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1.0 General 

The importance of the main power transformer to the hydropower plant cannot be overstated. 

The availability of the main power transformer (MPT) is critical for the entire power train of the 

generating station.  A major failure of the MPT can result in not only a lengthy unplanned 

outage, but a catastrophic failure that can damage adjacent equipment and other major 

components in the power train as well.  Although the MTP is one of the most efficient generation 

components, degradation of critical parts will occur over time affecting reliability and efficiency.  

Age and degradation can also lead to increased annual maintenance and repair costs. 

MPT condition assessment is a valuable resource for both short term and long term operational 

planning of the transformer.  Incipient faults or unknown degradation of the various transformer 

components may be detected during the assessment process, which could allow corrective 

maintenance to be scheduled instead of unplanned breakdown maintenance.  The condition 

assessment also provides insight for improvements, potential upgrades, and may assist in 

justification for replacement of the MPT.  Modern transformers typically provide lower losses 

than older transformer fleets, and the state-of-the-art design and material technology 

advancements provide for increased reliability and efficiency.  The MPT assessment will assist 

in evaluating the current and future needs of the MPT and provides a baseline for further 

assessment and trending. 

The following three step analyses are necessary to arrive at a main power transformer condition 

indicator:  

1) What parts should be included for a MPT condition assessment and what is their 

relative level of importance (parts and their weighting factors)?  

2) What metrics/parameters should be investigated for quantitative condition 

assessment and which ones are more important than others (condition parameters and 

their weighting factors)?   

3) How to assign numerical scores to rate the various transformer parts (rating criteria)?  

This Appendix provides guides to answer the above questions which can be applied to the main 

power transformer.  The condition assessment is performed on each MPT at the plant in order 

to obtain accurate condition indicators for the specific transformer.  Each MPT should be 

assessed and evaluated on its own merits.   Due to the uniqueness of each MPT, the guides 

provided in this Appendix cannot quantify all factors that affect individual MPT condition. 

Mitigating factors not included in this Guide may trigger additional testing and further evaluation 
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to determine the final score of the MPT condition and to assist in the decision process of MPT 

rehabilitation or replacement.  This Appendix is not intended to define main power transformer 

maintenance practices or describe in detail inspections, tests, or measurements. Utility-specific 

maintenance policies and procedures must be consulted for such information.   

 

2.0 Constituent Parts Analysis 

Main power transformers and their constituent parts are analyzed and listed in Table 1 

(reference to HAP Taxonomy).   All the constituent parts listed are critical integral parts of the 

MPT and each must perform its intended function for reliable and efficient operation of the 

transformer.  These parts will be found on all main power transformers and no exclusion is 

necessary in the scoring mechanism. 

 

3.0 Metrics for Main Power Transformer Condition Assessment 

In performing main power transformer assessments, the following eight condition parameters 

are considered for the condition assessment of the MPT and associated constituent parts.  Each 

parameter is listed in Table 1.  

 The Visual Condition 

 The Age  

 The Installed Technology Level  

 The Operating Restrictions 

 Dissolved Gas-in-Oil Analysis 

 Transformer Electrical Tests 

 Insulating Oil Quality Tests 

 The Maintenance Requirement  

These eight condition parameters are scored based on the previous testing and measurements, 

historical O&M records, review of original design nameplate and factory test data, previous 

rehabilitation feasibility study reports if conducted, interviews with plant staff, and inspections.  It 

is noted that there are certain levels of relevance between the age and physical condition, and 

maintenance needs. However, as a benchmarking condition assessment (without specific new 

testing and measurements conducted on site), these eight parameters are regarded as 

providing the basis for assessing the condition of the main power transformer.  If any type of 
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tests or metrics are not applicable for some parts (e.g., the Transformer Electrical Tests are not 

applicable to the Tank), input “NA” into the cells of irrelevant parts for this metrics. 

In addition, the Data Quality Indicator, as an independent metrics, is to reflect the quality of 

available information and the confidence of the information used for the condition assessment. 

In some cases, data may be missing, out-of-date, or of questionable integrity, and any of these 

situations could affect the results of condition assessment.  The scores of data quality are 

determined by the on-site evaluators for each assessed part/component to indicate the data 

availability, integrity, accuracy, and the confidence on the given condition ratings (MWH 2010).   

 

4.0 Weighting Factors 

There are two categories of weighting factors in Table 1.  It is recognized that some condition 

parameters affect the MPT condition to a greater or lesser degree than other parameters; also 

some parts are more critical than others when considering the MPT as a whole.  These 

weighting factors should be pre-determined by consensus among experienced hydropower 

mechanical and electrical engineers and plant O&M experts. Once they are determined for the 

MPT, they should be largely fixed from plant to plant unless some special non-standard design 

in encountered.  In this case, the adjustment of weighting factors must be conducted by HAP 

core process development team.  The range of absolute values of weighting factors will not 

affect the Condition Indicator of a main power transformer, which is the weighted summation of 

all scores that are assigned to the MPT parts and eight condition parameters.  

 

Table 1: Typical Main Power Transformer Condition Assessment & Scoring 
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Weighting 

Factors for 

Parts 

Core 4.1.5.1 NA NA 1.5
Windings 4.1.5.2 NA NA 2.0
Solid Insulation 4.1.5.3 NA 2.5
Insulating Fluid 4.1.5.4 NA 1.5
Bushings 4.1.5.5 NA 2.0
Cooling System 4.1.5.6 NA NA 1.0
Oil Preservation System 4.1.5.7 NA NA 1.0
Tank 4.1.5.8 NA NA NA NA 0.5

1.0 1.5 1.0 1.5 2.5 2.0 1.5 1.0 Data Quality --> 0.00

0.00

Weighting Factors for Condition Parameters

Condition Indicator -->
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5.0 Rating Criteria 

Visual Condition - Rating Criteria for Main Power Transformer 

The Visual Condition of the transformer refers to an external inspection of the transformer and 

visually available associated components.  The physical condition of the bushings, tank, cooling 

system, oil preservation system as well as evidence of oil leakage and instrumentation issues 

can be observed and documented.  The internals of the transformer (core, windings, solid 

insulation, and insulation fluid) cannot be assessed by visual condition.  Reports of any previous 

internal inspections of the transformer can provide valuable information into the overall physical 

condition of the transformer.  

For HAP site assessment, it is important to review previous inspection records and interview 

and discuss with plant personnel to assist in scoring the visual condition of the MPT.  The 

results of all related information are analyzed and applied to Chart 1 to assign the condition 

scores of MPT parts. 

 

 
 

Visual Condition 

Score

Excellent No significant defects noted. 8 - 10

Good

Some deterioration or defects are evident, but function is not affected.  

Isolated evidence of oil leakage, rust, flaking paint, minor control or 

instrumentaion defects.

5 - 7

Fair

Moderate deterioration, function is still adequate, but the transformer 

efficiency and reliability may be affected.  Some areas exhibiting 

significant oil leaks, some missing or faulty cooling system components, 

minor oil preservation system defects, faulty or missing controls or 

temperature indicators.

3 - 4

Poor

Serious deterioration in at least some portions, function is inadequate, 

efficiency or availability significantly affected.  Major oil leaks, major 

rust, major cooling system issues, oil preservation system faulty, bushing 

defects noted, overheating and/or overloading evident, significant 

control and protection device degradation,or excessive vibration.

0 - 2

 Visual Condition Rating Scale

Chart 1 Main Transformer Visual Inspection Condition Rating Criteria 
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Age - Rating Criteria for Main Power Transformer Parts 

Age is an important factor to consider for MPT reliability, upgrades, or potential candidates for 

replacement.  Age is one indicator of the remaining life of the transformer.  During the service 

life of any transformer, the mechanical and insulating properties of electrical insulating 

materials, such as cellulose and pressboard, deteriorate.   Mechanical compromise, from 

deterioration, of the insulating materials can lead to failure of the windings, core, and bushings.  

External systems, such as the cooling and oil preservation system, experience wear out and 

higher maintenance costs with age.  When considering potential upgrades, age and estimated 

remaining life are important indicators as to whether it is economically sound to pursue major 

upgrades.  This can also be applied to identify potential candidates for replacement.  

The detailed scoring criteria developed in Chart 2 allows the age score be automatically 

generated in the HAP Database by the actual years of the installed MPT.  Typically, the age of 

nearly all the parts will be the same with the exception of the bushings, which may vary because 

of replacement.  Although, the actual service life of a transformer can vary widely, the average 

expected life of an individual transformer in a large population of transformers is statistically 

about 40 years.  Some well maintained hydro plant MPT’s have been known to achieve 50+ 

years of service. 

 

 

Installed Technology Level – Rating Criteria for Transformer Parts 

The Installed Technology Level indicates advancement levels of monitoring devices which may 

have a have a direct impact on the MPT’s performance and reliability.  Many advanced 

monitoring systems are now available for on-line monitoring for the detection of incipient faults 

Age of the Transformer Age Score

< 30 years 9 - 10

30-35  years 7 - 8

35-40 years 5 - 6

40-45 years 3 - 4

> 45 years 1 - 2

Chart 2 Main Transformer Age Rating Criteria
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and other problems which allow for corrective maintenance and repairs to the various parts of 

the transformer.  

Scoring the Installed Technology Level requires historic knowledge of main power transformer 

technology advancement and current state-of-the-art monitoring systems.  Current technology 

provides for improved on-line monitoring of the functional integrity of many of the transformers 

parts. 

Advanced on-line monitoring systems have been developed and can provide valuable 

information as to the health of the MPT, which directly affects reliability and efficiency of not only 

the transformer, but the generating plant as well. A review of the enhanced monitoring systems 

in use is compared to Chart 3 to determine the score for the installed technology level.  

 

Chart 3 Main Transformer Technology Rating Criteria 

Technology Levels of Enhanced Condition Monitoring Systems 
Score for 
Installed 

Technology Level 

Some enhanced condition monitoring systems are used which include: 
Thermography (fixed or portable), On-line Gas-in-Oil monitors, Fiber 
Optic Temperature Devices, Moisture-in-Oil sensors, Partial Discharge 
Monitors, On-line bushing power factor sensors, Vibration sensors.  (At 
least 3 of these enhancements are used.) 

8 - 10 

Some enhanced condition monitoring systems are used which include: 
Thermography (fixed or portable), On-line Gas-in-Oil monitors, Fiber 
Optic Temperature Devices, Moisture-in-Oil sensors, Partial Discharge 
Monitors, On-line bushing power factor sensors, Vibration sensors.  (At 
least 2 of these enhancements are used.) 

5 - 7 

Some enhanced condition monitoring systems are used which include: 
Thermography (fixed or portable), On-line Gas-in-Oil monitors, Fiber 
Optic Temperature Devices, Moisture-in-Oil sensors, Partial Discharge 
Monitors, On-line bushing power factor sensors, Vibration sensors.  (At 
least 1 of these enhancements are used.) 

1 - 4 

No enhanced condition monitoring systems are used. 0 
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Operating Restrictions - Rating Criteria for Main Power Transformer Parts 

MPT operating restrictions refer to any limitations of the transformer to provide rated output as 

designed.  Any limitations imposed on the MPT’s parts can have a direct impact on transformer 

output.  For example, inefficiencies with the cooling system could impose thermal operational 

constraints on the MPT, which would require a reduction of load so as not to exceed 

temperature rise ratings of the transformer. 

Operation of the MPT within its design parameters should not require any operating restrictions 

unless problems exist with one or more of the transformer parts or issues have been 

encountered with the original design. 

Chart 4 is used to determine the score for any operating restrictions imposed on the MPT. 

 

 

Operating Restrictions or Off-Design Conditions

Score for 

Operating 

Restrictions

The design standard has no changes, and the original transformer design 

has no constraints on the required operation.  There are no known design 

or operational issues.   

8 – 10

Minimal restraints:  Some isolated temperature restrictions, isolated 

deratings, or cooling system inadequacies have been encountered.  

There are no known design or operational ineffeciencies.

5 – 7

Moderate restraints:  Frequent temperature restrictions, frequent 

deratings, excessive vibration, significant cooling system degradation. 
3 – 4

Severe limitations:  The transformer does not meet the required 

operational criterea or the original design has significantly degraded and 

limited the performance and reliability if the transformer operates under 

current requirements.  

0 – 2

Chart 4 Main Transformer Operating Restrictions Rating Criteria
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Dissolved Gas-in-Oil Analysis 

Dissolved Gas-in-Analysis (DGA) is one of the most important tools for determining and 

monitoring the health of the MPT.  DGA samples are obtained while the MPT is in-service and is 

non-intrusive.  Monitoring and trending DGA data provides diagnostics for the detection of 

incipient faults and abnormal conditions such as overheating, partial discharge, arcing, 

pyrolysis, and insulation degradation that may exist within the transformer.  By analyzing the 

amount and generation rate of key combustible gases, the internal health of the MPT can be 

predicted and is very useful for operational performance and planned maintenance.  

Trending of DGA data should be performed and the monthly generation rates of individual 

combustible gases as well as total dissolved combustible gas are calculated.  These generation 

rates are the compared to Chart 5 for a DGA condition score.  

Knowledgeable engineering judgment will be required to assign a score based on analysis of 

available test data and weighing of comparative test results. 

Chart 5 Dissolved Gas-in-Oil Analysis (DGA) Scoring Criteria 

Test Results 
Score for DGA 

Condition 

Total Dissolved Combustible Gas (TDCG) generation rate < 30 ppm 
(parts per million)/month AND all individual combustible gas 
generation rates < 10 ppm/month.  Exceptions:  CO generations < 70 
ppm/month AND acetylene (C2H2) generation rate = 0 ppm. 

10 

Total Dissolved Combustible Gas (TDCG) generation rate >= 30 and     
< 50 ppm/month AND all individual combustible gas generation rates  
< 15 ppm/month.  Exceptions:  CO generations < 150 ppm/month 
AND acetylene (C2H2) generation rate = 0 ppm. 

7 

Total Dissolved Combustible Gas (TDCG) generation rate >= 50 and    
< 80 ppm/month AND all individual combustible gas generation rates  
< 25 ppm/month.  Exceptions:  CO generations < 350 ppm/month 
AND acetylene (C2H2) generation rate < 5 ppm/month. 

3 

Total Dissolved Combustible Gas (TDCG) generation rate >=80 
ppm/month AND all individual combustible gas generation rates < 50 
ppm/month.  Exceptions:  CO generations >= 350 ppm/month AND 
acetylene (C2H2) generation rate < 10 ppm/month. 

0 
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Main Transformer Electrical Tests 

Routine electrical tests are typically performed on a MPT to determine the condition of the 

insulation and electrical health of the windings, core, bushings, and conductors.  These tests 

would include insulation power factor tests (sometimes referred to as Doble tests) on the 

winding and bushing insulation, excitation tests on the core, capacitance tests on oil-filled 

condenser bushings, and winding resistance tests on the windings, conductors, and 

connections. 

The power factor tests are normally rated using Doble Engineering ratings, with “Good” being 

the best rating.  These tests are trended over time to monitor any contamination or degradation 

of the insulation.  Excitation tests can indicate shorted turns in the winding, poor tap changer 

contacts, or problems associated with the core.  The power factor and capacitance tests on 

bushings determine the electrical integrity of the bushing insulation and condenser.  Winding 

resistance is extremely important to detect bad contacts in the tap changer, loose connections 

(bolted or brazed), and broken conductor strands within the windings.  Overall, these tests 

provide the necessary data to determine the electrical health of the MPT.  Engineering judgment 

will be required to assign scores based on the availability of data.  The criteria for the assigning 

the electrical tests scores is given in Chart 6. 
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Test Results

Score for 

Electrical Test 

Condition

Winding Insulation power factor (PF) < 0.5% and rated Good, excitation 

values normal and comparable, Bushing C1 %PF < 75% nameplate 

value and rated Good, Bushing C1 capacitance < 10% increase from 

nameplate value, transformer winding resistance within +/- 5% of 

factory test values and balanced, all as indicated by most recent test.

10

Winding Insulation power factor (PF) < 0.5% and rated Good, excitation 

values normal and comparable, Bushing C1 %PF < 75% nameplate 

value and rated Good, Bushing C1 capacitance < 10% increase from 

nameplate value, transformer winding resistance within +/- 5% of 

factory test values and balanced, all as indicated by most recent test.  

(4 of 5 criteria met)

8

Winding Insulation power factor (PF) < 0.5% and rated Good, excitation 

values normal and comparable, Bushing C1 %PF < 75% nameplate 

value and rated Good, Bushing C1 capacitance < 10% increase from 

nameplate value, transformer winding resistance within +/- 5% of 

factory test values and balanced, all as indicated by most recent test.  

(3 of 5 criteria met)

5

Winding Insulation power factor (PF) < 0.5% and rated Good, excitation 

values normal and comparable, Bushing C1 %PF < 75% nameplate 

value and rated Good, Bushing C1 capacitance < 10% increase from 

nameplate value, transformer winding resistance within +/- 5% of 

factory test values and balanced, all as indicated by most recent test.  

(2 of 5 criteria met)

3

Winding Insulation power factor (PF) < 0.5% and rated Good, excitation 

values normal and comparable, Bushing C1 %PF < 75% nameplate 

value and rated Good, Bushing C1 capacitance < 10% increase from 

nameplate value, transformer winding resistance within +/- 5% of 

factory test values and balanced, all as indicated by most recent test.  

(1 of 5 criteria met)

1

None of the above criteria met. 0

Chart 6 Main Transformer Routine Electrical Tests Scoring
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Insulating Oil Quality Tests 

Insulating oil is a required critical part of the main power transformer.  The oil provides for the 

dielectric properties of the insulation system, maintains required electrical clearances, protects 

the insulation system from chemical and thermal degradation, and provides the necessary 

cooling for the internal transformer components. 

Insulating oil samples are analyzed and the chemical and dielectric properties of the oil can be 

determined.  As all paper and pressboard insulation systems are impregnated with the 

insulating oil, the oils properties have a direct impact on the aging process of the insulation.  

The oil also protects the windings and core electrically and prevents corrosion from 

contaminates. 

The oil quality data should be compared with Table 2 below to determine if the specific test is 

within acceptable limits.  This table lists the suggested acceptable limits for service-aged 

insulating oil as recommended by IEEE C57.106.   

 

Table 2: Suggested Limits for Continued Use of Service-Aged Insulating Oil 

Test and Method Voltage Class of Transformer 

  
<=69 
kV > 69 - < 230 kV 

>= 230 
kV 

Dielectric Strength    

ASTM D1816    

1 mm gap kV, min 23 28 30 

2 mm gap kV, min 40 47 50 

    

Neutralization No.    

ASTM D974    

mg KOH/g maximum 0.20 0.15 0.10 

    

Interfacial Tension    

ASTM D971    

mN/m minimum 25 30 32 

    

Power Factor@20C    

ASTM D924    

25 C % maximum 0.5 0.5 0.5 

    

Water Content    

ASTM D1533    

ppm maximum 35 25 20 
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After determining the compliance of each test with the above table, Chart 7 is used to determine 

the score for the oil quality. 

 

Test Results
Score for Oil 

Quality Condition

Current oil quality tests indicate neutralization number (acid), 

interfacial tension (IFT), dielectric strength, % power factor, and water 

content to be within acceptable limits. 

10

Current oil quality tests indicate neutralization number (acid), 

interfacial tension (IFT), dielectric strength, % power factor, and water 

content to be within acceptable limits.  (4 of 5 criteria met) 

8 - 9

Current oil quality tests indicate neutralization number (acid), 

interfacial tension (IFT), dielectric strength, % power factor, and water 

content to be within acceptable limits.  (3 of 5 criteria met) 

5 - 7

Current oil quality tests indicate neutralization number (acid), 

interfacial tension (IFT), dielectric strength, % power factor, and water 

content to be within acceptable limits.  (2 of 5 criterea met) 

2 - 4

Current oil quality tests indicate neutralization number (acid), 

interfacial tension (IFT), dielectric strength, % power factor, and water 

content to be within acceptable limits.  (1 of 5 criterea met) 

1

None of the above criterea met. 0

Chart 7 Insulating Oil Quality Test Scoring
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Maintenance Requirement – Rating Criteria for Main Transformer Parts 

The amount of corrective maintenance that either has been or must be performed is an 

indication of the MPT condition. No corrective maintenance is an indication that the MPT is in 

relatively good shape. Frequent and extensive corrective maintenance or component failures 

typically requires a major outage and is indicative of more severe issues and/or aging.  

Other factors to consider for maintenance scoring include: 

 The need of maintenance is increasing with time or problems are reoccurring; 

 Deteriorating trend in insulation integrity test results; 

 Previous failures related to the main transformer parts; 

 Abnormal levels of combustible gas and elevated generation rates; 

 Industry experience with failures and problems with transformers of similar design.    

The results of MPT maintenance history (including routine maintenance and corrective 

maintenance) and trended test results are analyzed and applied to Chart 8 to determine the 

maintenance requirement score. 
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Data Quality – Rating Criteria for Main Transformer Parts 

The Data quality scores reflect the quality of the inspection, test, and measurement results to 

evaluate the condition of MPT parts. The more current and complete inspection, the more 

consistent the testing and trending, the higher the Data Quality scores. The frequency of normal 

testing is as recommended by the manufacturer, industry standards or dictated by operating 

organization’s experience.  

Reasonable efforts should be made to perform visual inspections and data collection 

(measurements, tests, operation logs, maintenance records, design drawings, previous 

assessment reports and etc.). However, when data is unavailable to score a condition 

parameter properly, it may be assumed that the condition is “Good” or numerically equal to 

some mid-range number 3-7. Conversely, the Data Quality score is graded low to recognize the 

poor or missing data. 

Amounts of Corrective Maintenance

Maintenance 

Requirement 

Score

Minimum Level (normal condition) – A small amount of routine 

preventive maintenance, oil analysis and routine testing is required and 

performed at the recommended frequency.

9 – 10

Low Level – Small amounts of corrective maintenance peformed.  Repairs 

that could be completed during a unit preventive maintenance outage 

that is scheduled on a periodic basis (e.g., cooling system maintenance, 

instrument calibration, minor oil leaks).

7 – 8

Moderate Level – Some corrective maintenance that causes extensions 

of unit preventative maintenance outages (e.g., bushing replacement, oil 

leak repair, cooling system repairs, oil preservation system repairs).

5 – 6

Significant/Extensive Level – Significant additional and corrective 

maintenance is required; forced outage occurs and outages are extended 

due to maintenance problems (e.g., significant oil leaks, cooling system 

replacement, overheating electrical connections).

3 – 4

Severe Level – Severe corrective maintenance that requires scheduled or 

forced outages. Repeated forced outages, frequent repairs, abnormal 

wear to components, and/or labor-intensive maintenance is required.

0 – 2

Chart 8 Main Transformer Maintenance Requirement Rating Criteria



HAP – Condition Assessment Manual – Appendix 1.11 – Guide for Transformer Condition Assessment 
 

Rev. 1.0, 1/17/2012                                                                                                                                    18 
 

Qualified personnel should make a subjective determination for the Data Quality scores, 

considering as many factors as possible. The suggested criteria for scoring the Data Quality of 

MPT parts are developed in Chart 9. 

 

 
  

Data Availability, Integrity and Accuracy
Data Quality 

Score

High –  The transformer maintenance policies and procedures were 

followed by the plant and the routine inspections, tests and 

measurement  were performed within normal frequency. The required 

data and information are available to the assessment team through all 

means of site visits, possible visual inspections and interviews with 

experienced plant staff.

8 – 10

Medium –  One or more of routine inspections, tests and measurement 

were completed 6-24 months past the normal frequency, or small portion 

of required data, information and documents are not available to the 

assessment team.

5 – 7

Low – One or more of routine inspections, tests and measurement were 

completed 24-36 months past the normal frequency, or some of results 

are not available.  

3 – 4

Very Low –  One or more of required inspections, tests and measurement 

were completed >36 months past the normal frequency, or significant  

portion of results are not available.

0 – 2

Chart 9 Main Transformer Data Quality Rating Criteria
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6.0 Main Transformer Condition and Data Quality Indicators 

In Table 1 final condition score of the main power transformer, i.e., the Condition Indicator, CI, 

can be calculated as follows: 
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The main transformer Data Quality Indicator, DI, will be the weighted summation of all Data 

Quality scores received for its associated parts/items:  
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Here M = the total number of parts/items associated with a main power transformer; K = the 

identification No. of the main transformer Parts (from 1 to M); J = the identification No. of 

condition parameters (from 1 to 8, respectively for visual condition, age,…); SC(K, J) = the 

condition score of a main transformer part for one of 8 condition parameters; SD(K) = the data 

quality score for a part; F(J) = the weighting factor for a condition parameter; F(K) = the 

weighting factor for a main transformer part. 

The calculated Condition Indicator from equation (1) may be adjusted by the results of any 

internal inspections and/or specialized testing results that may be performed, as these may 

reveal more information to enhance the condition assessment of the main power transformer.  
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For overall questions 

please contact: 

 

 

 

Brennan T. Smith, Ph.D., P.E. 

Water Power Program Manager 

Oak Ridge National Laboratory 

865-241-5160 

smithbt@ornl.gov 

 

or 

 

Qin Fen (Katherine) Zhang, Ph. D., P.E. 

Hydropower Engineer 

Oak Ridge National Laboratory 

865-576-2921 

zhangq1@ornl.gov 
 

 


