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During their fall meeting, the Research Activities Subcommittee (RAS) of RAC reviewed the subject Work
Statement (WS) and voted 5-0-0 CNV to return with comments.

Below are the main issues and concerns that must be addressed in your next submission of the WS if you
choose to resubmit.

1. Revise the scope and task breakdown not clearly laid out.
2. Budget seems to be too high.
3. Alotof risk in work statement now. Better craft work statement to minimize risk.

A WS evaluation sheet is attached as additional information and it provides a breakdown of comments and
questions from individual RAC members based on a specific review criteria. This should give you an idea of
how your WS is being interpreted and understood by others. Some of these comments indicate areas of the WS
where readers require additional or corrected information or rewording for clarification.

Please coordinate changes to this Work Statement with your Research Liaison Christopher Wilkins,
chris.wilkins@crbusa.com or RL7Z@ASHRAE.net prior to resubmitting it again to the Manager of Research
and Technical Services for further consideration by RAC.

Also, it is necessary that you provide with your next submission a new TC vote on the revised Work Statement,
and a letter describing how each of the above items were addressed in the revision.

If you wish for this work statement to be reconsidered at the next RAC meeting, the revised Work Statement
must be sent (electronically) to Michael Vaughn, Manager of Research and Technical Services
(morts@ashrae.net) by December 15, 2017. The next opportunity for consideration after this deadline is May
15, 2018.
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WORK STATEMENT# 1781

Title:

Development of a Method to Evaluate Fault Detection and Diagnosis Tools for Air Handling Unit Systems

Sponsoring TC/TG/MTG/SSPC:

lﬁ 7.5 - Smart Building Systems

Co-Sponsoring TC/TG/MTG/SSPCs (List only TC/TG/MTG/SSPCs that have voted formal support)

TC 7.3 - Operation and Maintenance Management

Executive Summary:

Faults in an air handling unit (AHU) can affect energy efficiency, equipment life, and indoor
environmental quality. Significant research and industrial efforts have been undertaken to develop fault
detection and diagnosis (FDD) tools* for AHU systems. Yet there is a lack of standardized methods
and/or reporting mechanism to evaluate the effectiveness of existing FDD tools. Unlike packaged
systems, such as roof top units, AHUs have very diverse configurations (sensor, control, and
components). AHU FDD tools described in the literature are very diverse as well, making a side-by-side
comparison a difficult task. This project will develop a methodology to evaluate and report the
performance of existing FDD tools for AHU systems. The findings from this project will be the basis for
a standard Method of Test (MOT) for AHU FDD tools. This project will be developed based on the
findings of a previous ASHRAE research project, RP 1312 (TOOLS FOR EVALUATING FAULT
DETECTION AND DIAGNOSTIC METHODS FOR AIR-HANDLING UNITS). In RP 1312, extensive
experimental data that contain fault free and faulted system data, from a large variety of potential AHU
faults, have been generated in a test facility. A simulation tool that can be used to generate simulated
fault free and faulted system data have been developed and validated. However, RP 1312 has not
evaluated any AHU FDD tool nor providing any discussion on how to evaluate a AHU FDD tool, which
will be the focus of this project.

Note *: For this proposatheterm"tool" includesbothresearchools andcommerciabroductsproductsaretoolsthathavebeen

commercialized.




Applicability to the ASHRAE Research Strategic Plan:

The results of this project are directly in support of Goal 1 in the Research Strategic Plan:
Goal 1: Maximize the actual operational energy performance of buildings and facilities.

More specifically, the results of this project will aid in the development of the fault diagnosis
components the automated commissioning and retro-commissioning tools. The findings will also help the
market penetration of such tools by facilitating comparison of FDD methods, and clarifying the strengths
and weaknesses of each product in the market. How to select a fault diagnosis tool and understand its
performances have been considered as a big challenge by the potential users such as the facility managers
and service providers etc. Widespread adoption of FDD will help reduce faults, so buildings can perform
more efficiently.

Application of Results:

The outputs of this project will assist the development of a standardized MOT and performance metrics
for AHU FDD tools. The collected data (fault and fault-free data, simulated and real system data) can
also aid in the development and validation of new AHU FDD tools.

State-of-the-Art (Background):

An air handling unit (AHU) connects primary heating and cooling plants with building zones, and
controls building ventilation air intake. Faults in an AHU have strong impacts on the HVAC system's
energy consumption, occupant comfort, maintenance cost, and equipment life. It is estimated that 15 to
30 % of energy used in commercial buildings is wasted due to various HVAC equipment and control
faults (Katipamula and Brambley, 2005).

Over the past couple of decades, significant research efforts have been undertaken to address the need for
reliable FDD tools for AHU systems. Reported FDD methods can be grouped into three broad
categories: physical modeling methods, rule-based methods, and data-driven methods (Katipamula &
Brambley, 2005a, 2005b). Depending on whether the FDD tool actively affects the system's control and
operation, the methods can also be categorized as active or passive methods. Commercial products are
available in the market for AHU FDD, such as DABO, Clockworks, etc.

However, there is no standard method to evaluate these tools/products and to report their performance,
such as the diagnostic accuracy and/or cost effectiveness. The following challenges are often not
discussed by the developers of the reported AHU FDD tools/products:

1. Whether the tool requires the installation of additional sensors that are not typically found in existing
AHUSs. The installation of additional expensive sensors, like BTU/flow meters on the coil piping or
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Advancement to the State-of-the-Art:

The AHU FDD tools reported in the literature are numerous and promising. Yet there is a lack of
standards in evaluating the performance of reported AHU FDD tools, such as their accuracy, system
requirements, cost/benefit, etc. This project will perform necessary research to develop an AHU FDD
evaluation methodology that can be adapted to a standard MOT in the future. This project will be
developed based on the findings of a previous ASHRAE research project, RP 1312 (TOOLS FOR
EVALUATING FAULT DETECTION AND DIAGNOSTIC METHODS FOR AIR-HANDLING UNITS). In
RP 1312, extensive experimental data that contain fault free and faulted system data, from a large variety
of potential AHU faults, have been generated in a test facility. A simulation tool that can be used to
generate simulated fault free and faulted system data have been developed and validated. However, RP
1312 has not evaluated any AHU FDD tool nor providing any discussion on how to evaluate a AHU
FDD tool, which will be the focus of this project.

Justification and Value to ASHRAE:

The findings of this project will provide a framework for the development of a standard MOT for AHU
FDD tools. A standard MOT will 1) help building owners, operators, and building service companies to
understand the pros and cons of AHU FDD products, and therefore choose a product that best fits the
user's specific needs. This will, in turn, bolster the market penetration of AHU FDD products; and 2)
help the FDD developers to evaluate their FDD methods in a more comprehensive manner, and therefore
facilitate development of products that are more market-oriented, and serve end users better.

The long term impact of this project is an increased AHU FDD market penetration rate, hence a reduced
building energy consumption. This project directly supports the ASHRAE strategic Goals: 1) EXTEND
by augmenting ASHRAE's marketing and promotional capabilities; and 2) ADAPT by translating science
and technology into practical tools and resources that drive effective building design, operations, and
management. This project also supports the ASHRAE strategic Initiative 3- Applied Product
Development, by delivering its technology to its members in effective and meaningful ways.

The findings from this project will also facilitate development of methods of testing/evaluation for FDD
on other systems.




Objectives:

1) Develop a methodology to evaluate and report the effectiveness, costs, and benefits of FDD tools for
AHUs. The evaluation methodology will include a) a method to evaluate and report the physical
requirements and costs of a given FDD product; and b) a testing method to evaluate the performance of
the FDD product. This evaluation methodology must be applicable to different types of AHUs, including
different sensor and control configurations, and for different types of AHU FDD tools;

2) Demonstrate the effectiveness of the proposed methodology through a case study, in which at least
three AHU FDD tools including at least one based on an active method and one based on a passive

method, are evaluated using the proposed evaluation methodology.




Scope/Technical Approach:

This project will be divided into two phases:

Phase I (duration 1 year) aims at developing the proposed evaluation methodology and includes the
following sub-tasks:

Task I.a) Literature review.

In this subtask, a comprehensive literature review will be performed in the following areas: 1) existing
AHU FDD tools; 2) existing MOTs for FDD tools (not limited to FDD tools for AHUs); and 3) available
data and testbeds that can be used for the proposed evaluation methodology; testbeds covered sould
include both simulation testbeds and physical laboratory testbeds.

The deliverable of this task is a report that summarizes the literature review.
Task I.b) Identify key indexes to evaluate AHU FDD tools

In order to evaluate an AHU FDD tool's performances, indexes such as physical requirements, cost,
detection and diagnosis accuracy, false alarm rate, fault coverage, and scalability etc., need to be
identified and defined in this task. The indexes shall be divided into two categories: a) indexes that do
not need to be tested (such as sensor requirements and cost etc.); and b) indexes that need to be evaluated
through standardized testing (such as accuracy etc.).

The deliverable of this task is a report defining and summarizing the indexes to be used in the proposed
evaluation methodology.

Task I.c) Identify AHU configurations for tests in the proposed evaluation methodology.

Existing AHUS' configurations are diverse. A good AHU FDD tool should be scalable to different AHU
configurations. However, not all configurations can be tested in a standardized MOT. AHU
configurations that should be included in the testing tasks of the proposed evaluation methodology will
be identified in this task. Factors that affect an AHU's configuration could include: sensor
configurations, control & operation strategies, data trending capabilities, and component configurations.
The identified AHU configurations should be representative and applicable in testing an AHU FDD tool's
scalability, but also should not be too numerous to perform the evaluation methodology within a
reasonable time frame. These identified AHU configurations will be used to guide the simulated or
laboratory testing data generation. This task should also provide recommendations on how an AHU FDD
evaluator or developer should report on the AHU configurations that the tool is applicable for.

The deliverable of this task is a summary of the AHU configurations to be included in the proposed
evaluation methodology, and a reporting mechanism to report on the AHU configurations that a FDD
tool is applicable for.

Task I.d) Identify typical AHU faults, their fault severities, and the associated seasons.

There are numerous potential faults for an AHU. Wen and Regnier (2014) attempt to provide a
comprehensive list of these faults. A good AHU FDD tool should be scalable to different AHU faults
and fault severities. However, not all faults and fault severities can be tested in a standardized MOT.
Faults and their associated severities that should be included in the proposed evaluation
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Scope/Technical Approach (Continued 2):

methodology will be identified in this task. Some faults may only have strong impacts in a specific
season or weather condition (such as an economizer control fault). Hence the seasons or conditions that a
fault is associated with need to be identified too.

These faults and fault severities in the summary should be representative, to facilitate tests of an AHU
FDD tool's performance, including accuracy, false alarm rate, and scalability. This task should also
provide recommendations on how an AHU FDD tool should report on the type of faults that the tool is
applicable to. The identified faults, fault severities, and associated operating conditions will be used to
guide the simulated or laboratory testing data generation.

The deliverable of this task is a summary of the AHU faults (and their associated severities and
conditions) to be included in the proposed evaluation methodology and a reporting mechanism on the
faults that an FDD tool is applicable to.

Task I.e) Identify existing simulated, laboratory, or real building data that can be used for the proposed
evaluation methodology.

Several completed research projects, such as ASHRAE 1020 (Norford et al., 2000), ASHRAE 1312
(Wen and Li, 2011), NISTIR 6964 (Castro et al., 2003), and DOE's Consortium for Building Energy
Innovation (http://cbei.psu.edu/research-finding-automated-fault-detection-and-diagnostics-in-ahus/),
have generated simulated and/or real system data that contain both fault-free and faulted system
operation data. The real system data could contain artificially implemented and/or naturally occurring
AHU faults. Some of the real system data are from a laboratory setting and some are from occupied
buildings. In this task, existing data (simulated and/or real system) that are suitable for the proposed
evaluation methodology need to be identified. These identified data need to contain the desired AHU
configurations identified from Task I.b and desired faults identified from Task I.c. If certain AHU
configurations and/or faults (including desired severities and seasons) are not available from existing
projects, then this task needs to identify simulation and/or real system testbeds and approaches that can
be used to generate new data needed for the proposed evaluation methodology.

The deliverable of this task is a summary of the existing data and testbeds (simulation and real system)
that are suitable for the proposed evaluation methodology.

Task I.g) Develop a methodology for evaluating AHU FDD tools.

Based on the findings from tasks I.a to I.e, this task will develop a methodology for evaluating AHU
FDD tools. The methodology should include a) an evaluation and reporting mechanism for AHU FDD
performance indexes that do not need testing; and b) a testing method to evaluate other performance
indexes.

The testing method should describe at least the following a) AHU configurations to be included in the
testing; b) faults to be included in the testing; ¢) how a fault-free baseline is established; d) how fault-free
and faulted data are generated.

The evaluation methodology should be applicable for a) both active and passive FDD tools; b)
representative AHU configurations; c¢) faults in each important component fault categories, e.g., mixing
box, coil, fan, sensor and control; and d) faults in different conditions. The deliverable of this task is a
summary of the proposed evaluation methodology.




Scope/Technical Approach (Continued 3):

Phase II (duration 1 year) aims at evaluating the proposed evaluation methodology through case studies
and includes the following sub-tasks:

Task II.a) Select AHU FDD tools for the case studies

At least three AHU FDD tools, including at least one active and one passive tool will be selected. Codes
and/or software of the identified tools need to be obtained for the case studies. Although source codes
are not typically necessary, obtained codes/software need to contain enough tuning capabilities for a fair
evaluation. The bidder should describe how he or she plans to gain access to the FDD tools. It is noted
that it is not the intent of this project for the contractor to develop any FDD codes.

The deliverable of this task is a report on the codes and/or software of the AHU FDD tools engaged in
the case studies.

Task I1.b) Collect existing data or generate new data for the case studies.

The data need to include a) both fault-free (baseline) and faulted-AHU data; 2) both simulated and real
system data (can be either laboratory or real building data); 3) faults from each fault categories ( e.g.,
mixing box, coil, fan, sensor and control) and a range of fault severities; 4) at multiple sets of operating
conditions.

The deliverables of this task include: 1) simulated and real system data that are used to evaluate the AHU
FDD tools; 2) a summary of the collected data; and 2) if a simulation testbed is engaged, codes and
manuals of this testbed.

Task II.c) Evaluate the identified AHU FDD tools using the proposed evaluation methodology and
collected data.

The deliverables of this task include the data generated during the case studies, i.e., the fault detection
and diagnosis results and other performance related data.

Task II. d) Summarize the proposed evaluation methodology.

Based on the findings from Task II.c, the effectiveness and remaining issues/challenges of the proposed
evaluation methodology need to be analyzed and summarized. This task should also provide advice for
the following: 1) in terms of evaluating AHU FDD tools, the effectiveness of using simulated data vs.
measurement data; 2) the minimum number of faults, fault symptoms, and operating conditions that need
to be included in the evaluation methodology to achieve a meaningful and accurate evaluation.

The deliverable of this task is the summary of the proposed evaluation methodology.

Task II. e) Final report and publications preparation

A comprehensive final report that summarizes a) all findings of the tasks; and b) the proposed evaluation
methodology will be developed in this task. Appropriate journal and conference publications need to be
prepared to disseminate the findings of this project. In addition, the data libraries developed for this
project, and simulation codes, if applicable, must be appropriately annotated and delivered to the PMS
and to ASHRAE's MORTS. More details about the reporting requirements are summarized in the

8




Deliverables/Where Results Will Be Published:

The deliverables are defined with each task and described above. Bidders must include an itemized
checklist confirming that they have included each task/sub-task deliverable in their response.

In addition, progress, Financial, Interim, and Final Reports, Research or Technical Paper(s), and Data
shall constitute required deliverables (“Deliverables’) under this Agreement and shall be provided as
follows:

a. Progress and Financial Reports

Progress and Financial Reports, in a form approved by the Society, shall be made to the Society through
its Manager of Research and Technical Services at quarterly intervals; specifically on or before each
January 1, April 1, June 10, and October 1 of the contract period.

Furthermore, the Institution's Principal Investigator, subject to the Society's approval, shall, during the
period of performance and after the Final Report has been submitted, report in person to the sponsoring
committee at the annual and winter meetings, and be available to answer such questions regarding the
research as may arise.

b. Final Report

A written report (“Final Report”) in a form approved by the Society, shall be prepared by the Institution
and submitted to the Society's Manager of Research and Technical Services by the end of the Agreement
term, containing complete details of all research carried out under this Agreement. An electronic copy of
the Final Report in Microsoft Word or PDF format shall be furnished for review by the PMS.

Following approval by the PMS and the sponsoring committee, in their sole discretion, final copies of the
Final Report will be furnished by the Institution as follows:

. An executive summary in a form suitable for wide distribution to the industry and to the public.
. Two copies on CD-ROM; one in PDF format and one in Microsoft Word.
. Science & Technology for the Built Environment or ASHRAE Transactions Technical Papers

One or more papers shall be submitted first to the ASHRAE Manager of Research and Technical
Services (MORTS) and then to the “ASHRAE Manuscript Central” website-based manuscript review
system in a form and containing such information as designated by the Society suitable for publication.
Papers specified as deliverables should be submitted as either Research Papers for Science & Technology
for the Built Environment or Technical Paper(s) for ASHRAE Transactions. Research papers contain
generalized results of long-term archival value, whereas technical papers are appropriate for applied
research of shorter-term value, ASHRAE Conference papers are not acceptable as deliverables from
ASHRAE research projects. The paper(s) shall conform to the instructions posted in “Manuscript
Central” for an ASHRAE Transactions Technical or Science & Technology for the Built Environment
paper. The paper title shall contain the research project number (1781-RP) at the end of the title in
parentheses, e.g., (1781-RP).

Note: A research or technical paper describing the research project must be submitted after the TC has
approved the Final Report. Research or technical papers may also be prepared before the project's
completion, if it is desired to disseminate interim results of the project. Contractor shall submit any
interim papers to MORTS and the PMS for review and approval before the papers are submitted to
ASHRAE Manuscript Central for review.




Deliverables/Where Results Will Be Published (Continued):

notebooks, reports, charts, graphs, analyses, computer programs, visual representations etc., (collectively,
the “Data”), generated in connection with the Services. Society representatives shall have access to all
such Data for examination and review at reasonable times. The Data shall be held in strict confidence by
the Institution and shall not be released to third parties without prior authorization from the Society,
except as provided by GENERAL CONDITION VII, PUBLICATION. The original Data shall be kept
on file by the Institution for a period of two years after receipt of the final payment and upon request the
Institution will make a copy available to the Society upon the Society's request.

d. Project Synopsis

A written synopsis totaling approximately 100 words in length and written for a broad technical audience
shall be submitted to the Manager of Research and Technical Services by the end of the Agreement term
for publication in ASHRAE Insights. The synopsis should document the main findings of research
project, why findings are significant, and how the findings benefit ASHRAE membership and/or society
in general.

The Society may request the Institution submit a technical article suitable for publication in the Society's
ASHRAE JOURNAL. This is considered a voluntary submission and not a Deliverable. All Deliverables
under this Agreement and voluntary technical articles shall be prepared using dual units; e.g., rational
inch-pound with equivalent SI units shown parenthetically. SI usage shall be in accordance with
IEEE/ASTM Standard SI-10.

Level of Effort:

It is estimated that the project will require three (3) professional-month for the Principal Investigator and
twenty four (24) months effort of a research assistant, with a project duration of twenty four (24) months
at a cost of $275,000.
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Proposal Evaluation Criteria:

Weighting
No. | Proposal Review Criterion Factor
Contractor's understanding of Work Statement, FDD tools, and FDD MOT as revealed in
1 | proposal 15%
Quality of methodology proposed for conducting research. 20%
2
Contractor's capability in terms of facilities, and access to existing AHU FDD tools (including
3 | commercial products) and existing AHU fault data. 30%
Qualifications of personnel for this project.
4 20%
Student involvement.
5 5%
Probability of meeting the objectives and schedule of the Work Statement (including past
6 |ASHRAE projects, if applicable). 10%
Project Milestones:
Deadline
No. | Major Project Completion Milestone Month
Literature review completed and proposed evaluation methodology developed.
1 12
All codes of the identified AHU tools and all data needed for the case studies are collected.
2 18
3 | Case studies are performed and the proposed evaluation methodology is shown to be effective 24
to evaluate AHU FDD tools.
Authors:

Jin Wen, TC 7.5;
David Yuill, TC 7.5;
Michael Bobker, TC 7.3.
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Other Information for Bidders (Optional):
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Feedback to RAC and Suggested Improvements to Work Statement Process

Now that you have completed the work statement process, RAC is interested in getting your
feedback and suggestions here on how we can improve the process.
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Responses to RAC’s Comments on 1781-RTAR- “Methods to Evaluate AFDD
Strategies for Air Handling Unit Systems”

Jin Wen, David Yuill, and Mike Bobker
TC7.5and TC 7.6
August 14th, 2017

During the preparation for 1781-WS, we have thoroughly considered and
incorporated all comments provided by the RAC in November 2015. Here is a
summary of the comments and our responses:

1) Consideration should be given to breaking this effort into two stages: Stage I
should address only a literature review. Based upon the findings of the Stage |
project, which should include previous ASHRAE RPs involving field testing of
automatic fault detection and diagnosis (AFDD), e.g., RP-1020, a single
approach or multiple approaches for testing should be developed for Stage II.

a. Response: We have broken the project into two stages as suggested.

2) The key research question is how well can the variety of Air Handling Unit
(AHU) configurations be addressed in a standard method-of-test?

a. Response: This has been a focus of the WS and will be a focus of the
proposed project. Task I.c is therefore designed to consider the
variety of AHU configurations. The deliverable from this Task will
include a summary of the common AHU configurations and the
configurations that will be tested in this project. Another task, Task
I.d, further identifies the diverse potential faults for different AHU
configurations. The key research question here is how can AFDD for
AHU be evaluated, considering the challenge of various
configurations.

3) Retitle project from “Methods” to “Method” if only a single method is expected
from this project.

a. Response: We have changed the title to be “Development of a
Methodology to Evaluate Fault Detection and Diagnosis Tools for Air
Handling Unit Systems” to better reflect the scope.

4) The use of “Big Data Analytics” for AFDD should be explored further to help
validate the project results.

a. Response: The goal of this project is to build up a basis for a future
MOT that can be used to evaluate various AFDD tools, including those
based on big data analytics. This project, however, does not yield any
new AFDD method. The tasks have been designed to be able to
incorporate AFDD tools that are based on different principles.
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MiChaeI R. Vaughn, P.E. . . mvaughn@ashraelorg
Manager Research & Technical Services

TO: Natascha Milesi Ferretti, Chair TC 7.5, natascha.milesi-ferretti@nist.qgov
Jin Wen, Research Subcommittee Chair TC 7.5, jinwen@drexel.edu

CC: Philip Haves, Research Liaison, 7.0, phaves@Ibl.gov

FROM: Michael Vaughn, MORTS, mvaughn@ashrae.org

DATE: November 20, 2015

SUBJECT: Research Topic Acceptance Request (1781-RTAR), “Methods to Evaluate AFDD

Strategies for Air Handling Unit Systems”

During their fall meeting, the Research Administration Committee (RAC) reviewed the subject Research Topic
Acceptance Request (RTAR) and voted to accept it with comments for further development into a work statement
(WS) provided that the approval comment(s) below are addressed to the satisfaction of your Research Liaison,
Philip Haves, phaves@Ibl.gov, or RL7@ashrae.net, in the work statement draft.

1. Consideration should be given to breaking this effort into two stages: Stage | should address only a literature
review. Based upon the findings of the Stage | project, which should include previous ASHRAE RPs
involving field testing of automatic fault detection and diagnosis (AFDD), e.g., RP-1020, a single approach or
multiple approaches for testing should be developed for Stage I1.

2. The key research question is how well can the variety of Air Handling Unit (AHU) configurations be
addressed in a standard method-of-test?

3. Retitle project from “Methods” to “Method” if only a single method is expected from this project.
4. The use of “Big Data Analytics” for AFDD should be explored further to help validate the project results.

An RTAR evaluation sheet is attached as additional information and it provides a breakdown of comments and
questions from individual RAC members based on specific review criteria. This should give you an idea of how
your RTAR is being interpreted and understood by others. Some of these comments may indicate areas of the
RTAR and subsequent WS where readers require additional information or rewording for clarification.

The first draft of the work statement should be submitted to RAC no later than August 15, 2017 or it will be dropped
from display on the Society’s Research Implementation Plan. The next likely submission deadline for a new work
statement on this topic is May 15, 2016 for consideration at RAC’s 2016 Annual meeting. The submission deadline
after that for work statements is August 15, 2016 for consideration at the RAC’s 2016 fall meeting.
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Background: The RTAR should describe current state of the
art with some level of literature review that documents the

13 - Only two citations are provided, both from the same pair of authors. 9- Does the abbreviation of AFDD mean "Automated Fault Detection and Diagnostic" ?

AFDD will not be common words even in HVAC specialists. 2 - Clear but the following question may be addressed: Can any of the existing methods be adapted as

|mpqrtance/magn|tude of a problem. References should be 1 standard? This would define better need for this project if not. 11 - The two citations are for a two part, authoritative, comprehensive review article, but other
provided. If not, then note it in your comments. references would be useful, including previous ASHRAE RP's involving field testing of AFDD, e.g. 1020-RP.
Research Need: Based on the background provided is the
need for additional research clearly identified? If not, then the 13 . . . ‘ o
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Relevance and Benefits to ASHRAE:
Evaluate whether relevance and benefits are clearly explained
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handbooks and standards.

Is this research topic appropriate for ASHRAE funding? If not,
Reject.
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serve to inhibit innovation, by discouraging alternative solutions for alternative systems for which some of the metrics might not be important, but others, not yet known,
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4. Achievable that the research get the good result. It becomes common that many features are analyzed with the method of big data analysis. AFDD will have close relationship
If not, then appropriate feedback should be provided. with Big Data Analysis. The RTAR can include the relationship with Big Data Analysis. 2 - How the objectives will be met? What will be the reference for a developed
method?
Expected Approach and Budget: Is there an adequate
description of the approach in order for RAC to be able to
evaluate the appropriateness of the budget? If not, then the 15,6
RTAR should be retumed for revision. 15 - Expected approach is blank. 2- Approach is missing. The title talks about the methods (in plural) but only one method (singular) will be developed. 6 - Expected
Anticipated funding level and duration: M . . . . . -
approach part is missing. Hard to evaluate the appropriateness of budget. 11 - Approach is summarized in Project Objectives
References: Are the references provided? 9 9 - Big Data Analysis for AFDD should be explored. 6 - Only two references listed. Need more.
Initial
Decision?

Decision Options

Final Approval Conditions

ACCEPT AS-IS

ACCEPT W/COMMENTS

REJECT

7 - This project should be funded in two stages: Phase | should address only literature review. Based on the finding of the Phase | a better approach for testing should
be developed. Author has used several acronyms without explanation. 13 - | am familiar with one of the commercial products referenced in the RTAR (Clockworks).
The concept of automatic fault detection and diagnosis (AFDD) is intriguing but this RTAR does not define the objective clearly enough. Without this clear definition, it
is difficult to anticipate that worthwhile research will result. The range of applications required even for an AHU are very broad and custom. Somehow this proposed
research needs to be more focused and more clearly defined before a work statement can be written. 9 - Explain the research method further concretely. The target
of the project should be focused in further and the project benefits to ASHRAE should be stated more concretely. For example, how will the handbook be modified with
the results of the project. 11 - The key research question is how well can the variety of AHU configurations be addressed in a standard method of test

ACCEPT Vote - Topic is ready for development into a work statement (WS).
ACCEPT W/COMMENTS Vote - Minor Revision Required - RL can approve RTAR for development into WS without going back to RAC once TC satisfies RAC's approval condition(s)
REJECT Vote - Topic is not acceptable for the ASHRAE Research Program
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DRAFT RTAR Template

Development of a Methodology to Evaluate Fault Detection and Diagnosis Tools for Air
Title: Handling Unit Systems

Summary

Describe in summary form the proposed research topic, including what is proposed, why this research
is important, how it will be conducted, and why ASHRAE should fund it (50 words maximum)

Faults in an air handling unit strongly affect the overall energy efficiency, equipment life, and indoor environmental quality. Significant
research and industrial efforts have been undertaken to develop AFDD methods for AHU systems. Yet there is a lack of standardized
methods and/or reporting mechanism to evaluate the developed AFDD methods. This project aims at developing a method of testing
to evaluate and report AFDD methods for AHU systems.

Background

Provide the state of the art with key references (at the end of this document) substantiating it (300
words maximum)

An air handling unit (AHU) connects primary heating and cooling plants with building zones, and controls building ventilation air
intake. It therefore has a significant impact on the energy consumed by the heating, cooling, and ventilating systems, as well as on
the supply air temperature, humidity, and carbon dioxide levels, which further affects the occupants’ health and comfort. It is well
acknowledged that the existence of faults in an AHU impacts building energy consumption, occupant comfort, maintenance cost, and
equipment life cycle. It is estimated that 15 to 30 % of energy are wasted in commercial buildings due to various HVAC equipment
and control faults (Katipamula and Brambley, 2005).

Over the past couple of decades, significant research efforts have been undertaken to address the need for reliable AFDD methods
for AHU systems. The research can be grouped into three broad categories of approaches: physical modeling methods, rule-based
methods, and data-driven methods (Katipamula & Brambley, 2005a, 2005b). Depending on whether the AFDD method actively affect
the system control and operation, the methods can also be categorized as active or passive methods. Commercialized products are
also available in the market for AHU FDD, such as DABO and Clockworks.

However, there is a lack of standardized method to evaluate these methods, nor is there a standardized method to report the
accuracy and/or cost effectiveness of these methods, including how to report a method’s accuracy. Without such standardized
evaluation method, it is very hard for building owners/operators and building service companies to select the proper FDD method that
suits their needs. This, not only further delays the market adoption of FDD methods, but also prevents FDD developers from
understanding their methods’ limitations.

Currently, a standardized method of testing is being developed for roof top unit (RTU) FDD methods (SPC 207). However, compared
with the typically packaged RTUs, AHUs are built-up systems and have much more diversity (including layout, component
arrangements, sensor, and control system diversity). Forming a standardized method of testing is much more complicated and
requires a research project.




Research Need

Use the state of the art described above as a basis to specify the need for the proposed effort (250
words maximum)

Although the methods reported in the literature are various and promising, there is a lack of standard in evaluating the effectiveness
of reported AFDD methods and the cost/benefit of the method. More specifically, the following challenges are often not discussed or
address in the reported AFDD methods:

1. Whether the method require the installation of additional sensors not typically found in building AHUs. The installation of additional
expensive sensors, like Btu/flow meters on the coil piping or additional air flow stations, is prohibitive in the widespread adoption of a
proposed method.

2. Whether the method require many costly engineering hours to implement the method. The most common expenses related to
additional engineering include requirements for the generation of faulty data, requirements for fault thresholds to be individually
customized for each installation, and requirements for modeling the physical system.

3. Whether the method is effective at maintaining accuracy through the multiple operational modes and transient states experienced
during normal AHU operation. Many methods that have been demonstrated to be effective in specific operational conditions are not
adaptive for the use in all operating conditions experienced by AHU-VAV systems.

4. The false positive and false negative rate of the method. False alarm rates are rarely reported in the literature, so it is difficult to
quantify this factor, but false alarm rates have been widely reported in industry as a key factor delaying widespread commercial
adoption of AFDD for AHU-VAV systems.

5. Whether the method is able to handle the typical real-world EMCS data quality. Methods that are only tested using simulation
models might experience difficulties when applied to real buildings due to problems with typical EMCS data (missing data, sensor
faults, sensor accuracy etc.).

6. Whether the method can easily be applied in different buildings. Methods that are developed just for a specific building or type of
AHU systems might experience difficulties when applied to other buildings.

Without the discussion of the above challenges, it is very difficult to understand the effectiveness and cost/benefit of a method under
real-world testing conditions. Therefore, there is a strong need for a standardized method of testing and reporting for AHU AFDD
method.

Project Objectives

Based on the identified research need(s), specify the objectives of the solicited effort that will address
all or part of these needs (150 words maximum)

1) Develop a method of testing and reporting framework to evaluate the effectiveness and cost/benefit of AHU AFDD methods. This
includes the following sub-tasks

a) Literature review: 1) AFDD methods; 2) Method of testing for AFDD method; 3) Available testbeds (simulation and laboratory).

b) Identical typical AHU sensor configurations, control and operation strategies, and data trending capabilities etc. This typical
AHU configuration will be used to guide simulated or laboratory testing data generation;

c) ldentify existing or generate new simulated or laboratory testing data for proposed method of testing;

d) Identify key properties to evaluate an AHU AFDD method and develop definition for these properties.

2) Choose at least four AHU AFDD methods, which includes at least one active method, and conduct case studies to evaluate them
using the proposed method.




Expected Approach

Describe in a manner that may be used for assessment of project viability, cost, and duration, the
approach that is expected to achieve the proposed objectives (200 words maximum).

Check all that apply: Lab testing[C] Computations[0], Surveys[C], Field tests[_] Analyses and modeling
[ ] validation efforts [ ] other (specify) ( )

Relevance and Benefits to ASHRAE

Describe why this effort is of specific interest to ASHRAE, its impact, and how it will benefit ASHRAE and
the society. How does it align with ASHRAE Strategic Plans and Initiatives? How does it advance the
state of the art in this area in general? Are there other stakeholders that should be approached to
obtain relevant information or co-funding? (350 words maximum)
The outputs of this project: a standardized method of testing and reporting for AHU FDD will 1) help the building owners, operators,
and building service companies to understand the pro/con of various AHU FDD products and choose them wisely. This will in turn

assist the market penetration of AHU FDD products; and 2) help the FDD developers to evaluate their FDD methods in a more
comprehensive manner and therefore assist their developed projects to be more market-oriented and to serve the end users better.

Therefore, the longterm impact of this project is an increased AHU FDD market penetration rate and a reduced building energy
consumption. This project directly supports the ASHRAE strategic Goals: 1) EXTEND by augmenting the ASHRAE's marketing and
promotional capabilities; and 2) ADAPT by helping translating science and technology into practical tools and resources that drive
effective building design, operations, and management. This project also supports the ASHRAE strategic Initiative 3- Applied Product
Development by delivering its technology to its members in effective and meaningful ways.

Potential co-funding stakeholders include: 1) DOE BTO; and 2) California Energy Commission

The findings from this project will directly help similar method of testing/evaluation for other secondary system FDD systems.




Anticipated Funding Level and Duration

Funding Amount Range: $ 200-250k

Duration in Months: 24 months

References

List the key references cited in this RTAR

Katipamula, S., & Brambley, M. R. (2005a). Methods for fault detection, diagnostics, and prognostics for building systems - A review,
Part I. HVAC and R Research, 11(Compendex), 3-25.

Katipamula, S., & Brambley, M. R. (2005b). Methods for fault detection, diagnostics, and prognostics for building systems - A review,
Part Il. HVAC and R Research, 11(Compendex), 169-187.
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	Title_2: Development of a Method to Evaluate Fault Detection and Diagnosis Tools for Air Handling Unit Systems
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	CoSponsoring TCTGMTGSSPCs List only TCTGMTGSSPCs that have voted formal support: TC 7.3 - Operation and Maintenance Management
	Executive Summary: Faults in an air handling unit (AHU) can affect energy efficiency, equipment life, and indoor environmental quality. Significant research and industrial efforts have been undertaken to develop fault detection and diagnosis (FDD) tools* for AHU systems.  Yet there is a lack of standardized methods and/or reporting mechanism to evaluate the effectiveness of existing FDD tools.  Unlike packaged systems, such as roof top units, AHUs have very diverse configurations (sensor, control, and components).  AHU FDD tools described in the literature are very diverse as well, making a side-by-side comparison a difficult task.   This project will develop a methodology to evaluate and report the performance of existing FDD tools for AHU systems.  The findings from this project will be the basis for a standard Method of Test (MOT) for AHU FDD tools.  This project will be developed based on the findings of a previous ASHRAE research project, RP 1312 (TOOLS FOR EVALUATING FAULT DETECTION AND DIAGNOSTIC METHODS FOR AIR-HANDLING UNITS).  In RP 1312, extensive experimental data that contain fault free and faulted system data, from a large variety of potential AHU faults, have been generated in a test facility. A simulation tool that can be used to generate simulated fault free and faulted system data have been developed and validated.  However, RP 1312 has not evaluated any AHU FDD tool nor providing any discussion on how to evaluate a AHU FDD tool, which will be the focus of this project. 
 
Note *:  For this proposal the term "tool" includes both research tools and commercial products; products are tools that have been commercialized. 
	Applicability to the ASHRAE Research Strategic Plan: The results of this project are directly in support of Goal 1 in the Research Strategic Plan:
Goal 1: Maximize the actual operational energy performance of buildings and facilities. 
 
More specifically, the results of this project will aid in the development of the fault diagnosis components the automated commissioning and retro-commissioning tools. The findings will also help the market penetration of such tools by facilitating comparison of FDD methods, and clarifying the strengths and weaknesses of each product in the market. How to select a fault diagnosis tool and understand its performances have been considered as a big challenge by the potential users such as the facility managers and service providers etc. Widespread adoption of FDD will help reduce faults, so buildings can perform more efficiently.   
 
 
 
 
 
	Application of Results: The outputs of this project will assist the development of a standardized MOT and performance metrics for AHU FDD tools. The collected data (fault and fault-free data, simulated and real system data) can also aid in the development and validation of new AHU FDD tools.    
	StateoftheArt Background: An air handling unit (AHU) connects primary heating and cooling plants with building zones, and controls building ventilation air intake.  Faults in an AHU have strong impacts on the HVAC system's energy consumption, occupant comfort, maintenance cost, and equipment life.  It is estimated that 15 to 30 % of energy used in commercial buildings is wasted due to various HVAC equipment and control faults (Katipamula and Brambley, 2005). 
 
Over the past couple of decades, significant research efforts have been undertaken to address the need for reliable FDD tools for AHU systems.  Reported FDD methods can be grouped into three broad categories: physical modeling methods, rule-based methods, and data-driven methods (Katipamula & Brambley, 2005a, 2005b). Depending on whether the FDD tool actively affects the system's control and operation, the methods can also be categorized as active or passive methods.  Commercial products are available in the market for AHU FDD, such as DABO, Clockworks, etc.  
 
However, there is no standard method to evaluate these tools/products and to report their performance, such as the diagnostic accuracy and/or cost effectiveness.  The following challenges are often not discussed by the developers of the reported AHU FDD tools/products: 
 
1. Whether the tool requires the installation of additional sensors that are not typically found in existing AHUs.  The installation of additional expensive sensors, like BTU/flow meters on the coil piping or additional air flow stations, is prohibitive in the widespread adoption of a proposed AHU FDD tool. 
 
2. Whether the tool requires costly engineering effort to be implemented in the field.  Common causes for such additional engineering hours include fault data generation/collection, strategy and fault threshold customization for each installation, and modeling of the physical systems/components.
 
3. Whether the strategy is effective at maintaining its accuracy through multiple operational modes and transient states typically experienced during an AHU's normal operation.  Many strategies that have been demonstrated to be effective in specific operational conditions are not adaptive for other operating conditions typically found in AHU-VAV systems.
 
4. False alarm rates are rarely reported in the literature. Yet this has been widely identified by the industry as a key factor delaying widespread commercial adoption of FDD for AHU-VAV systems.
 
5.  Whether the strategy is able to handle the typical real-world EMCS data quality.  Strategies that are only tested using simulated data might experience difficulties when applied to real buildings due to problems with typical EMCS data (missing data, noise, sensor faults, sensor accuracy etc.). 
 
6. Whether the strategy can easily be applied in different buildings.  Strategies that are developed for a specific building or a specific type of AHU system might experience difficulties when applied to other buildings/systems.  
 
Without a standardized evaluation method, it is very hard for building owners/operators and building service companies to select a proper FDD strategy/product that suits their needs.  This not only further delays the market's adoption of AHU FDD methods, but also prevents AHU FDD developers from understanding their methods' limitations.  
 
Currently, a standardized method of testing (MOT) is being developed for roof top unit (RTU) FDD methods (SPC 207p).  Compared with typical packaged RTUs, AHUs are often built-up systems, and have much more diversity (including layout, components included, component arrangement, sensors included, and control system diversity).  Forming a standardized MOT for AHU FDD is therefore much more complicated and requires extensive research work beforehand.
 
	Advancement to the StateoftheArt: The AHU FDD tools reported in the literature are numerous and promising. Yet there is a lack of standards in evaluating the performance of reported AHU FDD tools, such as their accuracy, system requirements, cost/benefit, etc.  This project will perform necessary research to develop an AHU FDD evaluation methodology that can be adapted to a standard MOT in the future.  This project will be developed based on the findings of a previous ASHRAE research project, RP 1312 (TOOLS FOR EVALUATING FAULT DETECTION AND DIAGNOSTIC METHODS FOR AIR-HANDLING UNITS).  In RP 1312, extensive experimental data that contain fault free and faulted system data, from a large variety of potential AHU faults, have been generated in a test facility. A simulation tool that can be used to generate simulated fault free and faulted system data have been developed and validated.  However, RP 1312 has not evaluated any AHU FDD tool nor providing any discussion on how to evaluate a AHU FDD tool, which will be the focus of this project. 
 
	Justification and Value to ASHRAE: The findings of this project will provide a framework for the development of a standard MOT for AHU FDD tools.  A standard MOT will 1) help building owners, operators, and building service companies to understand the pros and cons of AHU FDD products, and therefore choose a product that best fits the user's specific needs.  This will, in turn, bolster the market penetration of AHU FDD products; and 2) help the FDD developers to evaluate their FDD methods in a more comprehensive manner, and therefore facilitate development of products that are more market-oriented, and serve end users better. 
 
The long term impact of this project is an increased AHU FDD market penetration rate, hence a reduced building energy consumption.  This project directly supports the ASHRAE strategic Goals: 1) EXTEND by augmenting ASHRAE's marketing and promotional capabilities; and 2) ADAPT by translating science and technology into practical tools and resources that drive effective building design, operations, and management.  This project also supports the ASHRAE strategic Initiative 3- Applied Product Development, by delivering its technology to its members in effective and meaningful ways. 
 
The findings from this project will also facilitate development of methods of testing/evaluation for FDD on other systems.
 
	Objectives: 1) Develop a methodology to evaluate and report the effectiveness, costs, and benefits of FDD tools for AHUs.  The evaluation methodology will include a) a method to evaluate and report the physical requirements and costs of a given FDD product; and b) a testing method to evaluate the performance of the FDD product.  This evaluation methodology must be applicable to different types of AHUs, including different sensor and control configurations, and for different types of AHU FDD tools; 
 
2) Demonstrate the effectiveness of the proposed methodology through a case study, in which at least three AHU FDD tools including at least one based on an active method and one based on a passive method, are evaluated using the proposed evaluation methodology.
 
 
	ScopeTechnical Approach: This project will be divided into two phases:
 
Phase I (duration 1 year) aims at developing the proposed evaluation methodology and includes the following sub-tasks:
 
       Task I.a) Literature review.
 
In this subtask, a comprehensive literature review will be performed in the following areas: 1) existing AHU FDD tools; 2) existing MOTs for FDD tools (not limited to FDD tools for AHUs); and 3) available data and testbeds that can be used for the proposed evaluation methodology; testbeds covered sould include both simulation testbeds and physical laboratory testbeds.
 
The deliverable of this task is a report that summarizes the literature review.
 
       Task I.b) Identify key indexes to evaluate AHU FDD tools
 
In order to evaluate an AHU FDD tool's performances, indexes such as physical requirements, cost, detection and diagnosis accuracy, false alarm rate,  fault coverage, and scalability etc., need to be identified and defined in this task.  The indexes shall be divided into two categories: a) indexes that do not need to be tested (such as sensor requirements and cost etc.); and b) indexes that need to be evaluated through standardized testing (such as accuracy etc.).
 
The deliverable of this task is a report defining and summarizing the indexes to be used in the proposed evaluation methodology.
 
      Task I.c) Identify AHU configurations for tests in the proposed evaluation methodology.
 
Existing AHUs' configurations are diverse.  A good AHU FDD tool should be scalable to different AHU configurations.  However, not all configurations can be tested in a standardized MOT.  AHU configurations that should be included in the testing tasks of the proposed evaluation methodology will be identified in this task.  Factors that affect an AHU's configuration could include: sensor configurations, control & operation strategies, data trending capabilities, and component configurations. The identified AHU configurations should be representative and applicable in testing an AHU FDD tool's scalability, but also should not be too numerous to perform the evaluation methodology within a reasonable time frame.  These identified AHU configurations will be used to guide the simulated or laboratory testing data generation.  This task should also provide recommendations on how an AHU FDD evaluator or developer should report on the AHU configurations that the tool is applicable for. 
 
The deliverable of this task is a summary of the AHU configurations to be included in the proposed evaluation methodology, and a reporting mechanism to report on the AHU configurations that a FDD tool is applicable for.  
       
        Task I.d) Identify typical AHU faults, their fault severities, and the associated seasons.  
 
There are numerous potential faults for an AHU.  Wen and Regnier (2014) attempt to provide a comprehensive list of these faults.  A good AHU FDD tool should be scalable to different AHU faults and fault severities.  However, not all faults and fault severities can be tested in a standardized MOT.  Faults and their associated severities that should be included in the proposed evaluation 
	ScopeTechnical Approach Continued 2: methodology will be identified in this task.  Some faults may only have strong impacts in a specific season or weather condition (such as an economizer control fault).  Hence the seasons or conditions that a fault is associated with need to be identified too.  
 
These faults and fault severities in the summary should be representative, to facilitate tests of an AHU FDD tool's performance, including accuracy, false alarm rate, and scalability.  This task should also provide recommendations on how an AHU FDD tool should report on the type of faults that the tool is applicable to.  The identified faults, fault severities, and associated operating conditions will be used to guide the simulated or laboratory testing data generation. 
 
The deliverable of this task is a summary of the AHU faults (and their associated severities and conditions) to be included in the proposed evaluation methodology and a reporting mechanism on the faults that an FDD tool is applicable to.
Task I.e) Identify existing simulated, laboratory, or real building data that can be used for the proposed evaluation methodology.  
 
Several completed research projects, such as ASHRAE 1020 (Norford et al., 2000), ASHRAE 1312 (Wen and Li, 2011), NISTIR 6964 (Castro et al., 2003), and DOE's Consortium for Building Energy Innovation (http://cbei.psu.edu/research-finding-automated-fault-detection-and-diagnostics-in-ahus/), have generated simulated and/or real system data that contain both fault-free and faulted system operation data.  The real system data could contain artificially implemented and/or naturally occurring AHU faults.  Some of the real system data are from a laboratory setting and some are from occupied buildings.  In this task, existing data (simulated and/or real system) that are suitable for the proposed evaluation methodology need to be identified.  These identified data need to contain the desired AHU configurations identified from Task I.b and desired faults identified from Task I.c.  If certain AHU configurations and/or faults (including desired severities and seasons) are not available from existing projects, then this task needs to identify simulation and/or real system testbeds and approaches that can be used to generate new data needed for the proposed evaluation methodology.
 
The deliverable of this task is a summary of the existing data and testbeds (simulation and real system) that are suitable for the proposed evaluation methodology. 
      
         Task I.g) Develop a methodology for evaluating AHU FDD tools.
 
Based on the findings from tasks I.a to I.e, this task will develop a methodology for evaluating AHU FDD tools. The methodology should include a) an evaluation and reporting mechanism for AHU FDD performance indexes that do not need testing; and b) a testing method to evaluate other performance indexes.  
 
The testing method should describe at least the following a) AHU configurations to be included in the testing; b) faults to be included in the testing; c) how a fault-free baseline is established; d) how fault-free and faulted data are generated.  
 
The evaluation methodology should be applicable for a) both active and passive FDD tools; b) representative AHU configurations; c) faults in each important component fault categories, e.g., mixing box, coil, fan, sensor and control; and d) faults in different conditions.   The deliverable of this task is a summary of the proposed evaluation methodology.  
 
	ScopeTechnical Approach Continued 3: Phase II (duration 1 year) aims at evaluating the proposed evaluation methodology through case studies and includes the following sub-tasks:
 
       Task II.a) Select AHU FDD tools for the case studies
 
At least three AHU FDD tools, including at least one active and one passive tool will be selected.  Codes and/or software of the identified tools need to be obtained for the case studies.  Although source codes are not typically necessary, obtained codes/software need to contain enough tuning capabilities for a fair evaluation. The bidder should describe how he or she plans to gain access to the FDD tools.  It is noted that it is not the intent of this project for the contractor to develop any FDD codes.  
 
The deliverable of this task is a report on the codes and/or software of the AHU FDD tools engaged in the case studies.  
 
       Task II.b) Collect existing data or generate new data for the case studies.  
 
The data need to include a) both fault-free (baseline) and faulted-AHU data; 2) both simulated and real system data (can be either laboratory or real building data); 3) faults from each fault categories ( e.g., mixing box, coil, fan, sensor and control) and a range of fault severities; 4) at multiple sets of operating conditions. 
 
The deliverables of this task include: 1) simulated and real system data that are used to evaluate the AHU FDD tools; 2) a summary of the collected data; and 2) if a simulation testbed is engaged, codes and manuals of this testbed.
Task II.c) Evaluate the identified AHU FDD tools using the proposed evaluation methodology and collected data.  
        
The deliverables of this task include the data generated during the case studies, i.e., the fault detection and diagnosis results and other performance related data.
 
         Task II. d) Summarize the proposed evaluation methodology.  
 
Based on the findings from Task II.c, the effectiveness and remaining issues/challenges of the proposed evaluation methodology need to be analyzed and summarized.  This task should also provide advice for the following: 1) in terms of evaluating AHU FDD tools, the effectiveness of using simulated data vs. measurement data; 2) the minimum number of faults, fault symptoms, and operating conditions that need to be included in the evaluation methodology  to achieve a meaningful and accurate evaluation.
 
The deliverable of this task is the summary of the proposed evaluation methodology.    
 
 
        Task II. e) Final report and publications preparation
 
A comprehensive final report that summarizes a) all findings of the tasks; and b) the proposed evaluation methodology will be developed in this task.  Appropriate journal and conference publications need to be prepared to disseminate the findings of this project. In addition, the data libraries developed for this project, and simulation codes, if applicable, must be appropriately annotated and delivered to the PMS and to ASHRAE's MORTS. More details about the reporting requirements are summarized in the Deliverables section.
	DeliverablesWhere Results Will Be Published: The deliverables are defined with each task and described above. Bidders must include an itemized checklist confirming that they have included each task/sub-task deliverable in their response. 
 
In addition, progress, Financial, Interim, and Final Reports, Research or Technical Paper(s), and Data shall constitute required deliverables (“Deliverables”) under this Agreement and shall be provided as follows:
 
a.         Progress and Financial Reports
 
Progress and Financial Reports, in a form approved by the Society, shall be made to the Society through its Manager of Research and Technical Services at quarterly intervals; specifically on or before each January 1, April 1, June 10, and October 1 of the contract period.
 
Furthermore, the Institution's Principal Investigator, subject to the Society's approval, shall, during the period of performance and after the Final Report has been submitted, report in person to the sponsoring committee at the annual and winter meetings, and be available to answer such questions regarding the research as may arise.
 
b.         Final Report
 
A written report (“Final Report”) in a form approved by the Society, shall be prepared by the Institution and submitted to the Society's Manager of Research and Technical Services by the end of the Agreement term, containing complete details of all research carried out under this Agreement. An electronic copy of the Final Report in Microsoft Word or PDF format shall be furnished for review by the PMS.
 
Following approval by the PMS and the sponsoring committee, in their sole discretion, final copies of the Final Report will be furnished by the Institution as follows:
•         An executive summary in a form suitable for wide distribution to the industry and to the public.
•         Two copies on CD-ROM; one in PDF format and one in Microsoft Word.
•         Science & Technology for the Built Environment or ASHRAE Transactions Technical Papers
 
One or more papers shall be submitted first to the ASHRAE Manager of Research and Technical Services (MORTS) and then to the “ASHRAE Manuscript Central” website-based manuscript review system in a form and containing such information as designated by the Society suitable for publication. Papers specified as deliverables should be submitted as either Research Papers for Science & Technology for the Built Environment or Technical Paper(s) for ASHRAE Transactions.  Research papers contain generalized results of long-term archival value, whereas technical papers are appropriate for applied research of shorter-term value, ASHRAE Conference papers are not acceptable as deliverables from ASHRAE research projects. The paper(s) shall conform to the instructions posted in “Manuscript Central” for an ASHRAE Transactions Technical or Science & Technology for the Built Environment paper. The paper title shall contain the research project number (1781-RP) at the end of the title in parentheses, e.g., (1781-RP).
 
Note: A research or technical paper describing the research project must be submitted after the TC has approved the Final Report. Research or technical papers may also be prepared before the project's completion, if it is desired to disseminate interim results of the project.  Contractor shall submit any interim papers to MORTS and the PMS for review and approval before the papers are submitted to ASHRAE Manuscript Central for review.  
 
 c.         Data
The Institution agrees to maintain true and complete books and records, including but not limited to 
	DeliverablesWhere Results Will Be Published Continued: notebooks, reports, charts, graphs, analyses, computer programs, visual representations etc., (collectively, the “Data”), generated in connection with the Services. Society representatives shall have access to all such Data for examination and review at reasonable times. The Data shall be held in strict confidence by the Institution and shall not be released to third parties without prior authorization from the Society, except as provided by GENERAL CONDITION VII, PUBLICATION. The original Data shall be kept on file by the Institution for a period of two years after receipt of the final payment and upon request the Institution will make a copy available to the Society upon the Society's request.
 
d.         Project Synopsis
 
A written synopsis totaling approximately 100 words in length and written for a broad technical audience shall be submitted to the Manager of Research and Technical Services by the end of the Agreement term for publication in ASHRAE Insights. The synopsis should document the main findings of research project, why findings are significant, and how the findings benefit ASHRAE membership and/or society in general.
 
The Society may request the Institution submit a technical article suitable for publication in the Society's ASHRAE JOURNAL. This is considered a voluntary submission and not a Deliverable. All Deliverables under this Agreement and voluntary technical articles shall be prepared using dual units; e.g., rational inch-pound with equivalent SI units shown parenthetically. SI usage shall be in accordance with IEEE/ASTM Standard SI-10.
 
	Level of Effort: It is estimated that the project will require three (3) professional-month for the Principal Investigator and twenty four (24) months effort of a research assistant, with a project duration of twenty four (24) months at a cost of $275,000.
 
	No: 
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	 3: 3

	Proposal Review Criterion #1: Contractor's understanding of Work Statement, FDD tools, and FDD MOT as revealed in proposal

	Factor #1: 15%
	Proposal Review Criterion #2: Quality of methodology proposed for conducting research. 

	Factor #2: 20%
	Proposal Review Criterion #3: Contractor's capability in terms of facilities, and access to existing AHU FDD tools (including commercial products) and existing AHU fault data.
	Factor #3: 30%
	Proposal Review Criterion #4: Qualifications of personnel for this project.
	Factor #4: 20%
	Proposal Review Criterion #5: Student involvement. 
	Factor #5: 5%
	Proposal Review Criterion #6: Probability of meeting the objectives and schedule of the Work Statement (including past ASHRAE projects, if applicable).  
	Factor #6: 10%
	Major Project Completion Milestone #1: Literature review completed and proposed evaluation methodology developed.
	Major Project Completion Milestone #2: All codes of the identified AHU tools and all data needed for the case studies are collected.
	Major Project Completion Milestone #3: 
Case studies are performed and the proposed evaluation methodology is shown to be effective to evaluate AHU FDD tools. 
	Authors: Jin Wen, TC 7.5;
David Yuill, TC 7.5;
Michael Bobker, TC 7.3. 
	MS#1: 12
	MS#2: 18
	MS#3: 24
	References: Katipamula, S., & Brambley, M. R. 2005a. Methods for fault detection, diagnostics, and prognostics for building systems - A review, Part I. HVAC and R Research, 11(Compendex), 3-25. 

Katipamula, S., & Brambley, M. R. 2005b. Methods for fault detection, diagnostics, and prognostics for building systems - A review, Part II. HVAC and R Research, 11(Compendex), 169-187. 

Wen, J. and A. L., Regnier, “Chapter: AHU AFDD”, in book Automated Diagnostics and Analytics for Buildings, by B. L. Capehart, and M. R. Brambley, CRC Press, 2014, ISBN 9781498706117.

Castro, N. S., J. Schein, C. Park, M. A. Galler, S. T. Bushby, and J. M. House. 2003. Results from Simulation and Laboratory Testing of Air Handling Unit and Variable Air Volume Box Diagnostic Tools, NISTIR 6964, National Institute of Standards and Technology, Washington, DC. 

Norford, L. K., Wright, J. A., Buswell, R. A., and Luo, D. 2000.  "Demonstration of Fault Detection and Diagnosis Methods in a Real Building," Final Report of ASHRAE 1020-RP, American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc.: Atlanta, GA.

Wen, J., and S. Li., 2011. "Tools for Evaluating Fault Detection and Diagnostic Methods for Air-Handling Units," Final Report of ASHRAE 1312-RP, American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc.: Atlanta, GA.


	Other Information for Bidders Optional: 
	Now that you have completed the work statement process RAC is interested in getting your feedback and suggestions here on how we can improve the process: 
	Date: July 15th 2017
	Check BoxA: Yes
	Check BoxB: Yes
	Check BoxC: Yes
	Check BoxD: Yes
	Check BoxE: Yes
	Check BoxF: Yes
	Check BoxG: Yes
	Check BoxH: Yes
	Check BoxI: Yes
	RTAR Title: Methods to Evaluate AFDD Strategies for Air Handling Unit Systems
	RTAR #:     1781
	Responsible TCTG: TC 7.5
	Date of Vote: 7/31/17
	Special Publications: 
	Text1: Jin Wen
	Text2: 0
	Text3: 0
	Text4: 1
	Co-Sponsoring TC/TG/MTG/SSPC: 

	Text5: 7
	RTAR Lead Author: Jin Wen
	Work Statement Lead Author: Jin Wen
	Check BoxJ: Yes
	Check BoxK: Off
	Check BoxL: Off
	Potential Co-Funders: 
	Check Box4: Yes
	Check Box5: Yes
	Check Box6: Yes
	Check Box7: Yes
	Reason for Negative Votes: Chair not voting.
	Title: Development of a Methodology to Evaluate Fault Detection and Diagnosis Tools for Air Handling Unit Systems
	Describe in summary form the proposed research topic including what is proposed why this research is important how it will be conducted and why ASHRAE should fund it 50 words maximum: Faults in an air handling unit strongly affect the overall energy efficiency, equipment life, and indoor environmental quality. Significant research and industrial efforts have been undertaken to develop AFDD methods for AHU systems.  Yet there is a lack of standardized methods and/or reporting mechanism to evaluate the developed AFDD methods.  This project aims at developing a method of testing to evaluate and report AFDD methods for AHU systems.  
 
 
	Provide the state of the art with key references at the end of this document substantiating it 300 words maximum: An air handling unit (AHU) connects primary heating and cooling plants with building zones, and controls building ventilation air intake.  It therefore has a significant impact on the energy consumed by the heating, cooling, and ventilating systems, as well as on the supply air temperature, humidity, and carbon dioxide levels, which further affects the occupants’ health and comfort.  It is well acknowledged that the existence of faults in an AHU impacts building energy consumption, occupant comfort, maintenance cost, and equipment life cycle.  It is estimated that 15 to 30 % of energy are wasted in commercial buildings due to various HVAC equipment and control faults (Katipamula and Brambley, 2005). 

Over the past couple of decades, significant research efforts have been undertaken to address the need for reliable AFDD methods for AHU systems.  The research can be grouped into three broad categories of approaches: physical modeling methods, rule-based methods, and data-driven methods (Katipamula & Brambley, 2005a, 2005b). Depending on whether the AFDD method actively affect the system control and operation, the methods can also be categorized as active or passive methods.  Commercialized products are also available in the market for AHU FDD, such as DABO and Clockworks.  

However, there is a lack of standardized method to evaluate these methods, nor is there a standardized method to report the accuracy and/or cost effectiveness of these methods, including how to report a method’s accuracy.  Without such standardized evaluation method, it is very hard for building owners/operators and building service companies to select the proper FDD method that suits their needs.  This, not only further delays the market adoption of FDD methods, but also prevents FDD developers from understanding their methods’ limitations.  

Currently, a standardized method of testing is being developed for roof top unit (RTU) FDD methods (SPC 207).  However, compared with the typically packaged RTUs,  AHUs are built-up systems and have much more diversity (including layout, component arrangements, sensor, and control system diversity).  Forming a standardized method of testing is much more complicated and requires a research project.

	Use the state of the art described above as a basis to specify the need for the proposed effort 250 words maximum: Although the methods reported in the literature are various and promising, there is a lack of standard in evaluating the effectiveness of reported AFDD methods and the cost/benefit of the method.  More specifically, the following challenges are often not discussed or address in the reported AFDD methods: 
1. Whether the method require the installation of additional sensors not typically found in building AHUs.  The installation of additional expensive sensors, like Btu/flow meters on the coil piping or additional air flow stations, is prohibitive in the widespread adoption of a proposed method.
2. Whether the method require many costly engineering hours to implement the method.  The most common expenses related to additional engineering include requirements for the generation of faulty data, requirements for fault thresholds to be individually customized for each installation, and requirements for modeling the physical system.
3. Whether the method is effective at maintaining accuracy through the multiple operational modes and transient states experienced during normal AHU operation.  Many methods that have been demonstrated to be effective in specific operational conditions are not adaptive for the use in all operating conditions experienced by AHU-VAV systems.
4. The false positive and false negative rate of the method. False alarm rates are rarely reported in the literature, so it is difficult to quantify this factor, but false alarm rates have been widely reported in industry as a key factor delaying widespread commercial adoption of AFDD for AHU-VAV systems.
5.  Whether the method is able to handle the typical real-world EMCS data quality.  Methods that are only tested using simulation models might experience difficulties when applied to real buildings due to problems with typical EMCS data (missing data, sensor faults, sensor accuracy etc.). 
6. Whether the method can easily be applied in different buildings.  Methods that are developed just for a specific building or type of AHU systems might experience difficulties when applied to other buildings.  

Without the discussion of the above challenges, it is very difficult to understand the effectiveness and cost/benefit of a method under real-world testing conditions.  Therefore, there is a strong need for a standardized method of testing and reporting for AHU AFDD method.  

	Based on the identified research needs specify the objectives of the solicited effort that will address all or part of these needs 150 words maximum: 
1) Develop a method of testing and reporting framework to evaluate the effectiveness and cost/benefit of AHU AFDD methods. This includes the following sub-tasks
        a) Literature review: 1) AFDD methods; 2) Method of testing for AFDD method; 3) Available testbeds (simulation and laboratory).
        b) Identical typical AHU sensor configurations, control and operation strategies, and data trending capabilities etc. This typical AHU configuration will be used to guide simulated or laboratory testing data generation;
        c) Identify existing or generate new simulated or laboratory testing data for proposed method of testing;
        d) Identify key properties to evaluate an AHU AFDD method and develop definition for these properties.

2) Choose at least four AHU AFDD methods, which includes at least one active method, and conduct case studies to evaluate them using the proposed method.
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	Check BoxV: Off
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	Describe in a manner that may be used for assessment of project viability cost and duration the approach that is expected to achieve the proposed objectives 200 words maximum Check all that apply Lab testing   Computations    Surveys   Field tests   Analyses and modeling   Validation efforts   Other specify: 
	Describe why this effort is of specific interest to ASHRAE its impact and how it will benefit ASHRAE and the society How does it align with ASHRAE Strategic Plans and Initiatives How does it advance the state of the art in this area in general Are there other stakeholders that should be approached to obtain relevant information or cofunding 350 words maximum: 
The outputs of this project: a standardized method of testing and reporting for AHU FDD will 1) help the building owners,  operators, and building service companies to understand the pro/con of various AHU FDD products and choose them wisely.  This will in turn assist the market penetration of AHU FDD products; and 2) help the FDD developers to evaluate their FDD methods in a more comprehensive manner and therefore assist their developed projects to be more market-oriented and to serve the end users better. 

Therefore, the longterm impact of this project is an increased AHU FDD market penetration rate and a reduced building energy consumption.  This project directly supports the ASHRAE strategic Goals: 1) EXTEND by augmenting the ASHRAE's marketing and  promotional capabilities; and 2) ADAPT by helping translating science and technology into practical tools and resources that drive effective building design, operations, and management.  This project also supports the ASHRAE strategic Initiative 3- Applied Product Development by delivering its technology to its members in effective and meaningful ways. 

Potential co-funding stakeholders include: 1) DOE BTO; and 2) California Energy Commission 

The findings from this project will directly help similar method of testing/evaluation for other secondary system FDD systems. 
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