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 Career transition Bes-Tech Inc./industry to academia

 Varied academic and professional experience (project manager, professional engineer, teaching 
instructor and researcher)

 Focused on improving building energy efficiencies (BEEL)
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Overview of a HVAC System

• A complicated system with 
dynamic load changes.

• Operational reliability is not 
critical as in other industries.

• Sensors installed are not 
adequate or accurate as 
needed.
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Challenges of State-of-the-Art in FDD

 Rule-based method: (House et al., 2001; Schein et al., 2003; Schein et al., 2006)

 The rules are based on knowledge of how systems physically 

operate. 

 Faults are detected using qualitative (inequality) relationships.

 Cons: The method does not provide indicators of the severity of 

faults.

 Model-based method: (Katipamula and Brambley, 2005a&b)

 Use component models to predict the references of correct 

behavior of each component and compare it with measurements.

 Cons:

 Computational burden.

 Require knowledge of the system and methods.

No commercial products available in the market.

About me Introduction
Virtual 
sensors

Reference 
energy use Impact

ESL-IC-14-09-13

Proceedings of the 14th International Conference for Enhanced Building Operations, Beijing, China, September 14-17, 2014 



Building Energy Efficiency Laboratory @ OU

5

BEEL Solution: Energy Monitor Based FDD
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 Simple logic

 Low cost
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What Is a Virtual Meter?

Difficult direct 
measurements

Characterize 
human CO2

production rate by 
age, gender, etc.

Low-cost 
accessory 

inputs 

Instant 
results

Virtual Sensor

Qx = FL.x(x) ∆PL,x
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𝑋𝑖: the sensed independent device 

operation variables

Virtual Water and Air Flow Meters

• Flow meters are expensive

• Flow meters are usually intrusive

• Flow meters require long and straight 

duct/pipes to install

Why?

What?

𝑌 = 𝑓(𝑎1, 𝑎2, 𝑎3, … 𝑎𝑚, 𝑋1, 𝑋2, 𝑋3 …𝑋𝑛)

Virtual measurements:

𝑎𝑗: represent device characteristic, which can 

be determined empirically or analytically

About me Introduction
Virtual 
sensors

Reference 
energy use Impact

ESL-IC-14-09-13

Proceedings of the 14th International Conference for Enhanced Building Operations, Beijing, China, September 14-17, 2014 



Building Energy Efficiency Laboratory @ OU

8

Virtual Energy Meters in an AHU

Virtual flow rate measurement:

DP: Differential Pressure

FL.x x =  (𝐶𝑣∙ 𝑓(𝑥))
2𝑁 [𝑁 + 𝑓2(𝑥) 1 − 𝑁 ]

Qx = FL.x(x) ∆PL,x
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Virtual Energy Meters in an AHU
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Results show 0.46% uncertainty at 95% confidence .
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Virtual Fan/Pump Flow meters

VFD

DP
Pressure transducer (H)

Flow meter (Q)

Frequency (f)
Voltage (V)
Power output

Motor

Wmotor

Wshaft

Pump

pump

motor

Q
H

Wmotorpumpmotor




• Direct measurement: H and Q

• Driven efficiencies
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Motor Efficiency Model Using an Equivalent Circuit
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W
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Motor type NEMA Design B

Size (HP) 20

Speed (RPM) 1800

Full load speed 1766

Voltage (V) 460

Load (%)
25% 51% 75% 88% 100% 115% 124% 148%

Efficiency (%)
43% 66% 76% 79% 80% 81% 82% 82%

Power factor (%)
89% 93% 93% 93% 93% 93% 92% 91%

Motor efficiency can be expressed as a function of power voltage (V) and frequency (f) as well as 

motor input power (Wmotor) for  a given motor if these six circuit parameters are known. 

About me Introduction
Virtual 
sensors

Reference 
energy use Impact

ESL-IC-14-09-13

Proceedings of the 14th International Conference for Enhanced Building Operations, Beijing, China, September 14-17, 2014 



Building Energy Efficiency Laboratory @ OU

12

Virtual Fan/Pump Flow Meters

Virtual airflow measurements Virtual water flow measurements

R2 is 0.81 for the airflow meter and 0.973 for the water flow meter.
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Impact of Virtual Meters:
High-Resolution Metering Capacity in Buildings

Chillers Boilers

AHU1

AHU2

AHU3

AHUn

….

RH1

RH2

RH3

RHn

….

HC
c
c

c

a

a

a

a

c

BAS

Lights

Plug 
loads

About me Introduction
Virtual 
sensors

Reference 
energy use Impact

ESL-IC-14-09-13

Proceedings of the 14th International Conference for Enhanced Building Operations, Beijing, China, September 14-17, 2014 



Building Energy Efficiency Laboratory @ OU

14

BEEL Solution: Energy Monitor Based FDD
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Reference Energy Use

Cooling coil load = Fan heat load + Outdoor air load + Zone load  
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Zone Load

(source: http://www.hku.hk)

 Use AHU output (Integrated energy use model)

AHU
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Integrated Energy Use Models

Analytical equation from 
thermal balances

βmsa qfanhsa

hra hoa

Cooling energy 
baseline Ecc

Inputs

Outputs

The lumped cooling energy 
baseline model

msa qfanhoa

Cooling energy 
baseline Ecc

Inputs

Outputs

Obtain coefficients using least 
square method

msa qfanhoa

Ecc

Model coefficient identification Real-time cooling baseline calculation

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑖𝑙 𝑙𝑜𝑎𝑑 =
𝐹𝑎𝑛 ℎ𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 +
𝑂𝑢𝑡𝑑𝑜𝑜𝑟 𝑎𝑖𝑟 𝑙𝑜𝑎𝑑 + 𝑍𝑜𝑛𝑒 𝑙𝑜𝑎𝑑  

Wet Coil
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Comparison of Measured and Calculated 
Cooling Energy Use

Results show approximately ±2.5kBtu/hr error with 95% 

confidence for an AHU of the size of 96kBtu/hr. 
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Technology Summary

 Real-time energy use monitor of sub-systems 
 Real-time diagnosis through energy use comparisons
 Fault severity identification
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Experimental Validation

BEEL along with partners was awarded $947k by DoD ESTCP office to evaluate the 

potential for application of the technology across the DoD buildings portfolio.
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15% to 30% Energy Saving Potentials in Buildings
Building 1

Gas Consumption Comparison
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HVAC Electricity Consumption Comparison

4-story office building built in 2001 195,580 square feet 

Two Single Duct VAV AHUs Two centrifugal chillers

Ten boilers Advanced BAS system

Building 1

Building 2

Gas Consumption Comparison
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HVAC Electricity Consumption Comparison

Daily total electricity profile
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4-story office building built in 2001 195,580 square feet 

Two Single Duct VAV AHUs Two centrifugal chillers

Ten boilers Advanced BAS system

1-story office and lab building with 1,200,000 sq.ft. 97 Single Duct VAV AHU and 35 Single Zone AHU

2,255 VAV terminal boxes and 57 fan powered boxes 4 chillers: 2 chillers @1200 ton, 2 chillers @900 ton 

2.7 million gallon thermal storage tank (chilled water) TAC/CSI iNet 7 DDC control
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Impact of BEEL Technology

Phase I: 
Data 

collection

Phase II: 
Diagnosis

Phase V: 
M&V

Phase III: 
Corrections

Phase I: 
Data 

collection/ 
M&V

Phase II: 
Diagnosis

Phase III: 
Corrections

Typical commissioning Proposed PDD commissioning

BEEL ApproachCurrent Industry Practice
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Zone Load

AHU
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Reference Energy Use

 Near term solution: integrated energy use model 

using AHU heat extraction rate

 Long term solution: Resistor-Capacitor (R-C) 

model to directly calculate zone load
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Building Load Generation

Envelop 
thermal 

mass
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R-C Model
Aim is to develop and validate a computationally efficient load model 

for real-time load calculations.

3R2C model for 
Building Envelope

2R2C model for 
Building Internal 

Mass
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Thermal Model Development
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•Input
•State Variables
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Qsys is input from 
HVAC system
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R-C Model

𝑑𝑇𝑛

𝑑𝑡
= −

1

𝐶𝑛
  

1

𝑅𝑖

𝑗
𝑖=1  𝑇𝑛 +

1

𝐶
  

1

𝑅𝑖
𝑇𝑖

𝑗
𝑖=1  +

1

𝐶
 𝑄𝑚
𝑝
𝑚=1      

where 𝑇𝑛= temperature of nth node;

𝑗=total number of temperature branches connected to 

node 𝑛; 𝑇𝑖= temperature of 𝑖th branch, connected to 

node 𝑛; 

𝑝=total number of heat flux branches (such as 

convection,  radiation, and system input) connected 

to node 𝑛;

𝑄𝑚= heat flux of 𝑚th branch connected to node 𝑛. ;
𝐶𝑛= capacitance of node 𝑛; 

𝑅𝑖= resistance of branch between 𝑇𝑛 and 𝑇𝑖
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R-C Model Analytical Solutions

Matrix decomposition method is use to obtain analytical solutions. 
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1) Development and Validation of Thermal Model for Real-Time Estimation of 
Building Load: Cooling Season

Research Results: Cooling Load Estimation
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2) Development and Validation of Thermal Model for Real-Time Estimation of 
Building Load: Heating Season

Research Results: Heating Load Estimation
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