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In recent years, energy saving has become increasingly important to customers, reflecting the desire to prevent global warming and 
concerns about environmental issues, such as CO2 emissions.  Therefore, customers’ views regarding the efficiency of chillers have 
changed.  In the past, evaluation of efficiency was mainly determined based on the rated design point, but now efficiency over the 
wide range of conditions under which the chiller actually operates (year-round efficiency) has started to draw attention.  Advanced 
centrifugal chillers can obtain high efficiency values throughout their operating range with no decrease in efficiency at their rated 
design point, thereby reducing annual power consumption.  This has been achieved by improving the control mechanism for the 
cooling capacity and developing an optimal control method to obtain the maximum efficiency at each operating point.

1. Introduction

Centrifugal chillers are large-capacity chillers that are 
widely used for the air-conditioning of large factories with 
clean rooms, such as electrical and electronics -related 
factories, and to provide district heating and cooling.  In 
recent years, their application to general air-conditioning 
in large commercial constructions, buildings and hospitals 
have increased, and social concerns for energy conservation 
have grown.  Thus, the energy-saving ability and usability of 
centrifugal chillers match present social needs.

Centrifugal chillers have a much higher coefficient of 
performance (COP = cooling capacity/power consumption) 
than absorption chillers, which are also large-capacity 
chillers.  The COP is 1.35 for a high-performance absorption 
chiller, whereas that of a centrifugal chiller is at least 
6.  Even when considering primary energy conversion, 
including the generating and transmission efficiencies of 
thermal power generation, the COP of centrifugal chillers 
is approximately 2.5, which represents an almost twofold 
improvement in per formance compared to absorpt ion 
chillers.  In other words, for the same cooling capacity, 
the energy consumed can be reduced by half.  Centrifugal 
chillers also have the following advantages: shorter startup 
and shutdown times, good adaptation to load f luctuations 
and cooling-water temperature changes, ability to supply 
a cooling medium of 0°C or lower (they are widely used in 
ice storage applications), and slow mechanical deterioration 
that can provide stable performance over long periods with 
appropriate overhaul and maintenance.  Centrifugal chillers 
are thus becoming mainstream large-capacity chillers. 

Customer concerns about the performance of centrifugal 
chillers and their operation as heat supply plants have 

changed in recent years.  For example, more attention is 
being paid to the year-round performance under actual 
operating conditions rather than chiller performance at the 
rated design point.

2. Changes in customer needs

So far, the performance evaluation of a centrifugal chiller 
is mainly done based on COP at the rated design point.  
This provides a general index for performance evaluation 
that allows for simple performance comparisons between 
different chillers, which can be achieved in a short period 
of time.  The internal state at the design point can also be 
easily predicted.  However, this evaluation is based on the 
manufacturer’s viewpoint.

During actual operation, very little time is spent at the 
rated design point.  Operation under partial loads and at 
low cooling-water temperatures comprises above 90% of the 
total operating time, and these operating conditions vary 
due to changes in the outdoor temperature and humidity.  
During operation under partial loads and with various 
cooling-water temperatures, the power required fluctuates 
due to differences in the circulating volume of refrigerant 
and in compression ratios.  Moreover, predicting the COP 
and internal state variables under operating conditions 
is dif f icult.  However, since the COP during operation, 
especially under partial loads, directly affects the running 
costs and CO2 reductions, it is an important measure for 
customers, and year-round ef f iciency for the operating 
period has become increasingly important f rom their 
viewpoint.

A lthough an index that can be used to evaluate the 
year-round eff iciency of large chillers has not yet been 
st ipulated in Japan, such indexes are used as general 
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evaluation criteria overseas.  The most common year-round 
efficiency-evaluation index is the integrated part-load value 
(IPLV) of the Air-Conditioning and Refrigeration Institute 
(ARI; Lincoln, NE, USA).  The IPLV is calculated from the 
coefficients of performance under load ratios and cooling-water 
temperatures similar to actual operational conditions.  This 
enables evaluation of the actual performance of the chiller 
throughout the year.  The formula used to calculate the 
IPLV is

IPLV = 0.01 A + 0.42 B + 0.45 C + 0.12 D,
where

A = COP at 100% load with a cooling-water inlet 
temperature of 29.4°C,

B = COP at 75% load with a cooling-water inlet 
temperature of 23.9°C,

C = COP at 50% load with a cooling-water inlet 
temperature of 18.3°C, and

D = COP at 25% load with a cooling-water inlet 
temperature of 18.3°C.

The chilled-water outlet temperature remains constant 
at 6.7°C.

It is essential that a similar index for evaluation of year-
round efficiency be urgently stipulated in Japan. 

3. Technologies for improving year-round efficiency

Centrifugal chillers with high performance are required 
for a wide range of applications under year-round operation.  
These advanced chillers have been developed and marketed 
to meet the needs of customers.

3.1 Control mechanism for volume of compressor 
Since the load and cooling-water temperature change 

depend on the operat ing condit ions in the plant , the 
circulating volume of refrigerant and the compression ratio 
in the compressor of a centrifugal chiller vary.  Therefore, 

a control mechanism for the capacity of the compressor 
to reduce loss while responding to dif ferent operating 
conditions is required.  In advanced chillers, moving vanes 
whose angles change in accordance with the operating 
condit ions are instal led at the f irst and second stage 
impeller inlets, as shown in Fig. 1, to control the circulating 
volume of refrigerant.  These create f low conditions that 
are as smooth as those obtained at the specif ied point, 
as demonstrated by a continuous f low analysis from the 
compressor suction point to the second stage impeller for 
the partial-load conditions under which centrifugal chillers 
are actually operated.  Figure 2 shows the results of flow 
analysis at low cooling load, with and without second-stage 
vanes installed; driftage of refrigerant flow in the control by 
the first and second vanes was less than that in the control 
only by the first-stage vanes.

To verify the improvement of partial-load performance 
at low refrigerant flow and to obtain design data for optimal 
control , as discussed in Sect ion 3.2 , the compressor 
performance was verified over the entire operating range 
by using a test chiller, since the exact performance of an 
actual chiller cannot be predicted solely by analysis.

Verif icat ion of the test results using actual chillers 
confirmed that the operating range can be increased to 
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Fig. 1  Shapes of the impeller and vane
Vane mechanisms are installed at the inlet of 
the first- and second-stage impellers.

Fig. 2  Comparison of low refrigerant flow analyses
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include low refrigerant flow/low head, as shown in Fig. 3.  
As a result, operation has become possible at ultralow load 
conditions and the low cooling-water temperature range from 
12 to 20°C at which stable operation could not be obtained 
in the past.  Since smaller compression ratios reduce power 
consumption, efficiency can be improved by lowering the 
cooling-water temperature to reduce the compression ratio.  
Cooling-water temperatures of 20°C or lower have not been 
selected in air-conditioner designs in Japan, which has 
limited possible annual energy savings, due to concerns 
about the crystall izat ion of the solut ion in absorption 
chillers.  Since the mainstream choice for large chillers has 
changed from absorption chillers to centrifugal chillers in 
recent years, the importance of operation at cooling-water 
temperatures between 12 and 20°C is attracting considerable 
interest.

3.2 Optimal control of control elements 
To operate a centrifugal chiller according to the loads 

encountered under various operating conditions, the control 
elements that must be considered are the high- and low-stage 
expansion valves, hot gas bypass valve, and compressor 
rotational speed, shown in Fig. 4, as well as the previously 
described moving vanes.  Feedback control of the chilled 
water supply temperature is attained by using the moving 
vanes, while feed-forward control of the rotational speed of 
the compressor is achieved by using an inverter to obtain the 
optimal condition of the compressor in accordance with the 
load and cooling-water temperature.  Feed-forward control 
of the high- and low-stage expansion valves and hot gas 
bypass valve is used to obtain the optimal condition of the 
refrigerating cycle.  The aerodynamic characteristic of the 
compressor and the flow-rate characteristic of each electrical 
valve are input into a microcomputer control panel.  The 
optimal command value is given from the operating data 
such as the pressure, temperature, and status values of the 
respective control elements, by high speed calculation of the 

Fig. 3 Improvement of compressor aerodynamic characteristics
The operating range has been increased to include low flows and low heads.
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Fig. 4 Control mechanism of the centrifugal chiller
Each element is controlled by measuring and calculating the current status values.
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current operating conditions and those after implementing 
the control.

For a transient operating condition, such as a rapid change 
in load, it is discriminated whether or not the condition 
concerned is stable or unstable.  The chiller is controlled 
so as to ensure safe operation under unstable conditions 
and optimal performance under stable conditions.  Each 
operational condition is followed immediately to achieve safe 
operation with maximum efficiency.

4. Evaluation of year-round efficiency

With improvements in the control mechanism for volume 
of compressor and optimal control, the ef f iciency of a 
centrifugal chiller under partial loads and at low cooling-
water temperatures can be improved without af fecting 
its performance at the rated design point.  This results in 
significantly improved year-round efficiency.

Figure 5 compares the partial-load characteristics of an 
advanced fixed-speed drive chiller with a conventional chiller.  
At the rated point (100% load, cooling-water temperature of 
32°C), the COPs of the advanced chiller and the conventional 
chiller are 6.4.  However, when the load is 80% or less, the COP 
of the advanced chiller is better than that of the conventional 
chiller.  Considering that the low-temperature limit of the 
cooling water is decreased, the COP of the advanced chiller 
in the vicinity of a 20% load is better by a factor of nearly two.  
Figure 6 shows the IPLV for the partial-load characteristics of 
1,000-USRt-class chillers.  The IPLV is 6.4 for a conventional 
chiller and it is improved to 7.9 for an advanced chiller.

These improvements can also be applied to variable speed 
drive chillers, which can change the capacity and head in a 
wide range.  Therefore, even a conventional chiller can obtain 
a high COP because the cooling capacity can be controlled 

without losses.  During actual operation, the operating time 
at a range of partial loads and low cooling-water temperatures 
is the longest, but a variable speed drive chiller can achieve a 
high COP over this operating range.

In an advanced variable speed drive chiller, the variable 
speed control of the high-performance compressor is now 
possible due to improvements in control mechanism for 
volume of compressor.  Thus, the COP at the rated design 
point has improved.  Since operat ion at cooling-water 
temperatures of 12°C is now possible, the maximum COP 
under partial load has increased from 17.3 for a conventional 
chiller to 21.9 for an advanced chiller.  Figure 7 compares 
the partial load characteristics of an advanced variable speed 
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Fig. 6  IPLV comparisons for advanced and conventional fixed-
speed drive chillers

Fig. 5  Partial load characteristics of a fixed-speed drive chiller
The partial load characteristics and operating range improved 
compared to a conventional fixed-speed drive chiller.

Fig. 7 Partial-load characteristics of a variable speed drive 
chiller

The COP improved at the rated design point and for partial loads 
compared to a conventional variable speed drive chiller.
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drive chiller with those of a conventional chiller.  The COP 
of the advanced chiller surpasses that of the conventional 
chiller over the entire operating range. And since a high-
voltage inverter for large compressor drive can also be 
utilized, a variable speed drive chiller with a capacity of 2,000 
USRt is now available on the market.

 Table 1 summarizes the COP, year-round efficiency, and 
annual power consumption of both fixed-speed drive chillers 
and variable speed drive chillers.  Variable speed drive 
chillers are often used in factories, where they are operated 
mainly throughout the year.  Considering the cooling-water 
temperature in the winter season is nearly 12°C, the IPLV 
under ARI conditions is not evaluated; instead, the year-
round efficiency is evaluated at the average operational COP 
throughout the year, assuming a predefined load pattern in the 
factory.  When these year-round efficiencies are compared, 
annual power consumption can be reduced by approximately 
20% using a fixed-speed drive chiller and by approximately 
50% using a variable speed drive chiller, compared to a 
conventional fixed-speed drive chiller.

5. Conclusion

Advanced centrifugal chillers have higher year-round 
efficiency than conventional chillers and satisfy the wide 
and varying needs of customers.  They can be used to 
achieve significant annual energy savings, and have a good 
reputation mainly from customers for use in large factories 
that are air-conditioned year-round.  With the increasing 
social concern for environmental issues, we expect more 
customers to take energy savings very seriously when 

purchasing air-conditioners for commercial facilities.  The 
needs of customers will further diversify as the operation 
of advanced centrifugal chillers is broadened to include 
additional uses.

In the future, we anticipate a requirement to develop 
products that achieve addit ional year-round ef f iciency 
improvements, by developing new technology, accumulating 
performance improvement technologies, and providing a 
f lexible response to customer needs.  We intend to satisfy 
energy-saving requirements and take countermeasures 
against environmental concerns by aiming to not only 
improve the efficiency of the centrifugal chiller itself but 
also to realize the maximum efficiency of the overall system, 
including peripheral equipment such as cooling towers, 
chilled water, and cooling-water pumps.

*1: The IPLV values of the fixed-speed drive chiller are in accordance with ARI requirements.
*2: The year-round efficiencies of the variable speed drive chiller are in accordance with Tokyo Metropolitan weather data and the annual average 

COP of factory air-conditioning load model.
*3: The annual electrical power is for 4000 h of operation at 1000 Rt.
*4: The ratio is calculated using a value of 1 for a conventional fixed-speed drive chiller.
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Table 1  Performance comparison between advanced and conventional machines


