-Jul 14-Aug
14-Jul 15-Aug
15-Jul 16-Aug
16-Jul 17-Aug
17-Jul 18-Aug
18-Jul 19-Aug
19-Jul 20-Aug
20-Jul 21-Aug
21-Jul 22-Aug
22-Jul 23-Aug
23-Jul 24-Aug
24-Jul 25-Aug
25-Jul 26-Aug
26-Jul 27-Aug
27-Jul 28-Aug
28-Jul 29-Aug
29-Jul 30-Aug
30-Jul 31-Aug
31-Jul 1-Sep
1-Aug 2-Sep
2-Aug 3-Sep
3-Aug 4-Sep
4-Aug 5-Sep
5-Aug 6-Sep
6-Aug 7-Sep
7-Aug 8-Sep
8-Aug 9-Sep
9-Aug 10-Sep
10-Aug 11-Sep
11-Aug 12-Sep
Table 3. Winter season operation schedule
Date RTU50 RTU75 | RTU100 | VRF50 VRF75 | VFR100 Date RTUS50 RTU75 | RTU100 | VRF50 VRFE75 | VFR100
30-Dec 2-Feb
31-Dec 3-Feb
1-Jan 4-Feb
2-Jan 5-Feb
3-Jan 6-Feb
4-Jan 7-Feb
5-Jan 8-Feb
6-Jan 9-Feb
7-Jan 10-Feb
8-Jan 11-Feb
9-Jan 12-Feb
10-Jan 13-Feb
11-Jan 14-Feb
12-Jan 15-Feb
13-Jan 16-Feb
14-Jan 17-Feb
15-Jan 18-Feb
16-Jan 19-Feb
17-Jan 20-Feb
18-Jan 21-Feb
19-Jan 22-Feb
20-Jan 23-Feb
21-Jan 24-Feb
22-Jan 25-Feb
23-Jan 26-Feb
24-Jan 27-Feb
25-Jan 28-Feb
26-Jan 29-Feb
27-Jan 1-Mar
28-Jan 2-Mar
29-Jan 3-Mar
30-Jan 4-Mar
31-Jan 5-Mar
1-Feb 6-Mar




Table 4. List of sensors for VRF system

Function Sensor Sensor model Location  Quantity Accuracy
Indoor Temp/RH  Campbell Sci HC2S3-L All air side 20 +0.1°C and +0.1% RH
thermal @ 23°C
condition Air flow  Air monitor fan evaluators paired to DOAS 1 DTP2500: 0.25% of
heating sensors (For DPT2500 Plus transmitters natural span, including
and DOAS) hysteresis, deadband,
cooling nonlinearity, and
capacities nonrepeatability; fan

evaluator: +2%
Power Wattnode  Continental Controls WNB-3D- ID units 11 +0.5% of reading
240P,
100 Hz option
CT Continental Controls ACT-0750- ID units 22 +0.75% of reading
005
Wattnode  Continental Controls WNB-3D- OD unit 1 +0.5% of reading
240P,
100 Hz option
CT Continental Controls ACT-0750- OD unit 3 +0.75% of reading
020

2.5 SIMULATION ANALYSIS

Once the cooling and heating season data were available, calibrated simulation models were developed
for the FRP with the RTU and VRF systems. Since the FRP was operated with each system alternately to
determine the energy performance of each HVAC system, the full-year energy use for the FRP with each
system cannot be obtained. Therefore, the calibrated energy simulation was used to evaluate the annual
energy performance of each HVAC system.

For the building energy simulation, the US Department of Energy’s (DOE) flagship building energy
modeling software, EnergyPlus 8.1, was used. Version 8.1 of EnergyPlus provides the capability for
modeling VRF systems as well as single-package RTUs with VAV reheat, but that version of EnergyPlus
could not be used to model the current VRF-DOAS system configuration in the FRP. Therefore, the
EnergyPlus source code of the current version was modified. In the modified version of EnergyPlus 8.1,
OA was provided through an air-loop DOAS linked with a VRF outdoor unit to model the VRF-DOAS
installed in the FRP.

The energy simulation model of the VRF system was developed using the modified version of
EnergyPlus 8.1, and the simulation model was calibrated by comparing its results with the hourly
measured data until they reasonably matched based on the definition from ASHRAE Guideline 14P
(ASHRAE 2002). In addition, the calibrated simulation models for the RTU and the VVRF systems were
run with various weather files corresponding with ASHRAE climate zones to evaluate the energy and cost
savings potential in various US climates locations.






3. SIMULATION ANALYSIS

This chapter discusses (1) the source code modification of EnergyPlus 8.1, (2) the calibration of the
energy simulation modeling of the FRP with the VRF-DOAS and the baseline RTU systems, and (3) the
performance evaluation of the VRF system in 12 major climate locations in the United States. To evaluate
the annual energy performance of the VRF system, the energy simulation modeling was particularly
useful in this project because the FRP was operated with multiple HVAC systems alternately to evaluate
the energy performance of various HVAC systems. It was not available to obtain a complete full year of
data for each system type. In addition, the energy modeling allows a comparison of the simulated annual
energy performance of the VRF and RTU systems in various climate locations in the United States.

EnergyPlus 8.1 was used for the energy simulation modeling. The original EnergyPlus version 8.1 is
capable of modeling zonal VRF systems as well as single-packaged RTUs with VAV reheat. However,
that version of EnergyPlus could not be used to model the current VRF-DOAS system setting in the FRP
(particularly the use of VRF heating and cooling coils to condition OA in a DOAS). Therefore, the
EnergyPlus 8.1 source code was modified to allow for OA to be provided through an air-loop DOAS
directly to individual zones and to be conditioned with VRF heating and cooling coils connected to the
outdoor unit supplying the indoor unit for each zone of the VRF system.

The energy simulation models of the RTU and VRF systems were developed using the modified version
of EnergyPlus 8.1, and the models were calibrated by comparing them with the hourly measured data
until they reasonably matched, based on the definition from ASHRAE Guideline 14P (ASHRAE 2002).
Then the calibrated models were run with weather files from various US climate locations corresponding
to 12 ASHRAE climate zones to evaluate the energy and cost savings potential in various locations.

Figure 6. Three-dimensional rendering of the EnergyPlus model of the two-story FRP.
3.1 ENERGYPLUS SOURCE CODE MODIFICATION

In the original version of EnergyPlus, OA could be introduced only through individual zonal VRF indoor
units with an OA mixer or an air-loop DOAS with HVAC DX coils from a separate HVAC system. It
could not be introduced through VVRF coils connected to the outdoor units for a zonal VRF system, as is
illustrated in Figure 7 and Figure 8.
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Figure 7. A system diagram of a VRF system with an OA mixer in the original version of EnergyPlus 8.1.
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Figure 8. A system diagram of a VRF system with an air-loop DOAS in the original version of EnergyPlus
8.1.

To model the current settings of the VRF-DOAS system installed in the FRP, the following EnergyPlus
air loop and VRF subroutines were modified.

SimAirServingZones.fo0

o Modified error handling and severe warning outputs for new VRF air loop coils.

SystemReports.fo0

o Added VRF air loop heating and cooling reporting variables.

AirFlowNetworkBalanceManager.f90

o Added error handling for VRF air loop heating and cooling coils.

DXCoil.f90

o Added VRF air loop heating and cooling coils based on DX single-speed coils. Creating new
coils allowed the VRF parent unit to “recognize” the DOAS air loop coils that belong to it.

HVACDXSystem.fo0

o Allowed two new coil objects to be called and controlled by Coil System wrapper object.

HVACVariableRefrigerantFlow.f90

o Modified load and energy calculations to include the VRF air-loop coils in the calculations.

o Modified coil limiting routines so the DOAS coil would have priority over the terminal units in
case capacity was exceeded.

o Added new Autosizing routines to account for the incorporation of the DOAS and VRF terminal
units.

o Created utility subroutines (e.g., object index and name lookup) to be used in different subroutine
modules.

With this source code modification, two new objects, VRF air-loop cooling and heating coils (object
names Coil:Cooling:DX:VRFAirloopCoil and Coil:Heating:DX:VRFAirloopCoil), were added to enable a
DOAS system coupled with a VRF outdoor unit to provide 100% conditioned OA to individual zones, as
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illustrated in Figure 9. Figure 10 demonstrates the simulation process of the modified EnergyPlus version.
The new VRF air-loop coil objects calculated the coil performance similar to the single-speed DX heating
and cooling coils. Then the coil capacities were accounted into the VRF condenser calculations along
with the average inlet wet-bulb conditions for each coil linked to the VRF condenser. In the current
modification, only one VRF condenser can be used. The model uses performance information at rated
conditions along with curve fits for variations in total capacity, energy input ratio, and part-load fraction
to determine the performance of the unit at part-load conditions. The Input-Output Reference and
Engineering Reference documents of this modification with the new objects are provided in Appendices
B and C. After the source code modification of EnergyPlus 8.1, the new EnergyPlus executable file and
input data dictionary (idd) file were generated and made available to model the VRF-DOAS system
installed in the FRP.

@ Air flow (CFM)
@ Temp/RH

===+ Power
..+ Measurement

: Exhaust

Fan
206 @ 205 @ 204 @ 203 @ 202 @

\4

Outdoor
Unit

Exhaust

Figure 9. A system diagram of a VRF system with a DOAS coupled with a VRF outdoor unit.
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Figure 10. Process of the modified EnergyPlus simulation for the VRF-DOAS.

To check the validity of the modified version of EnergyPlus 8.1, a simulation test was performed with a
single-zone building model. The building model descriptions are summarized in Table 23 in Appendix C.
Two HVAC systems were modeled in each version of EnergyPlus as described in Table 24in Appendix
C: a VRF terminal unit with an OA mixer for the original EnergyPlus (VRF+OAmixer) and a VRF
terminal unit with an air-loop DOAS for the modified version of EnergyPlus (VRF+Airloop DOAS). The
identical weather file (i.e., USA_TN_Knoxville -McGhee-TMY 3.epw) was used to compare two
different models; it is for a summer period in July and a winter period in January. Figure 11 shows the
comparison of the end-use energy. The results show that the modified EnergyPlus model uses slightly
more heating and cooling energy than the original model. That was expected because in the modified
model, the zone and OA loads were removed separately using the terminal VRF and the air-loop DOAS
with a VRF coil; whereas the original model removed the zone and OA loads simultaneously by mixing
OA and return air from the zone and by using a single VRF coil to remove the mixed total heating or
cooling energy. As two systems provide heating and cooling in the modified model, it has a tendency to
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overheat or overcool the zone because two units may try to provide heating and cooling at the same time
separately to the zone.
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=
<200
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Heating Cooling Interior Appliances HVAC End Use
Lighting Fans Total
u VRF+OAMixer [kWh] 199 155 164 164 8 689
m VVRF+Airloop DOAS [kWh] 236 175 164 164 41 779
Difference [%] 16% 11% 0% 0% 81% 12%

Figure 11. End use comparison between original and modified EnergyPlus models.
3.2 MODELING AND CALIBRATION OF THE VRF AND RTU SYSTEMS

In the first year of the project, the initial simulation models of the VRF and RTU systems were developed
using the original version of EnergyPlus 8.1. Note that an OA system was not included in the models
developed during the first project year. In the current study (i.e., project year two), the initial VRF and
RTU models were modified to reflect changes in the FRP (i.e., the addition of a DOAS for both the VRF
and RTU systems and changes in building envelope and operations), and both models were further
calibrated with the measured data for both cooling and heating seasons. The actual weather data collected
by a dedicated weather station installed on the roof of the two-story FRP were used in the calibration
process.

Each model was calibrated using the corresponding data collected from the FRP during the following
period for each system:

e RTU system performance data collected for 16 days from August 7, 2015, through February 6, 2016.
e VRF system performance data collected for 25 days from August 15, 2015, through February 19,
2016.

3.2.1 Building model updates for calibration

Before HVAC system performance was calibrated in each model, the building load was calibrated first by
updating the building model based on the changes made in the FRP building configurations and
operations in project year two. The building model updates includes

1. Infiltration
2. Wall insulation
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Interior light intensity and schedule
Plug load intensity and schedule
Shading device

Zone capacitance multiplier

SRS

Following is a detailed description of each update.

A blower door test was performed in project year two to measure the airtightness of the FRP. The
measurement was used to calculate the infiltration value for the FRP building model in EnergyPlus based
on an infiltration calculation method developed by Pacific Northwest National Laboratory (Gowri et al.

2009).

The exterior wall construction for two zones was updated in the building model to reflect modifications
made in the FRP during project year two. A description of the modified wall construction is provided in

Table 5.

Table 5. Construction of modified wall insulation
Room # 204 (Upstairs) 104 (Downstairs)
Direction North facing North facing

Construction

7
]
i
|
?

e

® Brick cladding

® 1" air gap

G S

# §" Concrete block

® 3 '/’ Fiberglass batts
within steel studs

# Brick cladding

® 1" air gap

# 8 Concrete block

. ® /2" existing || #4——= 2" C.C Spray

vl Drywall ! i

% % rywal foam as c.i

% % 2" Polyiso rigid 2X4 Steel

% % foam board studs

% % 1" Furring strip Blown-in cellulose )
%““‘\\““\2 between stud framing
% % e 4" Drywall &= 2’ Drywal

The intensities and schedules of the interior lights and plug loads were also updated based on the changes
made in the FRP. Figure 12 and Figure 13 show the output trends of the interior lights before and after
modification in the EnergyPlus model. The interior lights shown in Figure 12 and Figure 13 are hourly
average values in EnergyPlus shown in terms of the electric energy for ten zones during the measurement
period of 6 days. Figure 14 and Figure 15 show the output trends of the interior plug loads before and
after modification in EnergyPlus. The interior plugs in Figure 14 and Figure 15 are hourly average values
in EnergyPlus for rooms 102, 104, 105, 106, 203, and 205. Although there are ten rooms under the
operation mode in the FRP, six rooms were modified to calibrate the energy simulation modeling, since
the initial model already shows a good match with the measured data.
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Figure 12. Interior light schedule before modification.
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Figure 13. Interior light schedule after modification.

In addition, venetian blinds, which were installed in the FRP building, were applied to the energy study.
Inputs for the venetian blinds were estimated by calculating the reflectance value and slat angle on the
basis of the color and opening ratios of the blinds.

Finally, the zone capacitance multiplier was changed to match two different models. This input is used to
control the effective storage capacity of the zones; the multiplier can be increased if the zone air
capacitance needs to be increased for the stability of the energy simulation or to allow the energy
simulation modeling higher or lower levels of damping of behavior over time. The capacitance multiplier

was set to be 10, so that the building model can behave as close to the FRP building in terms of thermal
response.
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Figure 14. Interior plug load schedule before modification.
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Figure 15. Interior plug load schedule after modification.

Figure 16 and Figure 17 represent scatter-plots of hourly delivered load of the RTU and VRF models
versus hourly average OA temperature during the occupied hours. The simulated delivered loads of the
VRF system shown in Figure 16 were compared with the measured data for 25 days during occupied
hours. The loads of the RTU system shown in Figure 17 were compared with the measured data for 16
days during occupied hours. The comparison shows that the simulated delivered loads for both systems
are reasonably well matched. Comparing the building delivered load allowed the building components for
the energy simulation model to be well calibrated before the HVAC systems were adjusted to finally
match the measured energy performance.
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3.2.2 The baseline RTU model updates for calibration

After the building load calibration was done for both systems, the baseline RTU model was further
calibrated by adding and updating the following items:

DOAS

OA flow rate schedule

Supply air temperature set point reset based on OA condition
RTU operation schedule

Maximum supply airflow rate

Cooling COP of RTU

ok whE

The following are detailed descriptions of each update.

In project year two, a DOAS was added as a separate system in the FRP to deliver OA directly to the
individual zones and was used for both RTU and VVRF operation. When the RTU was used to condition
the building, the DOAS provided unconditioned OA directly to the zones without any interaction with the
RTU system. In EnergyPlus 8.1, this type of physical setting cannot be modeled because EnergyPlus at
this point is not capable of modeling two or more air-loop systems that can serve the same zones
simultaneously. Alternatively, zonal DOAS units were applied to the RTU model to provide
unconditioned OA to the zones. The OA flow rate was designed using the Energy Management System
(EMS) feature in EnergyPlus to match the actual OA rate in the FRP. Using the EMS, the OA rate was
controlled based on the OA temperature, the occupied hours, and the heating and cooling period. The
DOAS was set to be always on during occupied hours in cooling season, and to turn on during occupied
hours in heating season (i.e., December—March) if the OA temperature was higher than 2.5 °C.

A supply air temperature set point reset strategy described in Chapter 2 was implemented using the EMS
feature for RTU model calibration to reflect the actual implementation in the FRP. Using the EMS, the
supply air temperature set point was set to 15.0 °C if the OA temperature was higher than or equal to 13.9
°C in the cooling season, and it was set to 20 °C if the OA temperature was less than or equal to 7.7 °C in
the heating season. If the OA temperature was between 13.9 and 7.7 °C, the set point temperature was
decreased linearly from 20 to 15.0 °C.

The RTU operation schedule in the model was also adjusted to reflect the actual operation schedule in the
FRP. Table 6 shows the thermostat schedule for the base system operation, and there was no separate
weekday and weekend schedule during the calibrated period. The zone set point temperature was set to
24°C during occupied hours (i.e., 6 a.m. to 6 p.m.), and the setback temperature, 31°C, was set for
unoccupied hours.

Table 6. Thermostat schedule

During occupied hours During unoccupied hours
(6 a.m. -6 p.m.) (6 p.m.—6a.m.)
Cooling 24°C 31°C
Heating 21.1°C 12.8°C

The modification of the maximum airflow rate was also implemented for the RTU model. The initial
value for the maximum airflow rate of the RTU model was 2.124 m®/s (4500 CFM) to 1.6518 m*/s
(3500 CFM) in EnergyPlus to calibrate the simulation model based on the actual operation (i.e.,
measured supply airflow rate).
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The cooling COPs of the RTU model were finally modified to calibrate the simulation model by
comparing the hourly energy use with the measured data. The final COP was set to 3.5 to be reasonably
close to the measured energy use and close to the manufacturer’s specification as well. The final heating
system efficiencies were set to 0.81 and 1.0 for the natural gas furnace and VAV reheat coil, respectively.

After the parameters described above were updated, the HVAC energy use was compared with the
measured data. Figure 18 shows the comparison of the simulated hourly cooling coil energy use with the
measured data. The cooling energy data were plotted as a function of the OA temperature during occupied
hours for 16 days of RTU operation from August 2015 through February 2016. Figure 19 presents the
scatter-plot of the hourly VAV reheat energy use for simulated vs. measured data. Figure 20 shows a
comparison of the total HYAC energy use for the measured data vs, simulated data. Figure 18 through
Figure 22 illustrate that the simulation results from the calibrated RTU model reasonably fit well with the
measured data.

Table 7 and Figure 23 show the aggregated building energy use for the before and after calibrated RTU
models. They show that the difference in the whole-building energy use from the measured data
decreased from 46.7% to 4.6% during the comparison period from August, 2015, through February, 2016.
Note that the percentage difference of the gas heating energy use after calibration shown in Table 7 is still
high because the model cannot effectively capture the variation of air temperature between the gas and
electric reheat coils in the actual system although the simulated and measured supply air temperatures
after the reheat coils were reasonably matched.
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Figure 18. Measured vs. simulated hourly cooling coil energy use.
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Figure 19. Measured vs. simulated hourly reheat coil energy use.
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Figure 20. Measured vs. simulated hourly HVAC system energy use.
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Figure 21. Measured vs. simulated hourly HVAC system energy use trend of the RTU model.
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Table 7. The whole-building energy use of the RTU model
. . . Heating: Heating:
Lights Equipment Cooling gas electricity Fan Total
Measured [kKWh] 541.1 1071.7 563.4 56.9 722.6 454.0 3409.8
Simulated before
calibration [KWh] 551.2 945.9 918.6 0.0 2113.2 471.6 5000.5
Simulated after 551.1 1151.1 605.9 16.3 8625 3788  3565.8
calibration [kKWh] ' ' ' ' ' ' '
Difference before ; g9, 11.7% 63.0%  100.0%  1924%  3.9%  46.7%
calibration [%]
Difference after 1.8% 7.4% 7.5% 71.3%  194%  166%  4.6%

calibration [%]

3.2.3 The VRF model updates for calibration

The VRF model was also calibrated after the building load calibration. The same building model and
approach used for the RTU model were used to calibrate the VRF simulation model based on the
measured data. The following items were added and modified in the VRF calibration process:

DOAS using the modified version of EnergyPlus 8.1
OA flow rate schedule and set point temperature
VRF operation schedule

Heating and cooling COPs of the VRF system

i N

Each update is described in the following paragraphs in this section.

An air-loop DOAS was implemented in the VRF simulation model using the modified version of
EnergyPlus 8.1 described in Section 5.1, based on the specifications of the installed DOAS in the FRP. As
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illustrated in Figure 10, this implementation allows for OA to be provided through an air-loop DOAS
directly to individual zones and be conditioned with VRF heating and cooling coils that are connected to
the outdoor units for the zonal VRF indoor units.

The DOAS schedule and the OA supply air temperature set point were specified based on the measured
data for the VRF system in the FRP. The DOAS operation in the model was controlled by the EMS. The
DOAS was always turned on during all hours in summer, but it was operated only during occupied hours
during heating season (December—March).

The VRF operation schedule was modified according to the actual system operation. The VRF system
installed in the FRP cannot provide simultaneous cooling and heating. Therefore, the VRF cooling and
heating operation schedules were specified separately for the cooling (i.e., April-November) and heating
(December—March) seasons to calibrate the VRF simulation model. The thermostat schedule shown in
Table 6 used for the RTU model was also applied to the VRF simulation model.

Finally, the heating and cooling COPs of the VRF model were modified to reflect the actual performance
of the VRF system in the FRP. The final COP values for the cooling and heating coils were set to 3.0 and
2.5, respectively.

As a final step of the calibration, the simulated VRF energy use was compared against the measured data.
Figure 24 shows the simulated hourly VRF system energy use compared with the measured use for
occupied hours from August, 2015, through February, 2016. The simulation results of the calibrated VRF
model shown in Figure 24 through Figure 26 agree with the measured data. Table 8 and Figure 27 show
the whole-building energy use for the before and after calibration of the VRF model, which indicates that
the difference in the whole-building energy based on the measured data decreased from 9.3% to 1.9% for
the chosen 25 days from August, 2015, through February, 2016.

18
16
14
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10

HVAC Total Elec. Energy Use [kW]
O N M OO

-20 -10 0 10 20 30 40
Outdoor Air Temperature [°C]

AVRF Measured @ VRF Simulated

Figure 24. Measured vs. simulated hourly HVAC system energy use.
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Figure 27. Comparison of the whole-building energy use of the VRF model.

Table 8. Comparison of the whole-building energy use of the VRF model

Cooling and

Lights Equipment heating Fan Total
Measured [kKWh] 795.0 1674.8 1521.7 68.2 4059.7
Simulated before
calibration [KWh] 864.3 1483.4 1203.1 132.8 3683.6
Simulated after
calibration [kKWh] 861.1 1798.6 1249.7 71.5 3980.9
Difference before 8.7% 11.4% 20.9% 94.6% 9.3%
calibration [%]
Difference after 8.3% 7.4% 17.9% 4.8% 1.9%

calibration [%]

3.2.4 Statistical evaluation of the energy simulation models

ASHRAE Guideline 14 (ASHRAE 2002) was used to evaluate the validity of the calibrated models. It
states that models are declared to be calibrated if they produce NMBE within £ 10% and CV-RMSE
within £ 30% when hourly data are used, or 5% and 15, respectively, with monthly data. Table 9
summarizes the CV-RMSE and NMBE for the VRF and RTU models before and after calibration. The
results in Table 9 show that the calibrated models of both the VRF and the RTU were reasonably
calibrated, based on the criteria from the ASHRAE Guideline 14.
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Table 9. Statistical evaluation of the energy simulation models

Before calibration (%6) After calibration (%)
. CV-RMSE 52.1 77
RTU (daily) NMBE 493 48
CV-RMSE 132.9 20.2
RTU (hourly) NMBE 103.1 36
. CV-RMSE 20.1 8.7
VRF (daily) NMBE 9.6 0.2
CV-RMSE 32.3 157
VRE (hourly) NMBE 10.9 38

3.25 Annual simulation comparison of the VRF and RTU models for the FRP in Knoxville, TN

Obtaining complete year-around data for the VRF and RTU systems in the FRP was not possible because
the FRP was operated with multiple HVAC systems alternately to evaluate the energy performance of
various HVAC systems. For this reason, the calibrated VRF and RTU EnergyPlus models described in the
previous sections were used to evaluate the annual energy performance of both systems installed in the
FRP. Knoxville TMY3 weather data (i.e., USA_TN_Knoxville -McGhee-TMY 3.epw) were used to
evaluate the annual energy performance for both systems.

Figure 28 shows the comparison of the end-use energy for the FRP between the VRF and RTU models.
The results indicate that the VRF system can save 29% (24,103.0 kWh/year) of the whole-building energy
use and 56% (24,103.0 kWh/year) of the HVAC energy use compared with the RTU system.

90,000
80,000
=
70,000
z
Y 60,000
)
50,000
%
:g; 40,000
E 30,000
g 20,000
) o L I I
; m R L
Heatin Coolin Interior  Appliance HVAC HVAC  Total End
g g Lighting S fans Energy Uses
®mRTU (kWh) 16,193 17,272 12,556 26,252 9,750 43,215 82,022
= VRF (kwh) 5,203 10,960 12,556 26,252 2,949 19,111 57,919
Difference (%) 68% 37% 0% 0% 70% 56% 29%

Figure 28. End-use comparison for the RTU and VRF models.
Figure 29 through Figure 32, Table 10, and Table 11 show the monthly energy comparison for the FRP

between the RTU and VRF systems. Overall, the VRF model shows lower energy use compared with the
RTU model throughout all months.
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Figure 29. Monthly whole-building energy comparison for the RTU and VRF models.
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Figure 30. Monthly HVAC energy comparison for the RTU and VRF models.
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Figure 31. Monthly heating and cooling comparison for the RTU and VRF models.
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Table 10. Monthly whole-building and HVAC energy use for the RTU and VRF models

RTU Whole-

whole- VEF. whole- o1y HvAC VRFHVAC  building HVAC
building uilding energy use energy use energy use energy use
energy use ; difference
energy use (KWh) (kwh) (kwh) difference (%)
(kwh) (%)
January 6,933 5,022 3,637 1,726 27.6 52.5
February 6,222 4,148 3,245 1,171 33.3 63.9
March 6,415 4,133 3,119 837 35.6 73.2
April 6,665 4,330 3,476 1,141 35.0 67.2
May 6,837 4,738 3,541 1,442 30.7 59.3
June 6,590 5,428 3,401 2,238 17.6 34.2
July 7,067 6,043 3,771 2,747 14.5 27.1
August 6,990 5,958 3,694 2,662 14.8 28.0
September 6,834 5,061 3,645 1,871 26.0 48.7
October 7,322 4,378 4,026 1,082 40.2 73.1
November 7,094 3,973 3,904 783 44.0 79.9
December 7,051 4,707 3,755 1,411 333 62.4
Table 11. Monthly HVAC component energy use for the RTU and VRF models
RTU VRF RTU VRF RTU VRF Heating Cooling  HVAC fan
heating heating cooling cooling H;/AC H;/AC difference difference difference
(kWh)  (kWh)  (kWh)  (kWh) (k\%‘h) (k\%‘h) (%) (%) (%)
January 2,503 1,590 367 0 766 137 36.5% 100.0 82.1
February 2,078 854 469 159 698 158 58.9% 66.2 77.4
March 1,407 461 910 174 802 202 67.3% 80.8 74.8
April 1,427 259 1,226 639 822 242 81.8% 47.9 70.5
May 969 113 1,719 1,043 853 286 88.3% 394 66.5
June 198 3 2,377 1,913 826 322 98.3% 19.6 60.9
July 147 3 2,771 2,409 853 336 98.3% 13.1 60.6
August 156 3 2,686 2,324 853 335 98.1% 135 60.7
September 764 21 2,055 1,535 826 315 97.3% 25.3 61.8
October 1,834 232 1,339 585 853 265 87.3% 56.4 68.9
November 2,220 410 868 163 816 211 81.5% 81.2 74.2
December 2,491 1,254 483 18 782 139 49.7% 96.3 82.2

3.3 EVALUATION OF THE ENERGY SAVINGS POTENTIAL OF VRF FROM RTU IN 12 US
CLIMATE ZONES

Using the calibrated EnergyPlus models in Section 5.2, the performance of each system was evaluated in
12 US climate locations, and the comparative energy savings potential of the two systems was
investigated for each climate zone while keeping the building envelope characteristics the same for all
climate zones. The 16 climate zones designated by the International Energy Conservation Code and
ASHRAE (2004), as illustrated in Figure 33, were considered in this study. Several cold climate zones
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(e.g., 6A, 6B, 7, and 8) were not included in this study because the VRF system subject to this study has a
limited heating capacity when the OA temperature falls lower than —20°C. Table 12 lists the 12
representative locations in the selected US climate zones for this study.

Marine (C) Moist (A)

Portland

All of Alaska in Zone 7 except for the following Boroughs in Zone 8: Bethel, Delingham, Fairbanks, N. Star, Nome North Siope, Northwest Arcic. Southeast Fairbanks, Wade Hampton, and
Yukon-Koyukuk

Zone 1 includes: Hawai, Guam, Puerto Rico, and the Virgi islands

Figure 33. ASHRAE climate zones in the United States. (ASHRAE 2004)

Table 12. Twelve representative locations in selected US climate zones

Climate zone Representative city
1A Miami, Florida (very hot, humid)
2A Houston, Texas (hot, humid)
2B Phoenix, Arizona (hot, dry)
3A Atlanta, Georgia (warm, humid)
3B-Coast Los Angeles, California (warm, dry)
3B Las Vegas, Nevada (warm, dry)
3C San Francisco, California (warm, marine)
4A Baltimore, Maryland (mixed, humid)
4B Albuquergque, New Mexico (mixed, dry)
4C Seattle, Washington (mixed, marine)
5A Chicago, Illinois (cool, humid)
5B Boulder, Colorado (cool, dry)

The calibrated VRF and RTU models described in the previous sections, with a few modifications, were
used to evaluate the energy savings potential in the selected climate locations. The modifications to the
calibrated VRF and RTU models include

Location information

Design days of the weather profile

Ground temperature of the outside environment
Autosize values for HVAC systems

OA mixer option for the OA system of the RTU model

akrwnE
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For this climate zone analysis, the OA mixer object in EnergyPlus was used to provide the OA through
the RTU model, instead having OA provided through the zonal DOAS units, which were used for the
calibration model. The OA mixer option is used mainly because it is a typical setup in RTU units to have
an OA mixing box bring OA into the building. Another reason is that unconditioned OA entering via the
zonal DOAS units tends to affect zone load calculations and increase the design supply air fan sizing
when the autosize inputs are used for the simulation model. Especially in the cooling season, an oversized
supply airflow rate brings a higher volume of cooled air through the VAV reheat coils, resulting in higher
reheat coil energy use. The “source” energy was calculated from the “site” energy. Source energy is the
energy use at the utility generating facility needed to provide the electricity used at the site, and the
embedded energy of fuel delivered to the site, such as natural gas. Source energy was determined from
site energy reported from the EnergyPlus simulation table outputs by converting each factor from the
EnergyPlus table output. Table 13 presents the conversion factors from site energy to source energy.

Table 13. Site to source energy conversion factors

Sources Conversion factors
Electricity 3.167 (source kWh per site kWh)
Natural gas 1.084 (source kWh per site kWh)

3.3.1 The energy savings potential in 12 climate locations

The modified calibrated models were used to evaluate the annual energy performance of both VRF and
RTU systems in the selected climate zones. TMY 2 weather data files for 12 selected climate locations
were used in this analysis. The simulation results of the hourly RTU and VRF system energy comparison
for each climate location are presented in Figure 34 through Figure 42 and Table 14 through Table 18.

e In general, the simulation analysis shows that VRF system uses less energy than the baseline RTU
system in all climate zones. The whole-building energy savings are about 21 to 33% for the 12
climate zones.

e Table 15 lists the simulated whole-building site and source energy uses and savings for VRF systems
compared with the RTU systems in the 12 climate locations. The site energy savings are 33%
(25,304.0 kWh/year) for San Francisco, the location with the highest savings, and 21% (17,663.0
kWh/year) for Miami, the location with the lowest savings, within the 12 climate locations. After
conversion to source energy savings, the energy savings are 33% (80,065.0 kWh/year) for San
Francisco and 24% (64,643.0 kWh/year) for Chicago, IL, the location with the lowest savings.

e Table 16 lists the simulated HVAC site and source energy uses and savings for VRF systems
compared with RTU systems in the 12 climate locations. The HVAC site energy savings are 68%
(25,304.0 kWh/year) for San Francisco, the location with the highest energy savings, and 40%
(17,663.0 kWh/year) for Miami, the location with the lowest savings. The HVAC source energy
savings are 68% (80,065.0 kWh/year) for San Francisco and 43% (64,643.0 kWh/year) for Miami, the
highest and lowest savings within the 12 climate locations.

o Figure 40 represents the simulated heating energy uses for VRF and RTU systems in the 12 climate
locations. Overall, the heating energy-use results for the VRF system in all climate zones are lower
than those for the RTU system. Table 17 shows that the highest percentage savings for heating energy
use is around 92% (1,041.0 kWh/year) for Miami, and the lowest percentage savings is around 15%
(879.0 kWh/year) for Albuquerque, NM. It also shows that the percentage savings for VRF systems
are significantly higher in several climate zones—such as Miami, San Francisco, and Los Angeles—
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because the RTU VAV systems use more electric reheat coil energy to maintain the room temperature
set point during the cooling season. Especially in San Francisco and Los Angeles, the mild climate
caused more reheat energy use to prevent overcooling the zones, which was the main reason for the
larger whole-building and HVAC energy savings in these two locations compared with other climate
locations.

Figure 41 highlights the simulated cooling energy uses for the VRF and RTU systems in 12 climate
locations. The simulation results show that the RTU cooling energy use is greater than the VRF
cooling energy use in the 12 climate locations. Table 17 shows the highest percentage savings for the
VRF system compared with the RTU system for cooling energy use is around 51% (7,880.0
kWh/year) for San Francisco and the lowest is around 18% (5,481.0 kWh/year) for Miami.

Figure 42 and Table 18 show the HVAC fan energy use and savings for the VRF and RTU systems in
the 12 climate locations. The overall fan energy percentage savings for VRF systems compared with
the RTU systems are approximately from 83% (11,142.0 kWh/year) to 86% (12,035.0 kWh/year) for
all climate locations.
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Figure 34. The RTU total end-use comparison.

35



Total End Use [kWh]

100,000
90,000
80,000
70,000
60,000
50,000
40,000
30,000
20,000
10,000

0

m Heating ®Cooling ®Lights = Equipment ®Fans

Figure 35. The VRF total end use comparison.
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Table 14. End uses for the RTU vs. the VRF

RTU VRF RTU VRF RTU VRF RTU VRF RTU VRF RTU VRF
h - . . . ; total end total end
heating heating cooling cooling  lights lights egpt. eqgpt. fans fans USes Uses
(kwh)  (kwh)  (kWh)  (kwh) (kwWh) (kwWh) (kwh) (kwh) (kwWh) (kWh) (kWh)  (kwh)
Miami, FL 1,131 90 30,063 24572 12,556 12,556 26,252 26,252 13,339 2,197 83,330 65,667

Houston, TX 4,721 1,718 26,963 19,071 12,556 12,556 26,252 26,252 13,436 2,112 83,928 61,709
Phoenix, AZ 2,764 1,076 32,842 24,759 12,556 12,556 26,252 26,252 14,586 2,243 89,000 66,885
Atlanta, GA 7,078 3,794 20,469 13,822 12,556 12,556 26,252 26,252 13,926 2,085 80,280 58,508
Los Angeles, CA 5,516 892 19,891 13,264 12,556 12,556 26,252 26,252 12,701 2,016 76,915 54,980
Las Vegas, NV 3,400 1,765 29,052 21,286 12,556 12,556 26,252 26,252 14,647 2,214 85,906 64,073
San Francisco, CA 8,374 2,498 15,369 7,490 12,556 12,556 26,252 26,252 13,477 1,929 76,028 50,724
Baltimore, MD 11,270 6,803 16,636 10,767 12,556 12,556 26,252 26,252 13,394 1,985 80,108 58,363
Albuquerque, NM 5,847 4,968 19,218 12,805 12,556 12,556 26,252 26,252 15,006 2,214 78,878 58,794
Seattle, WA 12,751 6,184 11,701 5,871 12,556 12,556 26,252 26,252 13,932 1,897 77,192 52,760
Chicago, IL 15590 11,106 14,007 9,040 12,556 12,556 26,252 26,252 13,595 1,973 82,000 60,927
Boulder, CO 9,873 8,112 15,122 9,821 12,556 12,556 26,252 26,252 14,749 2,135 78,551 58,876
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Figure 36. Simulated annual whole-building site energy use for the RTU vs. the VRF system in 12
climate locations.
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Figure 37. Simulated annual whole-building source energy use in 12 climate locations.
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Table 15. Simulated annual whole-building energy use and savings for the VRF system from the RTU system
in 12 climates

. VRF

VREF site . VRF

RTU site  VRF site RTU VRF savings VRF site . source source

source source savings savings -

e[:Eer%)]/ ?Eeray]/ energy energy from from from sz;\vmgs
W W RTU rom
[kWh] [kWh] RTU [%] RTU o

[kWh] [KWh RTU [%]

Miami, FL 83,330 65,667 272,609 207,966 17,663 21.2 64,643 23.7
Houston, TX 83,928 61,709 265,644 195,431 22,219 26.5 70,213 26.4
Phoenix, AZ 89,000 66,885 281,830 211,826 22,114 24.8 70,004 24.8
Atlanta, GA 80,280 58,508 253,832 185,295 21,771 27.1 68,537 27.0

Los Angeles, CA 76,915 54,980 243586 174,121 21,935 28.5 69,465 28.5
Las Vegas, NV 85,906 64,073 271,915 202,918 21,833 254 68,997 254

San Francisco,
CA

Baltimore, MD 80,108 58,363 252,559 184,834 21,745 27.1 67,724 26.8
Albuguerque, NM 78,878 58,794 249,298 186,202 20,083 25.5 63,097 25.3

76,028 50,724 240,709 160,644 25,304 33.3 80,065 33.3

Seattle, WA 77,192 52,760 243916 167,089 24,432 31.7 76,827 31.5
Chicago, IL 82,000 60,927 257,446 192,957 21,072 25.7 64,490 25.0
Boulder, CO 78551 58,876 247,597 186,460 19,675 25.0 61,136 24.7
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Figure 38. Simulated annual HVAC site energy use for the RTU vs. the VRF system in 12 climate locations.
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Figure 39. Simulated annual HVAC source energy use in 12 climate locations.

Table 16. Simulated annual HVAC energy use and savings for the VRF system from the RTU system in 12

climates
. VRF
VREF site . VRF
RTU site  VRF site RTU VRF savings VRF site source source
source source savings savings .

e[zﬂer% e[zﬂeray]/ energy energy from from from si\vmgs

W W RTU rom

[kWh] [kWh] RTU [%] RTU o

[kWh] [KWh] RTU [%0]

Miami, FL 44,523 26,859 149,706 85,063 17,663 39.7 64,643 43.2
Houston, TX 45,121 22,901 142,741 72,528 22,219 49.2 70,213 49.2
Phoenix, AZ 50,192 28,078 158,927 88,923 22,114 441 70,004 44,0
Atlanta, GA 41,472 19,701 130,929 62,392 21,771 52.5 68,537 52.3
Los Angeles, CA 38,108 16,172 120,683 51,218 21,935 57.6 69,465 57.6
Las Vegas, NV 47,099 25,265 149,012 80,015 21,833 46.4 68,997 46.3
(S:a/;‘ Francisco, 37,221 11,917 117,806 37,741 25304 68.0 80,065 68.0
Baltimore, MD 41,300 19,555 129,656 61,931 21,745 52.7 67,724 52.2
Albuquerque, NM 40,070 19,987 126,395 63,299 20,083 50.1 63,097 49.9
Seattle, WA 38,384 13,952 121,013 44,186 24,432 63.7 76,827 63.5
Chicago, IL 43,192 22,120 134,543 70,054 21,072 48.8 64,490 47.9
Boulder, CO 39,744 20,069 124,694 63,557 19,675 495 61,136 49.0
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Figure 40. Simulated heating energy use for the RTU vs. the VRF system in 12 climate locations.
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Figure 41. Simulated cooling energy use for the RTU vs. the VRF system in 12 climate locations.
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Table 17. Simulated annual heating and cooling energy use and savings for the VRF system from the RTU

system in 12 climate locations

wating cooling VRF  VRF
RTU VRF RTU VRF . . heating  cooling
heatin heatin coolin coolin savings - savings savings  savings
9 9 g g from from g 9
[KWh] [KWh] [KWh] [KWh] RTU RTU from from
RTU [%] RTU [%]
[KWh]  [KWh]
Miami, FL 1,131 90 30,053 24,572 1,041 5481 92.0 182
Houston, TX 4,721 1,718 26,963 19,071 3,003 7,892 63.6 29.3
Phoenix, AZ 2,764 1,076 32,842 24,759 1,688 8,083 61.1 24.6
Atlanta, GA 7,078 3,794 20,469 13,822 3284 6,646 46.4 325
Los Angeles, CA 5516 892 19,891 13,264 4624 6,627 83.8 333
Las Vegas, NV 3,400 1,765 29,052 21,286 1635 7,766 48.1 26.7
2‘1‘ Francisco, 8,374 2,498 15,369 7,490 5877 7,880 702 51.3
Baltimore, MD 11,270 6,803 16,636 10,767 4467 5869 39.6 353
Albuquerque, NM 5,847 4,968 19,218 12,805 879 6,412 15.0 33.4
Seattle, WA 12,751 6,184 11,701 5,871 6,568 5,830 51.5 49.8
Chicago, IL 15,590 11,106 14,007 9,040 4484 4967 28.8 355
Boulder, CO 9,873 8,112 15,122 9,821 1,760 5,301 17.8 35.1
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Figure 42. Simulated HVAC fan energy use for the RTU vs. the VRF system in 12 climate locations.
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Table 18. Simulated HVAC fan energy use and savings for the VRF system from the RTU system in 12

climates
VRF savings from VRF savings from
RTU [KWh] VRF [KWh] e [k‘ho] RTU[(‘;% |
Miami, FL 13,339 2,197 11,142 83.5
Houston, TX 13,436 2,112 11,324 84.3
Phoenix, AZ 14,586 2,243 12,343 84.6
Atlanta, GA 13,926 2,085 11,841 85.0
Los Angeles, CA 12,701 2,016 10,684 84.1
Las Vegas, NV 14,647 2,214 12,433 84.9
San Francisco, CA 13,477 1,929 11,548 85.7
Baltimore, MD 13,394 1,985 11,409 85.2
Albuquerque, NM 15,006 2,214 12,792 85.2
Seattle, WA 13,932 1,897 12,035 86.4
Chicago, IL 13,595 1,973 11,622 85.5
Boulder, CO 14,749 2,135 12,614 85.5

3.3.2 The cost saving potential in 12 climate locations

The energy cost savings potential of the VRF system compared with the baseline RTU system was
estimated within the 12 climate locations using the modified calibrated simulation model. The average
electricity and natural gas prices for the states in 2015, taken from the US Energy Information
Administration (EIA 2016a and 2016b) were used in the cost savings analysis for each representative
climate location as listed in Table 19.

The energy costs and savings for the VRF systems compared with the RTU systems in the 12 climate
locations, in whole-building and HVAC system savings, are summarized in Figure 43, Figure 44, and
Table 20.

Table 20 and Figure 43 show the calculated annual whole-building energy costs for 12 climate
locations. It is shown that the percentage annual whole-building cost savings for the VRF system
range between 24 and 33% among the 12 climate zones. These correspond to annual whole-building
energy cost savings between $2,090.0/year and $3,534.0/year. It appears the highest and lowest
energy cost savings would be achieved in San Francisco and Miami, respectively.

Table 20 and Figure 44 represent the calculated annual HVAC energy cost trends. It is shown that the
percentage HVAC cost savings are around 43 to 68%. The magnitude of the cost savings for whole-
building and HVAC energy use is the same, because the energy use for lighting and other building
equipment for both the VRF and RTU systems is assumed to be the same.
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Table 19. The average electricity and natural gas prices in different locations (EIA 2016a and 2016b)

Average price of electricity

Average price of natural gas

($ per kwh) ($ per Mcf [1,000 ft¥])
Miami, FL 0.102 10.7
Houston, TX 0.081 8.3
Phoenix, AZ 0.097 10.5
Atlanta, GA 0.102 8.5
Los Angeles, CA 0.140 8.0
Las Vegas, NV 0.098 8.7
San Francisco, CA 0.140 8.0
Baltimore, MD 0.116 10.0
Albuquerque, NM 0.104 7.9
Seattle, WA 0.082 9.1
Chicago, IL 0.087 7.3
Boulder, CO 0.097 8.2
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Figure 43. Calculated annual whole-building energy cost for the RTU vs. the VRF system in 12 climate
locations.

44



12,000
10,000
8,000
6,000

| ikl

2,000

I||I|||| thh
V"O

S I

Total Prices of HVAC Energy Use [$]

'\/ Q/ s >/ &‘9/ S / &7 &/ & A
@y 0(}0 OQ'Q\ n\‘b& °o©\ © AQ’Qg 5 & & é& @‘z’\c/ “&‘b o"\&
SRR I
Ny Ve RN
=it v

BRTU mVRF

Figure 44. Calculated annual HVAC energy cost for the RTU vs. the VRF system in 12 climate locations.

Table 20. Calculated energy cost and savings for the RTU versus the VRF system in 12 climate locations

Whole-  Whole

o R RTU. VRF  building building "/AC FYAC
- - HVAC HVAC cost cost . .
building building cost[$] cost[§] savings  savings savings  savings
0,
cost [$] cost [$] [$] [%] [$] [%0]
Miami, FL 8,814 6,724 4,841 2,750 2,090 23.7 2,090 43.2
Houston, TX 6,794 4,998 3,651 1,855 1,796 26.4 1,796 49.2
Phoenix, AZ 8,596 6,461 4,848 2,712 2,135 24.8 2,135 44.0
Atlanta, GA 8,182 5,974 4,220 2,011 2,208 27.0 2,208 52.3

Los Angeles, CA 10,752 7,686 5,327 2,261 3,066 28.5 3,066 57.6
Las Vegas, NV 8,380 6,253 4,592 2,466 2,126 25.4 2,126 46.3
San Francisco, CA 10,625 7,091 5,200 1,666 3,534 33.3 3,534 68.0
Baltimore, MD 9,240 6,764 4,742 2,266 2,475 26.8 2,475 52.2
Albuquerque, NM 8,177 6,109 4,145 2,077 2,068 25.3 2,068 49.9

Seattle, WA 6,309 4,321 3,130 1,143 1,988 315 1,988 63.5
Chicago, IL 7,001 5,319 3,703 1,931 1,772 25.0 1,772 47.9
Boulder, CO 7,565 5,699 3,808 1,943 1,866 24.7 1,866 49.0

3.3.3 The national weighted energy and cost savings

Construction area weight factors in the various climate locations, determined by Jarnagin and
Bandyopadhyay (2010), were used to estimate the national weighted energy and cost savings impact.
Table 21 lists the weighting factors for each building type in all 12 climate locations. This study used the
weight factors for the sum of the small and medium categories because the building type in the simulation
models for the VRF and the RTU systems can be considered as a small or medium office type. Table 22
summarizes the national weighted HVAC energy and cost savings potential for the 12 climate locations.
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The national weighted averages of the HVAC energy and energy cost savings for VRF systems compared
with RTU systems were calculated as 51.1% (82.0 kWh/m?/year) and 50.8% ($7.4/m?/year), respectively.
The results also indicate that the highest weighted HVAC energy savings is 68.0% (95.7 kWh/m?/year)
for San Francisco, which is 16.9% higher than the national weighted average; and the lowest weighted
HVAC energy savings is 39.7% (66.8 kWh/m?/year) for Miami, which is 11.4% lower than the national
weighted average. The results in Table 22 also show that the highest weighted HVAC cost savings is
68.0% ($11.9/m?/year) for San Francisco, and the lowest weighted HVAC cost savings is around 43.2%
($7.0/m?/year) in Miami.

Table 21. Construction area weights by building type and climate location (Jarnagin and Bandyopadhyay

2010)
Small office Medium office Sum (.)f small_ and
medium offices
Miami, FL 0.08% 0.13% 0.21%
Houston, TX 1.06% 0.81% 1.88%
Phoenix, AZ 0.29% 0.29% 0.58%
Atlanta, GA 0.96% 0.77% 1.73%
Los Angeles, CA 0.48% 0.72% 1.19%
Las Vegas, NV 0.48% 0.72% 1.19%
San Francisco, CA 0.08% 0.14% 0.21%
Baltimore, MD 0.94% 1.19% 2.13%
Albuquerque, NM 0.05% 0.04% 0.08%
Seattle, WA 0.12% 0.20% 0.32%
Chicago, IL 0.92% 1.06% 1.98%
Boulder, CO 0.32% 0.34% 0.66%
Weights by Building Type 5.78% 6.39% 12.17%

Table 22. Construction area weights and savings potential impact by climate location

The sum of small HVAC site HVAC site HVAC cost

and medium energy savings energy savings savings HV.AC C(?St

office weights [kWh/m2/year] [%6] [$/m2/year] savings [%0]
Miami, FL 0.21% 66.8 39.7 7.0 43.2
Houston, TX 1.88% 84.0 49.2 6.0 49.2
Phoenix, AZ 0.58% 83.6 44.1 7.2 44.0
Atlanta, GA 1.73% 82.3 52.5 7.4 52.3
Los Angeles, CA 1.19% 82.9 57.6 10.3 57.6
Las Vegas, NV 1.19% 82.5 46.4 7.2 46.3
San Francisco, CA 0.21% 95.7 68.0 11.9 68.0
Baltimore, MD 2.13% 82.2 52.7 8.3 52.2
Albuquerque, NM 0.08% 75.9 50.1 7.0 49.9
Seattle, WA 0.32% 924 63.7 6.7 63.5
Chicago, IL 1.98% 79.7 48.8 6.0 47.9
Boulder, CO 0.66% 74.4 49.5 6.3 49.0

Total 12.2%
Nat"’:\f‘e'r"avg:eghte‘j 82.0 51.1% 74 50.8%
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4. CONCLUSION

41 SUMMARY AND CONCLUSION

The predicted performance of the VRF system was evaluated by comparing it with the predicted
performance of the baseline RTU system in 12 major US climate locations. A modified version of
EnergyPlus 8.1, which is capable of zonal VRF system modeling with the current DOAS setting in the
FRP, was used for the energy simulation models of the VRF and RTU systems installed in the FRP, a
two-story, 300 m? multi-zone building with emulated office occupancy.

To calibrate the RTU and the VRF systems, 16 days and 25 days, under full-load conditions (i.e., 100%
loads) in the FRP, were chosen for the calibration period of the RTU and the VRF systems. The
calibration process was implemented in several stages—(1) building model updates for calibration, (2)
baseline RTU model updates, and (3) VRF model updates for calibration—until they reasonably matched
based on the definition from ASHRAE Guideline 14P (ASHRAE 2002). Then the energy and cost
savings potential of using VRF systems in 12 major US cities was evaluated using an hourly building
energy simulation calibrated with data from the measured data from the FRP. The following are the key
findings of this case study.

Simulation Analysis

Energy simulation models were developed and simulated using EnergyPlus 8.1 for the RTU and VRF
systems installed in the FRP. To model the VRF-DOAS system installed in the FRP, the source code
of the original EnergyPlus model was modified. With the source code modifications, two new objects,
VRF air loop cooling coil and VRF air loop heating coil, were added to enable the DOAS coupled
with a VRF outdoor unit to provide 100% conditioned OA to individual zones.

The VRF and RTU models from project year one were updated and calibrated with the measured
data. NMBE and CV-RMSE from ASHRAE Guideline 14 were used to evaluate the validity of the
calibrated models. The calibration results show that the baseline RTU model would result in 20.2
hourly CV-RMSE and 3.6% hourly NMBE. For the VRF simulation model, the CV-RMSE and
NMBE would be within 15.7 and 3.8%, respectively. These results indicate that the calibrated models
of both the VRF and the RTU were reasonably calibrated, based on the criteria from ASHRAE
Guideline 14.

With the calibrated simulation model, the energy savings potential of the VRF system was evaluated
in 12 climate locations using the corresponding TMY 2 weather data. The comparison results show
that VRF systems would use lower overall energy than RTU systems in the 12 climate locations. The
site energy savings for VRF systems compared with RTU systems are 33% (25,304.0 kWh/year) for
San Francisco, the location with the highest savings, and 21% (17,663.0 kWh/year) for Miami, the
location with the lowest savings, among the 12 climate locations. The highest source energy savings
are 33% (80,065.0 kWh/year) for San Francisco, and the lowest savings are 24% (64,643.0 kWh/year)
for Miami.

The energy cost savings potential of the VRF system was estimated for12 climate locations using the
average electricity and natural gas prices for the states from 2015. The overall whole-building annual
percentage cost savings for the VRF system compared with the RTU system are approximately 24 to
33%, and the corresponding annual whole-building energy cost savings are around $2,090.0/year to

$3,534.0/year. The corresponding percentage cost savings of the annual HVAC energy use are ~43—

47



68%. The model shows the highest percentage cost savings are for San Francisco—68%, and the
lowest percentage cost savings are for Chicago—43%.

The weighted HVAC energy and cost savings were calculated on the national scale by construction
area weights in 12 climate locations. The national weighted average of the VRF HVAC energy and
cost savings, respectively, from the RTU system is 51.1% (82.0 kWh/m2/year) and 50.8% (7.4
$/m2/year) based on the 12 US climate locations.
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APPENDIX A. INPUT/OUTPUT REFERENCE—THE MODIFIED
ENERGYPLUS

TABLE OF CONTENTS

1) Document Overview

2) ZoneHVAC:TerminalUnit:VariableRefrigerantFlow

3) Variable Refrigerant Flow (VRF) Terminal Unit (ZoneHVAC) Outputs

4) Coil:Cooling:DX:VRFAiIrloop

5) Coil:Heating:DX:VRFAirloop

6) CoilSystem:Cooling:DX

7) DX Cooling Coil System Outputs

8) CoilSystem:Heating:DX

9) DX Heating Coil System Outputs

10) Variable Refrigerant Flow (VRF) Terminal Unit (ZoneHVAC) Outputs

11) Variable Refrigerant Flow (VRF) Terminal Unit (ZoneHVAC) Outputs
DOCUMENT OVERVIEW
This document provides input/output descriptions of newly added or modified EnergyPlus objects that are
required to enable an air-loop dedicated outdoor air system (DOAS) with a variable refrigerant flow
(VRF) heating and cooling coil. The objects shown below are partly revised to include inputs and outputs
of the modified EnergyPlus objects based on an original EnergyPlus input/output document. This
document is also intended to be an encyclopedic reference for the EnergyPlus Input Data Dictionary
(IDD), Input Data File (IDF) and potential resultant outputs (various output files).
ZONEHVAC:TERMINALUNIT:VARIABLEREFRIGERANTFLOW
Zone terminal units with VRF direct-expansion (DX) coils are used exclusively with VRF air-
conditioning systems (Ref. AirConditioner:VariableRefrigerantFlow object). The zone terminal units are
connected to a zone using the inlet and exhaust node names specified in a
ZoneHVAC:EquipmentConnections object. The zone exhaust node has the same name as the terminal
unit air inlet node. The zone inlet node has the same name as the terminal unit air outlet node. The zone
terminal unit is also listed in a zone’s equipment list and will typically be the first equipment operating
for both cooling and heating (i.e., Sequence =1 in the ZoneHVAC:EquipmentList). Other ZoneHVAC
equipment may be used in the same zone and should be sequenced to operate after the zone terminal units

(i.e., sequence = 2 or higher)

The terminal units operate to satisfy a heating or cooling load in a zone based on a zone thermostat
temperature set point. A DX cooling and/or DX heating coil is specified depending on the operating mode
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required. Both a DX cooling and DX heating coil will typically be installed in the terminal unit; however,
only one may be used if desired. Outdoor ventilation air is modeled with the use of an optional outside air
mixer object. Outside air may be provided to the zone only when the coil is operating or can be supplied
continuously even when the coil is not operating. A supply air fan is also required and can be modeled as
either draw through or blow through.

Field: Zone Terminal Unit Name

This alpha field defines a unique user-assigned name for an instance of a VRF zone terminal unit. Any
reference to this terminal unit by another object will use this name. The zone terminal unit name must be
specified in a ZoneTerminalUnitList object to connect this terminal unit to an
AirConditioner:VariableRefrigerantFlow object.

Field: Availability Schedule Name

This alpha field defines the name of the schedule (ref: Schedule) that denotes whether the terminal unit
operates during a given time period. A schedule value equal to O denotes that the terminal unit must be off
for that time period. A value greater than 0 denotes that the terminal unit is available to operate during
that time period. This schedule may be used to completely disable the terminal unit as required. If this
field is left blank, the schedule has a value of 1 for all time periods.

Field: Terminal Unit Air Inlet Node Name

This alpha field defines the name of the terminal unit air inlet node. This node name should be the same
as a zone exhaust node (ref: ZoneHVAC:EquipmentConnections).

Field: Terminal Unit Air Outlet Node Name

This alpha field defines the name of the terminal unit air outlet node. This node name should be the same
as a zone inlet node (ref: ZoneHVAC:EquipmentConnections).

Field: Supply Air Flow Rate During Cooling Operation

This numeric field defines the terminal unit’s operating volumetric air flow rate in cubic meters per
second. This volumetric air flow rate is used when the terminal unit is operating in cooling mode.

Field: Supply Air Flow Rate When No Cooling is Needed

This numeric field defines the terminal unit’s operating volumetric air flow rate in cubic meters per
second. This volumetric air flow rate is used when the terminal unit’s cooling coil is not operating and the
previous mode was cooling.

Field: Supply Air Flow Rate During Heating Operation

This numeric field defines the terminal unit’s operating volumetric air flow rate in cubic meters per
second. This volumetric air flow rate is used when the terminal unit is operating in heating mode.

Field: Supply Air Flow Rate When No Heating is Needed
This numeric field defines the terminal unit’s operating volumetric air flow rate in cubic meters per

second. This volumetric air flow rate is used when the terminal unit’s heating coil is not operating and the
previous mode was heating.
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Field: Outdoor Air Flow Rate During Cooling Operation

This numeric field defines the outdoor air volumetric air flow rate in cubic meters per second. This
volumetric air flow rate is used when the terminal unit is operating in cooling mode.

Field: Outdoor Air Flow Rate During Heating Operation

This numeric field defines the outdoor air volumetric air flow rate in cubic meters per second. This
volumetric air flow rate is used when the terminal unit is operating in heating mode.

Field: Outdoor Air Flow Rate When No Cooling or Heating is Needed

This numeric field defines the outdoor air volumetric air flow rate in cubic meters per second. This
volumetric air flow rate is used when the terminal unit is not operating in cooling or heating mode.

Field: Supply Air Fan Operating Mode Schedule Name

This alpha field defines the name of the supply air fan operating mode schedule. Schedule values equal to
0 denote cycling fan/cycling coil operation. All other schedule values denote constant fan/cycling coil
operation.

Field: Supply Air Fan Placement

This alpha field has two choices: BlowThrough or DrawThrough. If this field is left blank, the default is
blow through. The first choice stands for “blow through fan.” This means that the unit consists of a fan
followed by the DX coils. The fan “blows through” the cooling and heating coils. If an outside air mixer
1s used, the fan inlet connects to the outside air mixer’s mixed air node. If an outside air mixer is not used,
the fan inlet connects to the zone exhaust node. For this configuration, the fan outlet always connects to
the DX cooling coil inlet node (or if a DX cooling coil is not used, the DX heating coil inlet node).

The second choice stands for “draw through fan.” This means that the unit consists of the DX coil(s)
followed by a fan. The fan “draws air through” the DX coil(s). In this case the fan inlet always connects
to the DX heating coil outlet node (or if a DX heating coil is not used, the DX cooling coil outlet node)
and the fan outlet node always connects to the zone inlet node.

Field: Supply Air Fan Object Type

This choice field contains the identifying type of supply air fan specified for the furnace. Fan type must
be Fan:OnOff or Fan:ConstantVolume. Fan:ConstantVVolume is used when the Supply Air Fan Operating
Mode Schedule values are never 0 and the fan operates continuously. Fan:OnOff is used when the fan
cycles on and off with the cooling or heating coil (i.e. Supply Air Fan Operating Mode Schedule values
are at times 0).

Field: Supply Air Fan Object Name

This alpha field defines the name of the terminal unit’s supply air fan.

Field: Outside Air Mixer Object Type

This alpha field contains the identifying type of outside air mixer specified for the terminal unit. Outside

air mixer type must be OutsideAir:Mixer. This field should be left blank when an outside air mixer is not
simulated.

A-3



Field: Outside Air Mixer Object Name

This alpha field defines the name of the terminal unit’s outside air mixer. If this field is left blank, an
outside air mixer is not simulated.

Field: DX Cooling Coil Object Type

This choice field contains the identifying type of the terminal unit’s DX cooling coil. The only valid DX
cooling coil type is Coil:Cooling:DX:VariableRefrigerantFlow. This field should be left blank when a DX
cooling coil is not simulated.

Field: DX Cooling Coil Name

This alpha field defines the name of the terminal unit’s DX cooling coil. If this field is left blank, a DX
cooling coil is not simulated.

Field: DX Heating Coil Object Type

This choice field contains the identifying type of the terminal unit’s DX heating coil. The only valid DX
heating coil type is Coil:Heating:DX:VariableRefrigerantFlow. This field should be left blank when a DX
heating coil is not simulated.

Field: DX Heating Coil Object Name

This alpha field defines the name of the terminal unit’s DX heating coil. This field should be left blank
when a DX heating coil is not simulated.

Field: Zone Terminal Unit On Parasitic Electric Energy Use

This numeric field defines the parasitic electrical energy use of the zone terminal unit when either
terminal unit coil is operating. When in cooling mode, this electric energy use is reported in a zone
terminal unit cooling electric consumption output variable. When in heating mode, this electric energy use
is reported in a zone terminal unit heating electric consumption output variable.

Field: Zone Terminal Unit Off Parasitic Electric Energy Use

This numeric field defines the parasitic electrical energy use of the zone terminal unit when the terminal
unit coil(s) is not operating. When the previous mode was cooling, this electric energy use is reported in a
zone terminal unit cooling electric consumption output variable. When the previous mode was heating,
this electric energy use is reported in a zone terminal unit heating electric consumption output variable.

Field: Rated Total Heating Capacity Sizing Ratio

This numeric field defines the ratio of the heating coil to cooling coil size when autosizing is used. The
model assumes that when used, this value will be assumed to be 1.

Field: DOAS System Connected to Zone
This choice field indicates whether an air-loop DOAS is connected to a zone object; this field affects only

the autosize of the VRF coil capacities. This object should be chosen as either Yes or No. If Yes, the zone
VREF coils will be autosized based on the zone internal load exclusively, and the air loop VRF coils will
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be autosized based on the outdoor air load exclusively. If No, the zone VRF coils will be autosized based
on the zone thermal load including the outdoor air load.

VARIABLE REFRIGERANT FLOW (VRF) TERMINAL UNIT (ZONEHVAC) OUTPUTS
Zone VRF Air Terminal Total Cooling Rate [W]
This field is the total (sensible and latent) cooling rate output of the terminal unit in watts.

This is determined by terminal unit inlet and outlet air conditions and the air mass flow rate through the
unit. This value describes the total energy rate delivered to the zone.

Zone VRF Air Terminal Total Cooling Energy [J]

This is the total (sensible plus latent) cooling output of the terminal unit in Joules over the time step being
reported. This is determined by the terminal unit inlet and outlet air conditions and the air mass flow rate
through the unit. This value describes the total cooling energy delivered to the zone.

Zone VRF Air Terminal Sensible Cooling Rate [W]

This output is the moist air sensible cooling rate output of the terminal unit in watts. This is determined
by the enthalpy difference between the inlet and outlet air temperature at a constant humidity ratio, using
the minimum of the inlet and outlet air node humidity ratios and the air mass flow rate through the unit.
This value describes the sensible cooling energy rate delivered to the zone.

Zone VRF Air Terminal Sensible Cooling Energy [J]

This is the moist air sensible cooling output of the terminal unit in Joules for the time step being reported.
This is determined by the enthalpy difference between the inlet and outlet air temperature at a constant
humidity ratio, using the minimum of the inlet and outlet air node humidity ratios, and the air mass flow
rate through the unit. This value describes the sensible cooling energy delivered to the zone.

Zone VRF Air Terminal Latent Cooling Rate [W]

This is the latent cooling rate output of the terminal unit in watts. This is determined by the inlet and
outlet air humidity ratios and the air mass flow rate through the unit. This value describes the latent
cooling energy rate delivered to the zone.

Zone VRF Air Terminal Latent Cooling Energy [J]

This is the latent cooling output of the terminal unit in Joules for the time step being reported. This is
determined by the inlet and outlet air humidity ratios and the air mass flow rate through the unit. This
value describes the latent cooling energy delivered to the zone.

Zone VRF Air Terminal Total Heating Rate [W]

This field is the total enthalpic heating rate output of the terminal unit in watts. This is determined by the

terminal unit inlet and outlet air conditions and the air mass flow rate through the unit. This value
describes the total heating energy rate delivered to the zone.
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Zone VRF Air Terminal Total Heating Energy [J]

This is the total enthalpic heating output of the terminal unit in Joules over the time step being reported.
This is determined by the terminal unit inlet and outlet air conditions and the air mass flow rate through
the unit. This value describes the total heating energy delivered to the zone.

Zone VRF Air Terminal Sensible Heating Rate [W]

This output is the moist air sensible heating rate output of the terminal unit in watts. This is determined by
enthalpy difference between the inlet and outlet air temperature at a constant humidity ratio, using the
minimum of the inlet and outlet air node humidity ratios, and the air mass flow rate through the unit. This
value describes the sensible heating energy rate delivered to the zone.

Zone VRF Air Terminal Sensible Heating Energy [J]

This is the moist air sensible heating output of the terminal unit in Joules for the time step being reported.
This is determined by enthalpy difference between the inlet and outlet air temperature at a constant
humidity ratio, using the minimum of the inlet and outlet air node humidity ratios, and the air mass flow
rate through the unit. This value describes the sensible heating energy delivered to the zone.

Zone VRF Air Terminal Latent Heating Rate [W]

This is the latent heating rate output of the terminal unit in watts. This is determined by the inlet and
outlet air specific humidity ratios and the air mass flow rate through the unit. This value describes the
latent heating energy rate delivered to the zone.

Zone VRF Air Terminal Latent Heating Energy [J]

This is the latent heating output of the terminal unit in Joules for the time step being reported. This is
determined by the inlet and outlet air specific humidity ratios and the air mass flow rate through the unit.
This value describes the latent heating energy delivered to the zone.

Zone VRF Air Terminal Cooling Electric Power [W]
This output field is the parasitic electricity consumption rate of the zone terminal unit in watts.

The consumption rate includes parasitic electricity used by the zone terminal unit’s transformers, controls,
or other electricity consuming devices. This value is calculated for each HVAC system time step being
simulated, and the results are averaged for the time step being reported. The terminal unit parasitic on and
off electricity is reported in this cooling output variable when the unit operates in cooling mode or the
most recent operation was for cooling.

Zone VRF Air Terminal Cooling Electric Energy [J]

This output field is the electricity consumption of the zone terminal unit in Joules for the time period
being reported. The consumption includes parasitic electricity used by the zone terminal unit’s
transformers, controls, or other electricity consuming devices. This value is calculated for each HVAC
system time step being simulated, and the results are summed for the time step being reported. The
terminal unit parasitic on and off electricity consumption is reported in this cooling output variable when
the unit operates in cooling mode or the most recent operation was for cooling. This output is also added
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to a meter with Resource Type = Electricity, End Use Key = Cooling, Group Key = System (ref.
Output:Meter objects).

Zone VRF Air Terminal Heating Electric Power [W]
This output field is the parasitic electricity consumption rate of the zone terminal unit in watts.

The consumption rate includes parasitic electricity used by the zone terminal unit’s transformers, controls,
or other electricity consuming devices. This value is calculated for each HVAC system time step being
simulated, and the results are averaged for the time step being reported. The terminal unit parasitic on and
off electricity is reported in this heating output variable when the unit operates in heating mode or the
most recent operation was for heating.

Zone VRF Air Terminal Heating Electric Energy [J]

This output field is the electricity consumption of the zone terminal unit in Joules for the time period
being reported. The consumption includes parasitic electricity used by the zone terminal unit’s
transformers, controls, or other electricity consuming devices. This value is calculated for each HVAC
system time step being simulated, and the results are summed for the time step being reported. The
terminal unit parasitic on and off electricity consumption is reported in this heating output variable when
the unit operates in heating mode or the most recent operation was for heating. This output is also added
to a meter with Resource Type = Electricity, End Use Key = Heating, Group Key = System (ref.
Output:Meter objects).

Zone VRF Air Terminal Fan Availability Status []

This is the availability status of the Zone Terminal Unit fan. This status flag is a result of the calculations
made by the Availability Manager(s) listed in an AvailabilityManagerAssignmentList object and/or
calculations made by Hybrid Ventilation Manager Object. The AvailabilityManagerAssignmentList is an
optional input in the Zone Terminal Unit object. When a single availability manager is used in an
Availability Manager Assignment List, this is also the availability status reported by the specific
availability manager (Ref. AvailabilityManager:* Outputs). For multiple availability managers in an
Availability Manager Assignment List along with Hybrid Ventilation Manager, rules to determine fan
availability status are described in the section ‘Group — System Availability Managers’. The control status
outputs are represented using integers 0 through 3. These integers represent NoAction (0), ForceOff (1),
CycleOn (2), and CycleOnZoneFansOnly (3). Since the status output is averaged, the output result may
not correspond to the values described here when output variable frequencies other than detailed are used.
Use the “detailed” reporting frequency (Ref. Output:Variable object) to view the availability status at
each simulation timestep.

COIL:COOLING:DX:VRFAIRLOOP

This Cooling:DX:VRFAirloop cooling coil input requires an availability schedule, the gross rated total
cooling capacity, the gross rated SHR, and the rated air volume flow rate. The latter three inputs
determine the coil performance at the rated conditions (i.e., air entering the cooling coil at 26.7°C
drybulb/19.4°C wetbulb and air entering the outdoor condenser coil at 35°C drybulb/23.9°C wetbulb).
The rated air volume flow rate should be between .00004027 ma/s and .00006041 ma/s per watt of gross
rated total cooling capacity (300 to 450 cfm/ton).

The rated volumetric air flow to total cooling capacity ratio for 100% DOAS application DX cooling coils
should be between 0.00001677 (m3/s)/W (125 cfm/ton) and 0.00003355 (m3/s)/W (250 cfm/ton).
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This model requires 2 curves as follows:

1. The total cooling capacity modifier curve (function of temperature) is a biquadratic curve with two
independent variables: wet-bulb temperature of the air entering the cooling coil, and dry-bulb
temperature of the air entering the air-cooled condenser coil (wet-bulb temperature if modeling an
evaporative-cooled condenser). The output of this curve is multiplied by the gross rated total cooling
capacity to give the gross total cooling capacity at specific temperature operating conditions (i.e., at
temperatures different from the rating point temperatures).

2. The total cooling capacity modifier curve (function of flow fraction) is a quadratic or cubic curve
with the independent variable being the ratio of the actual air flow rate across the cooling coil to the
rated air flow rate (i.e., fraction of full load flow). The output of this curve is multiplied by the gross
rated total cooling capacity and the total cooling capacity modifier curve (function of temperature) to
give the gross total cooling capacity at the specific temperature and air flow conditions at which the
coil is operating.

The curves are simply specified by name. Curve inputs are described in the curve manager section of this
document (see Performance Curves in this document). The next input specifies the VRF air conditioner
object to use the VRF outdoor unit for the Airloop DOAS cooling coil.

Field: Name

A unique user-assigned name for an instance of a DX cooling coil. Any reference to this DX coil by
another object will use this name.

Field: Availability Schedule Name

The name of the schedule (ref: Schedule) that denotes whether the DX cooling coil can run during a given
time period. A schedule value greater than 0 (usually 1 is used) indicates that the unit can be on during a
given time period. A value less than or equal to 0 (usually 0 is used) denotes that the unit must be off. If
this field is blank, the schedule has values of 1 for all time periods.

Field: Gross Rated Total Cooling Capacity

The total, full-load gross cooling capacity (sensible plus latent) in watts of the DX coil unit at rated
conditions (air entering the cooling coil at 26.7°C drybulb/19.4°C wetbulb, air entering the outdoor
condenser coil at 35°C drybulb/23.9°C wetbulbr, and a cooling coil air flow rate defined by field “rated
air flow rate” below). Capacity should be “gross” (i.e., the effect of supply air fan heat is NOT accounted
for). When used in a heat pump, the gross rated total cooling capacity should be within 20% of the gross
rated heating capacity, otherwise a warning message is issued. The 23.9°C wet-bulb temperature
condition is not applicable for air-cooled condensers which do not evaporate condensate.

Field: Gross Rated Sensible Heat Ratio

The sensible heat ratio (SHR= gross sensible cooling capacity divided by gross total cooling capacity) of
the DX cooling coil at rated conditions (air entering the cooling coil at 26.7°C drybulb/19.4°C wetbulb,
air entering the outdoor condenser coil at 35°C drybulb/23.9°C wetbulb), and a cooling coil air flow rate
defined by field “rated air flow rate” below). Both the sensible and total cooling capacities used to define
the Rated SHR should be “gross” (i.e., the effect of supply air fan heat is NOT accounted for).
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Field: Rated Air Flow Rate

The air volume flow rate, in ms per second, across the DX cooling coil at rated conditions. The rated air
volume flow rate should be between 0.00004027 ma/s and 0.00006041 ms/s per watt of gross rated total
cooling capacity (300 to 450 cfm/ton). For DOAS applications the rated air volume flow rate should be
between 0.00001677 ma/s and 0.00003355 ma/s per watt of gross rated total cooling capacity (125 to 250
cfm/ton). The gross rated total cooling capacity, gross rated SHR and gross rated COP should be
performance information for the unit with air entering the cooling coil at 26.7°C drybulb/19.4°C wetbulb,
air entering the outdoor condenser coil at 35°C drybulb/23.9°C wetbulb, and the rated air volume flow
rate defined here.

Field: Total Cooling Capacity Function of Temperature Curve Name

The name of a biquadratic performance curve (ref: Performance Curves) that parameterizes the variation
of the gross total cooling capacity as a function of the wet-bulb temperature of the air entering the cooling
coil, and the dry-bulb temperature of the air entering the aircooled condenser coil (wet-bulb temperature if
modeling an evaporative-cooled condenser). The output of this curve is multiplied by the gross rated total
cooling capacity to give the gross total cooling capacity at specific temperature operating conditions (i.e.,
at temperatures different from the rating point temperatures). The curve is normalized to have the value of
1.0 at the rating point.

Field: Total Cooling Capacity Function of Flow Fraction Curve Name

The name of a quadratic or cubic performance curve (ref: Performance Curves) that parameterizes the
variation of the gross total cooling capacity as a function of the ratio of actual air flow rate across the
cooling coil to the rated air flow rate (i.e., fraction of full load flow). The output of this curve is multiplied
by the gross rated total cooling capacity and the total cooling capacity modifier curve (function of
temperature) to give the gross total cooling capacity at the specific temperature and air flow conditions at
which the coil is operating. The curve is normalized to have the value of 1.0 when the actual air flow rate
equals the rated air flow rate.

Field: Air Inlet Node Name

The name of the HVAC system node from which the DX cooling coil draws its inlet air.

Field: Air Outlet Node Name

The name of the HVAC system node to which the DX cooling coil sends its outlet air.

Field: Air Conditioner: Variable Refrigerant Flow Object that Coil is linked to:

This alpha field defines the name of the variable refrigerant flow (VRF) air conditioner. The only valid
the air conditioner type is AirConditioner:VariableRefrigerantFlow. The field should be left blank
when a VRFAIrloop Cooling coil is not simulated.

COIL:HEATING:DX:VRFAIRLOOP

The Heating:DX:VRFAirloop coil model uses performance information at rated conditions along with

curve fits for variations in total capacity, energy input ratio and part load fraction to determine
performance at part load conditions. The impacts of various defrost strategies (reverse cycle, resistive,
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timed or on-demand) are modeled based on a combination of user inputs and empirical models taken from
the air-to-air heat pump algorithms in DOE-2.1E.

The single speed heating DX coil input requires an availability schedule, the gross rated heating capacity,
and the rated air volume flow rate. The latter 3 inputs determine the coil performance at the rating point
(outdoor air dry-bulb temperature of 8.33 C, outdoor air wet-bulb temperature of 6.11 C, coil entering air
dry-bulb temperature of 21.11 C, coil entering air wet-bulb temperature of 15.55 C). The rated air volume
flow rate should be between 0.00004027 ms/s and .00006041 ms/s per watt of gross rated heating
capacity. Up to 2 curves are required depending on the defrost strategy selected.

1) The heating capacity modifier curve (function of temperature) can be a function of both the outdoor
and indoor air dry-bulb temperature or only the outdoor air dry-bulb temperature. User has the choice
of a bi-quadratic curve with two independent variables or a quadratic curve as well as a cubic curve
with a single independent variable. The bi-quadratic curve is recommended if sufficient manufacturer
data is available as it provides sensitivity to the indoor air dry-bulb temperature and a more realistic
output. The output of this curve is multiplied by the gross rated heating capacity to give the gross
heating capacity at specific temperature operating conditions (i.e., at an outdoor or indoor air
temperature different from the rating point temperature).

2) The heating capacity modifier curve (function of flow fraction) is a quadratic or cubic curve with the
independent variable being the ratio of the actual air flow rate across the heating coil to the rated air
flow rate (i.e., fraction of full load flow). The output of this curve is multiplied by the gross rated
heating capacity and the heating capacity modifier curve (function of temperature) to give the gross
heating capacity at the specific temperature and air flow conditions at which the coil is operating.

The next input specifies the VRF air conditioner object to use the VRF outdoor unit for the Airloop
DOAS heating coil.

Field: Name

This alpha field defines a unique user-assigned name for an instance of a DX heating coil. Any reference
to this DX heating coil by another object will use this name.

Field: Availability Schedule Name

This alpha field defines the name of the schedule (ref: Schedule) that denotes whether the DX heating coil
can run during a given time period. A schedule value greater than 0 (usually 1 is used) indicates that the
unit can be on during the time period. A value less than or equal to 0 (usually O is used) denotes that the
unit must be off for the time period. If this field is blank, the schedule has values of 1 for all time periods.

Field: Gross Rated Heating Capacity

This numeric field defines the total, full load gross heating capacity in watts of the DX coil unit at rated
conditions (outdoor air dry-bulb temperature of 8.33 C, outdoor air wet-bulb temperature of 6.11 C,
heating coil entering air dry-bulb temperature of 21.11 C, heating coil entering air wet-bulb temperature
of 15.55 C, and a heating coil air flow rate defined by field “rated air flow volume” below). The value
entered here must be greater than 0. Capacity should not account for supply air fan heat. The gross rated
heating capacity should be within 20% of the gross rated total cooling capacity, otherwise a warning
message is issued. The gross heating capacity should NOT include the effect of supply air fan heat.
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Field: Rated Air Flow Rate

This numeric field defines the volume air flow rate, in msper second, across the DX heating coil at rated
conditions. The value entered here must be greater than 0. The rated air volume flow rate should be
between 0.00004027 ma/s and 0.00006041 ma/s per watt of the gross rated heating capacity. The gross
rated heating capacity and gross rated COP should be performance information for the unit with outdoor
air dry-bulb temperature of 8.33 C, outdoor air wet-bulb temperature of 6.11 C, heating coil entering air
dry-bulb temperature of 21.11 C, heating coil entering air wet-bulb temperature of 15.55 C, and the rated
air volume flow rate defined here.

Field: Heating Capacity Function of Temperature Curve Name

This alpha field defines the name of a bi-quadratic, quadratic or cubic performance curve (ref:
Performance Curves) that parameterizes the variation of the total heating capacity as a function of the
both the indoor and outdoor air dry-bulb temperature or just the outdoor air dry-bulb temperature
depending on the type of curve selected. The bi-quadratic curve is recommended if sufficient
manufacturer data is available as it provides sensitivity to the indoor air dry-bulb temperature and a more
realistic output. The output of this curve is multiplied by the gross rated heating capacity to give the gross
total heating capacity at specific temperature operating conditions (i.e., at an indoor air dry-bulb
temperature or outdoor air dry-bulb temperature different from the rating point temperature). The curve is
normalized to have the value of 1.0 at the rating point.

Field: Heating Capacity Function of Flow Fraction Curve Name

This alpha field defines the name of a quadratic or cubic performance curve (ref: Performance Curves)
that parameterizes the variation of total heating capacity as a function of the ratio of actual air flow rate
across the heating coil to the rated air flow rate (i.e., fraction of full load flow). The output of this curve is
multiplied by the gross rated heating capacity and the heating capacity modifier curve (function of
temperature) to give the gross heating capacity at the specific temperature and air flow conditions at
which the coil is operating. The curve is normalized to have the value of 1.0 when the actual air flow rate
equals the rated air flow rate.

Field: Air Inlet Node Name

This alpha field defines the name of the HVAC system node from which the DX heating coil draws its
inlet air.

Field: Air Outlet Node Name

This alpha field defines the name of the HVAC system node to which the DX heating coil sends its outlet
air.

Field: Air Conditioner: Variable Refrigerant Flow Object that Coil is linked to:
This alpha field defines the name of the (VRF air conditioner. The only valid air conditioner type is

AirConditioner:VariableRefrigerantFlow. The field should be left blank when a VRFAIrloop heating
coil is not simulated.
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COILSYSTEM:COOLING:DX

The CoilSystem:Cooling:DX object is a “virtual” container component that consists of a DX cooling coil
component and its associated controls, as shown in Figure 45 below. This control object supports several
different types of DX cooling coils (see field Cooling Coil Object Type).

This component may be used as a cooling coil in constant volume or variable volume systems, as blow
through or draw through, with or without humidity controls. Unlike AirLoopHVAC:Unitary system types,
this component controls only the DX coil, not the supply fan. CoilSystem:Cooling:DX is added to a
system by placing it in an air loop branch (see Branch object) or in an
AirLoopHVAC:OutdoorAirSystem:EquipmentList or in a ZoneHVAC:OutdoorAirUnit:EquipmentList .
It requires one or more set point manager (see SetpointManager:*) objects to specify temperature and/or
humidity set points (unless it is used in a ZoneHVAC:OutdoorAirUnit which has its own temperature set
points). This object is the one that is listed in the branch or equipment list object rather than the coil itself.
A constant volume or variable volume fan is modeled separately from this cooling system. These are the
only fan types allowed for this system type (ref. Fan:ConstantVVolume and Fan:VariableVVolume). Cycling
fan operation is not available with this model.

The CoilSystem:Cooling:DX object can also be placed on DOAS air-loop branches or in air-loop
branches where the air flow to capacity ratio range is between 100 — 300 cfm/ton. 100% of DOAS DX
cooling coils operate in lower flow to capacity ratio range compared with regular DX cooling coils. The
CoilSystem:Cooling:DX is selected to operate in DOAS application or in low flow to capacity ratio range
by specifying “YES” to the input field “Use Outdoor Air DX Cooling Coil”. If this optional input field is
left blank or specified as “NO”, then the coil is modeled as regular DX cooling coil. If the
CoilSystem:Cooling:DX object is in an AirLoopHVAC:OutdoorAirSystem:EquipmentList or in a
ZoneHVAC:OutdoorAirUnit:EquipmentList then it is treated as 100% DOAS DX cooling coil only if the
choice input field “Use Outdoor Air DX Cooling Coil” is set to “YES.” All the control options of the
regular DX cooling coils are available to DOAS DX coils as well. Heating DX coils in the DOAS airloop
operate at the same flow to capacity ratio limits as the DOAS DX cooling coils.

In the current installation of the DOAS in the FRP, the DOAS unit is connected to VRF outdoor units
corresponding to VRF indoor units, and 100% outdoor air is conditioned through this DOAS unit and
distributed to thermal zones. Therefore, the CoilSystem:Cooling:DX object can be used to satisfy 100%
DOAS DX cooling coils using a Coil:Cooling:DX:VRFAirloop object, which is created for specific cases.
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Figure 45. Schematic of Coil:System:Cooling:DX Obiject in an Air Loop for a Blow Through Application.
Field: Name
This alpha field contains the identifying name for this component.
Field: Availability Schedule Name
This alpha field contains the schedule name that contains information on the availability of the DX coil to
operate. A schedule value of 0 indicates that the coil is off for that time period. A schedule value greater

than O indicates that the coil can operate during the time period. If this field is blank, the schedule has
values of 1 for all time periods.

Field: DX Cooling Coil System Inlet Node Name

This alpha field contains the identifying name given to the DX cooling coil inlet node, as specified in the
DX cooling coil object.
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Field: DX Cooling Coil System Outlet Node Name

This alpha field contains the identifying name given to the DX cooling coil outlet node, as specified in the
cooling coil object.

Field: DX Cooling Coil System Sensor Node Name

This alpha field contains the identifying name given to the DX cooling coil control node. This is the node
at which the temperature set point is specified by the set point manager.

Field: Cooling Coil Object Type
This alpha field specifies the type of DX cooling coil. The valid choices for this field are

Coil:Cooling:DX:SingleSpeed
Coil:Cooling:DX:VRFAIrloop
CoilSystem:Cooling:DX:HeatExchangerAssisted
Coil:Cooling:DX:TwoSpeed
Coil:Cooling:DX:TwoStageWithHumidityControlMode
Coil:Cooling:DX:VariableSpeed

With the modified EnergyPlus model, a Coil:Cooling:DX:VRFAirloop field was added to calculate the
DOAS system linked to VRF coils.

Field: Cooling Coil Name
This alpha field contains the identifying name of the DX cooling coil.

As shown in the example below, correct specification of this system requires specification of the DX
Cooling Coil object in addition to the CoilSystem:Cooling:DX object.

Field: Dehumidification Control Type

This alpha field contains the type of dehumidification control. The following options are valid for this
field:

None—meet sensible load only, no active dehumidification control

MultiMode—activate enhanced dehumidification mode as needed and operate to meet the sensible load.
If a sensible load exists, the system will operate to meet that sensible load and may not meet the latent
load. If no sensible load exists, and Run on Latent Load = Yes, the system will operate to meet the entire
latent load. This option is used to model DX equipment with a switchable option such as subcool reheat.
It is valid only with Cooling coil type= Coil:Cooling:DX:TwoStageWithHumidityControlMode or
CoilSystem:Cooling:DX:HeatExchangerAssisted. If the Run on Latent Load option below is set to Yes,
this option may require the use of a heating coil and heating coil outlet air temperature set point manager
downstream of this cooling coil to maintain the temperature set point.

CoolReheat—cool beyond the dry-bulb set point as required to meet the humidity set point. It is valid
only with Cooling coil type=Coil:Cooling:DX:TwoStageWithHumidityControlMode. This option
requires the use of a heating coil and heating coil outlet air temperature set point manager downstream of
this cooling coil to maintain the temperature set point. The default is None. For all dehumidification
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controls, the max humidity set point on the control node is used. This must be set using a
ZoneControl:Humidistat

ZoneControl:Humidistat and one of the following

SetpointManager:SingleZone:Humidity:Maximum
SetpointManager:MultiZone:Humidity:Maximum
SetpointManager:MultiZone:MaximumHumidity:Average

objects and SetpointManager:OutdoorAirPretreat (optional) objects. When extra dehumidification is
required, the equipment may not be able to meet the humidity set point if its full capacity is not adequate.

Field: Run on Sensible Load

This alpha field specifies if the unit will operate to meet a sensible load as determined by the inlet node
dry-bulb temperature and the dry-bulb temperature set point on the control node. There are two valid
choices, Yes or No. If Yes, unit will run if there is a sensible load. If No, unit will not run if there is only
a sensible load. The default is Yes.

Field: Run on Latent Load

This alpha field specifies if the unit will operate to meet a latent load as determined by the inlet node
humidity ratio and the max humidity set point on the control node. There are two valid choices, Yes or
No. If Yes, unit will run if there is a latent load. If both a sensible and latent load exist, the system will
operate to maintain the temperature set point. When only a latent load exists, the system will operate to
meet the humidity ratio set point and requires the use of a heating coil and heating coil outlet air
temperature set point manager downstream of this cooling coil to maintain the temperature set point. If
No, unit will not run if there is only a latent load. The default is No.

Field: Use Outdoor Air DX Cooling Coil

This input field enables the Coil System DX Coil to be used for low air flow to capacity ratio range (
100-300 cfm/ton). This flow to capacity ratio range is common in 100% DOAS applications. Other air-
loop or zone HVAC systems may use this input filed if they operate at such a low flow to capacity ratio
range. There are two valid choices, Yes or No. If Yes, the DX cooling coil is forced to operate in this flow
to capacity ratio range or runs as 100% DOAS DX coil. If No, the DX coil is used as a regular DX coil.
This input field is optional.

Field: Outdoor Air DX Cooling Coil Leaving Minimum Air Temperature

This input field is the DX cooling coil leaving supply air minimum temperature specified for frost control.
The DX cooling coil leaving air temperature is not allowed to exceed this minimum coil leaving air
temperature. The DX cooling coil frost controller adjusts or limits the desired coil outlet air set point
temperature when the coil outlet temperature exceeds this minimum temperature limit specified. This
input field is optional and only used along with in the input field above. The minimum and maximum
values of this input field are 0.0 C and 7.2 C, and the default value is 2.0°C.

An example IDF specification:

CoilSystem:Cooling:DX,
DOAS DX Cooling Coil System,!- Name
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Always on, I- Availability Schedule Name

DOAS Supply Fan Outlet, !- DX Cooling Coil System Inlet Node Name
DOAS Cooling Coil Outlet, !- DX Cooling Coil System Outlet Node Name
DOAS Cooling Coil Outlet, !- DX Cooling Coil System Sensor Node Name
Coil:Cooling:DX:VRFAirloop, !- Cooling Coil Object Type

DOAS Heat Pump ACDXCoill, !- Cooling Coil Name

None, !- Dehumidification Control Type

Yes, !- Run on Sensible Load

No, !- Run on Latent Load

Yes, I- Use DOAS DX Cooling Coil

2.0; 1- DOAS DX Cooling Coil Leaving Minimum Air Temperature

Coil:Cooling:DX:SingleSpeed,

DOAS Heat Pump ACDXCaoll 1, I- Name

Always on, - Availability Schedule Name

autosize, !- Gross Rated Total Cooling Capacity {W}

autosize, !- Gross Rated Sensible Heat Ratio

3.3, I- Gross Rated Cooling COP

autosize, !- Rated Air Flow Rate {m3/s}

DOAS Supply Fan Outlet, !- Air Inlet Node Name

DOAS Cooling Coil Outlet, I- Air Outlet Node Name

WindACCoolCapFT, !- Total Cooling Capacity Function of Temperature Curve Name
WindACCoolCapFFF, I- Total Cooling Capacity Function of Flow Fraction Curve Name
WindACEIRFT, !- Energy Input Ratio Function of Temperature Curve Name
WIindACEIRFFF, I- Energy Input Ratio Function of Flow Fraction Curve Name
WindACPLFFPLR; I- Part Load Fraction Correlation Curve Name

COILSYSTEM:HEATING:DX

The CoilSystem:Heating:DX object is a “virtual” container component for a DX heating coil that provides
the controls needed to operate the coil. Only single-speed DX air-to-air heating coils are supported,;
therefore, Coil:Heating:DX:VRFAIrloop object that is used for the DOAS system providing 100%
outdoor air to each zone is based on single-speed DX heating coils. This component may be used as a
heating coil in constant volume or variable volume air handlers. It can also be used in an outside air
system (by including it in an AirLoopHVAC:OutdoorAirSystem:EquipmentList object) or in a zone
outdoor air unit (by including it in an ZoneHVAC:OutdoorAirUnit:EquipmentList object). This object is
the one that is listed in the Branch or equipment list object rather than the coil itself.

The inlet and outlet nodes for the DX heat pump system are defined in the heating coil DX VRFAirloop
object. The control node is always the outlet node of the coil. This DX heat pump heating system requires
that a (drybulb) temperature set point be placed on the outlet node using either a set point manager or the
energy management system. The coil is controlled to attempt to meet that set point using a part load ratio
modeling approach. This model only supports continuous fan and cycling compressor operation—cycling
fan modeling is not available with this model.

Field: Name

This alpha field contains the identifying name for this component.
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Field: Availability Schedule Name

This alpha field contains the schedule name that contains information on the availability of the DX coil to
operate. A schedule value of 0 indicates that the coil is off for that time period.

A schedule value greater than 0 indicates that the coil can operate during the time period. If this field is
blank, the schedule has values of 1 for all time periods.

Field: Heating Coil Object Type

This alpha field specifies the type of DX heating coil. This model currently supports only single-speed
DX heat pump heating coils, and the only options for this field are Coil:Heating:DX:VRFAirloop,
Coil:Heating:DX:SingleSpeed, Coil:Heating:DX:VRFairloop, and Coil:Heating:DX:VariableSpeed.

Field: Heating Coil Name

This alpha field specifies the unique name of the DX heating coil. This field references the name of a
Coil:Heating:DX:VRFAirloop that needs to be defined elsewhere in the input file.

An example of a DX heating coil system follows:

CoilSystem:Heating:DX,

HeatPump DX Coil 1, I- Name

FanAndCoil AvailSched , !- Availability Schedule Name
Coil:Heating:DX:SingleSpeed, !- Heating Coil Object Type

Heat Pump DX Heating Coil 1; !- Heating Coil Name
Coil:Heating:DX:SingleSpeed,

Heat Pump DX Heating Coil 1, !- Name

FanAndCoilAvailSched, !- Availability Schedule Name

autosize, !- Gross Rated Heating Capacity {W}

2.75, 1- Gross Rated Heating COP {W/W}

autosize, !- Rated Air Flow Rate {m3/s}

Heating Coil Air Inlet Node, !- Air Inlet Node Name

SuppHeating Coil Air Inlet Node, !- Air Outlet Node Name

HPACHeatCapFT, !- Heating Capacity Function of Temperature Curve Name
HPACHeatCapFFF, !- Heating Capacity Function of Flow Fraction Curve Name
HPACHeatEIRFT, I- Energy Input Ratio Function of Temperature Curve Name
HPACHeatEIRFFF, !- Energy Input Ratio Function of Flow Fraction Curve Name
HPACCOOLPLFFPLR, !- Part Load Fraction Correlation Curve Name

, I- Defrost Energy Input Ratio Function of Temperature Curve Name

-8.0, I- Minimum Outdoor Dry-Bulb Temperature for Compressor Operation {C}
5.0, !I- Maximum Outdoor Dry-Bulb Temperature for Defrost Operation {C}
200.0, !- Crankcase Heater Capacity {W}

10.0, !I- Maximum Outdoor Dry-Bulb Temperature for Crankcase Heater Operation {C}
Resistive, !- Defrost Strategy

TIMED, !- Defrost Control

0.166667, !- Defrost Time Period Fraction

autosize, !- Resistive Defrost Heater Capacity {W}

Heat Pump 1 Evaporator Node;
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DX COOLING COIL SYSTEM OUTPUTS

All DX Coils:

HVAC,Average,Coil System Frost Control Status

Coil Type= Coil:Cooling:DX:TwoStageWithHumidityControlMode

HVAC,Average,Coil System Cycling Ratio

HVAC,Average,Coil System Compressor Speed Ratio

Coil types=Caoil:Cooling:DX:SingleSpeed &

CoilSystem:Cooling:DX:HeatExchangerAssisted

HVAC,Average,Coil System Part Load Ratio

Coil System Cycling Ratio

The system may operate for the entire system timestep, but to meet the load, the compressor can cycle on
and off. This reports the fraction of the system timestep at which the compressor is operating. (1.0 is
continuous, 0.0 is off).

Coil System Compressor Speed Ratio

This is the ratio of time in a system timestep for which the compressor is at rated speed. The compressor
speed ratio reports (1.0 is max, 0.0 is min), and any value in between as it is averaged over the timestep.

Coil System Part Load Ratio

The DX system can operate with a cycling compressor or a varying speed compressor; this variable
reports the fraction of the full load that is met during the system timestep. This can differ from the cycling
part-load ratio or the compressor speed ratio. (1.0 is full load and 0.0 is no load)

Coil System Frost Control Status

This is a flag indicating whether frost control is active at current time step or not. Frost control is
activated or enforced when the sensible load control requires a DX cooling coil outlet air temperature
below the user-specified minimum temperature, or when the dehumidification load control requires a DX
cooling coil outlet air humidity ratio below the saturation humidity ratio corresponding to the user-
specified minimum temperature for frost control. A frost control status of zero means no active frost
control; a value of 1 or 2 indicates that frost control is active. If the frost control status is 1, then the frost
control is enforced when the cooling coil is run to meet sensible load. If the frost control status value is 2,
then the control is enforced when the cooling coil is run to meet latent load. When frost control is active
the DX cooling coil set point value is modified based on the user-specified limit.

Cooling Coil Total Cooling Rate [W]

This field is the total (sensible and latent) cooling rate output of the DX coil in watts. This is determined
by the coil inlet and outlet air conditions and the air mass flow rate through the coil.
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Cooling Coil Total Cooling Energy [J]

This is the total (sensible plus latent) cooling output of the DX coil in Joules over the timestep being
reported. This is determined by the coil inlet and outlet air conditions and the air mass flow rate through
the coil. This output is also added to a meter with Resource Type = EnergyTransfer, End Use Key =
CoolingCoils, Group Key = System (Ref. Output:Meter objects).

Cooling Coil Sensible Cooling Rate [W]

This output is the moist air sensible cooling rate output of the DX coil in watts. This is determined by the
inlet and outlet air conditions and the air mass flow rate through the coil.

Cooling Coil Sensible Cooling Energy [J]

This is the moist air sensible cooling output of the DX coil in Joules for the timestep being reported. This
is determined by the inlet and outlet air conditions and the air mass flow rate through the coil.

Cooling Coil Latent Cooling Rate [W]

This is the latent cooling rate output of the DX coil in watts. This is determined by the inlet and outlet air
conditions and the air mass flow rate through the coil.

Cooling Coil Latent Cooling Energy [J]

This is the latent cooling output of the DX coil in Joules for the timestep being reported. This is
determined by the inlet and outlet air conditions and the air mass flow rate through the coil.

Cooling Coil Electric Power [W]

This output is the electricity consumption rate of the DX coil compressor and condenser fan(s) in watts.
This value is calculated for each HVAC system timestep, and the results are averaged for the timestep
being reported.

Cooling Coil Electric Energy [J]

This is the electricity consumption of the DX coil compressor and condenser fan(s) in Joules for the
timestep being reported. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Cooling, Group Key = System (Ref. Output:Meter objects).

Cooling Coil Runtime Fraction []

This is the runtime fraction of the DX coil compressor and condenser fan(s) for the timestep being
reported.

Cooling Coil Crankcase Heater Electric Power [W]
This is the average electricity consumption rate of the DX coil compressor’s crankcase heater in watts for

the timestep being reported. If the DX cooling coil is used in a heat pump, the crankcase heater is reported
only for the heating coil.
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Cooling Coil Crankcase Heater Electric Energy [J]

This is the electricity consumption of the DX coil compressor’s crankcase heater in Joules for the
timestep being reported. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Cooling, Group Key = System (ref. Output:Meter objects). This output variable appears only when
the DX cooling coil is not used as part of a heat pump, otherwise the crankcase heater is reported only for
the heating coil.

Cooling Coil Condenser Inlet Temperature [C]

This is the inlet air temperature to the condenser coil in degrees C. This value can represent the outdoor
air dry-bulb temperature, wet-bulb temperature, or somewhere in between from the weather data being
used, depending on the value used in the input field “Evaporative Condenser Effectiveness.” The
temperature reported here is used in the various modifier curves related to temperature (e.g., Total
Cooling Capacity Modifier Curve [function of temperature]). This output variable appears only when the
DX cooling coil is not used as part of a heat pump, otherwise the crankcase heater is reported only for the
heating coil.

Cooling Coil Evaporative Condenser Water Volume [m3]

This output is the amount of water used to evaporatively cool the condenser coil inlet air, in cubic meters.
This output is also added to a meter with Resource Type = Water, End Use Key = Cooling, Group Key =
System (ref. Output:Meter objects). This output variable appears only when the DX cooling coil is
evaporatively cooled.

Cooling Coil Evaporative Condenser Mains Supply Water Volume [m3]
This is the volume of water drawn from mains water service for the evaporatively cooled condenser.
Cooling Coil Evaporative Condenser Pump Electric Power [W]

This is the average electricity consumption rate of the evaporative condenser water pump in watts for the
timestep being reported. This output variable appears only when the DX cooling coil is evaporatively
cooled.

Cooling Coil Evaporative Condenser Pump Electric Energy [J]

This is the electricity consumption rate of the evaporative condenser water pump in Joules for the
timestep being reported. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Cooling, Group Key = System (ref. Output:Meter objects). This output variable appears only when
the DX cooling coil is evaporatively cooled.

Cooling Coil Stage 2 Runtime Fraction []

This is the runtime fraction of the stage 2 DX coil compressor and condenser fan(s) for the timestep being
reported. Applicable only for COIL Coil:Cooling:DX: TwoStageWithHumidityControlMode when 2
capacity stages are specified. For 2-stage systems, Cooling Coil Runtime Fraction is the stage 1 runtime
fraction. These runtime fractions overlap, because stage 2 will not run unless stage 1 is already running.
For example, a system where stage 1 is 60% of total capacity is passed a load of 70%. The Cooling Coil
Runtime Fraction (stage 1) will be 1.0, and the Cooling Coil Stage 2 Runtime Fraction will be 0.25
[(70%-60%)/(100%-60%)].
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Cooling Coil Dehumidification Mode []

This is the dehumidification mode for the timestep being reported. Applicable only for
Coil:Cooling:DX:TwoStageWithHumidityControlMode when enhanced dehumidification mode is
available. A value of 0 indicates normal mode (extra dehumidification not active). A value of 1 indicates
dehumidification mode 1 is active. Note that this is an averaged variable, so fractional values are likely to
be reported for reporting frequencies longer than “detailed.”

Cooling Coil Condensate Volume Flow Rate [m3/s]
Cooling Coil Condensate Volume [m3]

These outputs are the rate and volume of water collected as condensate from the coil. These reports only
appear if a water storage tank is named in the input object.

Cooling Coil Evaporative Condenser Mains Supply Water Volume [m3]

This is the water consumed by the DX cooling coil evaporatively cooled condenser that is met by the
mains water. This output variable appears only when the DX cooling coil is evaporatively cooled.

Cooling Coil Basin Heater Electric Power [W]

This is the average electricity consumption rate of the basin heater in watts for the timestep being
reported. This output variable appears only when the DX cooling coil is evaporatively cooled and the
Basin Heater Capacity is greater than 0.

Cooling Coil Basin Heater Electric Energy [J]

This is the electricity consumption rate of the basin heater in Joules for the timestep being reported. This
output is also added to a meter with Resource Type = Electricity, End Use Key = Cooling, Group Key =
System (ref. Output:Meter objects). This output variable appears only when the DX cooling coil is
evaporatively cooled and the Basin Heater Capacity is greater than 0.

Cooling Coil <Fuel Type> Power [W]

This output variable appears only when using the Coil:Cooling:DX:Multispeed object and a fuel type
other than electricity is used. This variable describes the input fuel type power for the cooling coil in
watts, averaged during the timestep being reported.

Cooling Coil <Fuel Type> Energy [J]

This output variable appears only when using the Coil:Cooling:DX:Multispeed object and a fuel type
other than electricity is used. This variable describes the input fuel type consumption for the multispeed
cooling coil in the unit of Joules, summed for the timestep being reported. The electric consumption is
excluded..This output is added to a meter with Resource Type = <Fuel Type>, End Use Key = Cooling,
Group Key = System (ref. Output:Meter objects).
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DX HEATING COIL SYSTEM OUTPUTS

Coil System Part Load Ratio

The DX system can operate with a cycling compressor or a varying speed compressor. This variable
reports the fraction of the full load that is met during the system timestep. This can differ from the cycling
part load ratio or the compressor speed ratio. (1.0 is full load and 0.0 is no load).

Heating Coil Total Heating Rate [W]

This field is the total heating rate output of the DX coil in watts. This is determined by the coil inlet and
outlet air conditions and the air mass flow rate through the coil.

Heating Coil Total Heating Energy [J]
This is the total heating output of the DX coil in Joules over the timestep being reported. This is
determined by the coil inlet and outlet air conditions and the air mass flow rate through the coil. This

output is also added to a meter with Resource Type = EnergyTransfer, End Use Key = CoolingCaoils,
Group Key = System (ref. Output:Meter objects).

Heating Coil Electric Power [W]

This output is the electricity consumption rate of the DX coil compressor and outdoor fan(s) in watts.
This rate is applicable when the unit is providing heating to the conditioned zone(s), and excludes periods
when the unit is in reverse-cycle defrost mode.

Heating Coil Electric Energy [J]

This is the electricity consumption of the DX coil compressor and condenser fan(s) in Joules for the
timestep being reported. This consumption is applicable when the unit is providing heating to the
conditioned zone(s), and excludes periods when the unit is in reverse-cycle defrost mode. This output is

also added to a meter with Resource Type = Electricity, End Use Key = Cooling, Group Key = System
(ref. Output:Meter objects).

Heating Coil Defrost Electric Power [W]

This is the electricity consumption rate of the DX coil unit in watts when the unit is in defrost mode
(reverse-cycle or resistive).

Heating Coil Defrost Electric Energy [J]

This is the electricity consumption of the DX coil unit in Joules for the timestep being reported. This
consumption is applicable when the unit is in defrost mode (reverse-cycle or resistive).

Heating Coil Crankcase Heater Electric Power [W]

This is the average electricity consumption rate of the DX coil compressor’s crankcase heater in watts for
the timestep being reported.
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Heating Coil Crankcase Heater Electric Energy [J]

This is the electricity consumption of the DX coil compressor’s crankcase heater in Joules for the
timestep being reported. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Miscellaneous, Group Key = System (ref. Output:Meter objects).

Heating Coil Runtime Fraction []

This is the runtime fraction of the DX heating coil compressor and outdoor fan(s) for the timestep being
reported.

VARIABLE REFRIGERANT FLOW (VRF) TERMINAL UNIT (ZONEHVAC) OUTPUTS
Zone VRF Air Terminal Total Cooling Rate [W]
This field is the total (sensible and latent) cooling rate output of the terminal unit in watts.

This is determined by terminal unit inlet and outlet air conditions and the air mass flow rate through the
unit. This value describes the total energy rate delivered to the zone.

Zone VRF Air Terminal Total Cooling Energy [J]

This is the total (sensible plus latent) cooling output of the terminal unit in Joules over the time step being
reported. This is determined by the terminal unit inlet and outlet air conditions and the air mass flow rate
through the unit. This value describes the total cooling energy delivered to the zone.

Zone VRF Air Terminal Sensible Cooling Rate [W]

This output is the moist air sensible cooling rate output of the terminal unit in watts. This is determined
by the enthalpy difference between the inlet and outlet air temperature at a constant humidity ratio, using
the minimum of the inlet and outlet air node humidity ratios, and the air mass flow rate through the unit.
This value describes the sensible cooling energy rate delivered to the zone.

Zone VRF Air Terminal Sensible Cooling Energy [J]

This is the moist air sensible cooling output of the terminal unit in Joules for the time step being reported.
This is determined by the enthalpy difference between the inlet and outlet air temperature at a constant
humidity ratio, using the minimum of the inlet and outlet air node humidity ratios, and the air mass flow
rate through the unit. This value describes the sensible cooling energy delivered to the zone.

Zone VRF Air Terminal Latent Cooling Rate [W]

This is the latent cooling rate output of the terminal unit in watts. This is determined by the inlet and
outlet air humidity ratios and the air mass flow rate through the unit. This value describes the latent
cooling energy rate delivered to the zone.

Zone VRF Air Terminal Latent Cooling Energy [J]

This is the latent cooling output of the terminal unit in Joules for the time step being reported.

This is determined by the inlet and outlet air humidity ratios and the air mass flow rate through the unit.
This value describes the latent cooling energy delivered to the zone.
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Zone VRF Air Terminal Total Heating Rate [W]

This field is the total enthalpic heating rate output of the terminal unit in watts. This is determined by the
terminal unit inlet and outlet air conditions and the air mass flow rate through the unit. This value
describes the total heating energy rate delivered to the zone.

Zone VRF Air Terminal Total Heating Energy [J]

This is the total enthalpic heating output of the terminal unit in Joules over the time step being reported.
This is determined by the terminal unit inlet and outlet air conditions and the air mass flow rate through
the unit. This value describes the total heating energy delivered to the zone.

Zone VRF Air Terminal Sensible Heating Rate [W]

This output is the moist air sensible heating rate output of the terminal unit in watts. This is determined by
the enthalpy difference between the inlet and outlet air temperature at a constant humidity ratio, using the

minimum of the inlet and outlet air node humidity ratios, and the air mass flow rate through the unit. This

value describes the sensible heating energy rate delivered to the zone.

Zone VRF Air Terminal Sensible Heating Energy [J]

This is the moist air sensible heating output of the terminal unit in Joules for the time step being reported.
This is determined by enthalpy difference between the inlet and outlet air temperature at a constant
humidity ratio, using the minimum of the inlet and outlet air node humidity ratios, and the air mass flow
rate through the unit. This value describes the sensible heating energy delivered to the zone.

Zone VRF Air Terminal Latent Heating Rate [W]

This is the latent heating rate output of the terminal unit in watts. This is determined by the inlet and
outlet air specific humidity ratios and the air mass flow rate through the unit. This value describes the
latent heating energy rate delivered to the zone.

Zone VRF Air Terminal Latent Heating Energy [J]

This is the latent heating output of the terminal unit in Joules for the time step being reported. This is
determined by the inlet and outlet air specific humidity ratios and the air mass flow rate through the unit.
This value describes the latent heating energy delivered to the zone.

Zone VRF Air Terminal Cooling Electric Power [W]

This output field is the parasitic electricity consumption rate of the zone terminal unit in watts. The
consumption rate includes parasitic electricity used by the zone terminal unit’s transformers, controls, or
other electricity consuming devices. This value is calculated for each HVAC system time step being
simulated, and the results are averaged for the time step being reported. The terminal unit parasitic on and
off electricity is reported in this cooling output variable when the unit operates in cooling mode or the
most recent operation was for cooling.

Zone VRF Air Terminal Cooling Electric Energy [J]

This output field is the electricity consumption of the zone terminal unit in Joules for the time period
being reported. The consumption includes parasitic electricity used by the zone terminal unit’s
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transformers, controls, or other electricity consuming devices. This value is calculated for each HVAC
system time step being simulated, and the results are summed for the time step being reported. The
terminal unit parasitic on and off electricity consumption is reported in this cooling output variable when
the unit operates in cooling mode or the most recent operation was for cooling. This output is also added
to a meter with Resource Type = Electricity, End Use Key = Cooling, Group Key = System (ref.
Output:Meter objects).

Zone VRF Air Terminal Heating Electric Power [W]

This output field is the parasitic electricity consumption rate of the zone terminal unit in watts. The
consumption rate includes parasitic electricity used by the zone terminal unit’s transformers, controls, or
other electricity consuming devices. This value is calculated for each HVAC system time step being
simulated, and the results are averaged for the time step being reported. The terminal unit parasitic on and
off electricity is reported in this heating output variable when the unit operates in heating mode or the
most recent operation was for heating.

Zone VRF Air Terminal Heating Electric Energy [J]

This output field is the electricity consumption of the zone terminal unit in Joules for the time period
being reported. The consumption includes parasitic electricity used by the zone terminal unit’s
transformers, controls, or other electricity consuming devices. This value is calculated for each HVAC
system time step being simulated, and the results are summed for the time step being reported. The
terminal unit parasitic on and off electricity consumption is reported in this heating output variable when
the unit operates in heating mode or the most recent operation was for heating. This output is also added
to a meter with Resource Type = Electricity, End Use Key = Heating, Group Key = System (ref.
Output:Meter objects).

Zone VRF Air Terminal Fan Availability Status []

This is the availability status of the Zone Terminal Unit fan. This status flag is a result of the calculations
made by the Availability Manager(s) listed in an AvailabilityManagerAssignmentL.ist object and/or
calculations made by Hybrid Ventilation Manager Object. The AvailabilityManagerAssignmentList is an
optional input in the Zone Terminal Unit object. When a single availability manager is used in an
Availability Manager Assignment List, this is also the availability status reported by the specific
availability manager (Ref. AvailabilityManager:* Outputs). For multiple availability managers in an
Availability Manager Assignment List along with Hybrid Ventilation Manager, rules to determine fan
availability status are described in the section ‘Group — System Availability Managers’. The control status
outputs are represented using integers 0 through 3. These integers represent NoAction (0), ForceOff (1),
CycleOn (2), and CycleOnZoneFansOnly (3). Since the status output is averaged, the output result may
not correspond to the values described here when output variable frequencies other than detailed are used.
Use the “detailed” reporting frequency (Ref. Output:Variable object) to view the availability status at
each simulation timestep.

VARIABLE REFRIGERANT FLOW (VRF) TERMINAL UNIT (ZONEHVAC) OUTPUTS
VRF Heat Pump Total Cooling Rate [W]

This output field is the operating total cooling capacity of the variable refrigerant flow heat pump in
watts. This value is calculated for each HVAC system time step being simulated, and the results are

averaged for the time step being reported. This value should match the sum of the individual zone
terminal unit output variables for Zone VRF Air Terminal Total Cooling Rate.
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VRF Heat Pump Total Heating Rate [W]

This output field is the operating total heating capacity of the variable refrigerant flow heat pump in watts.
The capacity includes any degradation due to defrost mode. This value is calculated for each HVAC
system time step being simulated, and the results are averaged for the time step being reported. This value
should match the sum of the individual zone terminal unit output variables for Zone VRF Air Terminal
Total Heating Rate.

VRF Heat Pump Cooling Electric Power [W]

This output field is the cooling mode electricity consumption rate of the variable refrigerant flow heat
pump in watts. The consumption includes electricity used by the compressor (including crankcase heater),
and the condenser fan. This value is calculated for each HVAC system time step being simulated, and the
results are averaged for the time step being reported. The choice of an alternate fuel type (see Fuel Type
input) will result in a change in the output variable name (e.g., Variable Refrigerant Flow Heat Pump
Cooling Natural Gas Consumption Rate).

VRF Heat Pump Cooling Electric Energy [J]

This output field is the cooling mode electricity consumption of the variable refrigerant flow heat pump in
Joules for the time period being reported. The consumption includes electricity used by the compressor
(including crankcase heater), and the condenser fan. This value is calculated for each HVAC system time
step being simulated, and the results are summed for the time step being reported. This output is also
added to a meter with Resource Type = Electricity, End Use Key = Cooling, Group Key = System (Ref.
Output:Meter objects). The choice of an alternate fuel type (see Fuel Type input) will result in a change in
the output variable name (e.g., Variable Refrigerant Flow Heat Pump Cooling NaturalGas Consumption).
The resource type meter will also be modified to reflect the chosen fuel type (e.g., Resource Type =
NaturalGas).

VRF Heat Pump Heating Electric Power [W]

This output field is the heating mode electricity consumption rate of the variable refrigerant flow heat
pump in Watts. The consumption includes electricity used by the compressor (including crankcase
heater), additional energy required for defrost, and the condenser fan. This value is calculated for each
HVAC system time step being simulated, and the results are averaged for the time step being reported.
The choice of an alternate fuel type (see Fuel Type input) will result in a change in the output variable
name (e.g., Variable Refrigerant Flow Heat Pump Heating NaturalGas Consumption Rate).

VRF Heat Pump Heating Electric Energy [J]

This output field is the heating mode electricity consumption of the VRF heat pump in Joules for the time
period being reported. The consumption includes electricity used by the compressor (including crankcase
heater), additional energy required for defrost, and the condenser fan. This value is calculated for each
HVAC system time step being simulated, and the results are summed for the time step being reported.
This output is also added to a meter with Resource Type = Electricity, End Use Key = Heating, Group
Key = System (Ref. Output:Meter objects). The choice of an alternate fuel type (see Fuel Type input) will
result in a change in the output variable name (e.g., Variable Refrigerant Flow Heat Pump Heating
NaturalGas Consumption). The resource type meter will also be modified to reflect the chosen fuel type
(e.g., Resource Type = NaturalGas).
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VRF Heat Pump Cooling COP []

This is the operating cooling COP for the heat pump. This value is calculated using the ratio of VRF Heat
Pump Total Cooling Rate and Variable Refrigerant Flow Heat Pump Cooling Electric Consumption Rate
output variables. Crankcase heater (usually 0 in cooling mode), evaporative condenser water pump, and
defrost (usually 0 in cooling mode) consumption rate output variables are included in this calculation.
This value is specific to outdoor unit performance in cooling mode and is calculated for each HYAC
system time step being simulated; the results are averaged for the time step being reported.

VRF Heat Pump Heating COP []

This is the operating heating coefficient of performance for the heat pump. This value is calculated using
the ratio of VRF Heat Pump Total Heating Rate and Variable Refrigerant Flow Heat Pump Heating
Electric Consumption Rate output variables. Crankcase heater, evaporative condenser water pump
(usually 0 in heating mode), and defrost consumption rate output variables are included in this
calculation. This value is specific to outdoor unit performance in heating mode, is calculated for each
HVAC system time step being simulated, and the results are averaged for the time step being reported.

VRF Heat Pump COP []

This is the operating COP for the heat pump. This value is calculated using the ratio of the total terminal
unit coil capacity (cooling plus heating and accounts for piping losses) and total system electric
consumption rate (compressor, crankcase heater, evaporative condenser water pump, defrost, and terminal
unit parasitic electric consumption rate). This output variable does not include pump power for a water-
cooled system. This value is specific to overall system performance and is calculated for each HVAC
system time step being simulated; the results are averaged for the time step being reported.

VRF Heat Pump Defrost Electric Power [W]

This is the electricity consumption rate of the heat pump defrost in watts when the unit is in defrost mode
(timed, reverse-cycle). . The choice of an alternate fuel type (see Fuel Type input) will result in a change
in the output variable name (e.g., Variable Refrigerant Flow Heat Pump Natural Gas Defrost
Consumption Rate).

VRF Heat Pump Defrost Electric Energy [J]

This is the electricity consumption of the heat pump in Joules for the time step being reported. This
consumption is applicable when the unit is in defrost mode (reverse-cycle or resistive). This output is also
added to a meter with Resource Type = Electricity, End Use Key = Heating, Group Key = System (Ref.
Output:Meter objects). The choice of an alternate fuel type (see Fuel Type input) will result in a change in the
output variable name (e.g., Variable Refrigerant Flow Heat Pump Natural Gas Defrost Consumption). The
resource type meter will also be modified to reflect the chosen fuel type (e.g., Resource Type = Natural Gas).

VRF Heat Pump Part Load Ratio
This output field is the part-load ratio of the heat pump condenser. Heat pump part-load ratio is defined as
the total coil load divided by the heat pump’s maximum available capacity at the current operating

conditions. This value is calculated for each HVAC system time step being simulated, and the results are
averaged for the time step being reported.
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VRF Heat Pump Runtime Fraction []

This output field is the runtime fraction of the heat pump condenser’s first stage compressor. The heat
pump runtime fraction is defined as the fraction of time the first stage compressor is on during a given
time period and includes cycling losses. This value is calculated as the ratio of the VRF Heat Pump
Cycling Ratio and the output of the Cooling Part-Load Fraction Correlation Curve object as the specific
cycling ratio. This value is calculated for each HVAC system time step being simulated, and the results
are averaged for the time step being reported.

VRF Heat Pump Cycling Ratio []

This output field is the cycling ratio of the heat pump condenser’s first stage compressor. The heat pump
cycling ratio is defined as the fraction of time the first stage compressor is on during a given time period.
This value is calculated for each HVAC system time step being simulated, and the results are averaged for
the time step being reported.

VRF Heat Pump Operating Mode []

This output field is an integer representation of the operating mode of the VRF heat pump. The operating
mode for cooling mode is indicated by a 1 and heating mode is indicated by a 2. A value of 0 is reported
if the heat pump is off. This value is calculated for each HVAC system time step being simulated, and the
results are averaged for the time step being reported.

VRF Heat Pump Condenser Inlet Temperature [C]

This is the inlet air temperature entering the condenser coil in degrees C. This value can represent the
outdoor air dry-bulb temperature, wet-bulb temperature, or somewhere in between from the weather data
being used, depending on the value used in the input field “Evaporative Condenser Effectiveness”. The
temperature reported here is used in the various modifier curves related to temperature (e.g., Total
Cooling Capacity Modifier Curve [function of temperature]). (The use of the word “condenser” here is
taken from cooling operation —the same device can also be an evaporator during heating operation.)

VRF Heat Pump Condenser Outlet Temperature [C]

This is the condenser coil outlet water temperature in degrees C. This value is calculated for each HYAC
system time step being simulated, and the results are averaged for the time step being reported. This value
is only reported for water-cooled systems. (The use of the word “condenser” here is taken from cooling
operation—the same device can also be an evaporator during heating operation.)

VRF Heat Pump Condenser Mass Flow Rate [kg/s]

This is the condenser coil outlet water mass flow rate in kilograms per second. This value is calculated for
each HVAC system time step being simulated, and the results are averaged for the time step being
reported. This value is only reported for water-cooled systems. (The use of the word “condenser” here is
taken from cooling operation —the same device can also be an evaporator during heating operation.)
VRF Heat Pump Condenser Heat Transfer Rate [W]

This is the condenser coil heat transfer rate in watts. This value is calculated for each HVAC system time
step being simulated, and the results are averaged for the time step being reported. This value is only
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reported for water-cooled systems. (The use of the word “condenser” here is taken from cooling
operation—the same device can also be an evaporator during heating operation.)

VRF Heat Pump Condenser Heat Transfer Energy [J]

This is the condenser coil heat transfer in Joules. This value is calculated for each HVAC system time
step being simulated, and the results are summed for the time step being reported. This value is only
reported for water-cooled systems. (The use of the word “condenser” here is taken from cooling
operation—the same device can also be an evaporator during heating operation.)

VRF Heat Pump Maximum Capacity Cooling Rate [W]

This output field is the maximum available terminal unit cooling capacity in watts allowed for the current
time step being reported. If the terminal units request more capacity than is actually available from the
variable refrigerant flow heat pump, the individual terminal units will be limited to this value. A
maximum limit of 1E+20 is reported when there is sufficient capacity available to meet all requests from
the terminal units. This output variable easily identifies times when the total terminal unit cooling load
exceeds the heat pump’s available cooling capacity.

VRF Heat Pump Maximum Capacity Heating Rate [W]

This output field is the maximum available terminal unit heating capacity in watts allowed for the current
time step being reported. If the terminal units request more capacity than is actually available from the
VRF heat pump, the individual terminal units will be limited to this value. A maximum limit of 1E+20 is
reported when there is sufficient capacity available to meet all requests from the terminal units. This
output variable easily identifies times when the total terminal unit heating load exceeds the heat pump’s
available heating capacity.

VRF Heat Pump Terminal Unit Cooling Load Rate [W]

This output field is the sum of the terminal unit cooling coil loads in watts for the current time step being
reported. This value is derived directly from the cooling coils and represents the total cooling load on the
VRF system after piping losses have been accounted for. The total cooling load will be less than the
variable refrigerant flow total cooling capacity reported when piping losses are modeled (i.e., when piping
losses are < 1).

VRF Heat Pump Terminal Unit Heating Load Rate [W]

This output field is the sum of the terminal unit heating coil loads in watts for the current time step being
reported. This value is derived directly from the heating coils and represents the total heating load on the
VREF system after piping losses have been accounted for. The total heating load will be less than the
variable refrigerant flow total heating capacity reported when piping losses are modeled (i.e., when piping
losses are < 1).

VRF Heat Pump Crankcase Heater Electric Power [W]

This output field is the average electricity consumption rate of the heat pump’s crankcase heaters in watts
for the time step being reported.
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VRF Heat Pump Crankcase Heater Electric Energy [J]

This output field is the electricity consumption rate of the heat pump’s crankcase heaters in Joules for the
time step being reported. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Cooling, Group Key = System (ref. Output:Meter objects).

VRF Heat Pump Evaporative Condenser Water Use Volume [m3]

This output is the amount of water used to evaporatively cool the condenser coil inlet air, in cubic meters.
This output is also added to a meter with Resource Type = Water, End Use Key = Cooling, Group Key =
System (ref. Output:Meter objects).

VRF Heat Pump Evaporative Condenser Pump Electric Power [W]

This is the average electricity consumption rate of the evaporative condenser water pump in watts for the
time step being reported.

VRF Heat Pump Evaporative Condenser Pump Electric Energy [J]

This is the electricity consumption rate of the evaporative condenser water pump in Joules for the time
step being reported. This output is also added to a meter with Resource Type = Electricity, End Use Key
= Cooling, Group Key = System (ref. Output:Meter objects).

VRF Heat Pump Basin Heater Electric Power [W]

This output is the electric consumption rate of the heat pump’s basin heater (for evaporatively-cooled
condenser type) in watts. This basin heater only operates when the VRF heat pump’s compressor(s) is off
and therefore is reported as 0 any time the compressor operates. If the compressor is cycling (see VRF
Heat Pump Cycling Ratio output variable above), the basin heater electric power is proportional to one
minus the cycling ratio of the compressor (i.e., the basin heater is on when the compressor is off).

VRF Heat Pump Basin Heater Electric Energy [J]

This output is the electric consumption of the heat pump’s basin heater (for evaporativelycooled
condenser type) in Joules. This output is also added to a meter with Resource Type = Electricity, End Use
Key = Cooling, Group Key = System (Ref. Output:Meter objects).

VRF Heat Pump Heat Recovery Status Change Multiplier []

This output applies only when heat recovery is used and represents the multiplier used to derate the capacity
of the system when transitioning from cooling or heating mode to heat recovery mode. This value is 1 when
derating does not apply (i.e., the system has not recently changed modes to provide heat recovery). Derating
during a transition period is applied according to the inputs for Heat Recovery Fraction and Heat Recovery
Time Constant. To turn transition derating off, set Heat Recovery Fraction to 1. Refer to the engineering
reference document discussion on the VRF heat pump model section for transition from cooling only mode
to heat recovery mode for a more detailed description.
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APPENDIX B. ENGINEERING REFERENCE—THE MODIFIED
ENERGYPLUS

TABLE OF CONTENTS
1) Document Overview
2) Coil:Cooling:DX:VRFAiIrloopCoil
3) Coil:Heating:DX:VRFAirloopCoil
DOCUMENT OVERVIEW

In the original EnergyPlus 8.1, variable refrigerant flow (VRF) heating and cooling coils are not allowed
to be used in air-loop systems. For this reason, an air-loop dedicated outdoor air system (DOAS) linked to
a VRF outdoor system cannot be modeled in EnergyPlus 8.1 in conjunction with terminal VRF systems.
This document provides the engineering references of the modified objects based on EnergyPlus 8.1 to
enable the capability to model terminal VRF systems and an air-loop DOAS with VRF coils
simultaneously. This document has been partially revised to describe a modified EnergyPlus based on the
original EnergyPlus 8.1 Engineering Reference document. Discussions during the modeling process may
reference specific “object names” as found in the Input/Output Reference document.

The VRF DX coil calculation in EnergyPlus 8.1 is identical to the single-speed direct expansion (DX) coil
models (Coil:Cooling:DX:SingleSpeed and Coil:Heating:DX:SingleSpeed). Two new objects,
Coil:Cooling:DX:VRFAirloop and Coil:Heating:DX:VVRFAiIrloop, are added to enable a DOAS coupled
with a VRF outdoor unit providing 100% conditioned outdoor air to individual zones. These new objects
are calculated the same way as the single-speed DX heating and cooling coils. Then the coil capacities are
added into the VRF Condenser calculations along with the average inlet wet-bulb conditions for each coil
linked to the VRF condenser. In the current modification, only one VRF condenser can be used. The
engineering references for those two new objects are provided below.

COIL:COOLING:DX:VRFAIRLOOPCOIL
Overview

This VRFAirloop coil model is based on Coil:Cooling:DX:SingleSpeed model that simulates the
performance of an air-cooled or evaporative-cooled DX air conditioner. The model uses performance
information at rated conditions along with curve fits for variations in total capacity, energy input ratio,
and part-load fraction to determine the performance of the unit at part-load conditions. Sensible/latent
capacity splits are determined by the rated sensible heat ratio (SHR) and the apparatus dewpoint
(ADP)/bypass factor (BF) approach. This approach is analogous to the NTU-effectiveness calculations
used for sensible-only heat exchanger calculations, extended to a cooling and dehumidifying coil.

This model simulates the thermal performance of the DX cooling coil and the power consumption of the
coupled VRF outdoor condensing unit (compressor, fan, crankcase heater and condenser water pump).
The performance of the indoor supply air fan varies widely from system to system depending on control
strategy (e.g., constant fan vs. AUTO fan, constant air volume vs. variable air volume), fan type, fan
motor efficiency, and pressure losses through the air distribution system. Therefore, this DX system
model does not account for the thermal effects or electric power consumption of the indoor supply air fan.
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Auto Sizing

The cooling coil is sized given the sizing day outdoor air conditions, the mixing ratio (100% outdoor air if
DOAS unit), total flow rate, and supply air set point. The method is outlined in the following equation.

_ pV(Hmix - Hsp)
TotCapTempModFac

The density, mix enthalpy, and supply enthalpy are determined using EnergyPlus built in psychrometric
functions given, pressure, humidity ratio, and dry-bulb temperature. The TotCapTempModFac is the
Total cooling capacity modifier curve (function of temperature) outlined below.

Model Inputs

The user must input the total cooling capacity, sensible heat ratio (SHR), coefficient of performance
(COP), and volumetric air flow rate across the cooling coil at rated conditions. The capacity, SHR, and
COP inputs should be “gross” values, excluding any thermal or energy impacts due to the indoor supply
air fan. The rated conditions are considered to be air entering the cooling coil at 26.7°C drybulb/19.4°C
wetbulb and air entering the outdoor condenser coil at 35°C drybulb/23.9°C wetbulb. The rated
volumetric air flow should be between 0.00004027 ma/s and 0.00006041 ma/s per watt of rated total
cooling capacity (300-450 cfm/ton). The rated volumetric air flow to total cooling capacity ratio for a
100% DOAS application DX cooling coils should be between 0.00001677 (m3/s)/W (125 cfm/ton) and
0.00003355 (m3/s)/W (250 cfm/ton).

The user must also input two performance curves that describe the change in total cooling capacity and
efficiency at part-load conditions:

1) Total cooling capacity modifier curve (function of temperature)
2) Total cooling capacity modifier curve (function of flow fraction)

The total cooling capacity modifier curve (function of temperature) is a biquadratic curve with two
independent variables: wet-bulb temperature of the air entering the cooling coil, and dry-bulb
temperature of the air entering the air-cooled condenser coil (wet-bulb temperature if modeling an
evaporative-cooled condenser). The output of this curve is multiplied by the rated total cooling
capacity to give the total cooling capacity at the specific entering air temperatures at which the DX
coil unit is operating (i.e., at temperatures different from the rating point temperatures).

Note: The data used to develop the total cooling capacity modifier curve (function of temperature) should
represent performance when the cooling coil is ‘wet’ (i.e., coil providing sensible cooling and at least
some dehumidification). Performance data when the cooling coil is ‘dry’ (i.e., not providing any
dehumidification) should not be included when developing this modifier curve. This model automatically
detects and adjusts for ‘dry coil’ conditions

COIL:HEATING:DX:VRFAIRLOOPCOIL
Overview
This DX VRFAirloop model is modified using the same methodology, with the DX SingleSpeed model

(object name Coil:Heating:DX:SingleSpeed) simulating the performance of an air-to- air DX heating
system. The model uses performance information at rated conditions along with curve fits for variations
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in total capacity, energy input ratio and part-load fraction to determine the performance of the unit at part-
load conditions (DOE 1982). Adjustment factors are applied to total capacity and input power to account
for frost formation on the outdoor coil. This model simulates the thermal performance of the indoor DX
heating coil and the power consumption of the coupled VRF outdoor unit (compressors, fans, crankcase
heaters and defrost heaters). The performance of the indoor supply air fan varies widely from system to
system depending on control strategy (e.g., constant fan vs. AUTO fan, constant air volume vs. variable
air volume), fan type, fan motor efficiency and pressure losses through the air distribution system.
Therefore, this DX system model does not account for the thermal effects or electric power consumption
of the indoor supply air fan.

Auto Sizing

In the old EnergyPlus 8.1 version, the heating coil was simply set equal to the cooling coil rated total
capacity. For this version, the heating coil is independently sized given the sizing day outdoor air
conditions, the mixing ratio (100% outdoor air if DOAS unit), total flow rate, and the supply air set point.
The method is outlined in the following equation.

_ pV(Hmix - Hsp)
TotCapTempModFac

The density, mix enthalpy, and supply enthalpy are determined using EnergyPlus built in psychrometric
functions given pressure, humidity ratio, and dry-bulb temperature. The TotCapTempModFac is the Total
heating capacity modifier curve (function of temperature) outlined below.

Model Inputs

The user must input the total heating capacity, air flow rate, and the volumetric airflow rate across the
heating coil at rated conditions. The capacity input should be “gross” values, excluding any thermal or
energy impacts due to the indoor supply air fan. The rating condition is considered to be outdoor air at
8.33C dry-bulb and 6.11C wet-bulb temperatures (i.e., air entering the outdoor coil), with air entering the
indoor DX heating coil at 21.11C dry-bulb and 15.55C wet-bulb temperatures. The rated volumetric air
flow across the DX heating coil should be between 0.00004027 ma/s and 0.00006041 ma/s per watt of
rated total heating capacity (300 — 450 cfm/ton).

The total heating capacity modifier curve (function of temperature) can be a function of both the
outdoor and indoor air dry-bulb temperature or only the outdoor air dry-bulb temperature. The user
has the choice of a bi-quadratic curve with two independent variables, or a quadratic curve as well as
a cubic curve with a single independent variable. The biquadratic curve is recommended if sufficient
manufacturer data are available, as it provides sensitivity to the indoor air dry-bulb temperature and a
more realistic output. The output of this curve is multiplied by the rated total heating capacity to give
the total heating capacity at specific temperature operating conditions (i.e., at an outdoor or indoor air
temperature different from the rating point temperature).
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APPENDIX C. ASUMMARY OF TEST RESULTS—THE MODIFIED

MODEL DESCRIPTION

ENERGYPLUS

To test the modified code of EnergyPlus 8.1, a single zone building model (Table 23) was created to
compare the original EnergyPlus 8.1 and the modified EnergyPlus. The building model descriptions are
summarized in Table 23. Two HVAC systems were modeled in each version of EnergyPlus as described
in Table 24: a VRF terminal unit with an outdoor air mixer (i.e., VRF_OAmixer.idf) for the original
EnergyPlus 8.1 and a VRF terminal unit with an air-loop DOAS (i.e., VRF_airloopDOAS.idf) for the
modified EnergyPlus 8.1. The same weather data (i.e., USA_TN_Knoxville -McGhee-TMY 3.epw) were

used for both models.

Table 23. EnergyPlus Building model

Total Floor Area (sq feet)

1135
(9.3 ft x 12.2 ft)

Building shape

Number of Floors

Window Fraction
(Window-to-Wall Ratio)

36% (Window Dimensions:
9.33x 9.16 ft on the front side of facade)

Window Locations

South direction

Shading Geometry

none

Azimuth

non-directional

Thermal Zoning

A Single
Zone

1|

Floor to floor height (feet) 9.16
Floor to ceiling height (feet) No Plenum Zone
4.16 ft

Glazing sill height (feet)

(top of the window is 1.66 ft high with 3.33 ft high glass)




Table 23. (continued)

Lighting
Average power density (W/ft?) 0.99
Schedule Always on
Plug load
Average power density (W/ft?) 0.99
Schedule Always on
Occupancy
Average people (Person/ft?) 0.0049
Schedule Always on
Infiltration
Air Changes per Hour 0.5
Schedule Infiltration Half on Always on Schedule
Ventilation
Flow Rate per Zon:@l;loor Area (ft¥/min- 0.06003925
Schedule Infiltration Half on Always on Schedule
Table 24. EnergyPlus HVAC models
System Type VRF + OAmixer VRF + Airloop DOAS
Heating type Heating:DX:Variable Refrigerant Flow Heating:DX:Variable Refrigerant Flow
Cooling type Cooling:DX:Variable Refrigerant Flow Cooling:DX:Variable Refrigerant Flow

Distribution and terminal
units

Zone HVAC: Terminal Unit:Variable Refrigerant
Flow
Ternimal Unit Availability Schedule: Always on
Supply Air Flow Rate (cfm): autosize

Zone HVAC: Terminal Unit:Variable Refrigerant
Flow
Ternimal Unit Availability Schedule: Always on
Supply Air Flow Rate (cfm): autosize

Air Terminal:SingleDuct:VAV:NoReheat
Ternimal Unit Availability Schedule: Always on
Maximum Air Flow Rate (cfm): autosize
Zone Minimum Air Flow Input Method: Constant

Outdoor Air System

VRF + OAmixer

VRF + Airloop DOAS

Type

Outdoor Air Mixer (VRF)

AirLoopHVAC: Outdoor Air System (DOAS);
No Outdoor Air Mixer for VRF

Design Specification:
Outdoor Air (cfm)

50 Flow/zone (0.02359 m3/s)

50 Flow/zone (0.02359 m3/s)

Controller: Outdoor Air

(Minimum/Maximum OA - autosize
Flow Rate ft3/min)
HVAC Control VRF + OAmixer VRF + Airloop DOAS

Thermostat Set point (°F)

75.2°F (24 °C) Cooling / 69.8°F (21 °C) Heating

75.2°F (24 °C) Cooling / 69.8°F (21 °C) Heating

DOAS Supply Air
Temperature (°F)

75.2°F (24 °C) Cooling / 69.8°F (21 °C) Heating

Energy Recovery




Table 24. (continued)

Coil:CoolingDX (VRF) VRF + OAmixer VRF + Airloop DOAS
Availability Schedule Always on Always on
Gross Rated Total autosize autosize
Cooling Capacity (Btu/h)
Gross Rated Sensible autosize autosize
Heat Ratio
Rated Air Flow Rate . .
autosize autosize
(cfm)
Coil:HeatingDX (VRF) VRF + OAmixer VRF + Airloop DOAS
Availability Schedule Always on Always on
Gross Rated Heating autosize autosize
Capacity (Btu/h)
Rated Air Flow Rate . .
autosize autosize
(cfm)
Coil:CoolingDX(DOAS) VRF + OAmixer VRF + Airloop DOAS
Type - CoolingDX:VRFAirLoop (DX:Single:Speed)
Availability Schedule - Always on
Gross Rated Total ) autosize
Cooling Capacity (Btu/h)
Gross Rated Sensible ) autosize
Heat Ratio
Rated Air Flow Rate .
- autosize
(cfm)
Coil:HeatingDX(DOAS) VRF + OAmixer VRF + Airloop DOAS
Type - HeatingDX:VRFAirLoop (DX:Single:Speed)
Availability Schedule - Always on
Gross Rated Heating .
Capacity (Btu/h) ] autosize
Rated Air Flow Rate .
- autosize
(cfm)
STEpL (ELTE OO VRF + OAmixer VRF + Airloop DOAS
(VRF)
Fan schedules Always on Always on
Supply Fan Total o o
Efficiency (%) 100% 100%
Supply Fan Pressure Rise
(inH20) 0.30109 0.30109
Maximum Flow Rate : ;
autosize autosize
(cfm)
Supply Fan: Variable . .
Volume (DOAS) VRF + OAmixer VRF + Airloop DOAS
Fan schedules - Always on
Supply Fan Total o
Efficiency (%) ] 100%
Supply Fan Pressure Rise
(inH20) - 4.01463
Maximum Flow Rate ;
- autosize
(cfm)

Air Conditioner (VRF)

VRF + OAmixer

VRF + Airloop DOAS

Availability Schedule

Always on

Always on




Table 24. (continued)

Gross Rate Total Cooling

Capacity (Btu/h) autosize autosize

Gross Rated Cooling COP

(Btuh/Btuh) 33 33

Minimum Outdoor
Temeprature in Cooling 21.2 21.2
Mode (°F)

Maximum Outdoor
Temeprature in Cooling 109.4 109.4
Mode (°F)

Gross Rate Total Heating

Capacity (Btu/h) autosize autosize

Gross Rated Heating COP

(Btuh/Btuh) 34 34

Minimum Outdoor
Temeprature in Cooling -4 -4
Mode (°F)

Maximum Outdoor
Temeprature in Cooling 60.8 60.8
Mode (°F)

Sizing:Zone VRF + OAmixer VRF + Airloop DOAS

Zone Cooling Design
Supply Air Temperature 54.98°F (12.77 °C) 54.98°F (12.77 °C)
Ch

Zone Heating Design

Supply Al Temperature 119.98°F (48.88 °C) 119.98°F (48.88 °C)

Sizing:System VRF + OAmixer VRF + Airloop DOAS

Central Cooling Design
Supply Air Temperature - 55.04°F (12.8 °C)
Ch)

Central Heating Design
Supply Air Temperature - 53.96°F (12.2 °C)
(4L5)

SIMULATION RESULTS

An original EnergyPlus 8.1 model (VRF+OAmixer) and the modified EnergyPlus model (VRF+Airloop
DOAS) were compared under the same indoor and outdoor conditions for the summer month of July and
the winter month of January. The comparison was mainly based on cooling and heating loads, indoor
room conditions, and HVAC system outputs. The thermostat set temperatures for each model, provided in
Table 24, were kept the same for both models.

Table 25. Total Energy End Uses

VRF + OAMixer VRF + Airloop DOAS
Heating 198.8 236.2
Cooling 155.2 175.1
Interior Lighting 163.5 163.5
Interior Equipment 163.5 163.5
Fans 7.7 40.7
Total End Uses [kKWh] 688.7 779.1
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Figure 46. End Uses in Sub-systems.
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Figure 47. Total Energy End Uses.

The results show that the modified EnergyPlus model predicts slightly higher heating and cooling energy
use compared with the original models (see Table 25, Figure 46, and Figure 47). That was expected
because in the modified model, the zone and OA loads are removed separately using the terminal VRF
and the air-loop DOAS with a VRF coil; whereas the original model removes the zone and OA loads
simultaneously by mixing OA and return air from the zone and by using a single VRF coil to remove the
mixed total heating or cooling energy. As two systems provide heating and cooling in the modified
model, it has a tendency to overheat or overcool the zone, since two units are trying to provide heating
and cooling at the same time separately to the zone.
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Figure 48 through Figure 53 show the comparisons of different output variables between the original and
modified models during summer.
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Figure 52. VRF Heat Pump Cooling Electric Power.
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Figure 53. Outdoor Supply Air Volume Flow Rate.

Figure 54 through Figure 58 show the comparisons of different output variables between the original and
modified models during winter.
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Figure 56. Zone Air System Sensible Heating Rate.
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Figure 57. VRF Heat Pump Total Heating Rate.

C-10



VRF Heat Pump Heating Elec. Power [W]

VRF + Airloop DOAS

600

a1
o
o

y = 1.0944x +10.521 &
RZ=09268 A

N
o
o

w
o
o

N
o
o

[EEN
o
o

0 100 200 300 400 500

VRF Heat Pump Heating Elec. Power [W]
VRF + OAMixer

Figure 58. VRF Heat Pump Heating Electric Power.

C-11

600



APPENDIX D. TABLES OF THE MONTHLY TRENDS—MONTHLY
HVAC ENERGY USE FOR VRF VERSUS RTU
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Figure 59. Monthly HVAC total energy use for the VRF versus the RTU in Miami, FL.
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Figure 60. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Miami, FL.
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Figure 61. Monthly HVAC total energy use for the VRF versus the RTU in Houston, TX.
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Figure 62. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Houston, TX.
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Figure 63. Monthly HVAC total energy use for the VRF versus the RTU in Phoenix, AZ.
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Figure 64. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Phoenix, AZ.
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Figure 65. Monthly HVAC total energy use for the VRF versus the RTU in Atlanta, GA.

Heating/Cooling/Fan Energy Use

--@--RTU Heating --@ -- VRF Heating —A— RTU Cooling
—&— VRF Coolng —¥—RTU Fan —— VRF Fan

Figure 66. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Atlanta, GA.

D-4



7,000
6,000
5,000

— 4,000

3’000 v—‘—w_.\.’.
2,000
1,000 .—./.._./._./‘__‘\

S & O D &S & .8 S & & &
K N S Oo@v & &

K S &
S <~ 9

[kWh

Monthly HVAC Total Energy Use

=@==10s Angeles CARTU  ==@=Lo0s Angeles_CA VRF

Figure 67. Monthly HVAC total energy use for the VRF versus the RTU in Los Angeles, CA.
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Figure 68. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Los Angeles, CA.
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Figure 69. Monthly HVAC total energy use for the VRF versus the RTU in Las Vegas, NV.
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Figure 70. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Las Vegas, NV.
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Figure 71. Monthly HVAC total energy use for the VRF versus the RTU in San Francisco, CA.
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Figure 72. Monthly heating/cooling/fan energy use for the VRF versus the RTU in San Francisco, CA.
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Figure 73. Monthly HVAC total energy use for the VRF versus the RTU in Baltimore, MD.
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Figure 74. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Baltimore, MD.
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Figure 75. Monthly HVAC total energy use for the VRF versus the RTU in Albuquerque, NM.
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Figure 76. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Albuquerque, NM.
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Figure 77. Monthly HVAC total energy use for the VRF versus the RTU in Seattle, WA.
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Figure 78. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Seattle, WA.
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Figure 79. Monthly HVAC total energy use for the VRF versus the RTU in Chicago, IL.
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Figure 80. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Chicago, IL.
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Figure 81. Monthly HVAC total energy use for the VRF versus the RTU in Boulder, CO.
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Figure 82. Monthly heating/cooling/fan energy use for the VRF versus the RTU in Boulder, CO.
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