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Summary 
 
A mission critical facility is one which has high 
reliability requirements; where plant and process 
must have continuous availability and any service 
outage results in a seriously detrimental business 
impact.  The building services designs for such 
environments should be fault tolerant and 
concurrently maintainable, achieved through 
redundant components operating at part load or in 
standby with multiple distribution paths to reduce 
probability of failure.  A mission critical data 
centre or server room contains IT equipment with 
high and increasing heat densities.  This trend 
means that traditional cooling designs struggle to 
deliver the required performance.  They are also 
typically relatively inefficient; however the market 
is adverse to risk and hence often conservative 
about innovations in this area.  The cooling 
challenges for mission critical facilities are to 
provide cost effective, energy efficient, high 
reliability solutions for high heat densities which 
appeal to the marketplace.   
 
Introduction   
  
Mission critical facilities such as data centres, call 
centres, trading floors, production lines and process 

plants, where continuous operation is paramount 
are found in a diverse set of industries including 
financial, telecommunications, internet, 
technology, pharmaceutical, biotechnology, 
manufacturing, and broadcast industries, as well the 
public and defence sectors.  Data centres are the 
focus of this paper; these may be characterised by 
the following:  
 
1) High design loads relative to building size 

(typically around ten times greater than 
commercial office buildings) 

2) Less occupant density than commercial 
office buildings (around 1/100th) 

3) Load growth from minimum part loads to 
full design load and beyond as IT equipment 
is installed; overall far greater load growth 
than commercial buildings 

4) Continuous operation with minimal variation 
in daily load profiles  

5) Different load profiles and characteristics for 
data centres and commercial buildings 
incorporating data centres with shared plant 

6) Heat rejection plant capacity is limiting 
factor of cooling system but not tested 
(factory / site) 

7) Many rapid changes in data centre industry: 
increasing load densities, air management 
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issues, product developments.  Mechanical 
and electrical systems have much longer 
lifespan than IT equipment (5-10 times), 
hence flexibility required in design for 
unknown future. 

 
The above presents various problems / challenges 
including:  
 
1) Continuous operation at low loads  
2) High densities and often uneven load 

distribution 
3) Impact of plant failure on air distribution 
4) Careful load monitoring required when 

running at close to maximum capacity to 
ensure continued resilient operation without 
overloads 

5) Heat rejection plant undersized and hindered 
by plant recirculation issues – poor designs 

6) Over-provisioning of cool air results in 
energy wastage 

7) Inefficient design and operation means large 
carbon footprint 

8) Expensive to run due to high energy intensity 
and rising cost of energy 

 
This is a specialist area requiring idiosyncratic, 
innovative solutions. 
 
The ‘Green’ Issue 
 
‘Green’ issues are high profile in the media and big 
business faces corporate social responsibility 
pressures to act positively for the environment 
(Godrej 2006, Juniper 2007, Lynas 2007, Monbiot 
2006, IPCC 2007).  This needs to be meaningful 
action rather than just ‘green wash’ (Patel 2003, 
Tschudi 2004).  
 
The UK government has set a target to reduce 
energy usage to 40% of 1990 levels by 2050 (DTI 
2003).  Market growth in the data centre sector is 
estimated to have led to its energy usage doubling 
every 30 years; to meet the target this trend needs 
to be broken with energy usage in 2050 at 10% of 
projected.  Radical changes in design and operation 
are required to make significant efficiency gains.  
Cooling energy comprises almost half of the total 
energy consumed in a typical data centre (see 
Energy Analysis section). 
 
Data centre energy usage is estimated at 2.2 to 
3.3% of total UK electricity consumption (MTP 
2007) and predicted to increase.  
 

40% 1990 <10% 2050= Energy Usage Aim =

1990 2050

MARKET GROWTH
(Doubles every 30 years)

Excludes aviation!

 
Figure 1:  UK Government Energy Policy. 
 
Cost and Reliability 
 
As well as the high operational and capital costs, 
the critical business functions supported by the 
facility present hidden system reliability costs i.e. 
what is the cost of failure?  A site which suffers a 
catastrophic failure may result in a severe business 
impact costing tens of millions of pounds every 
hour.  This may include reputation damage which 
is hard to quantify.  The total cost of ownership is a 
combination of these factors; a holistic approach is 
required to consider the impact of each on the 
others. 

CAPITAL
EXPENDITURE

TOTAL
COST

OWNERSHIP

Design 
configuration

Lifecycle
Costs

SYSTEM 
RELIABILITY OPERATING

COSTSOperating Risks

Figure 2:  Total Cost of Ownership. 
 
TCO can also be considered in terms of useful 
work performed and unabsorbed overhead cost of 
underutilized infrastructure (APC 2003).  This 
supports the case for modular designs (Ansett 
2007). 
 
Costs may be evaluated as follows: 
 

( )
)/(£

(£)
yearRisk

CostyearsSPB =                               [1] 
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Risk is related to both the likelihood of a particular 
failure and the severity to business of that particular 
failure: 
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Generally, the higher the cost of failure, the more 
redundant components and distribution paths built 
into the infrastructure design and hence cost.  
Facilities may be broadly defined into four tiers 
based on their reliability requirements and design 
(TIA 2005, The Uptime Institute 2006).   
 
A variety of reliability tools are used including top-
down analysis (Reliability Block Diagrams, Monte 
Carlo Simulators and Fault Tree Analysis) and 
bottom-up analysis (FMEA: Fault Mode & Effect 
Analysis, FMECA: Fault Mode Effect & Criticality 
Analysis).  
 
A system with redundant components runs at part 
loads during normal operation, hence plant and 
systems should be optimised on this basis.  For 
example, where a heat rejection system has three 
cooling towers, including one redundant, 
significant efficiency gains can be made by 
operating all three at reduced speeds using variable 
speed drives, rather than two run and one standby, 
providing flows are above minimum threshold.  
This offers improved reliability also; on failure of 
one tower, the two remaining can ramp up to pick 
up the load rather than switching on the standby 
tower.  The control philosophy should always be 
“global monitoring, local control”. 
 
Stakeholders 
 
Human factors play a key role in system reliability.  
Another challenge is presented by the various 
stakeholders and perspectives within the industry 
and the need for effective communication between 
them to achieve a successful result. 
 
The initial investment is paid for by the client 
owner, the consultant creates a design as per their 
requirements, which is realised by the contractor 
and operated by the facilities manager.  The client / 
operator incorporates IT as well as engineering 
teams.  The decisions made at each stage of the 
process impact the end result e.g. the design affects 
the operating cost but the designer does not pay this 
cost. 

 
An effective approach for improving system 
reliability and resilience and reducing failures 
(including those due to human errors) is the use of 
workshops and maintenance Integrated Systems 
Tests (IST).  These address technical issues and 
management challenges which need to be 
approached with teamwork.  
 
Kolb’s continuous learning cycle has the following 
stages: reflection, theoretical analysis, practical 
applications and concrete experience, which may 
be aligned with the various perspectives (Tozer and 
Ansett 2006).  

REFLECT

(Kolb’s Learning Cycle)

FACILITIES MANAGEMENT CLIENT ENGINEER

OPERATIONS RISK / INFRASTRUCTURE

INSTALLATION
& COMMISSIONING

CONTRACTOR

DESIGN

CONSULTANT

EXPERIENCE

THEORY
PRACTICE

Design Handover

Site Handover

Figure 3:  Kolb’s cycle applied to MCF industry. 
 
 
Operational Issues 
 
Capacity 
 
IT equipment power trends and their associated 
higher load densities increasingly stretch the 
demands on existing data centre infrastructure 
designs.  This, together with increased focus on 
improving operational efficiencies means that 
effective load and capacity management are key to 
maximising site performance i.e. high availability 
and utilisation with minimal energy cost. 
 
Data Centre cooling has three main components: 
1. Heat rejection plant 
2. Cooling plant and distribution system 
3. Air distribution to / from IT equipment 
 
Typical cooling designs are as follows, listed in 
order of efficiency: 
1. Chillers: water cooled 
2. Chillers: air cooled 
3. DX CRACs: air cooled 
4. DX CRACs: Glycol cooled  
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An understanding of true resilient system 
capacities, load profiles and growth together with 
effective control processes are required to: 
• Maximise efficiency and potential 
• Avoid overloading and preventable failures; 

maintain resilience, reduce downtime 
• Ensure future load demand can be met 
 
Commissioning documents or studies may show 
that a system’s true capacity is not the same as the 
design capacity.  The limiting factor for growth can 
be identified along with its impact on data centre 
capacity. 
 
A significant number of clients have experienced 
problems of low capacity from their cooling 
systems.  The NTU (number of transfer units) 
combined with LMTD (log mean temperature 
difference) is an ideal method to assess such cases, 
due to the difficulties in taking measurements on 
site when the plant / system is performing at its full 
design condition.  Some clients have asked for 
predictions for the next summer; the simplified bin 
method has been used for this (ASHRAE 1983).   
 
Some shortfalls in chiller capacity have been found 
but more often significant capacity shortfalls of 
heat rejection plant (dry coolers and cooling 
towers), in some cases exceeding 50%, have been 
experienced. 
 
This shortfall can go unnoticed until such time as 
the full redundant capacity is required, due to 
oversizing of cooling systems, operation of heat 
rejection plant in run and standby and lack of 
capacity testing of heat rejection plant in the 
factory or on site.  A useful equation is:  
 

COPQ
Q

HDR
e

c 11+==                                         [3] 

 
Main reasons for the shortfall include untested 
plant and recirculation of air on the roof; rising 
ambient temperatures and elevated temperatures of 
microclimate exceeding design also have an 
impact.  The main contributing factor to 
recirculation is the physical arrangement of plant, 
walls and obstructions.  Therefore the mass ratio of 
recirculated air is relatively constant.  However, the 
increase of inlet air to the heat rejection plant will 
increase significantly with load.  Recirculation has 
been included in system performance models.  
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For cooling towers the main author has developed 
the concept of Log Mean (H) enthalpy Difference 
(LMHD) based on conversations with Prof 
Missenden (1996).  Combined with the NTU 
method it has proved to be a valuable tool for site 
acceptance tests.  
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A recent, interesting assessment involved a system 
of CRAC units that were underperforming.  These 
were water cooled DX type with internal 
compressors and plate heat exchanger condensers 
that were cooled with a closed circuit condenser 
water circuit.  With this arrangement, it was 
relatively easy to measure the cooling capacity on 
site, electrical power input to the compressor and 
fan, condenser heat with the mass flow rate and 
difference of inlet and outlet temperatures from the 
CRAC unit condenser.  The energy balance is:  
 

cfancomp
net
e QPPQ =++                                      [8] 

 
Part Load Operation 
 
After the dot.com crisis in 2000, the main problems 
with chilled water systems were related to their low 
part load operation, where the market slow down 
meant that data centres remained unfilled and had 
minimum growth.  This resulted in cases where 
chillers were required to run continuously at very 
low part loads.  This does not happen in other 
building services applications as the chillers vary 
their load and cycle or are turned on and off, 
allowing the opportunity to recover oil and reset 
recycle shut downs.  The lesson learnt is to clearly 
establish the lowest part loads that chillers could 
operate at on a continuous basis.  Modular design 
of chilled water systems can avoid these problems.   
 
Similar problems of low loads on chillers have 
occurred in large financial institution buildings 
where the main building chilled water system also 
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supplies the data centre.  Typically the data centre 
load is a small fraction of the building summer 
design cooling load.  At times of low load e.g. 
winter weekends, nights and during Christmas 
holiday, large centrifugal chillers have been 
required to run continuously at very low loads, well 
below their minimum rating.  
 
In both of the above cases, the designer has only 
thought through the maximum design loads and 
should have carefully considered both part loads 
(as the data centre increases its load with more 
servers) and continuous operation during winter 
months.  This may be the result in speculative 
developments which are not designed for this use. 
 
Load Measurement 
 
The ability to accurately record system loads 
depends on the measurement tools in place.  An 
ideal metering installation will allow automated, 
live load trend monitoring but often it is only 
possible to collect snapshot readings.  The problem 
with this data is that it is only accurate at the time it 
is recorded, which may not coincide with the peak 
load.  The time of peak load can be hard to identify 
and may vary.  If the remaining capacity is based 
on non-peak data, this could give a false sense of 
security (appears there is more available capacity 
than reality) and there is a risk of overloading the 
system.  This less accurate method of taking 
snapshot readings may be adequate for lightly 
loaded systems where there is more margin for 
error.     
 
Through analysis and reporting of system 
constraints and continuous monitoring of measured 
data, remaining capacity can be assessed, processes 
put in place to manage change effectively and 
capacity expansion planned in good time.  For 
example, identification of trigger points to start 
modular capacity augmentations or Day 2 fit out.  
This will allow flexibility to meet (sometimes 
unexpected) growth and help ensure overloading is 
avoided and systems are utilized effectively. 
 
Air Management 
 
Traditional rooms have CRAC units located around 
the perimeter distributing cool air under the raised 
floor which then migrates to the equipment to be 
cooled via openings in the floor such as grilles.  
Such designs mix warm and cool air to achieve 
required room temperatures with typically 70% of 
air providing no direct cooling effect. 

Although cooling may be available in the system, 
effective air management is required to ensure that 
this is delivered to critical equipment in order to 
maintain a satisfactory operating temperature.   
 
The management of how cold air leaves the CRAC 
units, negotiates cable trays and other restrictions in 
the raised floor and effectively makes its way from 
the floor tile to the server inlet housed in a cabinet 
whilst avoiding mixture with other warm air 
streams, has typically not been addressed by any of 
the parties involved: client, project manager, 
consultant engineer, suppliers (CRAC units, 
cabinets, servers, raised floor, floor grilles), 
contractors or commissioning mangers.  
 
Whilst load densities were low i.e. below 
500W/m2, this did not constitute a major problem 
as air conditioning in the data centre could be 
treated as office space.  However, at higher loads of 
1000W/m2 and above, this mismanagement led to 
the problem of hot spots caused by poor 
distribution of air (recirculation, bypass, under-
floor restrictions etc.), which has limited the 
growth of load density in recent years.  Plant 
capacity is underutilised due to poor delivery of 
cooling to where required. 
 
This has resulted in typical data centre 
temperatures of:  
• supply air from CRAC 15°C 
• supply air to servers 25°C 
There is a 10K increase through mixing and 
associated energy wasted.  
 
However, from the data centre operators view 
point, there is an advantage in keeping the air 
temperatures relatively low.  In the event of mains 
failure, thermal runaway occurs (increase of air 
temperatures, discussed in Appendix A) until the 
cooling systems restart on generator power.  When 
the room has a cooler starting point, the time until 
temperatures rise to unacceptable levels (starting 
with hot spots) is increased.  A more energy 
efficient compensating provision is to adequately 
address the air management issues, which will 
increase the time it takes for IT equipment within 
the space to reach this level.  
 
Driven by high-density issues, metrics have been 
developed which make a valuable contribution to 
data centre air-management.  They describe the 
behaviour of air within the space and can be used to 
identify energy efficiency improvements.  
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Sharma et al introduce the concepts of supply and 
return heat indexes that measure the extent of air 
re-circulation (2002).  Schmidt et al define the Beta 
index which measures the extent of increase of the 
inlet temperature to the server due to air re-
circulation (2005) and correlate this to energy 
efficiency.  Boucher represents the supply heat 
index in terms of temperatures (2006). Herrlin 
(2005) defines the rack cooling effectiveness to 
measure the extent of rack inlet over-temperature 
due to re-circulation.  
 
Tozer proposes novel data centre air management 
metrics that apart from re-circulation, also address 
negative pressure flow, bypass flow and balance of 
server and CRAC unit flows (2006a, 2006b).  The 
problems of negative pressure flow, bypass flow 
and recirculation flow are indicated in the 
following figure.  

 
Figure 4:  Air management issues. 
 
Through effective air management within the data 
hall i.e. segregation of air streams and delivery of 
cooling to where required, it is possible to 
capitalise on energy savings through reduced fan 
power and increased chilled water temperature 
(reduced compressor power).  The air management 
model is presented in the figure below. 
 
Negative pressure flow (Mn):  In practice this flow 
is low and even negligible, but is found near the 
CRAC discharge floor grilles where air velocities 
are high.  
 
Bypass air flow (Mbp):  Air that leaves the floor 
grilles and returns directly to the CRAC unit 
without cooling servers.  
 

Re-circulation airflow (Mr):  Air discharged from 
servers which returns and mixes with air entering 
the servers to cool them. 

 
Figure 5:  Air Management Model. 
 
Both Negative Pressure (NP) and Bypass (BP) 
contribute to Recirculation (R).  If a cabinet is 
starved of air due to negative pressure, the servers 
will take return air (recirculation air).  If air is 
bypassed back to CRAC units, it will not be able to 
supply the servers which will use recirculation air.   
 
The above issues are also present within server 
cabinets as the following figure illustrates and may 
be more significant due to poor separation and 
control of the hot air stream.  

Server

Server

NP

R

R
BPBP

TF

TS TH

TR

Figure 6:  Air management issues within cabinets. 
 
Using these mass flow rates and temperatures, the 
following data centre air management metric 
equations are derived.  
 
Negative pressure ratio:  
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Bypass ratio:  
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Re-circulation ratio:  
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By taking a series of air temperature measurements 
(i.e. 20-30), it is possible to practically and simply 
gain an understanding of these properties in a data 
centre.  Even if difficult to precisely measure NP, 
BP and R, there is always a specific value which is 
characteristic of every data centre. 
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Figure 7: Air Management Metrics. 
 
Typically bypass and recirculation are around 40-
50%.  It is common to observe the supply air 
temperatures from the CRAC units between 13-
15°C with air entering servers at 20°C, exiting at 
29°C and with return air temperature to the CRAC 
units at 22-23°C.  To facilitate energy efficient 
cooling solutions good air management within the 
data centre is essential.   
 
Legacy data centres, particularly if not well 
managed, tend to have high levels of both bypass 
and re-circulation flow rates, which are increased 
when subject to higher density loads.  Traditionally 
a single room temperature is specified; a more 
relevant measure is the server air inlet temperature 
(worst case, i.e. highest). 
 
Legacy cabinets are often closed type with air entry 
from below and with top cabinet extract fans.  
Generally there are no blanking plates within the 
cabinets, and inlet and exhaust air streams are not 
segregated producing high levels of re-circulation.  
Bypass air is better managed unless there are a 
large amount of floor grilles, which would bypass 
air back to the CRAC units.  
 
Back to front arrangements tend to have low bypass 
but high levels of re-circulation with hot air 

exhausting from the back into the front of cabinets 
in the same aisle.  
 
Cold aisle – hot aisle arrangements, if properly 
designed and operated, can address the main 
problems of re-circulation.  However, particularly 
at low loads, there will be high levels of bypass air, 
unless some type of variable air-flow control is 
fitted.  
 
The ideal solution requires low negative pressure 
flow, bypass and re-circulation and also a balance 
between the CRAC and server air requirements.  
This can be achieved through physical segregation 
between cold and hot air streams and variable air 
volume to match the air demand of servers 
(variable, growth).  
 
CFD software is another tool which models data 
centre thermal performance.  A bespoke model of 
the data centre is created which incorporates details 
of installed servers and measured data.  The 
following data is calculated in the thermal model: 
CRAC output, under, above floor and in cabinet 
pressures, air flow and temperatures; this is then 
verified by measured data in existing rooms and 
thus provides accurate picture of system loads and 
behaviour.  The outcome in various failure 
scenarios can be simulated – risk free virtual tests 
can be conducted for existing rooms with current 
and future loads and conceptual data centres i.e. 
design tool.  The tool requires a significant 
investment in training and expertise. 
 
Additional equipment installations can be 
scheduled in a future version of the model; by 
comparing different scenarios the optimum 
locations can be found ensuring that the requisite 
temperatures are maintained and the space is used 
efficiently.  Potential problems can be identified 
before they occur and hot spots avoided.  As well 
as predicting the impact of changes in the space 
software is available which also incorporates an 
asset management tool (6SigmaManager). 
 
Air Management Metrics provide real feedback on 
an existing installation, whereas CFD provides 
theoretical feedback on a model with simplifying 
assumptions.  It allows virtual testing of: 
- Design stage concepts 
- Failure scenarios of CRAC units  
- High server load scenarios 
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Energy Analysis 
 
Energy in data centres accounts for a significant 
part of the Total Cost of Ownership (TCO).  
However, unlike commercial buildings, data 
centres typically have 100 times less people and 10 
times the cooling load year round.  Therefore, tools 
such as BREEAM and LEED which have their 
environmental impact based on commercial 
buildings are not suitable tools for assessing the 
data centres.  
 

 
Figure 8:  Magnitude of environmental impact. 
 
The various components of typical data centre 
systems and associated energy consumption are 
illustrated in the following figure: 

Cooling, 74

DC fans, 21

Other M, 6

Fuel, 1

IT, 100

Gen HWJ, 1

Lights, 3

UPS loss, 21

Other E, 6

 
Figure 9:  CO2 Impact of Data Centre Systems. 
 
The energy strategy for data centres should start at 
the core process (IT servers) and work its way out 
(Onion approach). 

IT Servers

Air 
Management

Mechanical 
systems

Electric 
systems

Renewable power 
(mains /on-site)

Figure 10:  Energy Strategy for Data Centres. 
 
Energy consumption should be optimised in the 
following order: 
 
IT Server 

• Higher Efficiency 
• Higher Utilisation 
• Wider temperature and humidity range 
 

Air Management Objective: increase air and chilled 
water set points 

• Minimise Bypass 
• Minimise Negative Pressure flow 
• Minimise Recirculation 

 
Mechanical 

• Free Cooling (air or water side) 
• Plant / system optimise 

o Chillers 
o CRACs 
o Humidifiers, etc 

 
Electric performance 

• UPS 
• Generator block heaters  
• Lights 

 
Renewable power (mains /on-site) 

• Mains (wind, hydro-electric) 
• Site (bio-fuel cogeneration if sustainable) 

 
The Green Grid has proposed a series of metrics for 
assessing the energy consumption of data centre 
M&E energy (2007).  The metrics are: 

• Power Utilisation Effectiveness (PUE) 
• Data Centre Efficiency (DCE) 

 
Power Utilisation is power used over time, 
therefore it is a unit of energy, though it is 
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expressed in terms of weighted average power.  
Heat rejection system efficiency will vary with the 
summer / winter seasons, even more so when free 
cooling is used.  Therefore, PUE should be 
assessed over an entire preceding year.  The 
numerator of PUE consists of all the mechanical 
energy required to cool the data centre and its 
systems (i.e. UPS), plus the electric losses (i.e. 
UPS), plus the IT load to the servers.  The 
denominator is the IT load to the servers.  

IT
ITEM

PUE loss ++
=                                     [12] 

 
PUE will always be higher than unity and typical 
values are around 2 to 3.  

PUE
DCE 1

=                                                    [13] 

 
The DCE in theory will vary from 0 to 1.  
 
PUE can be separated into electric and mechanical 
PUE; typically, electrical PUE is around 1.1-1.2 
whereas mechanical PUE is around 0.5 to 1. 
 
EYP MCF have benchmarked PUE in terms of 
following items and categorised performance in 
terms of Poor, Fair, Good, Very Good and 
Excellent (2007).  
a) Climate Zones (ASHRAE 2004 b) 
b) Cooling systems 

i. Air cooled chillers 
ii. Water cooled chillers 

iii. DX 
iv. Glycol DX 

c) Electric system redundancy 
 
A new metric which measures useful processing 
output versus power input, Compute Power 
Efficiency has been proposed but requires further 
development.  
 
 
Design   
 
A radical rethink of the standard raised floor design 
is required to move away from such an inefficient 
energy operation. 
 
Thermoeconomics  
 
Exergy is the usefulness of Energy and is very 
useful for assessing the thermodynamic quality of 
energy within systems (Kotas 1995, Bejan et al 
1996).  

)1( 0

T
T

QB −=                                                    [14] 

Thermoeconomics uses thermodynamics in 
conjunction with economic analysis to achieve 
improved cost benefit and quality in design.  The 
thermodynamic analysis uses the second law and 
availability or exergy which is a measure of the 
usefulness of energy.  The objective of 
thermoeconomics is to minimise a cost function, 
which is usually capital or life cycle costs, which 
are expressed in terms of thermodynamic variables 
of the system.  This will establish the most cost 
effective design parameters for the specific design 
configuration analysed (Valero and Lozano 1997, 
Tozer et al 1999).  A typical objective function 
established as the annual life cycle cost (LCC) per 
unit of cooling as follows:  
 

Q
BZLCC )( +

=                                                [15] 

 
The first term of LCC represents the expenditure of 
capital and maintenance cost whereas the second 
term represents the incidence of operating costs.  
 
The basic conclusions for HVAC design applied to 
MCF are:  
 
1) Importance of the reference environment 
2) Efficiency losses due to with large delta Ts 
3) Efficiency losses due to uneven delta Ts 
4) Invest more in cooling coil areas (i.e. 6 rows 

rather than 3 or 4 rows) 
5) Design with larger CHW and CW temperature 

differences, i.e. 8 to 10K rather than 5 to 6K.  
 
Typical temperatures throughout the cooling cycle 
are as follows: 
 
Stage Temp / °C DT / K Comment 
Server chip 80   
Air (from 
CRAC) 

12 68 Server to 
air, highest 
loss 

CHW 8 4  
Evaporator 5 3  
Outdoor 
environment 

30 -25 Work is 
required 

Table 1:  Server cooling temperature differences. 
 
The starting point is to define the supply air and 
chilled water temperatures in terms of energy 
strategy: 
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Supply air Supply air 

humidity 
CHW 
supply 

Energy 
Rating 

From To RH@22°C   
 °C °C % % °C 
Poor  13 50 50 4 
Fair 13 16 45 55 7 
Good 16 18 40 55 10 
Very 
good 

18 21 35 70 13 

Excellent 21 25 30 80 16 
Table 2:  Design Supply Air Temperatures of 
CRAH units. 
 
Through effective air management the elimination 
of bypass and recirculation, the supply air 
temperature from CRAC units required to achieve 
correct server inlet temperatures can be increased.  
The ideal situation is when the supply air 
temperature of the CRAC unit would be 22°C at 
45%RH, the optimum environmental conditions for 
IT equipment specified by ASHRAE (2004a).   
 
By allowing CRAC unit supply temperatures to 
tend towards this value the possibility of instigating 
free cooling strategies is significantly increased. 
 
1. Chilled water set points can be raised. This 

means that the number of hours in the year 
when outdoor conditions are suitable for 
total and partial free cooling is increased. 

2. The number of hours in the year available 
for direct external air free cooling is 
increased. 

 

Server
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 W

Dry bulb temperature T

Tchw

Ts

Chw

CRAC

Chw
Air Tcrac

Gap 1

Air off - chw

Gap 2

Air Management  
Figure 11:  Free cooling with improved 
conditions (minimised gaps). 
 
Further energy savings could be realised by 
widening operational window of conditions 

acceptable to IT equipment i.e. run rooms hotter / 
reduce cooling. 
 

Tl-Th (°C) RHl-RHh Mix Humid Cool 
22-24 40-55% 45% 45% 10% 
20-26 40-55% 64% 34% 2% 
22-24 30-70% 78% 20% 2% 
20-26 30-70% 87% 12% 1% 

Table 3:  Energy savings with wider indoor 
envelope (air side free cooling). 
 
An ideal design to realise the above based on air 
management principles requires:  
a) Physical segregation of hot and cold air streams 
b) Variable air volume 
 
EYP MCF’s “CoolDesign” is a variable air volume 
system with air side free cooling applied to data 
centres (patent filed).  

Figure 12:  VAV data centre free cooling system. 
 
Employing free cooling can have a significant 
reduction in the energy required for this function 
and may be air side / water side / direct or indirect. 
 

+

-

VFD

Condenser 
Water Shunt 

Pump 

Condenser 
Water 
Pump 

Dry 
Cooler

Con 

Evap

Chiller

Secondary chilled 
water pump

Primary chilled 
water pump

CRAH Unit

VFD

Plate Heat 
Exchanger 

 
Figure 13:  Water-Side Free-Cooling. 
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Designs have been developed using CO2 as a 
refrigerant for high density applications 
(Leatherbarrow and Hutchins 2005). 
 
Other design considerations include avoiding single 
points of failure in distribution systems as well as 
redundant plant e.g. 
a)  Single pipe-work distribution systems with no 

compensating provisions for failures of static 
components within, i.e. valves, sensor tapings 

b)  Single / same source electrical supplies to plant  
c)  Global control systems that can make the 

system inoperable  
d)  Pressurisation units that shut off all the pumps 
e)  CRAC fire dampers that “fail safe” all the 

dampers of the data hall closed 
f) BMS outstations and head-ends with single 

electric non-UPS power supplies 
 
Kurkjian and Glass (2005) look at how to design 
for various load conditions including supporting 
future higher densities. 
 
 
Commissioning 
 
The commissioning stage of a job is where many 
stakeholders are involved, different sets of skills 
are required and when there are considerable 
pressures on the program.  Commissioning is also a 
weak link between the designer’s best intentions 
and what the client actually receives, due to the 
inadequate handover from design and from site.  
Good designs should consider how commissioning 
requirements are met. 
 
There is often a perception from the operator that 
the facilities management team is unable to respond 
rapidly and effectively to faults.  Whilst often 
thought to fall outside the responsibility of design 
engineers, there is a shared responsibility to ensure 
an appropriate handover of MCF to the facilities 
management team.  Typical shortfalls include:  
a) Lack of knowledge on how MCF operates 

under normal and emergency conditions 
b) Lack of emergency procedures 
c) Inadequate systems wide and integrated 

systems tests carried out, hence MCF not fully 
commissioned 

d) O&M manuals too long and tedious, not read, 
very poor or absent; record documentation 
including drawings not up to date  

 
Typically during this stage financial and time 
constraints have a higher priority to the project 

team than quality which is reflected in 
commissioning short-cuts.  The highest 
contributing factor to quality is communication and 
strategy.  
 
For MCF, commissioning should be seen as a 
significant risk for which the following is a 
suggested road map for successful projects.  
 

Independent
Commissioning

Consultant 

Commissioning
Manager

Design Handover
(to Project Team)

Installation

Commissioning
Levels:
1: FAT
2: Component
3: Plant / dynamic
4: Systems, interfaces
5: IST

Site Handover 
(to Client / Facilities Management)

 
Figure 14:  MCF commissioning handover. 
 
A site specific “Commissioning Handover” 
document should be prepared by the 
commissioning consultant / manager which 
provides details of the following for each part of 
the process:   
 
Design Handover 
- Basis of Design (design consultant) 
- System Interfaces (design consultant) 
- Commissioning Specification (levels 1 to 4) 
- IST specification (level 5) 
- Commissioning report requirements 
- Key Deliverables for Practical Completion 
 
Installation 
- Commissioning responsibilities of contractors 
 
Commissioning Management  
- Commissioning Management role 
- Commissioning Consultant role 
- Commissioning Programme 
- Detailed commissioning requirements 
- Detailed IST requirements (tests, plan, logistics) 
- System Interfaces management 
- Quality Management System 
 
Site Handover  
- Witness and Validation for Practical Completion 
- Maintenance Interface 
- Client Training 
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- Operating and Maintenance Manuals 
- ‘As Built’ Records and Working Drawings 
- Energy Log Book 
- Interfaces with existing systems 
- Basis of Design (updated) 
 
The IST is crucial to prove that all systems operate 
and interface correctly in emergency / failure 
scenarios and recovery from failure; they must be 
dependable and justify the investment.  This level 
of testing is too intrusive and risky to perform on a 
live mission critical facility.  It is an opportunity to 
uncover any incipient faults and latent defects 
(IFLDs) which could otherwise lie undetected, in a 
controlled manner rather than through failures 
(Ansett 2005).  
 
Examples of cooling system tests:  
1. Verification of CRAC unit design capacities; 

manufacturer data is often based on testing of 
one configuration with results extrapolated for 
other sizes 

2. Dual coil / dual electrical supply CRAC units – 
failure of one system to ensure other system 
takes up load as per design and reinstates 
correctly on recovery 

 
The ultimate aim is to provide the client with a 
reliable and resilient MCF that behaves predictably 
in a stable manner with minimum downtime.  
 
A valuable tool is the use of Creative Problem 
Solving workshops to define commissioning scope 
for each MCF system and the IST (Henry and 

Martin 2004).  An initial workshop with the project 
team should develop the objective and tasks to 
achieve the client’s uptime aim (reliability and 
resilience of MCF). See Appendix B example. 
 
 
The Future  
 
Mission critical facilities are complex systems with 
high costs: capital, operational and risk.  The fast 
pace of technology change and mismatch between 
IT and plant refresh timescales can be tackled with 
flexible modular designs at reduced capital cost. 
 
Operational risks can be reduced through holistic 
management where the various stakeholders 
collaborate and communicate effectively.  
 
Accountability for energy costs, external pressures 
and education on what is achievable should help 
drive a reduction in consumption.  Employing free 
cooling (air / water side) and increasing the 
environmental operational window will have a 
significant impact. 
 
In the long term, increasing heat densities and 
pressures to reduce energy consumption may result 
in cooling systems evolving towards more direct 
energy paths e.g. liquid cooled servers. 
 
The following figure summarises the future 
development opportunities for the MCF industry.  
 

 
 

Figure 15:  Developments to reduce total cost of ownership. 
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Notation 
 
BMS Building Management System 
BREEAM British Research Establishment 

Energy Assessment Method 
CRAC Computer Room Air Conditioning 
CRAH Computer Room Air Handling Unit 
CFD Computational Fluid Dynamics 
CHW Chilled Water 
CW Condenser Water 
DC Data Centre 
DCE Data Centre Efficiency 
DX Direct Expansion 
E Electrical (energy) 
FAT Factory Acceptance Testing 
FMEA  Failure Mode and Effect Analysis 
FMECA Failure Mode Effect and Criticality 

Analysis 
HWJ  Hot Water Jacket 
IST  Integrated Systems Tests 
IT  Information Technology 
LEED  Leadership in Energy and 

Environmental Design (US) 
LMHD Log Mean Enthalpy Difference 
LMTD Log Mean Temperature Difference 
M  Mechanical (energy) 
MCF  Mission Critical Facilities / Facility 
NTU Number of Transfer Units 
O&M  Operating & Maintenance 
PDU  Power Distribution Unit 
PUE  Power Utilisation Effectiveness 
TCO  Total Cost of Ownership 
UPS  Uninterruptible Power Supply 
 
 
Symbols     
  Unit 
B Exergy kW 
BP Bypass - 
c Cost £/kWh 
COP Coefficient of 

Performance 
- 

DT Delta T K 
h Specific enthalpy kJ/kgK 
HDR Heat Dissipation Ratio - 
KaV Mass transfer capacity kg/s 
LCC Life Cycle Cost £ 
m/M Mass flow rate kg/s 
NP Negative Pressure - 
p Pressure Pa 
P Power kW 
Q Heat kW 
R Recirculation - 
RH Relative Humidity % 

SPB Simple Pay Back years 
T Temperature K/˚C 
Z Capital lost £/yr 
   
Suffixes   
a air  
b/bp  bypass  
c condenser / CRAC  
comp compressor  
cw condenser water  
dc dry cooler / data centre  
e evaporator  
f floor  
h  hall / high  
i in  
l low  
n negative pressure  
o out / outdoor / 

Reference 
 

r recirculation / return  
s server  
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Appendix A: Thermal Runaway 
 
Thermal Runaway is the term given to the increase 
of data centre air temperatures which occurs when 
cooling is temporarily lost due to mains outages or 
reinstatements.  Typically, upon mains failure the 
cooling systems will be lost until the generators 
have started and restore the electrical supply.  
Normally the CRAH fans will start within a 
minute.  However, whilst the cooling systems may 
take 10 to 30 minutes to achieve full load, it may 
take the data centre hours to return to normal 
conditions.  For IT servers not only is the 
temperature rise important, but more critical is the 
rate of temperature rise as the servers internal 
controls have to quickly adjust their own fans to 
cool the chips / processors.  The results of a typical 
heat load test are indicated in the following figure:  
 
 
 

 Heat Load Test 02/11/05

55

60

65

70

75

80

85

90

95

13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 18:30

Time

Te
m

pe
ra

tu
re

 / 
de

g 
F

Room B Room A

Start Load 
Banks

Load Banks 
at 100%

Fail CRAH 
units B8 & 
A4

Fail CRAH 
units B4 & 
A6

Fail all 
CRAH 
units

5.5K rise in 90 sec

Heat Load Test 02/11/05

55

60

65

70

75

80

85

90

95

13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 18:30

Time

Te
m

pe
ra

tu
re

 / 
de

g 
F

Room B Room A

Start Load 
Banks

Load Banks 
at 100%

Fail CRAH 
units B8 & 
A4

Fail CRAH 
units B4 & 
A6

Fail all 
CRAH 
units

5.5K rise in 90 sec

 
Figure A1:  Thermal Runaway during Site Tests. 
 
During thermal runaway there is a period of time 
when there is no cooling provided to the data hall, 
however, the cooling load remains uninterrupted as 
all the IT servers will continue to operate on UPS 
(uninterrupted power supply).  Therefore, upon 
reinstatement of cooling, the systems have to be 
able to cope with the static load (design cooling 
load) plus the thermal runaway cooling load.  The 
cooling systems have to be able to operate at more 

than 100% design cooling load and the electrical 
infrastructure must also be able to support this.  
 
At 0.5 to 1 ton per cabinet, the thermal inertia of 
metal has a high contributing factor to the results.  
Metal is also highly conductive and unlike fabric 
can be assumed as a ‘lumped capacitor’.  The 
thermal inertia of metal if further enhanced by the 
forced convection of server and CRAC fans.  In 
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these circumstances it can take a data centre of 
1000W/m2 over 10 minutes for cold aisle 
temperature to increase by 5K. 
 
The following factors need to be considered when 
designing M&E systems to cope with Thermal 
Runaway:  

- Metal thermal inertia (cooling coils, raised 
floor, IT cabinets, servers, trays) 

- Forced convection (CRAC and server fans 
on UPS) 

- Point of temperature reference (supply air or 
return air to CRACs) 

- Return ductwork (assists stratification) 
- Data hall height assists stratification and 

thermal storage at high temperatures 

- Hot aisle / cold aisle design to minimise air 
recirculation in data hall 

- Dual coils (CHW / DX) and CRAC supply 
plenum provide cold energy storage 

- Under floor thermal storage (cold) 
- Ventilation (air changes) 

 
Whilst mathematical modelling of such 
complexities may be desired for non-built data 
centres the results may not be very accurate; CFD 
predictions do not include for the effects of thermal 
inertia of fabric and metal.  A practical and reliable 
test is to keep the CRAC fans operating (as if on 
UPS) and failing the CHW pumps.  The thermal 
runaway measured in the cold aisle of the first 
minutes will provide valuable feedback. 

  
 
Appendix B:  IST Aims, Objectives, Tasks 
 

Figure B1:  Integrated Systems Tests: Aims, Objectives, Tasks. 
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