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Credit(s) earned on completion of 
this course will be reported to AIA 
CES for AIA members. Certificates of 
Completion for both AIA members 
and non-AIA members are available 
upon request.

This course is registered with AIA 

CES for continuing professional 

education. As such, it does not 

include content that may be 

deemed or construed to be an 

approval or endorsement by the 

AIA of any material of construction 
or any method or manner of

handling, using, distributing, or 
dealing in any material or product.
_______________________________________

____

Questions related to specific materials, methods, and 
services will be addressed at the conclusion of this 
presentation.



Datacenters are at the apex of mission criticality. 

“99.99% uptime” is more than a hope or target, it’s a 

management system.

Attendees will learn how to balance the benefits and 

costs associated with trying to achieve greater energy 

efficiency, reliability, and lower operating costs as well 

as the requirements of the applicable codes and 

standards, including The Green Grid: PUE (power usage 

effectiveness) Metric. 

Course
Description



Learning
Objectives

1. Differentiate between the terms reliability, availability, up-time, and 

redundancy, specifically in the context of mission-critical datacenters.

2. Understand how The Green Grid PUE is calculated, as well as it's 

usefulness and limitations as an energy efficiency metric in datacenter 

design and operation.

3. Understand how availability and PUE affect CAPEX, OPEX and revenues 

in different datacenter types, and how these drive design and operational 

decisions.

4. List some factors that often undermine a critical facility's reliability or 

PUE, and identify strategies to eliminate or minimize them.

At the end of the this course, participants will be able to:



Mission Critical Systems (Healthcare)

POWER OUTAGE

= 

LONGER TIME FOR LAB TESTS

+

LOST ORGANIC SAMPLES

POWER OUTAGE

= 

LOSS OF LIFE SUPPORT

+

DELAY TO SURGICAL OPERATIONS

(LIFE & DEATH SITUATIONS)



Mission Critical Systems (Banking & Retail)

ATM OUT OF SERVICE

= 

LOST REVENUE (NO SERVICE CHARGES)

+

DISSATISFIED CUSTOMER

E-COMMERCE SITE DOWN

= 

LOST REVENUE (NO SALES)

+

DISSATISFIED CUSTOMER



Mission Critical Systems (Financial Securities)

ELECTRONIC SYSTEMS DOWN

= 

LOST REVENUE (NO TRADE COMMISSIONS)

+

DISSATISFIED CUSTOMER

+

RIPPLE EFFECT IN FINANCIAL MARKETS
Image courtesy of worradmu at FreeDigitalPhotos.net



Mission Critical Systems (Aviation)

AIRPORT CRITICAL SYSTEMS

CONTROL TOWER

RUNWAY LIGHTING

AIRPORT LIFE SAFETY SYSTEMS

AIRPORT SECURITY SYSTEMS

Image courtesy of trankny242 at FreeDigitalPhotos.net

AIRLINE COMPUTER SYSTEMS TIED TO

TICKETING KIOSKS

AUTOMATIC LUGGAGE DROP OFF

FLIGHT SCHEDULING

ONLINE RESERVATION SYSTEMS

AND MORE…
Image courtesy of tratong at FreeDigitalPhotos.net



Mission Critical Systems (Data Centers)

SOFTWARE

+ 

COMPUTE + NETWORK + STORAGE

+ 

SITE INFRASTRUCTURE

Image courtesy of Sujin Jetkasettakorn at FreeDigitalPhotos.net

Image courtesy of antpkr at FreeDigitalPhotos.net

HIGHLY RELIABILE

+ 

HIGHLY AVAILABLE

MUST                     BE



FOLLOW THE $$$$

$5.6 BILLION
$868 MILLION
$1.3 BILLION
$2.7 BILLION

1
8.5%

$32 BILLION



FOLLOW THE $$$$

$5.6 BILLION (DC ASSETS)
$868 MILLION (DC CAPEX)

$1.3 BILLION (DC OPEX)

$2.7 BILLION (REVENUE)

8.5% (MARKET SHARE)

$32 BILLION (MARKET SIZE)



$5.6 BILLION
(DATA CENTER 
ASSETS)*

NASDAQ: XXXX 10K 2015 BALANCE SHEET



$868 MILLION
(CAPEX
DATA CENTER
SPEND)

NASDAQ: XXXX 10K 2015 CASHFLOW STATEMENT



$2.7 BILLION
(REVENUE - UPTIME)

$1.3 BILLION
(OPEX - ENERGY

EFFICIENCY)

NASDAQ: XXXX 10K 2015 INCOME STATEMENT



CapEx

RELIABILITY

REDUNDANCY

AVAILABILITY

UPTIME“5 NINES”

CAPEX REVENUE



Reliability

RELIABILITY of a system (applied within 

limits of it’s design) is the

PROBABILITY that it will operate or function

SUCCESSFULLY for a specified

TIME duration

RELIABILITY of a system (applied within 

limits of it’s design) is the

PROBABILITY that it will

NOT FAIL within a specified

TIME duration.

PROBABILITY

SUCCESS

TIME



Availability

AVAILABILITY of a system (applied within 

limits of it’s design) is the

RATIO of Uptime to the total 

TIME duration being analyzed.

Usually expressed as a percentage

RATIO

UPTIME

TOTAL TIME



Reliability ( PDF, CDF)

Probability Density Function

(Exponential Distribution)

𝒇(𝒙) = 𝝀𝒆−𝝀𝒙

𝑹(𝒙) = 𝒆−𝝀𝒙

Cumulative Density Function

(Exponential Distribution)



Reliability ( PDF, CDF)

Probability Density Function

(Weibull Distribution 2 parameter)

𝒇(𝒙; 𝝀, 𝒌) =
𝒌

𝝀
(  𝒙 𝝀)𝒌−𝟏𝒆−(𝒙/𝝀)

𝒌

𝑹(𝒙) = 𝒆−(  𝒙 𝝀)𝒌

Cumulative Density Function

(Weibull Distribution 2 parameter)



Reliability ( MTBF)

SUCCESSFUL

OPERATION

FAILURE

MTBF

MTBF

TIME

TIME



Reliability ( MTBF)

SUCCESSFUL

OPERATION

FAILURE

MTBF

MTBF

(6) FAILURES

MTBF = 1459HRS

(3) FAILURES

MTBF = 2919 HRS

DURATION = 8760HRS

DURATION = 8760HRS



Availability

SUCCESSFUL

OPERATION

FAILURE

MTBF

MTBF

(6) FAILURES

MTTR = 1HR

DOWNTIME = 6HRS

UPTIME = 8754HRS

AVAILABILITY = 99.932%

(3) FAILURES

MTTR = 2HRS

DOWNTIME = 6HRS

UPTIME = 8754HRS

AVAILABILITY = 99.932%

MTTR

MTTR

DURATION = 8760HRS

DURATION = 8760HRS



Reliability / Availability

1. INCREASE RELIABILITY (INCREASE MTBF)

2. INCREASE AVAILABILITY (REDUCE MTTR)

3. MINIMIZE SYSTEM COST



Redundancy

REDUNDANCY is ONE of the strategies for 

increasing system reliability by including 

functionally identical components above and 

beyond the number required for capacity such 

that failure of a single component does not 

result in system failure.

Usually expressed as an Equation

N + R

OR

X(N+R)



Redundancy (N+R)

N + 1

N = 1

3MW GENSETS

LOAD = 3MW

LOAD = 3MW

LOAD = 8MW

3MW GENSETS

3MW GENSETS

N + 2

N = 1

N + 1

N = 3



Redundancy X(N+R)

2N

N = 1

3MW GENSETS

LOAD = 3MW

LOAD = 3MW

3MW GENSETS

2(N + 1)

N = 1

LOAD = 5MW

3MW GENSETS

2N

N = 2



Reliability Engineering = Risk Management

1. IDENTIFY FAILURE MODE(S)

2. QUANTIFY THE SEVERITY OF FAILURE

3. ASSESS THE LIKELIHOOD OF FAILURE

4. EVALUATE COST/BENEFIT OF RISK MITIGATION 

OPTIONS.



CapEx

PUE PLE

CAPEX OPEX



$1.3 BILLION
(OPEX - ENERGY

EFFICIENCY)

NASDAQ: XXXX 10K 2015 INCOME STATEMENT



$5.0 BILLION
(2014 DATA 
CENTER ASSETS)*

COST OF REV., $1.3B
~ 25% OF ASSET VALUE

NASDAQ: XXXX 10K 2015 BALANCE SHEET



PUE

POWER USAGE 

EFFECTIVENESS in a datacenter 

is the ratio of TOTAL data center 

power consumption to the I.T. 

power consumption.

It is a measure of the “Overhead” 

power consumption in a datacenter, 

not used by I.T. equipment.

𝑷𝑼𝑬 =
𝑷𝑻𝒐𝒕𝒂𝒍

𝑷𝑰.𝑻.

𝑷𝑼𝑬 =
𝑷𝑰.𝑻. + 𝑷𝒎𝒆𝒄𝒉 + 𝑷𝒆𝒍𝒆𝒄 + 𝑷𝒇𝒂𝒄𝒊𝒍𝒊𝒕𝒚

𝑷𝑰.𝑻.

𝑷𝑼𝑬 = 𝟏 +
𝑷𝒎𝒆𝒄𝒉

𝑷𝑰.𝑻.
+
𝑷𝒆𝒍𝒆𝒄

𝑷𝑰.𝑻.
+
𝑷𝒇𝒂𝒄𝒊𝒍𝒊𝒕𝒚

𝑷𝑰.𝑻.



PUE

POWER USAGE 

EFFECTIVENESS in a datacenter 

is the ratio of TOTAL data center 

power consumption to the I.T. 

power consumption.

It is a measure of the “Overhead” 

power consumption in a datacenter, 

not used by I.T. equipment.

𝑷𝑼𝑬 = 𝟏 +
𝑷𝒎𝒆𝒄𝒉

𝑷𝑰.𝑻.
+

𝑷𝒆𝒍𝒆𝒄

𝑷𝑰.𝑻.
+

𝑷𝒇𝒂𝒄𝒊𝒍𝒊𝒕𝒚

𝑷𝑰.𝑻.

𝑷𝑼𝑬 = 𝟑. 𝟎

I.T.

(1.0)

NON I.T.

(2.0)



PUE – Mechanical Component

CRAH

CRAH

CRAH

CHILLER

COOLING

TOWER

CWP

CHWP

SA

RA

SA

RA

SA

RA



PUE Reduction – Mechanical Component

CRAH

CRAH

CRAH

CHILLER

COOLING

TOWER

CWP

CHWP

SA

RA

SA

RA

SA

RA

• AISLE CONTAINMENT

• CFD ANALYSIS

• ECM FANS

• HIGHER EFFICIENCY COILS



PUE Reduction – Mechanical Component

CRAH

CRAH

CRAH

CHILLER

COOLING

TOWER

CWP

CHWP

SA

RA

SA

RA

SA

RA

• VFDs

• AFFINITY LAWS

𝑷 ∝ 𝝎𝟑

20% reduction in flow

equates to ~50% reduction 

in power use.

• EFFICIENT PIPE ROUTE 

DESIGN



PUE Reduction – Mechanical Component

CRAH

CRAH

CRAH

HX

CHILLER

COOLING

TOWER

CWP

CHWP

SA

RA

SA

RA

SA

RA

• Economizer Mode



PUE Reduction – Mechanical Component

ASHRAE TC 9.9

Thermal Guidelines for Data Processing Environments



PUE Reduction – Mechanical Component

CRAH

CRAH

CRAH

HX

CHILLER

COOLING

TOWER

CWP

CHWP

SA

RA

SA

RA

SA

RA

80
o
F

>= 100
o
F



PUE Reduction – Mechanical Component

CRAH

CRAH

CRAH

HX

CHILLER

DIRECT

EVAP

RCP

CHWP

SA

RA

SA

RA

SA

RA

80
o
F

>= 100
o
F



PUE Reduction – Electrical Component

TX

MV-

480V

GEN

(480V)

SWGR

UPS

480-

480V

PDU

480-

208V

ELECTRICAL LOSSES

• TRANSFORMATION LOSS (POWER TX)

• FEEDER LOSSES – I2R

• POWER CONVERSION LOSSES (UPS)

• PART LOAD EFFICIENCY 



PUE Reduction – Facility Component

MAJOR LOAD GROUPS

• LIGHTING

• Higher Efficacy Fixtures

• Automatic Light Reduction Controls

• Design to Lower LPDs

• HVAC

• Underfloor Air Supply

• Building Orientation Analysis



PUE Reduction - Total

POWER USAGE 

EFFECTIVENESS in a datacenter 

is the ratio of TOTAL data center 

power consumption to the I.T. 

power consumption.

It is a measure of the “Overhead” 

power consumption in a datacenter, 

not used by I.T. equipment.

𝑷𝑼𝑬 = 𝟏 +
𝑷𝒎𝒆𝒄𝒉

𝑷𝑰.𝑻.
+

𝑷𝒆𝒍𝒆𝒄

𝑷𝑰.𝑻.
+

𝑷𝒇𝒂𝒄𝒊𝒍𝒊𝒕𝒚

𝑷𝑰.𝑻.

𝑷𝑼𝑬 = 𝟑. 𝟎

𝑷𝑼𝑬 = 𝟐. 𝟎

𝑷𝑼𝑬 = 𝟏. 𝟓

𝑷𝑼𝑬 = 𝟏. 𝟐

I.T.

(1.0)

NON I.T.

(0.2 – 2.0)

1.5 TO 1.2 = 20% REDUCTION
OR $260 MILLION ON $1.3B TAB



PUE Limitations

PUE LIMITATIONS

1. Does not account for differences 

in climate that may affect 

suitability of some PUE reduction 

measures.

2. Does not account for efficiencies 

due to Higher server utilization 

and other improvements.

3. Does not account for improved 

machine performance per watt.

𝑷𝑼𝑬 = 𝟏 +
𝑷𝒎𝒆𝒄𝒉

𝑷𝑰.𝑻.
+

𝑷𝒆𝒍𝒆𝒄

𝑷𝑰.𝑻.
+

𝑷𝒇𝒂𝒄𝒊𝒍𝒊𝒕𝒚

𝑷𝑰.𝑻.

𝑷𝑼𝑬 = 𝟏. 𝟓

𝑷𝑼𝑬 = 𝟏. 𝟓

𝑷𝑼𝑬 = 𝟏. 𝟕

ULTIMATELY, PUE AS A METRIC 
SHOULD BE ONE OF MANY TOOLS 
USED TO REDUCE OPEX.



Factors that undermine MCF availability

1. OPERATOR ERROR

2. POOR CONSTRUCTION QUALITY

3. LESS THAN THOROUGH COMMISSIONING

4. “ON THE FLY” DECISIONS 



RELIABILITY < 100%                 MTBF <                                DOWNTIME∞

REDUNDANCY                HIGHER RELIABILITY                  HIGHER MTBF

LOSS OF REVENUE, DAMAGE TO REPUTATION / BRAND

INCREASED CAPEX, LOWER UTILIZATION, EFFICIENCY TRADEOFFS

INNOVATIVE DESIGN                LOWER PUE                  LOWER OPEX

INCREASED CAPEX, LOWER UTILIZATION, EFFICIENCY TRADEOFFS

HIGHER AVAILABILITY + LOWER PUE = LOWER TCO

Conclusion



This concludes The American Institute of Architects 
Continuing Education Systems Course

Tor Kyaagba, PE, CEM


