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ABSTRACT

Anecdotal suggestion and manufacturer provided data provides evidence that variable
refrigerant flow systems with heat recovery (VRF-HR) provide a significant opportunity for
building energy savings under certain conditions. Actual operational data showing the
performance of heat recovery systems under varying conditions is scarce. This paper details the
testing of a VRF-HR system under laboratory controlled conditions, revealing operational
characteristics. A four-zone VRF-HR system was tested at specified conditions with varying
degrees of connected combinations of cooling and heating demand.

Results show system power draw, delivered capacity, and EER are dynamic with changes
in total connected load, ratio of cooling to heating, and system net operating mode (net cooling /
net heating). The results of this work inform VRF designers, model developers and energy
efficiency practitioners interested in pursuing VRF as an HVAC resource.

Introduction

Space conditioning accounts for the largest percentage of energy use in the residential
and commercial buildings. A continuous effort is being made by regulators, utilities,
manufacturers, and building owners to implement higher efficiency space conditioning
technologies. Traditional space conditioning equipment in the U.S., both packaged and split
systems, is single speed and uses ductwork to distribute supply air throughout the conditioned
space. Two improved areas in advanced space conditioning systems include variable speed
components and the separation of the conditioned space into zones.

One emerging space conditioning system is variable refrigerant flow (VRF) which is a
multi-zone variable capacity heat pump. VRF systems consist of multiple indoor units which can
operate independently of each other while being coupled to the same outdoor unit. Certain VRF
systems can be configured with heat recovery technology which allows for simultaneous cooling
and heating operation within the same system of indoor units. Variable refrigerant flow-heat
recovery (VRF-HR) systems typically consist of multiple indoor units interconnected by a heat
recovery unit which is tied to a single outdoor unit as shown in Figure 1.
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Figure 1. VRF-HR Configuration
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Laboratory Testing of VRF-HR System

A laboratory VRF-HR test stand was developed which consisted of a thermal
psychometric chamber to simulate outdoor conditions, four separately controlled ducted zones
serving as indoor condition simulators, and a network of controls, instrumentation and data
acquisition. A testing procedure was developed to determine the performance of the system at
certain conditions, as well as to characterize the VRF-HR system in various operating states.
Multiple VRF-HR systems are continuing to be tested under a variety of indoor and outdoor
conditions; however, the focus of this report will be on the analysis of one VRF-HR system at
specific conditions.

Test Setup

The laboratory VRF-HR test setup consisted of four indoor units and a single outdoor
unit. Each indoor unit was connected to a ducted setup consisting of a variable speed fan,
evaporator coils, a heater, and a humidifier. This ducted setup allowed for the control of return
air temperature, humidity, and airflow. The outdoor unit was placed inside a thermal
psychometric chamber in which the air conditions could be similarly controlled. A National
Instruments PXI chassis and LabVIEW graphical programming software were used to record
data and control various components of the test setup. In Figure 2, the majority of the test setup
can be seen including the thermal chamber, two of the four ducted indoor zones, the return air
inlet, and several components of the indoor control system.

A summary of instrumentation used for data acquisition is provided in Table 1. Indoor
unit (zone) capacity was primarily measured with the air enthalpy method in cooling mode and
sensible change method in heating mode. The methodology used in capacity calculations in
equation form is as follows:

Capacity [Btu/hr] = Air Mass Flow [Ib/hr] x (Supply Air Enthalpy — Return Air Enthalpy) [Btu/lb]
On one indoor zone, refrigerant side measurements were taken as additional information

and as a validation of air-side capacity. The static pressure was monitored at the ductwork
entering each indoor unit. In order to obtain capacity measurements, the return air conditions,

©2012 ACEEE Summer Study on Energy Efficiency in Buildings 3-139



supply air conditions, and volumetric air flow were measured for each indoor unit. Outdoor air
conditions of temperature and humidity were also measured and controlled in the environmental
outdoor chamber. Power measurements were recorded for each indoor unit and the outdoor unit.
With the values of capacity and power, thermal performance and efficiency of the system could
be tabulated for various operations and conditions. Refrigerant side measurements of
temperature and pressure were taken at the inlet and outlet of all indoor and outdoor units.
Refrigerant mass flow was measured on one of the four indoor units which when used with
refrigerant temperature and pressure readings allowed for a comparison of refrigerant-side
capacity to air-side capacity. Internal VRF-HR system values such as compressor speed, fan
speed of the indoor and outdoor units, and expansion valve positions were not directly recorded
by the data acquisition system; however, these values were monitored with manufacturer
supplied software in order to understand and characterize the system.

Figure 2. Laboratory Test Setup
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Note: Only two of the four indoor zones are shown in the figure.

Table 1. Instrumentation used for Data Acquisition

Measurement H/W P/N Accuracy
Indoor Unit Airflow Veltron DPT2500 Plus +0.5%
Return/Supply/Outdoor Air Vaisala HMD60Y +£10% RH; £0.2°C
Temperature and Humidity
Indoor Unit Power Shark 100T

- Shark +0.2%
Outdoor Unit Power Shark 200T
Refrigerant Line Pressure Serta 205-2 +0.65 psi
Refrigerant Line Temperature Omega TT-T-24S +0.5°C
Refrigerant Mass Flow Micro Motion | CMF025 +0.05%
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Test Procedure

The testing procedure was developed to determine the performance of a VRF-HR system
under certain operations and to gain a better understanding of variable refrigerant flow with heat
recovery technology. The testing procedure was not meant to simulate any specific rating
conditions; however, the ANSI/AHRI Standard 1230 for rating variable refrigerant systems was
used to provide guidance regarding relevant testing conditions and methodology. The laboratory
testing procedure consisted of varying the number of indoor units in operation and the ratio of
cooling to heating zones at specified indoor and outdoor conditions. The VRF-HR system was
tested in both cooling and heating operation, as well as in simultaneous heating and cooling
operation. A test condition was determined to be accurate and steady if the relevant parameters
had remained within their determined tolerances for a period of ten minutes. The relevant
variables for steady state included all of the controlled parameters by the test stand, as well as the
power consumption and supply air conditions for the VRF-HR system.

Specific testing conditions were determined based on relevance and the ability of the test
stand to achieve the desired conditions. In cooling mode operation, return air temperature, return
air humidity, and outdoor temperature were specified. In heating operation, the return air
temperature, outdoor temperature, and outdoor humidity were specified. For cooling mode, the
return air was set at 80°F dry bulb/67°F wet bulb, and the outdoor temperature was maintained at
95°F. For heating mode, the indoor dry bulb temperature was set at 70°F, and the outdoor
temperature was maintained at 47°F dry bulb/43°F wet bulb. For simultaneous heating and
cooling, return air was maintained at 80°F dry bulb/67°F wet bulb for units in cooling and 70°F
for units in heating with an outdoor temperature of 65°F. Variables such as compressor speed and
fan speed of the VRF-HR system were not specified or controlled, to allow the system to
function as it would in a real application. The internal system logic controlled compressors, fans,
and expansion valves as designed by the manufacturer.

Characteristics of VRF-HR System

Variable refrigerant flow systems with heat recovery capability operate differently than
traditional single or multi-stage split systems. Understanding the characteristics of a VRF-HR
system is critical in order to implement the system effectively into buildings and accurately
model the performance of a system. The VRF-HR system which is analyzed in this report was a
6 ton system with four 2 ton indoor units. The connected indoor capacity thus exceeded the
nominal outdoor unit capacity by 2 tons. The ratio of indoor to outdoor capacity is referred to as
the “combination ratio” and manufacturers allow combination ratios that exceed 1.0.

Percent Indoor Unit Operation

One of the distinctions of a variable refrigerant flow system is the ability for each indoor
unit to operate independently of the other units. Each indoor zone can be conditioned with the
needed thermal load for that space, as opposed to traditional space conditioning equipment which
can overcool or overheat particular zones in a given space. In a VRF system when the set point
temperature in a specific zone is met, the indoor unit for that zone will cease operation. A key
characteristic to understand in a VRF-HR system is the performance of the system when
different percentages of indoor units are in operation.
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As previously mentioned, the VRF-HR test stand consisted of four indoor units. The
system was tested with 25%, 50%, 75%, and 100% of the indoor units in operation. Both cooling
and heating tests were performed for specified indoor and outdoor air conditions at each level of
indoor unit operation. Figure 3 shows how heating capacity varies at a particular testing
condition as a function of the number of indoor units in operation. The figure shows the total
heating capacity for the system and the average amount of heating capacity per indoor unit. As
the number of indoor units in operation increases from one to two, the average capacity per unit
remains relatively constant since the outdoor unit’s available capacity has not yet been met or
exceeded; however, as the number of units in operation increases to three and four, the average
capacity per unit decreases as outdoor unit capacity approaches its maximum.

Figure 4 shows the power consumption and efficiency for the same test case shown in
Figure 3. Notice in Figure 4 as the indoor unit operation goes from one to two units operating;
power consumption increases in the system. This power increase was due to the increase in
compressor speed to accommodate the now two units calling for a heating load. As the number
of units in operation increases to three and four, the compressor reaches its maximum speed
which can be seen in Figure 4 by the relatively steady power consumed after two units in
operation. When the compressor reaches its maximum speed, the system is unable to provide the
full amount of heating capacity to each indoor unit. Also notice in Figure 4 that the efficiency
represented as the coefficient of performance (COP) increases as the percent of indoor units in
operation increases. The VRF-HR system is operating most efficiently when more units are
operating simultaneously. This may also be in part a consequence of advantageous relative heat
exchanger size of the indoor units, since each is sized as 2 ton, but operating at reduced capacity
when all zones are calling for heat.

Similarly in Figure 5 and 6, capacity and efficiency in cooling mode are shown as a
function of percent indoor unit operation for a specified condition. Cooling efficiency is
presented by an energy efficiency ratio (EER) in Figure 6. Similar trends can be seen in cooling
mode, as were seen in heating mode. In cooling mode, the system does appear to be more
affected by an increase in the number of indoor units in operation as the average capacity when
four units are operating is nearly half of the capacity compared to when only one of the units is
in operation. Trends in average capacity, efficiency, and power consumption in cooling mode are
all similar to those previously discussed in heating mode.
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Figure 3. Percent Indoor Unit Operation Heating Capacity
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Figure 4. Percent Indoor Unit Operation Power and Efficiency in Heating Mode
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Figure 5. Percent Indoor Unit Operation Cooling Capacity
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Figure 6. Percent Indoor Unit Operation Power and Efficiency in Cooling Mode
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Simultaneous Cooling and Heating Performance

Heat recovery systems have the ability to transfer waste heat to a space requiring heating,
thus saving energy. In many real world applications, there exists a need for constant heating or
cooling in a particular space regardless of the outdoor conditions. An example would be a server
room where the space needs to be continually cooled to maintain normal operating temperatures.
A VRF-HR system has the capability to transfer heat from one indoor zone to another. For
instance if one indoor zone was calling for heating while another was calling for cooling, heat
could be transferred by the indoor units in cooling to those in heating. The outdoor unit would
operate accordingly based on the conditions and need called for by the indoor units. If the
majority of the indoor units are calling for cooling, then the outdoor unit would act as a
condenser and the overall system is in net cooling mode. Conversely, if the majority call is for
heat, the outdoor unit will operate as an evaporator and the system is in net heating mode.

The ability to transfer heat between the indoor units is an integral design attribute of a
VRF-HR system, and each manufacturer has unique and proprietary methods for accomplishing
heat recovery. All systems have some version of a heat recovery/switching box located between
the indoor and outdoor units that is an integral part of the heat recovery process. At the heat
recovery box, refrigerant is received and distributed to and from the indoor and outdoor units.

Figure 7 shows simultaneous cooling and heating capacities as the indoor operating mode
is varied between the four indoor units. The indoor and outdoor air conditions are held constant
across the units operating in either cooling or heating mode. The sequence of indoor units goes
all the way from all four units in cooling mode to all four units in heating mode. In Figure 8, the
corresponding total system efficiency and power consumed by the system is shown for each
combination. The total system efficiency, presented as EER in Table 8, is based on the total
heating and cooling capacity provided by the system and the total power consumed by the
system. In simultaneous cooling and heating operation as the number of units in heating mode
increase, both the total system capacity and efficiency increase. The peak efficiency of the
sequence occurs when three units are operating in heating mode and one unit is in cooling mode.
Notice in Figure 8, the increase in power consumption and decrease in efficiency as the system
goes from all four units in cooling operation to three units in cooling and one in heating. When
the system is switched to three in cooling and one in heating, the condensing pressure and in turn
temperature must be elevated to provide sufficient heating for an indoor zone. This causes the
overall system efficiency to decrease slightly over the full cooling mode. Efficiency increases in
simultaneous operation as the ratio of heating to cooling increases and is best when the system is
in net heating mode with some cooling.
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Figure 7. Cooling and Heating Capacity with Varying Indoor Mode Operations
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Figure 8. Power and Efficiency of Varying Indoor Mode Operations

7000 - 20
OUTDOOR TEMPERATURE =65 F
RETURN AIR
COOLING MODE =80 F DBT/67 F WBT
HEATING MODE= 70 F DBT /
6000 18
-+ POWER
-=EER
5000 16 £
£ ;
x / 2
1T} =
'—
2 @
o 4000 14 %
[ TT]
3000 \\/ 12
2000 10
UL 4CO0L 1 3COOLHHEAT = 2C00Ef 2HEAT: 1COO0L /3 HEAT 4 HEAT el
OPERATING MODE

©2012 ACEEE Summer Study on Energy Efficiency in Buildings 3-146



Conclusion

Laboratory test data from a commercially available VRF-HR unit is presented along with
the trends in capacity, power draw, and efficiency. The effect on system performance with
changing percent indoor unit operation and simultaneous heating and cooling ratio of such a unit
is discussed in detail. Heat recovery mode, which until now has not been studied in detail, has
been investigated with data presented. The performance in heat recovery mode is a function of
the system architecture and reaches highest efficiency in net heating mode with fractional
cooling demand. This work is continuing on a path toward providing indicative performance
maps for several VRF systems that can be used to provide input for VRF system models in
building energy software products.
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