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ABSTRACT 
Data centre energy consumption has grown significantly in recent years; cooling energy forms a substantial part of this and presents a significant 
opportunity for efficiency improvements. With best practice air management in place, it is possible to reduce airflow and increase supply air 
temperatures. This can be achieved through separation of hot and cold air streams by cold aisle, hot aisle or rack exhaust containment systems. 
Once server air inlet temperatures are within a narrow range, close to the supply temperature from cooling units, it is possible to increase 
temperature set points with the confidence that IT equipment receives air at an acceptable temperature.  This allows energy savings to be realised 
through more efficient refrigeration cycle operation and increased opportunities to benefit from free cooling; in many cases it may be possible to 
remove refrigeration altogether.  

There are several different methods for free cooling using economizer cycles in data centres, which can be used instead of / in conjunction with 
traditional refrigeration for full or partial free cooling.  These include direct and indirect air side and water side free cooling systems. The typical 
overall approach (difference between ambient wet bulb condition and data hall supply air temperature) is given for each of the free cooling methods, 
together with the projected maximum design ambient temperatures in different locations and the resulting maximum data hall supply air 
temperatures.  

The results indicate the extent to which zero refrigeration is possible for each type of free cooling system throughout the USA, when supplying air 
into the data hall within the ASHRAE recommended and allowable ranges. Zero refrigeration solutions result in a significant saving on capital 
cost due to the reduction in mechanical plant and associated supporting electrical infrastructure i.e. switchboards, generators, power distribution etc. 
In many US climates 100% free cooling (zero refrigeration) is possible and significant operational and capital cost savings can be realised.  

INTRODUCTION 

In recent years, the industry has started to focus on how to operate more efficient data centres. The main drivers are: 

• Regulatory requirements 

• Market pressures around Corporate Social Responsibility (CSR) 

• Increasing energy costs 
Data centre energy consumption has increased with the growing demand for IT services.  Consumers and 

governments are pressurising companies to reduce their environmental impact, which has, along with energy price 
increases, driven data centre operators to review how efficiently they run their data centre facilities. US data centre energy 
use was predicted to double to more than 120 billion kWh from 2006 to 2011 (US EPA Energy Star 2007).  The 



Department of Energy called upon companies to improve data centre energy efficiency by 10% in 2 years and 30% in 5 
years (US DoE 2009).  ‘Green’ issues are subject to more media attention and sustainability achievements often feature in 
companies’ annual reports and marketing material.  Many operators market themselves using their Power Usage 
Effectiveness (PUE) performance and LEED certification.   

Operators face cost pressures, particularly during a time of economic uncertainty.  Limited budgets may result in new 
build projects being placed on hold and require the continuing operation of legacy facilities.  Rising energy costs also 
increase operational spend, for example, a 1MW IT load facility, with total load of 2MW and utility rate of $0.10 / kWh has 
an annual energy bill of $1,752,000. If the rate increases to $0.14 / kWh, this represents an additional annual cost of 
$700,800.   

The growth in the market has led to a skills shortage which presents a risk to the reliability of data centre operations.  
This can be managed through staff training and experience and also design simplification.  

DESIGN PARADIGM CHANGE 

In recent years important improvements to data centre designs have led to improved energy efficiency with typical 
PUE = 2+ (Data Centre Infrastructure Efficiency, DCiE = 0.5 or lower) for legacy facilities being replaced with new 
designs with PUE = 1.2 or lower now possible (DCiE = 0.83 or higher).  Most of the energy reduction has been in the 
cooling systems, through: 

• Best Practice Air Management: minimising bypass and recirculation air in the data hall by physically separating hot 
and cold air streams (through containment) and controlling on cooling unit supply air temperature to deliver a 
narrow range of temperatures at IT equipment inlet.  

• Reduced cooling unit fan speeds / air volumes through the use of variable frequency drives.  

• Warmer / wider environmental conditions: increasing operating temperatures to deliver air at the server inlet in 
line with IT hardware vendor specifications; 18 – 27°C (64.4°F – 80.6°F) recommended and higher allowable, 
reducing refrigeration needs and increasing free cooling opportunity. 

• Use of free cooling (economizer) designs 
By minimising the cooling system energy consumption, data centre energy efficiency is increased and capital, 

operational and reliability costs, i.e. total cost of ownership, minimised. 

Best Practice Air Management 

The objective of putting best practice air management in place is to allow airflow to be reduced and temperatures to 
be increased.  The concept of flooding the data hall with cold air to prevent overheating and ensure reliability proves 
ineffective as the supplied air is not directed to the heat loads and the return air not separated, resulting in local areas of 
high temperatures supplied to IT equipment.  These cooling problems are often misunderstood; Air Performance Metrics 
allow operators to quantify the effectiveness of cooling in the data centre (Tozer et al 2009).  Often air is oversupplied, 
resulting in wastage of fan energy and bypassing of excess air; ideally the air volume should be reduced to just what is 
sufficient for cooling and slight pressurisation of the cold air stream, where contained.  By using variable speed drives the 
air volume delivered can be varied in line with demand, e.g. as additional / higher density IT equipment is installed / 
workload increases.  Using variable speed fans produces particularly significant energy savings at part load; many data halls 
operate at part load for a significant proportion (if not all) of their life, with redundant plant increasing the installed cooling 
capacity.   

When server air inlet temperatures are controlled such that they are close to the raised floor supply temperature, 
temperature set points can be increased with the confidence that IT equipment receives air within the appropriate range.  
Higher temperatures result in energy savings through more efficient refrigeration cycle operation and increased 
opportunities to operate with free cooling and may permit refrigeration to be removed altogether (Flucker, Tozer 2011).  



Once hot spots have been discovered, where IT equipment receives higher temperature air, a typical solution is to 
decrease the cooling unit set point.  This does not deal with the root cause of the problem and contributes to additional 
energy wastage; it makes the overcooling issue worse. 

Hot and cold air streams can be separated by using containment which minimises bypass and recirculation and the 
range of temperatures supplied to the IT equipment.  There are various containment types: 

	
  
Figure 1 – Cold aisle containment, Semi-containment, Hot aisle containment, Direct rack containment 

Cold aisle containment is commonly used, where the cold aisle is closed with a roof and doors and the rest of the data 
hall is the same temperature as the hot aisle.  Semi-containment is a variation on this, where curtains are fitted above the 
cold aisle, blocking the air path from the hot aisle.  This works well as a retrofit option, particularly where there are cabinets 
of different heights.  Hot aisle containment involves ducting the air from the hot aisle back to the cooling units, usually by 
way of a ceiling plenum, with the rest of the data hall is the same temperature as the cold aisle.  This may only be possible in 
a new build as it requires coordination with other overhead services, such as cable trunking.  Direct rack containment 
employs a chimney at the back of the cabinets (deeper than normal) to duct hot air back to the cooling units.  This method 
keeps the hot air outside of the room and may become more widely adopted as hot aisle temperatures increase due to 
increasing IT equipment exhaust temperatures and air supply temperatures.  The impact on fire systems should be 
considered, i.e. placement of detectors / suppression heads, flame retardant properties of materials used.   

Controlling on cooling unit return air temperature, even with the measures above in place can still result in a range of 
temperatures delivered to the IT equipment.  This is due to the non-uniform nature of load distribution in most data halls; 
each cooling unit will deliver a delta T proportional to its load and thus supply a different temperature (Tozer 2009).  
Changing the cooling unit temperature control strategy to supply air control allows this range to be minimised. 

These best practices and others can be found in the EU Code of Conduct for Data Centres Best Practice Guidelines 
(European Commission 2011). 

Environmental Conditions 

ASHRAE Technical Committee 9.9 (Mission Critical Facilities, Technology Spaces and Electronic Equipment) has 
defined the range of acceptable conditions for IT equipment in conjunction with the hardware manufacturers.  The 
recommended envelope has been expanded (ASHRAE 2008) and further allowable ranges defined (ASHRAE 2011); the 
ranges for class 1- 4 equipment during operation are summarised in the table below and indicated on the psychrometric 
charts in Figure 2.  

Table 1 – Summary table of environmental conditions at IT equipment inlet published by ASHRAE 
Class	
   Dry	
  bulb	
  temperature	
   Humidity	
  Range	
   Maximum	
  Dew	
  Point	
  

	
  (°C)	
   (°F)	
   	
   	
  (°C)	
   (°F)	
  
Recommended 

A1 to A4 18 to 27 64.4 to 80.6 5.5°C (41.9°F) DP to 60% RH 15 59 
Allowable 

A1 15 to 32 59 to 89.6 20-80% RH 17 62.6 
A2 10 to 35 50 to 95 20-80% RH 21 69.8 
A3 5 to 40 41 to 104 -12°C (10.4°F) DP & 8% RH to 85% RH 24 75.2 
A4 5 to 45 41 to 113 -12°C (10.4°F) DP & 8% RH to 90% RH 24 75.2 



These increased temperatures allow the possibility for data centres to benefit from free cooling (or economized 
cooling) throughout the world. 

The Miami and San Francisco climate envelopes are shown shaded in Figure 2, with the inner zones indicating the 
occurrence of more than 90% of annual hours. This data suggests that ambient air in San Francisco does not exceed the 
allowable maximum temperature for class A2 and rarely for class A1 and hence free cooling should be exploited. 

	
  
Figure 2 - Miami and San Francisco climate envelopes 

Free Cooling 

There are several different methods for free cooling in data centres, which can be used in the place of / in 
complement to traditional refrigeration for full or partial free cooling: 

Direct air free cooling   Ambient air is filtered, humidified and refrigerated where necessary and brought into the 
data hall.  The cooling system (and electrical plant) needs to be sized for the worst case maximum refrigeration load. 

Indirect air free cooling   Ambient air and data hall internal air is simultaneously and separately passed through a 
heat exchanger for heat transfer.  Adiabatic humidification on the external air stream allows evaporative cooling at hot dry 
ambient conditions.  Any refrigeration capacity required is minimal (supplementary only), allowing reduced sizing of 
mechanical and electrical plant and therefore capital cost saving. 

Quasi-indirect air free cooling (thermal wheel)   Similar to indirect air free cooling except constant volume of fresh 
air brought in to data hall which requires treatment (more than required for pressurisation). 

Water side free cooling   Heat is rejected to ambient without the use of a refrigeration cycle, for example using 
cooling towers or dry coolers.  This is often an easier retrofit option compared with air side free cooling designs as this 
method usually requires modification to external plant only and is typically less demanding in terms of plant footprint. 

	
   	
   	
   	
  
Figure 3 – Direct air side free cooling, Indirect air side free cooling, Quasi-indirect air side free cooling, Water side free cooling 

Adiabatic or evaporative cooling can be used effectively to reduce energy consumption as part of these solutions to reduce 
refrigeration requirements, especially to treat hot dry ambient air; it requires significantly less energy than refrigeration but 
will increase water consumption.  Adiabatic cooling is governed by wet bulb rather than dry bulb ambient temperature and 
in some climates may allow thousands of additional hours of free cooling.  



  

Figure 4 - Twb / Tdb diagrams for Phoenix AZ & San Francisco CA 

ENERGY EFFICIENCY 

Based on the weather data for different locations, the total number of refrigeration hours can be modelled, and hence 
the total energy consumption of the whole data centre facility for a given IT load.  The most widely used and recognised 
metric for data centre efficiency is PUE (The Green Grid 2007).  Guidelines have been published to clarify how to collect 
and report data (Data Centre Metrics Coordinated Taskforce 2011).  Very low PUEs can be achieved by minimising the 
energy used for cooling by using the techniques described in this paper.  An analysis was made to understand the 
correlation between PUE and a range of psychrometric parameters, including dry bulb temperature, wet bulb temperature, 
enthalpy, dew point temperature; averages, maximums, standard deviations.  Average wet bulb temperature was found to 
exhibit the best correlation; the results are shown below for different cooling systems, assuming an electrical PUEe of 1.14 
(DCiEe = 0.88). 

 

Figure 5 – Modelled PUE with direct and indirect air side free cooling systems versus average wet bulb temperature 
Figure 6 - Modelled PUE with indirect and semi-indirect air side and water side free cooling systems versus average wet bulb temperature 

ZERO REFRIGERATION 

In many climates, 100% free cooling or zero refrigeration is possible.  This reduces not only the energy cost and the 
operating cost associated with maintenance but also the capital cost by around 30%, as removing refrigeration plant reduces 
the maximum load allowing the electrical infrastructure to be reduced. 

The typical approach (difference between ambient wet bulb condition and data hall supply air temperature) is given 
for each of the free cooling methods in the table below, along with the statistical maximum temperatures based on design 
ambient conditions in different locations and the resulting maximum data hall supply air temperatures.  These maximums 
are derived from historical data and do not take into account heat island effects of cities or global warming; they are also 
lower than the extreme conditions, which would provide a very conservative design specification, given the limited decrease 
in reliability caused by short periods operating at higher temperatures (ASHRAE 2011) and the trend for increased 



environmental condition tolerances of IT hardware. 
 

  
Figure 7 – Maximum temperature derivations 

 
Supply air temperatures exceeding the recommended and allowable ranges are indicated in blue and red respectively.  

Table 2 - Free cooling temperatures 
Location	
  

Max	
  wet	
  bulb	
  
temperature	
  

Max	
  data	
  hall	
  supply	
  air	
  temperature	
  (°C)	
  
Indirect	
  air	
  side,	
  

4°C	
  (7.2°F)	
  
approach	
  

High	
  efficiency	
  
water	
  side,	
  7°C	
  

(12.6°F)	
  approach	
  

Legacy	
  water	
  side,	
  
12°C	
  (21.6°F)	
  

approach	
  
(°C)	
   (°F)	
   (°C)	
   (°F)	
   (°C)	
   (°F)	
   (°C)	
   (°F)	
  

Acapulco 28.4 83.2 32.4 90.4 35.4 95.8 40.4 104.8 
Billings 19.8 67.7 23.8 74.9 26.8 80.3 31.8 89.3 

Charlotte 25.6 78.1 29.6 85.3 32.6 90.7 37.6 99.7 
Chicago 26.3 79.4 30.3 86.6 33.3 92.0 38.3 101.0 
Denver 18.6 65.4 22.6 72.6 25.6 78.0 30.6 87.0 
Detroit 25.8 78.4 29.8 85.6 32.8 91.0 37.8 100.0 

Jacksonville 27.1 80.8 31.1 88.0 34.1 93.4 39.1 102.4 
Las Vegas 23.3 73.9 27.3 81.1 30.3 86.5 35.3 95.5 

Los Angeles 21.7 71.1 25.7 78.3 28.7 83.7 33.7 92.7 
Memphis 27.3 81.1 31.3 88.3 34.3 93.7 39.3 102.7 

Mexico City 17.0 62.7 21.0 69.9 24.0 75.3 29.0 84.3 
Miami 27.2 81.0 31.2 88.2 34.2 93.6 39.2 102.6 

Minneapolis 25.9 78.6 29.9 85.8 32.9 91.2 37.9 100.2 
Montreal 24.1 75.4 28.1 82.6 31.1 88.0 36.1 97.0 

New Orleans 27.4 81.3 31.4 88.5 34.4 93.9 39.4 102.9 
New York 25.6 78.1 29.6 85.3 32.6 90.7 37.6 99.7 
Phoenix 24.9 76.9 28.9 84.1 31.9 89.5 36.9 98.5 
Portland 21.5 70.7 25.5 77.9 28.5 83.3 33.5 92.3 

San Antonio 26.0 78.8 30.0 86.0 33.0 91.4 38.0 100.4 
San Francisco 19.3 66.7 23.3 73.9 26.3 79.3 31.3 88.3 

Seattle 20.1 68.1 24.1 75.3 27.1 80.7 32.1 89.7 
Tulsa 26.7 80.1 30.7 87.3 33.7 92.7 38.7 101.7 

Winnipeg 23.8 74.8 27.8 82.0 30.8 87.4 35.8 96.4 



	
  	
  
	
  
  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 - Requirements for refrigeration using indirect air side free cooling (4K / 7.2°F approach), water side free cooling (7K / 12.6°F 

approach), water side free cooling (12K / 21.6°F approach).  Recommended range achieved shown with round green marker, allowable range 
round blue marker with dot, refrigeration required shown with red pin 

The results indicate that using indirect air side free cooling, temperatures can be supplied to the data hall within the 
ASHRAE A1 allowable range for all of the USA locations analysed and for many of the western cities, temperatures are 
within the recommended range; zero refrigeration is possible throughout the USA with this method. 

With a high efficiency water side free cooling system (with larger heat exchange area and footprint), in some USA 
locations zero refrigeration is possible whilst remaining in the recommended range, however in warmer climates supply 
temperatures increase into the allowable range. 

With a legacy water side free cooling system, refrigeration will be required in warmer climates to keep supply 
temperatures within the allowable range, although not in some cooler USA climates. 

THE FUTURE 

The trend for increasing energy prices and pressure to reduce costs and improve environmental performance should 
continue to drive operators towards exploiting energy saving opportunities in data centre cooling systems.  Data centre 
densities and temperatures look likely to continue to rise.  This opens up opportunities to increase zero refrigeration which 
is already available in many locations.  It also allows simpler cooling designs to be used which are more reliable and help 
operators to reduce data centre operating and capital costs. 



 

APPENDIX 

Table 3 – Statistically derived maximum wet bulb 
temperatures 

State	
  /	
  Country	
   City	
   Twb	
  max	
  
°C °F 

Alabama Birmingham 26.2 79.2 
Alaska Anchorage 16.4 61.5 
Arizona Tucson 23.0 73.3 
Arkansas Little Rock 27.3 81.2 
California Los Angeles 21.7 71.1 
Canada Calgary 18.3 64.9 
Canada Medicine Hat 19.8 67.6 
Canada Vancouver 19.7 67.4 
Canada Toronto 24.4 76.0 
Colorado Colorado Springs 17.9 64.2 
Cuba Havana 28.1 82.6 
Delaware Wilmington 26.2 79.1 
Dist. of Columbia Washington 26.4 79.5 
Georgia Atlanta 25.6 78.1 
Hawaii Honolulu  25.5 78.0 
Idaho Boise 19.8 67.6 
Illinois Chicago 26.3 79.4 
Indiana Indianapolis 26.4 79.5 
Iowa Des Moines 26.4 79.6 
Kansas Wichita 25.7 78.3 
Kentucky Louisville  26.6 79.9 
Maine Portland 24.2 75.6 
Maryland Baltimore 26.2 79.1 
Massachusetts Boston 25.3 77.6 

Mexico Guadalajara 20.5 68.8 
Mexico Tijuana 24.1 75.3 
Mexico Monterrey 26.9 80.5 
Mexico Merida 28.8 83.8 
Mexico Mazatlan 28.1 82.6 
Mexico Veracruz 28.4 83.1 
Mexico Tampico 29.3 84.8 
Mississippi Jackson 27.2 80.9 
Missouri Kansas City 27.1 80.7 
Nebraska Omaha 25.9 78.6 
New Hampshire Manchester 25.0 77.1 
New Jersey Newark 26.1 79.0 
New Mexico Albuquerque 19.0 66.1 
North Dakota Fargo 25.0 77.0 
Ohio Cleveland 25.4 77.7 
Pennsylvania Philadelphia 26.3 79.3 
Rhode Island Providence 25.5 77.8 
South Carolina Columbia 26.2 79.2 
South Dakota Sioux Falls 26.1 78.9 
Tennessee Nashville 26.0 78.8 
Texas Austin 26.7 80.0 
Texas Houston 27.0 80.7 
Utah Salt Lake City 20.2 68.3 
Vermont Burlington 24.3 75.7 
Virginia Richmond 26.4 79.5 
West Virginia Charleston 25.6 78.1 
Wisconsin Milwaukee 25.9 78.7 
Wyoming Cheyenne 17.8 64.0 
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