Existing Building Commissioning Guidebook
Introduction
Over the years, Facility Dynamics has been involved with providing technical training with a
focus on existing building commissioning in a number of different venues and for a number of
different clients including the Pacific Energy Center, Marriott, and IMCOM. For those programs, I
have frequently been the lead technical trainer.
As the training agendas evolved, it started to become clear that there were a number of key skills
that it would be desirable to develop if you were going to pursue existing building commissioning.
About 5 years ago, Russ Good and Barry Estes of Marriott International asked me to make a list
of the ten most important skills and to complement it with a list of the three primary resources
that were available were available to help develop each skill.
At that point in time, I had already compiled a list of technical resources that we used to support
the classes, but it was about 40 pages long and always growing. So, it could be a bit
overwhelming if you were just getting into this and Russ and Barry wanted me to figure out how
to focus things a bit.
That forced me to think about what really mattered from a technical stand point if you are out in
the field doing this sort of work. It was really hard for me to whittle the list down to only 10 skills,
but Barry and Russ were pretty firm on that, and I finally pulled it off. Truth be told, I kind of
cheated in a way because I made one of the skills Familiarity with HVAC Fundamentals and then
put 10 sub-skills under that.
But the exercise was a really good one and when I was finished, I realized that the list was a
pretty good framework for organizing the technical side of any of the training classes and I have
been using it ever since in that manner. In addition, I reorganized the resource list so that the
resources were grouped under headings that correlated with the 10 skills.
I also should point out that while the driver for developing the list of the 10 skills was Existing
Building Commissioning training, the skills really apply across the boards. In other words, you
generally will use the same skills for new construction commissioning, ongoing commissioning,
and general building operations.
In fact, one of my little jokes in class is that there are all sorts of names and acronyms applied to
processes where you apply the 10 skills, including Existing Building Commissioning, EBCx,
Retrocommissioning, RCx, Building Tune-ups, Ongoing Commissioning, NCx, Facility Operations,
etc. I have had the opportunity to work on projects where all of those names have been applied
to what I was doing.
But when I think about it, all of them generally are technically the same thing that I was doing
back in 1976, when I first became involved with the industry. Back then, we just called it

Page 1

2017-07-07 Revision

Existing Building Commissioning Guidebook
“Operating the building properly”. So, I guess what I am saying is that the 10 Skills are useful no
matter what building operations process you are applying them under.
Another realization that we came to in virtually all of the venues where we were delivering this
type of training was that the thing that really excited people and what the really seemed to want
was hands-on experience with the tools and techniques you use when you are out working with
buildings. That created a bit of a dilemma, because to effectively do work out in the field, you
had to understand the fundamentals and physics behind what you were working on, at least to
some extent.
That meant that if we were going to focus the face to face time on field activities and working lab
sessions where we developed the field data, then we would somehow need to come up with a
framework that would support a self-study effort on the part of the people attending the class.
The original resource list evolved as a first step in trying to accommodate that, as did the entire
series of Design, Performance and Commissioning Issues workshops that are provided by the
Pacific Energy Center every year due to the foresight and passion of Ryan Stroupe, one of the
instructors there that I work with and the Tool Lending Library program director.
This guide evolved as another tool to support self-study, with the first draft of it being developed
to support the Marriott classes. Subsequently, I added content to it and used it in the other
training venues. At one point, I made the generic version you are reading so I would have a
starting point that I could then customize as needed for a particular class and a particular client.
Since it is generic in nature, it seemed like something I could share with anyone who had an
interest in learning and developing the technical skills required to work with building systems.
And since the content it contains represents valuable information that has been shared with me
by my mentors and by key players in the industry via the resources on their web sites, making it
generally available seemed like a way to return the favor.
So best of luck with your building commissioning adventures. I hope the content of this
guidebook will be helpful with your efforts and that you find yourself enjoying your work as much
as I have and do.

David Sellers, P.E.
Senior Engineer
Facility Dynamics Engineering
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Contents
Navigating Through the Guidebook
If you are reading this document in the electronic version, you can use the bookmarks included in
this document to jump to a topic of interest as indicated in as illustrated in Figure 1.
Click here to open the book marks

Click here …

… to find out what the
Personal Project
Deliverables are …

… for the Scoping topic

Figure 1 – Using Bookmarks to Navigate Through the Technical Skills Training and Development Section
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Similarly, clicking on a cross reference like a figure number will take you to that figure. The
“Previous View” arrow will take you back to where you came from (See Figure 2).

This arrow will take
you back to where
you came from

Clicking on this figure
number will take you to
the associated figure

Figure 2 – Using Cross References to Navigate to a Figure of Interest

The Resource List; a Living Document
Virtually all of the resources, both primary and secondary, that are referenced in this guidebook
can be found in the Resource List on the Field Perspective on Engineering Blog and Website. But
since it is constantly being updating to repair broken links and add new resources as they are
identified, including it as a part of this document seemed like a limitation. Thus to maintain a
current copy of the resource list, you may want to visit the Field Perspective on Engineering blog
or the associated Field Perspective on Engineering website occasionally to check for an update.
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The Ten Key Commissioning Skills
The following skills are considered to be the key technical skills that you should pick up as you
move through your self study process.
1. The ability to benchmark your facility and analyze its utility consumption patterns.
2. The ability to scope a facility and identify obvious indicators of opportunity to improve
performance and/or resource consumption.
3. Familiarity with HVAC fundamentals (which is a fairly broad topic we realize).
4. Have a firm grasp of the system concept and be able to apply it to develop or mentor the
development of system diagrams for key systems in your facility.
5. Be familiar with the trending capabilities of your control system and know how to
supplement its capabilities with data loggers.
6. Be familiar with functional testing techniques and know how to develop and run a test
targeted at providing the data you need to resolve operational issues or provide data that
can be used to improve your operations and/or support projects.
7. Be familiar with data analysis techniques that will allow you to use the date you collect
from your trends, data loggers and tests to support projects and resolve operating
challenges.
8. Be familiar with basic HVAC and energy calculations so you can use the results of your
data analysis to assess the cost and benefit of improvements you are proposing.
9. Be familiar with Return On Investment (ROI) calculations so you can present your projects
in the best light to management and the investors behind your facility. In particular, be
familiar with the nuances of the Marriott ROI process and the related spreadsheet.
10. Develop a competency with control systems, including a basic understanding of how they
function as well as an understanding of how to go about procuring one that will meet the
needs of your immediate project and the ongoing needs of your facility. This will includes
having an understanding of the role point lists, narrative sequences, logic diagrams,
detailed specifications, and system diagrams have in the control system procurement
process.
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Benchmarking and Utility Analysis
Summary
The utility signature for a facility can tell you a lot about where its issues might be and how much
of an opportunity exists for making an improvement. For example, Figure 2 – Denver West
Marriott Benchmark vs. All U.S. Hotels in the EnergyIQ Database illustrates how the Denver West
Marriott (home of the 2012-2013 AEP training) benchmarked against a Department of Energy
(DOE) database and Figure 3 illustrates how it benchmarked against other Colorado Marriott
Hotels.
Both benchmarks indicate that relative to its peers, there might be significant opportunity for
improvement because quite a few facilities are doing much better in terms of their annual energy
consumption per square foot.
Taking it a step further, performing and average daily energy consumption analysis of the utility
data for Denver West revealed the following patterns for electricity (Figure 4) and gas (Figure 5)
indicate the potential for opportunity. Specifically:
The electrical baseline is high relative to the peak. Assuming the peak is driven by the need to
provide mechanical cooling (which is what the correlation between the peak electrical
consumption and the cooling degree days tends to indicate), then even if you could magically
make the cooling require no energy input to produce the required cooling, the facility would still
tend to use a lot of electricity. So, while obvious opportunities in the cooling plant (like a
throttled valve on a pump discharge) should not be ignored, it is likely that spending your time
and effort looking for issues with scheduling and higher than required air flows will yield more
“bang for the buck” initially.
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Figure 3 – Denver West Marriott Benchmark vs. All U.S. Hotels in the EnergyIQ Database

Figure 4 – Denver West Benchmark vs. All Colorado Marriott Hotels
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Figure 5 – Denver West Average Daily Electrical Consumption vs. Consumption Drivers

Thermal energy consumption shows a much stronger correlation to the need to heat, as indicated
by the heating degree days. But it does not totally go away when it’s warm and is tending to
creep up. Patterns of that type are often associated with higher than necessary reheat loads and
the gradual loss of calibration that pneumatic control systems can experience if they are not
carefully attended to. In addition, the thermal consumption is totally unrelated to occupancy,
unlike some hotels where it is driven by the domestic hot water loads. Thus, while obvious
improvements to the domestic hot water system optimization of the return pump operation and
set points should not be ignored, it might be best to expend your initial effort at understanding
why the baseline is creeping up.
Neither the benchmarks nor the average daily consumption analysis are absolute indicators. But
they are clues that can add up and help support your ideas about where to head with your
projects. In the case of Denver West, the AEP teams found significant savings opportunities, as
illustrated in Figure 8. Clues associated with many of the opportunities they identified and
quantified (items like scheduling and managing air flow rates for instance) can be seen in the
benchmark and average daily consumption patterns for the facility.
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Figure 6 – Denver West Average Daily Gas Consumption vs. Consumption Drivers
Team

General Description

Savings
Electricity
kWh
$

The Falcons
Team Cobalt
Team Compass
Team Five Stars
Team Diversity
Lucky Seven's

Optimize/Integrate Economizers
with the Central Plant
Optimize Central Plant Pumping
Systems
Implement Schedules for Lighting
and HVAC Systems
Repair or Uptrade MAU
Pneumatic Controls
Schedule Kitchen MAU and
Convert to VAV Operation
Install an Aqua-recycle System
to Recover Laundry Water

TOTALS

Gas
Therms

$

142,574

$10,550

-107

($50)

124,130

$9,186

0

$0

155,015

$11,471

4,003

$1,857

20,046

$1,483

1,555

$722

73,602

$5,447

10,056

$4,666

55,971

$4,142

18,234

571,338

$42,279

33,741

Other
Labor
Dollars
Description Hours per
$ with
Year
Benefits
$0
None
0
$0
$0

Incentive

Projected
Cost

Simple
Payback

$10,501

$0

$11,000

1.0

Total

None

0

$0

$9,186

$3,380

$7,500

0.8

$0

None

260

$5,720

$19,049

$1,601

$12,500

0.7

$3,000

Frozen coils

104

$2,288

$7,493

$0

$23,000

3.1

$3,000

Frozen coils

0

$0

$13,113

$0

$7,000

0.5

$8,461

$18,366

Water/Sewer

-364

($8,008)

$22,961

$39,300

$133,457

5.8

$15,656

$24,366

0

$0

$82,301

$44,281

$194,457

3.4

Figure 7 – Denver West AEP Class Results

Learning Objectives
Learning objectives for the Benchmarking and Utility Analysis skill include the following:
 Know how to benchmark your facility against a national database of some sort.
 Know how to benchmark your facility against other Marriott facilities in your area.
 Know how to normalize your utility bills and create an average daily energy consumption
analysis.
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 Know how to compare your average daily energy consumption to key drivers like occupancy
and heating and cooling degree days.

Primary Resources
The primary resources for this learning objective are:
 The Department of Energy Building Performance Database.
 The Marriott Performance Report spreadsheet (includes a kBtu per SF table for all Marriott
brands, sortable by brand, state, etc.), available from Dennis Moran.
 The California Commissioning Collaborative Utility Consumption Analysis Tool (UCAT) and
the related paper titled Using Utility Bills and Average Daily Energy Consumption to Target
Commissioning Efforts and Track Building Performance.

Secondary Resources
Resources listed under the following topics in the Resource List may be useful in terms of
providing some insight into this topic.
 Utility Bill Analysis and Bench Marking
 Fundamentals to Frontiers
 Energy Engineering and Management for Building Systems
 Commissioning
 Energy Centers
 Trade Publications
 Software Tools
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Scoping
Summary
Scoping, in the context of MRCx, is the process of walking through a facility and, based on
obvious indicators, assessing the commissioning opportunities. Obvious indicators are items that
are qualitative indicators of opportunity to improve performance or efficiency. Qualitative
indicators are things that can be observed and indicate the potential for an improvement but
usually do not indicate the actual value that will be realized if you act on what you see. But
qualitative indicators usually lead the way to quantitative indicators; i.e. measurements that can
be taken to put some parameters on the observed conditions.
For example, at Denver West, the pump head on the central plant chilled and condenser water
pumps seemed excessive given the field assessed requirements of the piping system. How much
excessive head capability was unknown at the time the 2012-2013 AEP class assessed the facility.
But their qualitative assessment of the situation flagged the pumps as worthy of additional study.
When the AEP team charged with assessing the pump performance executed a pump test on the
pumps in question (a qualitative assessment) they developed the hard data necessary to reveal
that optimizing the pumps by improvements in the way they were staged and the addition of a
Variable Frequency Drive (VFD) would save over $9,000 a year in electricity.
Most scoping observations come down to physical principles and common sense. For example:
 A preheat coil that is active on a hot day when preheat would not be required does not make
sense.
 A humidifier that is active downstream of a cooling coil that has just condensed water out of
the air stream does not make sense.
 A throttled valve on the discharge of a pump represents energy, as indicated by the formula
for pump brake horse power (bhpPump = (Flowgpm x Headft.w.c.)/(3,960 x EfficiencyPump); thus, if a
more efficient way to reduce the pump flow can be found (something that reduces flow
without adding head), then energy will be saved.
It is important to recognize that not all indicators lead to a project that has merit. For instance, if
the throttled valve mentioned above happened to be only modestly throttled and the line that it
was in was at the low end of the application range for the line size in terms of flow, then the
pressure drop associated with it could be inconsequential in terms of saving energy via an
alternative method.
In contrast, if the valve were throttled significantly and/or the pipe it was in was being applied at
the upper limit of its application range, then the savings associated with an alternative method of
reducing flow could be very significant.
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The bottom line is that the point of the scoping process is to identify potential opportunity, not
absolute opportunity. Once the opportunity is identified, other skills in the Key EBCx Technical
Skills set can be used to quantify it and determine if it has merit in the context of the Marriott
Return On Investment (ROI) metrics.

Learning Objectives
Learning objectives for the Scoping skill include the following:
 Learn how to connect the dots between physical realities and fundamental physics as
illustrated by the bullet points above.
 Develop a familiarity with the physical principles that apply the building systems and HVAC.
 Learn to trust your “gut” and “follow your nose”. You are experienced professionals who have
been around buildings and building systems for years at this point in your career. You may
know and understand more than you realize at a gut level.

Primary Resources
The primary resources for this learning objective are:
 The slides from the MRCx Basics and Low Hanging Fruit presentations from the pre-class
webinars.
 The person you see in the mirror in the morning when you brush your teeth.

Secondary Resources
Just about everything in the Resource List is a secondary resource for this topic. That may sound
overwhelming but it’s not meant to be. Think of it this way; virtually everything you do to learn
and expand your knowledge regarding building systems and HVAC will provide you with insights
in the field that are obvious in hindsight but oblivious to you without the benefit of expanding
your knowledge base. And the new realizations will make you want to know more.
The resource list provides you with a mechanism to learn more so you can see more as well as a
mechanism to learn more about what you have observed.
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HVAC Fundamentals
Summary
Familiarity with HVAC Fundamentals is the broadest skill associated with the AEP program, and
thus, is likely the area where the most self-study will be required.

Learning Objectives
The HVAC fundamentals topic includes the following subtopics and related learning objectives.

Saturated Systems
 Be familiar with the concept and characteristics of saturated systems in the context of air,
water, steam, and refrigerants.
 Be familiar with fundamental psychrometric properties like dry bulb temperature, wet bulb
temperature, dew point temperature, enthalpy, etc.
 Be familiar with and know how to use a psych chart to assess building and system operating
parameters and processes.

Loads; Envelope, People, Lights and Equipment
 Be familiar with building load characteristics and how they can be estimated and evaluated
for design conditions, seasonal variations, and extreme days.
 Recognize that lighting loads in particular can represent a low hanging fruit both in terms of
maximizing luminary efficiency and in terms of using scheduling and daylighting control
strategies so that artificial illumination is only used when needed and lighting levels are
adequate without being excessive.
 Be familiar with sensible, latent and total load and the difference between the load seen in the
space and the load seen at the central system.
 Be familiar with the important issues that impact the load profile seen by a system and facility
on a daily and seasonal basis.

Centrifugal Machines
 Be familiar with centrifugal pumps, their general construction, and their performance
characteristics, maintenance requirements, and optimization strategies.
 Be familiar with centrifugal fans, their general construction, and their performance
characteristics, maintenance requirements and optimization strategies.
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 Recognize that the fundamental principles that apply to a particular class of centrifugal
machines like pumps can generally be applied to other centrifugal machines, like fans or
chillers.

Refrigeration and Cooling Equipment
 Be familiar with the vapor compression and absorption refrigeration cycles and the associated
characteristics, maintenance requirements, and opportunities associated with each type of
equipment.
 Be familiar with refrigeration piping practices and hardware.
 Be familiar with evaporative cooling and the various methods and applications for this
process typically found in building systems including cooling towers and evaporative coolers.
 Be familiar with the various types of heat exchangers used in cooling systems including shell
and tube, plate and frame, and coils.
 Be familiar with the condensation issues that are associated with cooling, including ensuring
good condensate drainage from air handling equipment and the implications of cold surfaces
below the ambient dew point, especially in a hot and humid environment.

Heating Equipment
 Be familiar with hot water and steam boilers, and the associated characteristics, maintenance
requirements, and opportunities associated with each type of equipment.
 Be aware of the differences between condensing and non-condensing boilers and the
appropriate applications for each type of equipment.
 Be familiar with the various types of heat exchangers used in heating systems including shell
and tube, plate and frame, and coils and the associated application and maintenance
requirements.

Piping Systems
 Be familiar with the mathematical relationship between flow and pressure drop in a liquid
piping system (commonly called the “square law”) and its proper application, including the
relationship between the system curve generated by the square law, the pump curve
associated with the pump serving the system and the operating point of the system, where the
two curves intersect.
 Be familiar with the issues that are unique to steam and condensate piping systems.
 Be familiar with open and closed piping systems and the operating characteristics and
maintenance requirements associated with them.
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 Be familiar with the trim and fittings commonly found in a piping system such as service
valves, balance valves, multi-function valves, vents, drains, air separators, expansion tanks,
flexible connectors, mechanical couplings, traps, long and short radius elbows, tees and saddle
joints (to name a few) and the application considerations associated with them.

Variable Flow Water Systems
 Be familiar with the energy savings potential of this design strategy as well as well as the
operating and maintenance challenges it presents and how to address those challenges to
ensure the design intent is realized.
 Be familiar with variable flow primary/secondary water systems and variable flow primary
only water systems and the advantages and disadvantages of each relative to each other and
relative to constant flow systems.
 Be familiar with the variable flow tendencies that will be seen in large, multiple pump, and
constant flow systems like condenser water systems serving multiple chillers with multiple
pumps in parallel.
 Be familiar with some of the issues that are particular to hot water boilers when they are
incorporated into a variable flow water system design.

Duct Systems
 Be familiar with the mathematical relationship between flow and pressure drop in an air
system (commonly called the “square law”) and its proper application, including the
relationship between the system curve generated by the square law, the fan curve associated
with the fan serving the system and the operating point of the system, where the two curves
intersect. Note that if you understand this with pumps, then you also will easily understand it
with fans.
 Be familiar with fan application and system effect and how the conditions on the inlet and
outlet of a fan can have a major impact on the performance of the fan.
 Be familiar with how the details of duct and fitting design can have a major impact on the
pressure loss associated with a particular configuration.
 Be familiar with general duct system construction features and standards and the accessories
commonly found in duct systems, including balancing dampers, control dampers, fire and
smoke dampers, access doors, turning vanes, louvers, and flexible duct and connectors to
name a few common items.
 Recognize the opportunities that exist in terms of saving energy, first cost, disposal cost, and
labor by carefully selecting your filters and operating them for best life cycle cost and that
filters with the same efficiency rating can have radically different dust holding capacities,
pressure drops, and loading characteristics.
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Economizers
 Be familiar with both air side and water side economizer processes and the advantages and
disadvantages of each as well as how they need to be integrated with an air handling
system’s mechanical cooling process, preheat process, warm-up process, cool-down process,
night set-back process, and night set-up process.
 Be familiar with the difference between an integrated and a non-integrated economizer
process and the precautions you need to take if you elect to convert from a non-integrated
economizer to an integrated economizer as an energy conservation strategy.
 Be familiar with the various options available to you for deciding when to shut down an
economizer process and the advantages and disadvantages of the various options in terms of
first cost, persistence, and maintenance requirements.
 Be familiar with the methodology used to determine the appropriate change over set point for
enabling and disabling economizer operation.

Make-up Air and Exhaust Systems
 Be familiar with the energy intensity associated with make-up and exhaust systems due to
their tendency to need to operate at relatively high flow rates and handle large volumes of
outdoor air.
 Be familiar with the need to match the flow exhausted from things like cooking processes,
bathrooms and rest rooms, laundry areas, indoor pools, and fitness centers with an equivalent
source of make-up air and how this balance needs to be maintained under all operating
conditions.
 Be familiar with how the details of the balance between make-up and exhaust from a given
area affect its pressure relationship relative to the surroundings.
 Recognize the difference between the need to bring outdoor air into a facility:
a. For general ventilation purposes, versus
b. To maintain or manage pressure relationships (stack effect, keep cooking areas negative
relative to the surroundings, etc.), versus
c. To provide adequate face velocities to capture contaminants at hoods, versus
d. To provide free cooling via an economizer process.
 Be familiar with the challenges associated with handling and conditioning large volumes of
outdoor air, especially in hot and humid climates and/or climates where the outdoor
conditions drop below freezing.
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Variable Air Volume
 Be familiar with the energy savings potential of this design strategy as well as well as the
operating and maintenance challenges it presents and how to address those challenges to
ensure the design intent of a VAV air handling system is realized.
 Be familiar with the various terminal unit options that are available for use with a variable
flow air handling system and the operating and maintenance requirements associated with
each.
 Be familiar with the need to manage the operating point of a return or relief fan in a VAV
system relative to the operating point of the supply fan in order to ensure proper ventilation
and building pressure relationships.
 Be aware of the interactions that can occur between a VAV systems flow control process and
the other control processes that occur in a VAV system (economizer cooling, preheat,
minimum outdoor air control, mechanical cooling, etc.) and the operating challenges
associated with these interactions.
 Be familiar with the advantages of applying DDC instead of pneumatic controls to terminal
equipment and also with the operating and maintenance requirements associated with
keeping a pneumatically controlled VAV terminal unit functional.

Primary Resources
The primary resources for this learning objective are suggested on a topic by topic basis below.

Saturated Systems
 There are a string of blog posts on the Field Perspective on Engineering web site that are
targeted at discussing saturated systems and should provide the basic understanding
necessary. They start with a post titled Saturated, Multi-Phase Systems and Proof that a
Watched Pot Does Actually Boil – Part 1 and continue on for 5 installments.
 The Psychrometric Chart Fundamentals chapter in the Honeywell Gray Manual will provide a
basic understanding of the saturated system we live in and work with every day (the
atmosphere).
 Downloading the free PG&E electronic psych chart will give you a tool for understanding and
practicing basic psychrometric analysis. Buying the professional upgrade will provide you
with significant analysis capability, including bin climate data, design data, typical
meteorological year data and other tools for a fraction of the cost of similar products that are
currently on the market.
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Loads
 The chapter titled Understand and Estimate the Loads in the Energy Design Resources design
brief titled Improving Mechanical System Energy Efficiency through Architect and Engineer
Coordination provides guidance and resources for performing load estimates and analysis.
 The chapter titled Review Load Calculations in the Energy Design Resources design brief titled
Design Review discusses loads and provides a case study regarding what can happen if they
are over-estimated.
 The blog post on the Field Perspective on Engineering web site titled Working with the
Honeywell W7212 Economizer Controller; Nuances of the Economizer Control Process, Part 2
–Economizer Basics includes a sections titled The Modern Building; A Year Round Need for
Cooling and A Source of Cold Air that illustrates how the hour by hour loads vary for a
modern office building.
 Lighting systems are major loads on the electrical distribution system. And the heat they
generate becomes a major load on the HVAC systems that are the focus of the technical side
of the AEP training. Thus, understanding them and managing them can save energy on a
number of fronts. There are a number of design briefs on the Energy Design Resources web
site that will provide insight into this topic including:
•

Efficient Lighting Systems

•

Lighting Controls

•

High Intensity Fluorescent Lighting

•

Outdoor Lighting and Title 24

•

Daylighting

•

Understanding Daylight Metrics

 The building envelope also can impact the loads seen by the HVAC systems we are focused on
in the AEP training, in particular the glazing. The Energy Design Resources website includes a
design brief titled Glazing, which will provide insight into this topic.

Centrifugal Machines
 The Energy Design Resources design briefs titled Centrifugal Pump Application and
Optimization and Pumping System Troubleshooting provide detailed information about
centrifugal pumps. The fundamental concepts they contain are generally applicable to other
centrifugal machines like fans and centrifugal chillers.
 Improving Fan System Performance, a free DOE resource will provide a good general overview
of centrifugal fan types, features, and characteristics.
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 Reading through the O&M manual for a centrifugal chiller from Trane, Carrier, York, McQuay,
or any of the other manufacturers will provide product specific insights into centrifugal chiller
theory and operation that can be applied in the general sense to other similar pieces of
equipment. You will find varying degrees of detail between the four manuals that are linked
above, but all have useful information in them. The Carrier manual probably goes into the
most depth and if you had to pick one manual to review, that would be the one to pick.

Refrigeration and Cooling Equipment
 Roy Dossat’s Principles of Refrigeration is a very comprehensive resource for learning about
refrigeration equipment written in easy to understand terms. You would have to purchase
the current edition, which is the most comprehensive and detailed. But, the original edition is
available at no cost from internet archive and is more than adequate in terms of providing a
basic level of understanding.
 Copeland offers their refrigeration engineering application guidelines at no cost. These are
another very good, comprehensive resource for understanding vapor compression
refrigeration systems. The guidelines can be found on the HVACRInfo.com website.
However, by taking the time to create an account on the Emerson Climate Technologies
website, you can access these guidelines and also gain access to other useful engineering
information on refrigeration and the Copeland product line. No matter which way you go,
for general reference, you should consider downloading the following guidelines:
•

AE101 Fundamentals of Refrigeration

•

AE102 Refrigeration System Components

•

AE103 The Refrigeration Load

•

AE104 System Design

•

AE105 Installation and Service

Heating Equipment
 Cleaver Brooks provides downloadable .pdf documents on the Boiler Basics page of their
website on the following topics, which are a good general reference.
•

Boiler Selection

•

Steam System Fundamentals

•

Hot Water System Fundamentals

•

General Hot Water System and Boiler Engineering Data

•

Alternative Fuels
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 Sarco publishes the Steam and Condensate Loop Book, which is a very comprehensive
handbook on steam and condensate systems. You have to purchase this if you want a hard
copy. But the content is offered as interactive tutorials on their website if you want to check it
out before you buy or simply are happy with access via the internet when you need the
information.
 Armstrong International publishes a free .pdf book titled Steam Conservation Guidelines for
Condensate Drainage. Since you need to understand steam systems in general to understand
the topic, it includes very good illustrations and discussions of steam system concepts and
operating principles in addition to information on steam traps.

Piping Systems
 The references listed previously under Centrifugal Machines, Refrigeration and Cooling
Equipment, and Heating Equipment include resources that will provide an understanding of
piping system principles and practices.
 The CoolTools resource on the Energy Design Resources web site is focused on central chilled
water plants and the related equipment, including the piping system. Since the physics of
fluid flow in pipe is fairly independent of temperature in the application range we typically
encounter in HVAC, the principles in this guideline can be extrapolate to the other piping
systems encountered in the field.

Variable Flow Water Systems
 There are two blog posts on the Field Perspective on Engineering web site that explore a
variable flow primary/secondary system and then provide links to additional resources on
variable flow primary only pumping systems.

Duct Systems
 The references listed previously under Centrifugal Machines, in particular the resources
dealing with fan, contain information that will also provide insights and understanding
regarding duct systems.
 The Large Commercial Systems Design Guide on the Energy Design Resources website is
focused VAV systems in large commercial buildings. However, the principles associated with
duct design for VAV systems are universally applicable and thus, this guideline serves as a
good general reference regarding duct design.
 United McGill offers a very good duct design guide as a CD. To obtain a copy of the guide,
you need to register on their web site. Once you do that, you will also have access to product
specifications that include a lot of useful engineering data.
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Economizers
 The blog post on the Field Perspective on Engineering web site titled Working with the
Honeywell W7212 Economizer Controller; Nuances of the Economizer Control Process, Part 2
–Economizer Basics will provide a good overview of air side economizers and links to
additional resources.
 The CoolTools resource mentioned previously under the resources for Piping Systems includes
information on wet economizer cycles.

Make-up Air and Exhaust Systems
 The Energy Design Resources website has a design brief titled Commercial Kitchen Ventilation
Design that will provide insight into this topic in the context of Kitchen ventilation. The
fundamental concepts discussed in this brief can also be applied to other make-up and
exhaust processes including the systems providing make-up air to corridors so serve guest
room exhaust needs and systems providing make up air to fitness centers and mechanical
spaces.
 Some of the concepts covered under the topics of Loads, Centrifugal Machines, and Duct
Systems also apply to this topic. Specifically, make-up air can be a significant load on the
system providing it and typically the air is delivered and removed by air handling equipment
and ductwork.

Variable Air Volume
 The Large Commercial Systems Design Guide on the Energy Design Resources website is
focused VAV systems in large commercial buildings and is an ideal resource for exploring this
topic.
 The California Energy Commission’s Small HVAC System Design Guide includes discussions
regarding VAV applications for smaller facilities, typically served by packaged equipment.
Thus, it is a good reference for understanding packaged equipment VAV applications whereever they might occur.
 Some of the concepts covered under the topics of Centrifugal Machines and Duct Systems also
apply to this topic. Specifically, VAV systems are a class of air handling system, thus the
fundamental principles associated with fans and ducts apply to them.

Secondary Resources
Resource and Reading List
The Resource and Reading List has been organized to follow the same structure as the technical
portion of the play book, which is built around the key skills required for a success in the AEP
program. Most, if not all of the primary resources that you have been pointed to are included in
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the resource list. But it also includes many additional resources that you can access if you want a
different perspective from what is offered by the primary resource or desire additional depth on a
given topic.

Pacific Energy Center Classes and Webinars
The Pacific Energy Center provides frequent training some of which focuses on the topic targeted
by the AEP program. If you are a rate payer in an area serve by a California Public Utility, you
can attend these classes in person for no cost. You also can attend many of them via the internet
since they more and more of them are being offered as webinars.
While technically, the webinars are also targeted at California rate payers, the PEC is very flexible
in this regard and generally will accommodate online attendees from across the country or even
the world. For example, we had a class of 2012-2013 AEP students attend several classes via
webinar from Abu Dhabi.
To see what is being offered at the PEC, you simply need to go to their website and select the
classes and seminars topic from the list on the home page. That will take you to a web page
where you can sort through the various offerings based on your market sector, the class location,
and your specific interests. To find classes that are being offered as webinars, simply select
“Internet” as the class location.
Once you make your selection, you will be taken to a page that provides a list of the classes
meeting your criteria. If you select a particular class, you will be taken to a description of the
class. If you decide you would like to register for the class, selecting its check box and then
clicking the “register” button will take you to the form you need to fill out to become enrolled.
Note that registration is not opened up for classes until a month or so before they are scheduled.
Meaning, that if it is early in the semester and you see a class that you are interested in that is
being offered late in the semester, you will need to come back closer to the class date to register.
Classes are offered in the framework of a Fall and Spring semester. The Fall semester typically
starts in September and extends through December and the Spring semester typically starts in
January and extends through July. Offerings for an upcoming semester are generally published
several weeks in advance of the first class. Meaning that in early to mid-August, you should be
able to view what is going to be offered for the Fall semester and in early to mid-December, you
should be able to view what will be offered for the Spring semester.

A Field Perspective on Engineering Blog
The Field Perspective on Engineering Blog is an evolving, expanding, ongoing resource targeted
at providing technical information on commissioning and building system topics. In addition, the
blogs author teaches some of the classes at the Pacific Energy center and posts the slides from the
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most recent version of any particular class so they can be access via links from the blog’s home
page.
Specifically, if you look on the right side of the blog’s home page, you will see a list of topics
below the ‘Search” and “Categories” drop down selection boxes. If you page down, you will find a
topic “03 - Materials from Classes and Presentations”. Under that topic are links to materials
from classes at a number of venues, including the Pacific Energy Center.
Of particular interest in the context of the AEP program are the classes in the Design,
Performance, and Commissioning Issues series that is offered at the PEC. These classes are
repeated annually and cover the following topics by looking at the design, performance and
commissioning issues associated with them from a technical, field oriented perspective.
 Pumps
 Chilled and Condenser Water Systems
 Hot Water and Steam Systems
 Variable Speed Drives
 Control Systems
 Fans, Ducts and Air Handling Systems
 Economizers


Variable Air Volume Systems

There is also a workshop on System Diagrams that is offered annually as well as a workshop on
Logic Diagrams. The latter is not always offered every year but usually is offered at least every
third semester.

Page 23

2017-07-07 Revision

Existing Building Commissioning Guidebook
System Diagrams and the System Concept
Summary
Learning to think of the equipment we work with as part of a system rather than a piece of
equipment is critical to the design, operation, and troubleshooting process. Consider the contrast
illustrated in Figure 9. If, as an operator or engineer, you focus on the air handling unit (the left
illustration), you can in fact make assessments and decisions regarding the size of the unit, the
performance required from the fan and coils, etc.
But, to some extent you have to make those decisions in the context of the load that the unit
serves, the climate it is located in, and the physical juxtaposition of the unit relative to the load
and the structure of the facility in between those two points.
If, in contrast, you consider the air handling system (the right illustration), then you not only are
considering the load and the intake conditions, you are considering how all of those things will
interact with the other elements in the system, like the economizer section, where both the
minimum outdoor air and the extra air brought in for a free cooling process are introduced and
the toilet exhaust fan and return and relief system, where that air exits the facility.

`
Figure 8 – An Air Handling Unit (left) versus and Air Handling System (right)

Taking it a step further, let’s consider what happens if the economizer dampers are being
controlled in sequence with the heating and cooling coil 1 by a sensor at the discharge of the fan
and the outdoor air temperature changes. When that happens, you can fairly easily conclude
that, all other things being equal, the mixed air temperature would change. But for the

1

Specifically, a sequence where, as the discharge temperature rises above set point, the heating coil goes from full
heat to no heat, then the economizer goes from minimum outdoor air to maximum outdoor air, then the cooling
coil goes from no cooling to full cooling. The process reverses as the temperature drops below set point.
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discharge temperature controller to recognize that, the air would have to move from the mixed
air plenum to the sensor location at the fan discharge.
That would take time, and, because the mass represented by the metal in the unit and the water
in the coils has energy stored in it at the temperature the unit was originally operating at, the
temperature of the air would be modified by passing through them on its way to the discharge
sensor. So the sensor would not immediately “notice” that the outdoor air temperature had
changed.
So one perspective you gain from considering the system instead of just a component like a coil
or a subassembly like the air handling unit is the perspective of transportation time and the
associated lags that can put into a temperature control process. As you will discover when you
dig into control theory, if you don’t already know it, the lags are crucial in determining how
responsive a control process can be in reacting to a change.
Continuing our discussion regarding the sequence of events associated with an outdoor air
temperature change, at some point, the temperature change will have impacted the processes
and mass between the mixed air plenum and the discharge of the fan enough to cause the sensor
to detect the change. And, as a result, the control process will likely reposition the dampers to
change the amount of outdoor air and return air that are mixed in an effort to drive the
temperature back to where it is supposed to be.
That, of course, will change the ratio of outdoor air to return air and change the mixed air
temperature. And, since even a properly sized damper does not have a perfectly linear stroke vs.
flow relationship, the flows through the dampers will change, as will the associated pressure drop
and the mixed air plenum pressure will change.
By thinking about those changes in the context of the air handling system, not just the air
handling unit, a number of important things can be recognized.
 The mixed air temperature change generated by the damper motion will take some time to be
detected at the discharge sensor, just as the initial temperature change did.
 If the outdoor air flow changed, then the relief air flow out the relief damper will need to
change, so there needs to be a control process in place to deal with that.
 If the mixed air plenum pressure changed, then, all other things being equal, the operating
point of the fan will shift slightly. That may or may not matter from an operational
standpoint, but that also will change the amount of air coming into the system, which affects
everything else, including the amount of air that must be returned by the return fan and
relieved via the relief dampers.
 Since the flows an temperatures across the coils are changing slightly as a result of all of this,
if the coils are active, the amount of heat transfer that is happening will change.
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 If the amount of heat being transferred changes, then the operating point of the pumps,
chillers, cooling towers and boilers will shift slightly.
The bottom line is that the HVAC systems we deal with are highly integrated and highly
interactive and system diagrams provide a way of visualizing those interactions. Thus, they
become critical tools for designers when developing a design, critical tools for installers who are
trying to implement the design, and critical tools for the start-up and operating teams who are
trying to make it all work.
As engineering team leaders in your facility, you should be expecting your designers to provide
you with this type of documentation from the start, developing it for systems where it does not
exist, and then training your team with regard to how to use the information to improve
performance, efficiency and guest satisfaction. The goal of the System Diagram self –study
module is to give you the tools you need to do this and help you recognize the benefits.

Learning Objectives
Learning objectives for the System Diagrams and System Concept skill include the following:
 Recognize how important it is to think in terms of systems, not just components and subassemblies when dealing with HVAC processes and building systems.
 Recognize that the building envelope itself is a critical part of a facility’s HVAC systems.
 Know how to go about developing a system diagram for an air system and water system.
 Know how to use the system diagram to:
•

Facilitate your understanding of the system’s operation, and

•

To facilitate diagnostics, and

•

To communicate with your design and operating teams about the design intent behind the
system.

Primary Resources
The primary resources for this learning objective are a string of posts on the Field Perspective on
Engineering blog. As of the time of this writing, that list includes the following posts.
 System Diagrams; an Industry Concept but Not an Industry Standard
 System Diagrams: Physically Complex; Schematically Simple
 System Diagrams: “Untangle it; it should look like a ladder on its side”
 System Diagrams: Untangled in Action
 System Diagrams: Order of Connection Matters
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 Developing a System Diagram: Untangling the Pacific Energy Center Ice Storage System
 Developing a System Diagram: Getting Started
 Developing a System Diagram: A Few Organizational Tips
 Developing a System Diagram: Elbows are Meaningless in a System Diagram (Kinda, Sorta)
 System Diagrams: Breaking the Rules; a Step by Step Guide (Plus Some Condenser Water
System Trouble Shooting Tips)
 System Diagrams: Moving on from the Roof at the Pacific Energy Center
 System Diagrams: Applying My System Diagram Concepts to Air Handling Systems
 System Diagrams: The Envelope as Part of the Air Handling System
 System Diagrams: Key Features of my Air System Diagrams
 System Diagrams: An Update on Sources for Symbols
 System Diagrams: Practice Making a System Diagram
 System Diagrams: Practice Making a System Diagram –The Answer
This particular topic is always evolving and new posts are added to it occasionally. So the list
above only represents the content as of the time of this writing. If you want to find out if there
any additional posts, all you need to do is use the “Categories” drop-down menu on the right side
of the home page of the blog. If you select the “System Diagrams” topic from the drop down list, a
list of all posts on the topic will show up in the blog’s main window. From there, you can simply
click on the title of the post you are interested in to be taken to it.

Secondary Resources
The blog posts themselves contain links to resources that will support you as you work to
understand and develop your own system diagrams.

Page 27

2017-07-07 Revision

Existing Building Commissioning Guidebook
Data Logging and Trending
Summary
Buildings are talking to us about the issues that are going on inside their systems. The trick for
facilities engineers and operators is to figure out how to listen to what they are saying. Data
logging and trending are powerful tools for doing just that.
You don’t have to have a control system to be able to do trending. Data loggers make it possible
to monitor and analyze virtually any parameter on any system, including the pressures and
positions of devices in pneumatic control systems, as illustrated in Figure 10.

Figure 9 – Logging a Pneumatic Control System; Data Logger Power Supply Panel and 0-20 psi
transmitters (upper left); Deployed Panel (upper right); Transmitter Piped to Log a Pneumatic Signal
(lower left); Conventional Sensors Deployed to Log Duct Temperatures (lower right)

The small tan rectangle in the data logger power supply panel is the actual logger. The power
supply panel creates the DC power used to drive the current loops that are used to transmit the
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pneumatic signals to the logger. The transmitters are devices that can pick up a pneumatic
signal and convert it to an electronic signal, in this case a 4-20 ma current loop.
You can buy transmitters that will measure just about anything you can think of and convert it to
a 4-20 ma current loop. That means you can log data from just about anything you can think of.
But usually, it’s even easier than that because most loggers can directly interface with the
parameters we tend to want to measure the most in our systems; temperature, humidity, current,
and light.
As AEP students, you will be given the opportunity to actively apply data logging techniques from
the start. During the kick-off session, everyone will be provided with a data logger and given a
quick course in how to launch it and pull data. Subsequently, you and your team will spend time
deploying loggers on the systems targeted for your projects and pulling back your first set of data.

Learning Objectives
The learning objectives for the Data Logging and Trending skill include the following:
 Know how to launch a typical logger and retrieve data from it.
 Know how to identify the appropriate points to monitor for the purposes of diagnostics and
troubleshooting.
 Know how to match sensor selections to the requirements of a project so that you develop
meaningful data.
 Know how to interface the sensors you have selected with the logger you are using.
 Know how to install sensors in systems so they provide meaningful data reflecting the
conditions you are actually trying to monitor.

Primary Resources
The primary resources for this learning objective are
 The data logging articles that are included in the reading and resource list at the end under
“Hard to Find Magazine Articles”. There are also several posts on the Field Perspective on
Engineering blog that discuss how to put together a monitoring plan including:
•

Developing a Monitoring Plan; The First Step in Data Logger Deployment and subsequent
posts.

•

Retrocommissioning Findings: Make Up Air Handling System Simultaneous Heating and
Cooling – Data Logging and Testing
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•

Anything you come up with by entering the term “monitoring plan” in the blog home page
search box.

 The Facility Manager’s Guideline and other resources on the Onset website, including the
videos and white papers that are there.
 If you are unfamiliar with 4-20 ma current loops, there is a string of blog posts on the Field
Perspective on Engineering website that describe them, starting with 4-20 milliamp Current
Loops; Why Use Them?
If you would like to build one of the DC power supply panels, the string of blog posts on 4-20 ma
current loops contains all of the information you need to do that, including a wiring diagram and
parts list for a panel just like the one in Figure 10.

Secondary Resources
The reading and resource list includes a number of additional data logging and trending
resources under the data logging topic that can be used to expand your knowledge if you care to
explore them.
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Functional Testing
The Summary
Functional testing is another way we can listen to what our buildings are saying. To some extent,
the test we develop is a way of asking a question and the test results reflect the building’s answer.
Functional testing is part and parcel of just about any commissioning process and can be as
simple as over-riding an outdoor air temperature sensor to simulate a hot and humid condition
and observing the reaction of an economizer process (a forced response test) to running trends
tracking how the economizer reacts to the real time variation in climate and building use
patterns (a natural response test).
One of the biggest differences between functional testing in an existing building commissioning
process like (MRCx and MCCx) and functional testing in a new construction process is that the
existing building test is typically about diagnostics and troubleshooting where-as a large focus of
the new construction testing process is to demonstrate compliance with design intent; i.e. more of
a quality assurance process. That said, the technical steps used to design and implement a test
for either process (EBCx or new construction) are virtually the same.
Figure 11 illustrates the functional testing results from a test on the chilled water system in
physics building on a college campus.
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Figure 10 – Results from a Retrocommissioning Functional Test

The test was designed to ask the building three questions:
 How warm can we let the chilled water get before we no longer meet the requirements of the
loads if we implemented a flywheel cycle?
 How cold can we make the chilled water if we wanted to do a flywheel cycle without causing
problems with nuisance safety trips at your chiller?


How much of a thermal flywheel is represented by your chilled water piping circuit?

In response, the building told us:
 You can let the chilled water get all the way up to 59°F before my critical load, a research lab,
is in danger of having its data ruined.
 You can run the chilled water all of the way down to about 42°F without having a nuisance
safety trip.
 My chilled water system represents about 13 ton hours of stored capacity that will last about 2
hours at the minimum load condition.

You didn’t ask me this directly, but in answering your other questions; I notice that the
local indication of chilled water temperature used by chiller is higher than what my control
system thinks is going on.
As a result of this dialog with the building, the commissioning team was able to:
 Solve the short cycling problem created when a small, round the clock research load was
added to the chilled water system by automating the chilled water flywheel cycle that they
had tested and proven manually via the functional test.
 Leverage the newly implemented low load capabilities of the chilled water system provided by
the flywheel cycle to allow the air handling system to be converted from a non-integrated
economizer cycle to an integrated economizer cycle, saving about $2,700 per year in
operating cost.
 Calibrate the chilled water temperature sensors serving the chiller and the central control
system so they agreed.
 Correct a miss-adjusted safety set point that was revealed by central control system
temperature sensors “pointing out” that the chilled water temperature was actually colder
than the chiller control system realized.

Capture an additional $1,140 in savings by correcting miss-adjusted hot gas bypass
regulators which were identified by the trend data that was collected to prove/verify the
automated chilled water flywheel cycle was functioning properly.
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The bottom line is that asking the building questions and then listening to what it has to say
saved save energy in addition to solving operating problems, identifying system deficiencies and
identifying new opportunities to make improvements.
As AEP students, you will be learning how to develop functional tests so you can ask your
building a few question and benefit from your new found knowledge.

Learning Objectives
The learning objectives for the Functional Testing skill include the following:
 Know the basic elements of a functional test.
 Know how to develop a functional test that will deliver the data you need to resolve a
problem or improve efficiency or operations.

Primary Resources
The primary resources for this learning objective are:
 The Functional Testing Basics chapter of the Functional Testing Guide.
 The National Conference on Building Commissioning 2013 presentations titled Valid, Cost
Effective New System FPTs and Functional Performance; Tools, Rigor and Collaboration.

Secondary Resources
The Resource list includes a number of useful secondary resources in general. In particular, look
under the Commissioning topic where you will find:
 A link to the Building Commissioning Association we site: This website includes a member
directory, which is a great way to reach out and find a MoMento provider. And, if you join the
BCA, you gain access to their testing library, which is fairly extensive. Even as a non-member,
you will find you have access to a lot of useful information that will help you develop your
commissioning skills and processes.
 A link to the California Commissioning Collaborative website: This website is full of resources
including resources you can use to develop and plan tests like papers and proceedings from
conferences that discuss testing strategies and tools that will help you plan your tests and
analyze test results.
 Links to Commissioning Process Guidelines: These guidelines are similar to the MRCx
guideline that you have been provided with. Accessing and reviewing them will give you
different perspectives on the commissioning process and how functional testing fits in.
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Data Analysis
Summary
The data logging and trending skill discussed previously will help you gather the information
about critical operating parameters in your systems. Learning how to analyze that data will
allow you to improve performance, diagnose operating problems and improve the efficiency of
your equipment.
Figure 12 illustrates how the trending capabilities of a control system were used to first identify a
problem and then demonstrate that the proposed root cause had been properly identified.

Figure 11 – Leveraging Trend Information to Diagnose a Problem (left) and Document a Solution (right)

Specifically, large temperature swings on a chilled water system were causing operational
problems with the chillers serving the system, causing them to trip out on a low temperature
safety at seemingly random times. The issue was occurring on a new construction project and
every party involved had a hypothetical reason for the cause of the problem.
By studying the trends, the team was able to link the temperature swings to a relatively modest
movement of one chilled water valve in air handling unit AH-B. Note how in the right illustration
in Figure 12, movements amounting to 3-6% of the valve stroke for AHU-B’s control valve (the
purple line read against the left axis) were causing the secondary chilled water flow to vary 10-30
gpm or more, almost instantaneously (the red line read against the right axis).
This represented a significant flow change for the 200 gpm system, and the nearly instantaneous
manner in which it happened rippled out to a sudden entering water temperature change at the
chiller, so sudden that the control system could not reduce the chiller’s capacity fast enough to
follow it, resulting in a safety trip.
To prove the hypothesis to some of the more skeptical members in the group, the commissioning
team locked down the movement of the AHU-B control valve (where the purple line goes flat in
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the right illustration in Figure 12). As soon as they did that, the flow instability went away, as did
the problems with the chiller.
As a result, the team focused their attention on the control process for AHU-B and discovered a
piece of software that was rapidly toggling the leaving air temperature set point, causing the
valve position to suddenly change. Fixing that line of code eradicated the problem and made
everyone happy.
If you want a more in depth analysis of this particular issue, there is a narrated discussion of it
using the trend data that can be found on YouTube. If you review that video clip, you will
discover that data loggers were used to supplement the trend data at one point, providing
additional insight as the team moved from recognizing the at the chiller trip was caused by flow
instability, not chiller control issues to identifying the root cause.

Learning Objectives
This skill is one where you actually start to combine other skills to develop it. Specifically, to
become successful at data analysis, you need to know how to gather the data in the first place
(the data logging and trending skill) and you need to know the physical principles underlying the
system you are studying (the HVAC fundamental skills). You then use past experience, logical
thinking, curiosity, and engineering judgment to “connect the dots” (sometimes literally in the
case of a graph) to identify issues and answers from the data set you are looking at.
 Know how to import logged data into Excel and other tools and create meaningful, legible,
annotated charts and graphs to convey the results of analysis and diagnostic efforts.
 Know how to review data and pick up patterns from the data that reveal issues and solutions.
 Know how to use the internet and other resources to find case studies and examples similar to
a problem you are studying and glean appropriate data analysis techniques from the work of
others so you can apply them to your projects.
 Know how to import graphs and tables generated in Excel into PowerPoint so you can present
the information to others.

Primary Resources
The primary resources for this learning objective include:
 The resources listed previously under Data Logging and Trending because most of them
include discussions of data analysis in addition to discussing data logging and trending
techniques.
 Excel or other spreadsheet tools. Data analysis is all about “crunching numbers” and you
would be hard pressed to find a better way to do that than a spreadsheet. Most of the logger
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manufacturers also provide some capability of this type in their proprietary software. But
Excel opens the door to combining data from multiple sources and doing more powerful
things with it, like energy calculations and multiple chart types.
 The person you see in the mirror in the morning. This is one of the skills were your abilities
and interest will become a primary resource and to some extent, will be part of your key to
success. To some extent, this is a learned skill that you can only develop over time and with
practice. The more you do it, the better you will likely become at it. Most people in our
industry actually enjoy the process and the real issue is setting aside a data set to address
something else because you are having too much fun working with it.

Secondary Resources
 The Universal Translator tool. While this free resource will not help you learn how to speak
Klingon, it will allow you to do many useful things with your data including combining data,
creating new data streams based on calculations from other data streams, quickly sort your
data, and compare your data patterns to built-in diagnostic patterns. If you are not
comfortable with Excel, you may find it easier to work with your data using this resource in its
place. If you are comfortable with Excel, you may find that this resource allows you to do
some things more quickly than you can do them in Excel. Either way, it is a good tool to have
in your repertoire.
 ECAM an Energy Charting and Metrics tool is a powerful Excel spreadsheet plug-in that, once
mastered, can help you look for patterns in your data. Onset has supported the development
of a number of webinars and training videos to show how to use this tool with their products.
The tool is in a constant state of evolution so it is a good idea to check the website
occasionally for updates.
 Most commissioning case studies are excellent ways to learn data analysis by studying the
techniques of others. The California Commissioning Collaborative web site includes an
extensive library of case studies that can be quickly searched for an issue similar to the one
you are dealing with. The Field Perspective on Engineering technical blog contains many
examples of data analysis and is always expanding its content.

Page 36

2017-07-07 Revision

Existing Building Commissioning Guidebook
Energy Calculations
Summary
Learning how to do energy calculations is a critical skill in terms of being able to translate the
data you gathered into meaningful savings projections. The skill builds off of a number of other
skills including Utility Analysis, HVAC Fundamentals, Data Logging and Trending, and Data
Analysis.
Most energy calculations have two elements. The first element is to determine how much energy
a certain process is using based on fundamental physical parameters. For example the energy a
fan uses to move air can be calculated using Equation 1.
bhp =

(Flow

cfm

× Staticin .w .c . )

(6,356 × ηFan )

Where :
bhp = the energy that needs to be put into the fan shaft
Flowcfm = the fan's flow rate in cubic feet per minute
Staticin .w .c . = the fan static pressure in inches water column
6,356 = a unit conversion constant that takes density, minutes per hour and other parameters
into account so that the units of measure on both sides of the equals sign are consistent

ηFan = the fan's static efficiency as a decimal value (70% would be .70) The fan efficiency is a
function of the specific operating point on its performance curve and will vary if the fan's
operating point moves around on the curve.

Equation 1 – Fan Brake Horsepower

As you can see, the equation basically says that the power a fan will use at any given instant in
time is a function of how much air it is moving and how much pressure it is producing.
In human terms, the equation is saying the power a fan uses is a function of:
 How much weight the machine has to move (cubic feet expressed as weight, which is part of
what the unit conversion constant does), and
 How fast it has to move it (the per minute part of cubic feet per minute), and


How hard it has to push it (i.e. the pressure it has to create).

The bottom line is the equation relates the work the fan is doing to measurable physical
parameters like flow and static pressure. That means that if you were to measure those
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parameters, you could calculate how much energy the fan was using at the specific point in time
when you took the measurement.
It also means you could log those parameters, load the logged data into a spreadsheet, and
calculate the energy the fan was using at every point in time when you logged data. If the
logged flow rate or static pressure go up for a particular logged interval, then the fan would need
to use more power to deliver the flow at the higher static pressure and the calculation would
reflect that. Similarly, if the logged flow rate or static went down, the equation would show that
the power went down for that logged interval.
Energy is simply the sum of how much power is being used over time. For instance, if I have a
heater that is consuming 100 Btu’s every hour, after one hour, the energy consumed would be
100 Btus (100 Btu/hour times 1 hour). After 2 hours, the energy consumed by the heater would
amount to 200 Btus; after 8 hours, it would amount to 800 Btus; etc.
The same is true for the fan we have been discussing. If it uses 1 Bhp for one hour, it will have
consumed 1 Bhp of energy. We can convert that to electrical power by multiplying it by .746 kW
per Bhp and conclude that it would have used .746 kWh of electricity (1 Bhp times 1 hour times
.746 Kw per Bhp).
So are probably beginning to see one way to use a spreadsheet to calculate energy consumption
for a fan. Specifically:
 If you have logged flow and static pressure on a regular basis, say once a minute, and
 You assume that for that period of time those values were fairly steady state, then
 The bhp you calculate based on those values represents the energy the fan used for the one
minute interval they represent; and
 If you add up 60 consecutive intervals, you will have determined how much energy the fan
used for one hour; and
 If you add up 24 of those consecutive hours, you will have figured out how much energy the
fan used for an entire day.
Of course there are a few other details you would have to take into account. Equation
1calculates the energy that went into the fan shaft. To come up with the energy that you actually
had to purchase to do that, you would need to take the efficiency of everything in between the
meter and the fan shaft into account. That is not too difficult to do once you know what is in the
“food chain” and what the efficiency characteristics of each item in the chain are.
For example, in the case of the fan, there probably are belts, a motor and maybe a VFD between
the electrical distribution system and the fan shaft. So you would simply add those efficiency
factors to the denominator of the equation to account for the losses they represent as illustrated
in Equation 2.
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bhp =

(Flow

cfm

× Staticin .w .c . )

(6,356 × ηFan × ηBelts × ηMotor × ηVSD )

Where :
bhp = the energy that needs to be put into the fan shaft
Flowcfm = the fan's flow rate in cubic feet per minute
Staticin .w .c . = the fan static pressure in inches water column
6,356 = a unit conversion constant that takes density, minutes per hour and other parameters
into account so that the units of measure on both sides of the equals sign are consistent

ηFan = the fan's static efficiency as a decimal value (70% would be .70). The fan efficiency is a
function of the specific operating point on its performanc e curve and will vary if the fan's
operating point moves around on the curve.

ηBelts = the belt efficiency as a decimal value (97% would be .97). Belt efficiency will be fairly
constant no matter what the fan is doing assuming they are well adjusted

ηMotor = the motor efficiency as a decimal value (92.4% would be .924). The motor efficiency will
vary with the load on the motor and the specifics of that are a function of the make, model
and size of the motor.

ηVSD = the varialbe speed drive efficiency as a decimal value (95% would be .95). Variable speed drive

efficiency will vary with the technology used to vary the speed and usually varies with the load also.

Equation 2 – Power Required from the Distribution System to Drive a Fan

The point here in the summary is not to teach you how to do this but to show you what you will
be learning as AEP students and illustrate how it can be used to your advantage in terms of
estimating energy consumption and savings.
At this point, the goal is for you to see that if, for instance, you wanted to calculate how much fan
energy a schedule was going to create, you could use the fundamental parameters associated
with the system like flow, static, and efficiency along with time to figure it out. Similar
techniques can be used with equations that define the thermal energy used by a coil, boiler, or
chiller or the power used by a pump.
The bottom line is that if you can measure or estimate a physical parameter associated with how
a machine uses energy, then you can use that number to calculate the actual energy
consumption. Your result will be far better than an approach that estimates the consumption
based on past experience with similar equipment or rules of thumb because it will be grounded in
the physical realities of the system’s actual operating parameters.
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Learning Objectives
This is another skill where you start to combine the other skills you are learning to move forward.
Specific objectives include:
 Become familiar with the fundamental equations associated with HVAC equipment power
and energy use.
 Know how to used field measurements, design parameters, and estimates to evaluate the
equations and predict power requirements.
 Know how to use spread sheet techniques like hour by hour calculations and bin calculations
to extrapolate power calculations over time and predict energy consumption.

Primary Resources
The primary resources for this learning objective are:
 The building blocks you have developed in your other skills
 The HVAC equation resources you were provided with as part of your pre-class learning
materials.
 The interactive training opportunities that will occur at the face to face meetings.
 The interactive training opportunities that will occur during the office hours sessions.

Secondary Resources
As was the case for the Data Analysis skill, case studies are excellent ways to learn about energy
calculations by studying the techniques of others. The California Commissioning Collaborative
web site includes an extensive library of case studies that can be quickly searched for an issue
similar to the one you are dealing with. The Field Perspective on Engineering technical blog
contains many examples of energy calculations and is always expanding its content.
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ROI Calculations
The Summary
Return On Investment calculations apply the financial metrics associated with operating your
hotel to the savings potential of a project so that the Owner can make the best possible business
decision in terms of how to spend their money in the facility. It is important to recognize that
ultimately, the hotel represents a money-making venture for the people investing in it. As a
result, projects that are proposed to save energy and other resources need to stand on their own
financial merits in competition with other money-making expenditures like updating the bar to
reflect the latest trends and bring in customers or providing the latest electronic technology in the
guest rooms.
That means that it will be important to look at more than just how much energy you are going to
save per year. You need to consider the value of the savings over time and also the other nonenergy benefits that might accrue as a result of your project. For instance, if you were to
implement a schedule for an air handling system that had previously been running round the
clock, in addition to saving fan energy, you might:
 Save HVAC process energy: There now will be times when the system will not use utilities like
chilled and hot water. The value of this savings can be quite variable, because it is a function
of many factors like the climate, the hours of operation and the use patterns. But it is a real
and significant savings in most instances and should be considered.
 Reduce wear and tear on the systems: If the equipment runs fewer hours, it will last longer
and require less maintenance. That means your labor to maintain it will be reduced and the
capital project required to replace it when it eventually wears out can shift out in time.
 Extend filter life: Since the system will be handling less air, the life cycle of the filters will
extended. That means that you will save money on the cost of filters, the labor required to
change them out and any added disposal costs that show up when you eventually replace
them like extra dumpster charges or regulations that require you to separate recyclable
content from non-recyclable content.
 Potential guest satisfaction improvements: It is not out of the question that the unnecessary
operation of the system was stealing capacity from your central plant; capacity that could
come in handy on an extreme day or with a larger than usual event in your meeting rooms;
capacity that could be the difference between a guest making a return visit or a guest
complaining and being compensated for their discomfort by refunding their room charges or
other fees they paid in an effort to entice them to try your facility again, in spite of their bad
experience.
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 Ripple effects: An example of a ripple effect is fan heat; the energy that is added to the air
stream by the fan doing work on it.1F1F2 If the fan runs fewer hours, there will be less fan
heat for the cooling system to deal with, in addition to the cooling load associated with the
space load and ventilation load. The impact of the load reductions can ripple all the way
back to the central plant and will be reflected at every element in the path, including a
reduction in the cooling tower fan energy and water consumption at the other end of the
system, as illustrated in Figure 13.
 Simple payback calculations (total project cost divided by total project savings per year) are a
down and dirty way to start to look at project from an investment standpoint. But a true ROI
calculation that looks not only at the value of the money you borrowed over time but also the
value of all of the things you are saving over time is a far better approach for a number of
reasons.
 A simple payback calculation assumes that the money the investor lent you would not have
been earning them anything had they not lent it to you. That’s probably not true. If they had
simply kept the money in a savings account, they would have earned at least a small amount
of interest. But by lending it to you, they lose the opportunity to earn that interest until the
project has paid for itself via the savings it generates and starts making money.
 A simple payback calculation assumes that the cost of energy will not change. That’s
probably not true. Energy costs could rise or fall as driven by market economics but will likely
tend to increase over time. The systems and equipment we work with have relatively long life
cycles (15-25 years or more), meaning that the impact of a general upward trend in the cost
of anything, including energy, can be significant if you look at it over the life cycle of the
equipment or system.

2

This is very similar to what you have probably noticed when you pump up a bicycle tire; the pump gets hot,
which is often called “the heat of compression”. The heat is the manifestation of the work you did to move air
into the tire. Similarly, you can measure a temperature rise across a fan that is exactly equal to the brake
horsepower it is using. If the belts are in the air stream, the temperature rise will also reflect the belt efficiency
losses. If the motor is in the air stream, the motor efficiency losses will also be a part of the temperature rise you
will see.
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Figure 12 – Ripple Effects of a Reduction in End Use Load in an Air Handling System

 A simple payback calculation assumes that labor costs don’t change. We all hope that isn’t
true. If nothing else, we would like our income to increase at least as much as the cost of
living and that is always going up a bit every year.

A simple payback calculation assumes that the cost of benefits and other human resource
provided services don’t change. Again, probably not true and something that can add up over
time, including the potential savings generated by avoiding some of those costs because your
improvement means you don’t have to re-hire someone to replace the technician that just retired.
As AEP students, you will learn how to use the Marriott ROI form and other corporate tools to
take an informed financial view of your projects and include all of the benefits they will provide,
not just the energy savings.

Learning Objectives
The learning objectives for the ROI Calculation skill include the following:
 Know how to consider and evaluate all of the benefits associated with an energy or resource
conservation project and include those metrics in your sales pitch.
 Know how to use the Marriott ROI calculation spreadsheet.

Primary Resources
The primary resources for this learning objective are:
 The Marriott ROI spreadsheet template and similar financial assessment tools available from
your Engineering Toolbox website.
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 The knowledge of fundamentals and HVAC system integration and interactions that you gain
from the self-study and application of the other AEP skills.

Secondary Resources
 The reading and resource list includes a number of resources that can be used to strengthen
your understanding of how improvements in system generate savings, which, in turn, will
impact your ROI calculations.
 The LBNL reports on the costs and benefits of commissioning provide valuable, citable metrics
on the energy and non-energy benefits of commissioning processes, including an appendix
full of additional references for data.
 There have been a number of papers published that identify and document the savings
potential associated with non-energy benefits. Two of the most useful were presented ACEEE
2000 and ACEEE 2002 and can be downloaded as .pdf documents by following the links.

Page 44

2017-07-07 Revision

Existing Building Commissioning Guidebook
Control System Competency
The Summary
Control systems are the central nervous systems for our buildings and play a critical role in
ensuring satisfactory performance and efficiency. You can have the best quality, most efficient
machinery in the world incorporated into your system and if you do not complement it with a
well thought out, well-engineered, robust control system, then you can end up with an inefficient
mess (and occasionally, debris).
In general, Marriott is heading towards implementing their control systems using Automated
Logic as a sole source vendor. In the writer’s opinion, this is one of the best systems out there and
because it is represented by distributors vs. a factory branch office system, in most areas of the
country, you have the opportunity to competitively bid your installations if you need to, despite
using ALC as a sole source.
Having said that, most, if not all AEP attendees are dealing with/have dealt with/will at some
point in their Marriott career deal with products by other vendors, including legacy, stand-alone
pneumatic equipment. As you implement projects to improve your facility and save energy, you
open the door to improving the quality of your control systems
Your projects may even provide the opportunity to migrate to the new Marriott standard by
implementing policy where-in new systems will be provided with controls meeting the new
standard and existing systems will be migrated to the new standard via a repair by upgrade
process. While this approach means that for a while at least, you will be dealing with two
different control systems, it also means that you will be leveraging your expenditures to move
your facility in a direction that will make it easier to maintain and provide a uniform control
platform across the corporate infrastructure.
As a result, it is important that you gain a certain level of competency and comfort with regard to
control systems and their application. Nobody expects you to become a control system expert or
designer. Rather, as AEP graduates, you will be expected to have a firm grasp on control
fundamentals and apply that knowledge to ensure that your projects are furnished with controls
that can deliver the design intent in a repeatable, reliable, and robust manner.

Learning Objectives
The learning objectives for the Control System Competency skill include the following:
 Understand and be able to explain, in general terms, how a proportional control system works
and how, when properly applied, Proportional plus Integral plus Derivative (PID) control can
deliver benefits.
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 Understand and be able to explain basic control system concepts like open vs. closed loops,
and digital vs. analog signals.
 Understand and be able to explain common optimization strategies like the “two thirds rule”
and reset strategies, recognizing why they save energy and how to properly apply them and
also detect a misapplication.
 Appreciate the impact that lags can have on your control processes and the implications in
terms the quality of the equipment you procure.
 Understand why pneumatic controls require a different skill set and level of effort if they are
to be maintained so they deliver repeatable, robust, reliable performance relative to a DDC
system and why there are both energy and non-energy benefits associated with moving to
DDC.
 Understand why DDC systems from different vendors are seldom equivalent “out of the box”.
For some vendors, careful management of the engineering specifications for a control project
can deliver equivalency to the Marriott ALC standard. But for other vendors, true equivalency
is not possible.
 Understand why the engineering associated with your control system design may be the most
critical element of the over-all project design in terms of delivering the intended level of
performance, efficiency, and maintainability.
 Be familiar with and be able to defend the value of a control design that includes a system
diagram complemented with a point list, a logic diagram, a detailed narrative control
sequence and very specific product requirements.
 Understand and be able to discuss the advantages of the ALC standard Marriott has adopted
relative to the other product offerings.
 Understand the critical role that the installing contractor plays in the over-all success of a
control system.
 Recognize and have some familiarity with all of the factors that can come into play in
determining the over-all performance of your control system; things like sensor accuracy, A to
D conversion accuracy, network architecture, memory, graphics, and trending capabilities.
 Recognize and be able to explain why “open protocols” like BACNet, Lon, and Modbus to
name a few are useful tools in terms of allowing different systems to share information but
that they are not a panacea that will provide for a seamless, high-performance integration of
multiple vendors.
 Recognize that the physical points necessary to control a system and the physical points
necessary to properly operate and maintain a system, especially in the context of MRCx and
MCCx are two different things and be able to defend the additional data points required for
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commissioning based on the value they represent in terms of the persistence of the benefits of
commissioning.

Primary Resources
The primary resources for this learning objective are:
 The series of articles on control system design that have been included in the Hard to Find
Magazine Articles section of the reading list. The articles are the first set of documents in the
section.
 The Control Design Guide, which is a component of the Functional Testing Guide. Note that
you can simply interact with this guide on the web or you can download it and use it off line.
Also note that if you are running a newer version of Internet Explorer, you will need to enable
compatibility view for some of the features in these resources to work.
 The Iowa Energy Center’s DDC Online website, which allows you to make generic
comparisons of most of the major control vendor products in addition to providing a very
good tutorial on DDC inputs and outputs.
 The Honeywell Gray Manual, which includes chapters detailing each type of technology
(pneumatic, electric, electronic, DDC) as well as application details for various types of control
processes. It also includes engineering information on important topics like valve and damper
sizing as well as a chapter on basic psychrometrics and control and HVAC fundamentals.
 There are a number of posts on the Field Perspective on Engineering technical blog that
provide information on pneumatic controls and related resources including one titled
Pneumatic Controls, First Cost Advantages, and Retrocommissioning Opportunities and
another titled Pneumatic Controls Resources. You can find all of the pneumatic content by
using the dropdown “Category” selection box on the right side of the home page and selecting
“Pneumatic Controls”.

Secondary Resources
The reading and resource list includes a number of additional control system and control system
design resources that can be used to expand your knowledge if you care to explore them.
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