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ABSTRACT 

Energy use associated with fans in HVAC systems 

account for a significant portion of total building energy 

use. Over or underestimation of fan energy use would 

significantly impact the accuracy of a forward building 

energy simulation  model of the operation of  a new 

building or the  successful identification and 

prioritization of related Energy Efficiency Measures 

(EEMs) in  an existing building. Simulation software, 

such as EnergyPlus use the fan part load energy use 

formulae suggested by ASHRAE 90.1 Standards and 

the DOE Commercial Reference Buildings. This paper 

investigates the reliability of this formula in predicting 

fan energy use by comparing the “standard,” part load 

equation predictions with field measured data. This case 

study has been done on two instrumented office 

buildings located in Philadelphia, PA metro area. 

Sensors, with one-minute and 15-minute time 

acquisition intervals, monitoring fan power use 

collected data for over a year is utilized in this study. 

INTRODUCTION 

Energy use associated with fans in HVAC systems 

account for a significant portion of total building energy 

use. About 20% of total US primary energy use is 

consumed by commercial buildings and 32.54% of total 

electricity used in commercial buildings was related to 

ventilation end use in 2006 (EIA, US 2012). 

Forward modeling packages use fan part load energy 

use equations as a base line to estimate the energy use 

associated with fans in a building. Since equipment is 

selected on a design day basis, but operates mainly in 

part load status, the accurate simulation of part load 

energy use is an important aspect of accurate energy 

simulation predictions of a building operation. 

 

Accuracy of ventilation energy use estimation by 

forward modeling packages is essentially dependent on 

how well these equations represent the actual 

performance of fans at part load. 

In an effort to alleviate the limitations in DOE-2 (York 

and Tucker 1980) and ASHRAE Secondary Toolkit 

(Brandemuehl, Gabel, and Andresen 1993; Clark 1985)  

fan models,  Stein and Hydeman (2004) developed a 

grey box model of fan efficiency as a function of air 

flow and fan static pressure. However the basic 

assumptions made in laboratory investigations to 

develop characteristic curves for fans are generally 

quite different from the field conditions.  

This study investigates how accurate the commonly 

used part load fan models predict energy use and, 

therefore, how reliable the forward modeling 

predictions can be based on these models. 

CASE STUDIES 

 

Two highly instrumented buildings have been identified 

and used in this study to investigate their supply air fan 

performance. 

 

Case Study Building 1 

Case Study Building 1 is located in the 

Philadelphia Navy Yard. This building was 

originally built in 1910s as a Marine barracks, and 

experienced a major renovation in 1999. It is now 

used as a multi-tenant office building. This brick 

building, with a gross building floor area of 

75,000 ft
2
, has three occupied floors above 

ground, an attic floor and a basement (See Figure 

1). Three air handling units (AHUs) serve the 

entire building. This building has been extensively 

instrumented and sub-metered. Dasgupta et al, 

(2012) have comprehensively explained the 

details and goals of Building 1 sub-metering.  
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Figure 1 East (left) and west (right) view of case study building 1

 
Figure 2 (Left) Two Building Sections for case study building 2, (Right) Equipment Locations on 8th Floor Roof  

 

Table 1 Sensor Specifications 

 

 

 

 

 

 

 

 

Case Study Building 2  

The second case study building is a mid-rise office 

building located in Norristown, PA. It consists of two 

towers (eight and ten stories) with 215,000 square feet 

(see Figure 2) of conditioned area. The HVAC system 

of the building includes two rooftop-mounted dual-duct 

air handling units (AHUs), two centrifugal chillers and 

two gas-fired hot water boilers. This building was 

originally built in 1973 and was retrofitted in 2003. All 

major HVAC facilities are equipped with Variable 

Speed Drives (VSDs) and their energy uses are 

currently sub-metered. Both buildings are using the 

same types of sensors for air flow and power 

measurements (Table 1). Installed sensors collect one 

minute interval data in case study building 1 and 15-

minute interval data in building 2. 

METHODOLOGY 

ASHRAE 90.1 standard-2010 (See Figure3) suggests 

the following formula to calculate the energy use of 

VAV Fan Systems at part load: 

                           
            (1) 

Where, 

                                     

X = Part load ratio of fan operation (actual cfm / design 

cfm) (ASHRAE 2010).  
On the other hand the input part load equation for 

EnergyPlus suggested by DOE Commercial Reference 

Reading (Units) Accuracy Range 

Supply Air Flow 

(cfm) 

± 2% of reading, 

±0.25% repeatability 
0 to 5,000 fpm (0 to 25.4 m/s) 

Fan Power (kW) 0.5% nominal 

Electrical 

Operating Voltage Range: 80% - 115% of nominal 

Power Line Frequency Range: 50 to 60 Hz 

Environmental 

-30°C to +55°C (-22°F to 131°F) 

Humidity: 5 to 90% RH (noncondensing) 
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Buildings for office buildings (the default equation of 

Open Studio) is (Deru et al. 2011; Field, Deru, and 

Studer 2010): 
                                        

  

              (2). 

 

Figure 3 ASHRAE 90.1 standard and DOE Reference 
Buildings suggested part load fan curves 

 
Figure 4 AHU1 supply air fan efficiency in June 2013 

before applying minimum kW filter, Bldg. 1 

 

 
Figure5 AHU1 supply air fan efficiency in June 2013 

after applying kW filter (min 500 W), Bldg. 1 

Before conducting the analysis, the data is checked for 

invalid readings. E.G. when the fan is not working (kW 

reading is almost zero), but there may be a small air 

flow measured in the ducts, resulting in fan efficiency 

value being over 100% or more. If the air handler unit 

and, subsequently, its supply air fan is off, analyzing its 

performance would be meaningless. These associated 

data points are filtered. Figures 4 and 5 show the 

efficiency of AHU1 supply air fan in building 

101before and after filtering the data. 

Supply fan performance collected data is  visualized by 

plotting the normalized power  use (NPU) vs. 

normalized air flow (NAF) for different months in 

different working seasons against part load curves 

suggested by AHRAE standard 90.1, 2010 and DOE 

Reference Buildings. These plots allow us to compare 

the performance of Building 1 and 2 fans against an  

ideal fan law curve and the  part load curves suggested 

by ASHRAE 90.1 standard and DOE Reference 

Buildings. Table 2 summarizes the design air flow and 

power of supply fans. The design air flow and power 

are the measured values at maximum fan speed in 

building. 

       
                 (   )

                (   )  (3) 

      
                 (  )

                 (  )
  (4) 

 

Table 2 Design air flow and power of fans 

 Design Power 

(kW) 

Design Air 

Flow (cfm) 

Bldg. 1, AHU1 10.5 15486 

Bldg. 1, AHU2 18.3 19150 

Bldg. 1, AHU3 18.6 21031 

Bldg. 2, AHU1 79.1 62156 

Bldg. 2, AHU2 45.3 38289 

 

Inserting the normalized air flow (X) into the ASHRAE 

90.1 standard and DOE Reference Buildings part-load 

equations, energy use predicted by these curves for 

each data point is calculated. 

Subsequently difference between predicted power use 

by these curves and the actual fan power use measured 

by installed sensors is calculated. 

                   (          )  (5) 

Finally, the percentage of over/ under estimation of 

energy use by the aforementioned curves will be 

calculated: 

                
            

                          
      (6) 

                  ∑        (          )  (7) 

Where         is the design fan power use and is the 

fan power use measured at maximum air flow and 

model refers to ASHRAE and DOE Reference 

Buildings part load equation. 
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RESULT ANALYSIS AND DISCUSSION 
Figures 6 to 9 show the normalized air flow versus 

normalized power of supply air fans of case study 

Building 1 and 2 respectively, plotted against ASHRAE 

90.1 standard and DOE Reference Buildings part load,  

fan curves. AHUs of both buildings are working with 

fans with variable frequency drive. While the building 1 

fan data shows acceptable performance of VFD 

controls, Bldg.2 fans don’t seem to follow proper VFD 

control behavior. It seems to be operating more like a 

multiple speed fan rather than a fan with VFD control. 

Such a fault detection in controls would not easily be 

found if fan  metered data was not available.

 

Figure 6 Normalized air flow vs. normalized power. June 2013, Bldg. 1 

 

 
Figure 7 Normalized air flow vs. normalized power. January 2014, Bldg. 1 
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Figure 8 Normalized air flow vs. normalized power. June 2013, Bldg. 2 

 

 
Figure 9 Normalized air flow vs. normalized power. January 2014, Bldg. 2 
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The percentage of over/ under estimation of energy use 

by fan part-load equations proposed by ASHRAE 90.1 

standard and DOE Reference Building EnergyPlus 

Models  have been calculated for the two case studies 

over the course of one year. Tables 3 and 4 summarize 

the results. Positive values show overestimation and 

negative values are a sign of underestimation by the 

part-load equations. These “standard” fan models over 

or under predict fan energy use significantly most of the 

time. Moreover, they don’t show consistent errors 

across the two buildings. Although both systems are 

variable air volume systems in the same climate, the 

inconsistency could be due to different performance of 

fan systems in the two buildings and variations in 

system pressure drops at different flow conditions.in 

each building system. 

Table 3: Inaccuracy Percentage of Power Use Predicted by Fan Models, Building 1 

Inaccuracy 
Percentage (%) 

Jan-
2014 

Feb-
2014 

Mar-
2013 

Apr- 
2013 

May-
2013 

Jun-
2013 

Jul-
2013 

Aug-
2013 

Sep-
2013 

Oct-
2013 

Nov-
2013 

Dec-
2013 

AHU1 - ASHRAE 43.8 41.7 26.8 30.6 49.8 46.5 31.6 41.0 38.0 44.7 47.6 41.5 

AHU2 - ASHRAE -7.9 -10.9 1.7 21.4 16.8 16.2 3.2 2.5 7.0 7.4 -1.7 -3.9 

AHU3 - ASHRAE 54.9 47.4 36.0 43.1 67.5 62.9 34.4 51.9 52.3 52.7 74.0 88.4 

total - ASHRAE 23.4 19.9 19.1 31.5 39.1 35.2 16.6 25.2 28.1 28.6 30.9 34.11 

AHU1 - DOE 2.7 -0.9 -1.7 0.1 11.7 10.8 4.2 8.7 4.4 6.5 7.1 3.7 

AHU2 - DOE -39.2 -37.9 -27.7 -14.0 -11.9 -11.8 -14.4 -24.1 -23.1 -21.4 -34.6 -38.4 

AHU3 - DOE 6.8 4.3 -3.9 5.6 16.8 13.5 1.5 7.8 4.7 3.4 12.4 26.4 

total - DOE -15.2 -15.9 -13.3 -3.2 1.8 -0.2 -6.9 -7.6 -8.0 -8.1 -11.2 -8.8 

 

Table 4: Inaccuracy Percentage of Power Use Predicted by Fan Models, Building 2. 

Inaccuracy 
Percentage (%) 

Jan-
2014 

Feb-
2014 

Mar-
2013 

Apr- 
2013 

May-
2013 

Jun-
2013 

Jul-
2013 

Aug-
2013 

Sep-
2013 

Oct-
2013 

Nov-
2013 

Dec-
2013 

AHU1 - ASHRAE 5.7 5.3 10.6 22.1 -3.2 -14.2 -9.5 11.1 14.0 21.5 25.6 18.4 

AHU2 - ASHRAE -9.5 -8.8 -8.6 -12.7 -16 -21.4 -21.5 -14.7 -12.5 -6.0 -1.8 -5.2 

total - ASHRAE -0.3 0.4 4.1 10.3 -7.8 -16.9 -14.1 1.3 4.4 11.0 13.8 7.6 

AHU1 - DOE -0.5 9.0 18.6 41.4 -3.8 -24.5 -19.2 6.1 12.9 24.4 12.1 -2.4 

AHU2 - DOE -18.5 -17.1 -16.7 -21.7 -25.2 -33.5 -34.5 -26.9 -26.5 -14.2 -10.0 -13.0 

total - DOE -7.5 0.0 6.7 19.9 -11.6 -27.9 -25.1 -6.5 -1.4 9.7 2.5 -7.3 

 

Figures 10 and 11 display the errors of predicted 

energy use for each data point of January 2014 in 

Buildings 1 and 2 fan energy use prediction 

respectively. The trend of error as air flow 

increases is consistent in building 1, but building 

2 clearly shows different linear error lines as the 

fan is staging into each speed stage. The error in 

predicted energy use is due to problem in VFD 

controls. Although AHUs are using VFD supply 

fans, the fans are not working in a VFD manner, 

as noted above in the power use data. They are 

working as if they are using multiple frequency 

drives. As the air flow increases, the error 

increases. Using the part load curves, we expect to 

see an increase in fan energy use by increase in air 

flow. But the data and analysis indicate the fan 

energy use remains constant for different intervals 

of air flow, explaining the increase in error when 

air flow increases. As the air flow reaches the 

threshold of next stage the error drops to negative 

values, indicating that energy use is being 

underestimated. 

Different operational seasons show different 

inaccuracy percentages in energy use predicted by 

fan part load equations. Since different building 

operational schedules would affect the fan part 

load profiles, developing separate periodically 

part load equations would improve the ventilation 

energy use prediction.   
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Figure 10 Error in predicted power use by ASHRAE 90.1-standard and DOE Reference Buildings. Building 1, January 
2014 

 

 
Figure 11 Error in predicted power use by ASHRAE 90.1-standard and DOE Reference Buildings. Bldg.2, January 

2014 
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CONCLUSION 

For Building 1, DOE Reference Building part load fan 

equation gives better predictions of supply air fans 

energy use at part load fan conditions than the equation 

suggested by ASHRAE 90.1 standard.  

In Building 1 ASHRAE 90.1 standard part load 

equation total inaccuracy percentages in energy use 

predicted for different months ranges from 16% to as 

high as almost 40%. Although ASHRAE 90.1 standard 

and DOE fan part load equations have an acceptable 

range of error in predicting the overall energy use of all 

supply air fans of Building 2, the error rate for different 

fans varies significantly. Despite the fact that Building 

2 supply fans are not following VAV controls, energy 

use predicted for Building 2 supply fans by both 

equations show smaller error percentages. It appears 

that the load profile of any specific fan can not be 

predicted with certainity without having its 

performance data while working in the building 

available. And if the supply air fans within a specific 

building cannot be successfully modeled with these 

“typical” part load fan curves, then there is no 

guarantee that any one specific, “satndard”  part load 

fan equation can be used to model fans in different 

buildings. Aparanatly no other existing model would 

have succeeded in doing so without having fan 

performance field data available, which also revealed  

the problem in VFD control operation.  

Using the actual part load fan curve as the input for  a  

forward modeling package should result in more 

accurate estimation of ventilation energy use of the 

building. 

Using given “standard,” or “typical” part load 

experessions for a variety of equipment types selected 

on design performance specifications introduces 

appreciable uncertainly in the energy simulations. It is 

not apparent how this issues can be sytematically 

addessed without introducting more submetering in 

building subsystem and key HVAC components. 
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