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Abstract 
In the US, more than 45 % of the building primary 
energy is used for space cooling, space heating, 
and water heating. Advanced HVAC systems are 
key to building energy consumption reduction. A 
variable refrigerant flow (VRF) system is a promis-
ing solution to this problem, because it can precise-
ly provide space cooling and/or space heating for 
different zones. A literature review of previous 
VRF modeling studies shows that the use of exist-
ing simulation tools, such as EnergyPlus, can result 
in more than 20 % deviation in both capacity and 
energy consumption. In this study, a new VRF 
model is proposed to improve the accuracy over 
conventional models. Simulation results show that 
the proposed model agrees with experimental field 
test data within a 10 % deviation in hourly capacity 
and 5 % in hourly energy consumption. After the 
validation of the VRF system model, a new VRF 
control strategy was proposed based upon evapo-
rating/condensing temperature controls. The sea-
sonal performance of VRF system with the new 
control strategy was simulated for the same build-
ing design in four different climates representing 
these US cities: Miami, Houston, Baltimore, and 
Chicago. 

1. Introduction

The variable refrigerant flow (VRF) system is an air 
conditioning solution introduced by Japanese 
manufacturers in mid-1980s. It is well known for 
its excellent systematic modularity and installation 
flexibility as compared to ducted air conditioners. 
Among various VRF types, two types of VRF sys-
tems, the heat pump type (HPVRF) and the heat 
recovery type (HRVRF), are of interest. The differ-

ences and similarities between HPVRF and HRVRF 
are illustrated in Fig.s 1 and 2. In Fig. 1, the HPVRF 
system works in a cooling mode while HRVRF 
works in a cooling main mode where the system 
provides more cooling than heating to the build-
ing. Both systems have four indoor units (IUs) and 
one outdoor unit (OU).  
In addition, HRVRF has one extra component, 
which is a heat recovery unit (HRU). In the OU of 
HPVRF system (Fig. 1), the discharged refrigerant 
from the compressor rejects heat to the ambient air 
and is cooled down to subcooled state. The sub-
cooled refrigerant bypasses the main electronic 
expansion valve (EEV) via the check valve, and 
flows into the IU side where it is distributed 
among different IUs. As shown in Fig. 1, a typical 
IU is made of one crossflow fan, direct expansion 
coils and one EEV. The subcooled refrigerant ex-
pands through the EEV and cools down room air 
by forced convection. Then, the refrigerant is sent 
back to the suction port of the compressor.  
In the heating season, the four-way valve is re-
versed and refrigerant flow direction is alternated 
so that the system is working in the heat pump 
mode where the room air is heated. Fig. 2 shows 
the cooling main operation of the HRVRF. There-
fore, in order to meet the demands of the rooms, a 
HRU has three pipes of refrigerant: low pressure 
vapor, high pressure vapor, and high pressure liq-
uid. HRU distributes the refrigerant based on de-
mands of the IUs. For example, in Fig. 2, part of the 
high-pressure refrigerant vapor is delivered to the 
IU via the HRU, instead of it being sent to the OU, 
when one or more rooms need heating. For the rest 
of the rooms, the HRU also delivers the subcooled 
liquid to these IUs. Finally, HRU also sends the 
superheated vapor back to the suction port of the 
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compressor. As can be seen in Fig.s 1 and 2, 
HRVRF is preferred over HPVRF where the cool-
ing and heating loads from different parts of the 
building need to be satisfied at the same time, such 
as hospitals and office buildings. 

Fig. 1 – HPVRF operated in cooling mode 

Fig. 2 – HRVRF operated in cooling main mode 

However, in the buildings, the occupants could 
actually have more demands than space cooling or 
heating. For example, occupants also need ventila-
tion and hot water. As a comprehensive and flexi-
ble building HVAC solution, VRF systems could 
also provide other functionality than cooling or 
heating. Zhu et al. (2015; 2014a; 2014b) proposed a 
VRF system incorporated with a dedicated outdoor 
cooling system. Simulation results showed that the 
proposed system could provide a better indoor 
thermal comfort with a 12.2 % higher coefficient of 
performance (COP) in cooling season than conven-
tional AC systems.  

Similarly, Aynur et al. (2010a; 2010b; 2008) and 
Aynur (2008) tested an integrated system made of 
HPVRF system and a solid desiccant heat pump 
unit. They found that the CO2 concentration of the 
room could be kept within 450-500 ppm. In addi-
tion, another perspective in building VRF research 
is to use the simulation tools to evaluate the per-
formance of the system. For example, eQuest and 
EnergyPlus are the two most popular tools used in 
open literature.  
Most of the existing VRF models in building simu-
lation tools are based on performance mapping 
method. This method is effective only with a care-
fully tuned model with accurate onsite parameters 
and schedules, as found by Lin et al. (2015a). For 
example, the performance mapping model devel-
oped by Zhou et al. (2008; 2007) and Zhou and 
Wang (2006) could yield weekly cooling energy 
and power consumption errors of 25.2 % and 28.3 
%, respectively when applied to a real building. 
Researchers also observed that the model could 
lead to a higher uncertainty when the focus of the 
study switched from weekly data to hourly data. 
Moreover, another disadvantage of performance 
mapping method is the insufficiency in adopting 
new control strategies when focusing on hourly 
performance. Lin et al. (2015b) suggested and de-
veloped a first-principle based VRF model. In this 
paper, the development of the model is explained 
before the extended modeling work with the new 
control. After the model was validated, a new am-
bient temperature based evaporating/condensing 
temperature control strategy was applied to the 
model and the seasonal energy saving potential 
was demonstrated. 

2. VRF Model

2.1 Model Flow Chart 

Performance mapping model was firstly developed 
by Zhou et al. (2007a; 2007b; 2008) and Zhou and 
Wang (2006). A model of similar concept was later 
incorporated into EnergyPlus 6.0 as part of the 
official engine developed by Raustad and Sharma 
(2013); Nigusse and Raustad (2013); and Sharma 
and Raustad (2013). The basic idea is illustrated in 
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Fig. 3. The first step is to process the building ge-
ometry file and weather data specified by the user. 
The model then calculates the required space cool-
ing and heating loads of the rooms. In the earlier 
versions of building model, the VRF model does 
not have its own IU module. Therefore, some re-
searchers would use the window AC module in-
stead of VRF IU module. Based on the room load, 
the required IU (or window AC) cooling or heating 
capacity is calculated. Once the engine has ob-
tained all the information from the IU and building 
side, the OU module of the VRF model is called. 
This module reads two maps as the lookup tables. 
The first one is the system capacity map based on 
indoor and outdoor temperatures. The second map 
is the energy consumption map. The OU module 
searches the operation point in the cooling capacity 
map. The ideal operation point should deliver the 
required IU load to the building. Once the opera-
tion point is found, the energy consumption of the 
system is calculated accordingly.  
Lin et al. (2015b) analyzed the uncertainty of per-
formance mapping method and concluded that a 
thermodynamic model could be a proper way to 
reduce the model uncertainty. The flow chart of the 
new model is shown in Fig. 4. As compared to 
Fig. 3, the model still begins with the estimation of 
room load and IU load. After that, the model calls a 
thermodynamic OU module to find the energy 
consumption of the system. The required inputs for 
the OU module are the polynomial equations of the 
compressor performance and user-specified control 
parameters such as the degree of superheating. In 
order to quantify the accuracy of the new model, 
the normalized mean bias error (NMBE) concept 
(Eq. 1) from ASHRAE guideline (ASHRAE, 2002) 
was used. The target NMBE value was less than 
5 %. 

Fig. 3 – Flow chart of performance mapping method 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 100 ∗
�∑ (𝑦𝑦𝑖𝑖−𝑦𝑦𝚤𝚤�)𝑛𝑛

𝑖𝑖=1

(𝑛𝑛−1)∗𝑦𝑦�
(1) 

where 𝑦𝑦𝑖𝑖 is the simulation result, 𝑦𝑦𝚤𝚤�  is the experi-
mental result, n is the amount of points, and 𝑦𝑦� is 
the mean of experimental results. 

Fig. 4 – Flow chart of the new method 

The model was validated in the cooling season 
while focusing on hourly operation data with a 
VRF system having seven IUs. The system has a 
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rated cooling capacity of 28.1 kW. The hourly en-
ergy consumption validation result is shown in 
Fig. 5. The obtained NMBE value was 3.7 %, which 
means the hourly model uncertainty is less than 
5 %. The details of the model could be found in Lin 
et al.’s study (2015b). 

Fig. 5 – Hourly energy consumption validation 

2.2 New Control Strategy 

As mentioned by Chen et al. (2005), the control 
mechanism of VRF system is less discussed in ex-
isting literature as compared to the field tests or si-
mulation studies due to commercial confidentiali-
ty. Even though the details of control mechanism 
are not available and vary with products, manufac-
turers generally use lookup tables to control com-
pressors (LG Electronics 2015), as mentioned by Tu 
et al. (2010). 

The controller estimates the building load based on 
ambient condition. Then it references a table to 
find out the proper compressor frequency meeting 
the estimated building load. The map is generated 
by laboratory testing. For example, during the 
cooling operation, the evaporating temperature is 
designed based upon the rated condition where the 
ambient temperature is 35 °C. When the ambient 
temperature decreases, the cooling demand also 
decreases. In a conventional fix-speed air condi-
tioning system, the evaporating temperature de-
creases with ambient temperature. However, in the 
VRF system the evaporating temperature can be 
maintained by reducing the compressor frequency. 

The energy consumption of the system is thereby 
reduced. Therefore, increasing the evaporating 
temperature can achieve energy saving. As shown 
by the experimental work from Anyur et al. (2008) 
and Shao et al. (2004), the compressor could oper-
ate under a further lower frequency with a higher 
evaporating temperature, but still delivers suffi-
cient amount of refrigerant to the IUs, which re-
duces the energy consumption. Zhao et al. (2015) 
found that by increasing the evaporating tempera-
ture from 8 °C to 12 °C, 15 % energy saving could 
be achieved. Typically, the latent cooling load in 
the room is lower at a lower ambient temperature. 
When a higher evaporating temperature is used, 
the latent cooling capacity is decreased. Therefore, 
using a higher evaporating temperature at lower 
ambient temperature can save energy while deliv-
ering a proper sensible cooling. This means that the 
control of evaporating temperature is critical to 
energy saving in the cooling season. Similarly, in 
the heating operation, the condensing temperature 
of the system could be a key design parameter for 
energy saving.  Therefore, in this study, a new con-
trol strategy was proposed. Instead of using single 
linear map based on single evaporating/con-
densing temperature, this new control strategy de-
termines the compressor frequency under a vary-
ing evaporating/condensing temperature. The con-
trol strategy follows two simple rules:  
- The evaporating temperature of the system is 

adjusted linearly from 11 °C to 4.2 °C when the 
ambient air temperature increases from 20 °C to 
35 °C.  

- The condensing temperature of the system is 
adjusted linearly from 50 °C to 40 °C when the 
ambient air temperature increases from -10 °C 
to 5 °C.  

3. Results and Discussion

The specifications of the VRF system used in this 
study are listed in Table 1. The floor map of the 
building where the system was installed is shown 
in Fig. 6. The test VRF system has seven IUs and a 
rated OU cooling capacity of 28.1 kW. The IU #1 
was installed in Room A. IU #2 and #3 were in-
stalled in Room B. IU #4 and IU #5 were installed 
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in Room C. IU #6 was installed in Room D. IU #7 
was installed in Room E.  For the cooling opera-
tion, the running period was set from July 1 to Sep-
tember 1. The set point of the rooms was 25 °C in 
cooling season. The TMY3 weather data in Balti-
more, MD was used. Fig. 7 shows the daily energy 
consumption reduction when compared to the de-
fault VRF control strategy in the cooling season. 
Overall, in the cooling season, the seasonal energy 
consumption is reduced from 1,938 kWh to 1,764 
kWh with energy savings of 8.9 %. For heating op-
eration, the running period was set from February 
1 to April 1. The set point of the rooms was 22 °C. 
Similarly, Fig. 8 shows the daily energy consump-
tion reduction of the new control strategy. In heat-
ing season, the energy consumption is reduced 
from 2,753 kWh to 2,329 kWh with energy savings 
of 15.4 %. 

Table 4 – VRF system specifications 

Component Cooling (kW) Heating (kW) 

OU 28.1 31.6 

IU #1 2.2 2.5 

IU #2 3.6 4.0 

IU #3 3.6 4.0 

IU #4 5.6 6.0 

IU #5 5.6 6.0 

IU #6 2.2 2.5 

IU #7 2.2 2.5 

Fig. 6 – Building floor map 

Fig. 7 – Cooling seasonal energy savings by new control strategy 
in Baltimore, MD 

Fig. 8 – Heating seasonal energy savings by new control strategy 
in Baltimore, MD 

The same building and VRF system were also sim-
ulated in Miami, Houston, and Chicago, which are 
the representative cities of the respective climate 
zones. The seasonal performance in different cli-
mates is listed in Table 2.  Energy saving potential 
of the new control strategy is reduced when it is 
applied to Miami. That is because the key of the 
new control strategy is the applicable temperature 
range. In this case, the applicable range is selected 
based on the climate of Baltimore, MD. Therefore, 
the applicable range is relatively narrow as com-
pared to the weather conditions in Miami, which 
leads to a degradation of the performance. 
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Table 5 – Cooling and heating energy savings in different climates 

City Cooling Season 
Energy Savings 
(%) 

Heating Season 
Energy Savings 
(%) 

Miami, FL 6.8 % 10.5 % 

Houston, TX 5.2 % 11.2 % 

Baltimore, MD 8.9 % 15.4 % 

Chicago, IL 10.8 % 14.1 % 

4. Conclusion

In this study, a new control strategy based on 
evaporating/condensing temperature control was 
proposed and embedded on a validated VRF mod-
el. The seasonal performance of the new control 
strategy was simulated in a seven-IU VRF system 
with a rated cooling capacity of 28.1 kW. The simu-
lation results show that the VRF system with the 
new control strategy could save 8.9 % and 15.4 % 
of energy during the cooling and heating seasons 
in Baltimore, MD.  
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Nomenclature 

Symbols 

COP Coefficient of performance 
EEV Electronic expansion valve 
HRU Heat recovery unit 
HPVRF Heat pump variable refrigerant 

flow 
HRVRF Heat recovery variable refrigerant 

flow 
IU Indoor unit 

NMBE Normalized mean bias error 
OU Outdoor unit 
VRF Variable refrigerant flow 
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