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demand. At MIT, the output in IP units is converted to SI units for the purpose of model calibration 

and analysis. The variables introduced in Section 4.3 were the only ones used for calibration 

purposes although other variables such as DDC setpoint and valve feedback position are also 

provided. 

 

5.3 – Data Analysis Strategies 

     Early on in the research it proved useful to plot power vs. flow (Figure 18) for various days to 

have a better understanding of the basic characteristics of the coil as well as determine a day in 

which the coil was in complete saturation. Coil saturation is the point at which the rate of change 

of power to flow is some minimum value. It is essentially the point at which a significant increase 

in water flow rate does not yield a significant increase in cooling power. Compare in Figure 18 a 

rate of change from 0 to 1 kg/s with a rate of change from 3 to 4 kg/s. It is clear from the dense 

concentration of data points between 3 and 4 kg/s that the coil has reached its maximum cooling 

capacity. The exponential nature of the data set can be described by the following equation: 

 

! !""#$%& ! ! ! ! ! ! ! ! ! ! !                                                       (55) 

 

Figure 18 - Power vs. flow curves 



 42 

where 𝑘! and 𝑘! are coefficients and 𝑚! is the mass flow of the water. As 𝑚! approaches infinity 

the decaying exponential term goes to zero, leaving only 𝑘!, which can be thought of as the max 

cooling capacity of the coil.  

     When looking at Figure 18, it is clear that the amount of cooling power can vary due to changing 

input parameters such as supply water temperature (SWT), mixed air temperature (MAT), humidity 

and air flow rate. If these parameters were to remain constant then the distribution of data would 

look similar to the red curve fit in Figure 18. This simple observation led to the development of the 

computer model to simulate how cooling power, and thus delta-T, is affected by changing input 

parameters. This combination of computer simulation and experimental data analysis gives unique 

perspective to a complicated problem. 
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6    Model Calibration 

6.1 – Calibration Procedure 

     After analyzing the data from the various air-handling units at both MIT and CU Boulder, it was 

determined to use AHU-6 and AHU-1 respectively for the purpose of model calibration. Both coils 

serve larger zones and are easier to access then the other coils, so specific coil dimensions were 

easier to acquire, although it should be noted that a third party collected the dimensions and 

parameters of the coil. Coil height and width, tube width, fins per meter, number of rows of coils, 

tubes per row and number of circuits were all estimated by visual inspection rather then by using 

manufacturer data. Because of this visual inspection it is assumed that there will be some uncertainty 

in these parameters. The material properties listed in Section 4.5 were assumed to be similar to both 

coils and were taken from Cengel and Boles (2008). Properties of the air and water at local 

atmospheric conditions were also entered along with the other properties as seen in Figure 6. Since 

data was collected earlier at MIT it was determined to calibrate the model to data acquired on 

August 6th, the day with the highest cooling demand and highest outdoor air humidity. Data 

collected on October 4th at CU Boulder was used to calibrate an additional model to further validate 

the model in a dry-coil situation. 

      Basic dimensions of both coils and material properties are well known and are taken to be valid 

assumptions. The parameters that were difficult to document were the coil face velocity of the 

entering air, number of fins per meter, tubes per row, and number of rows of tubes. The model does 

not account for fin pitch directly but does account for the parameter indirectly by estimating the 

ratio of the minimum flow area inside the core of the coil to the area of the face of the coil. The 

minimum flow area within the core of the coil is determined by the density of fins and whether the 

fins are flat plate or wavy. This value is undetermined and therefore should be considered as a 

variable to be changed for the purpose of tuning the model to both air handling units. According to 

McQuiston et al. (2005) the heat transfer rate of the plate-fin-tube coil decreases for each successive 

row of the coil. An average heat transfer rate is calculated by using the j-factor described in Equation 

9. Because of this uncertainty, the parameter that directly affects the heat transfer rate in Equation 9 

is the mass flux of the air defined by: 

 

𝜙!"# =
!!"# !!!!

!!
!!
!!

                                                           (56)  
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where 𝐴! is the coil face area, 𝑔! is the humidity ratio and !!
!!

 is the ratio of the minimum flow area 

in the core to the face area (McQuiston, Parker and Spitler 2005). The mass flow rate of the air is 

defined as 

𝑚!"# = 𝜙!𝐴! = 𝜙!𝐴!                                                       (57) 

The flux of air through each coil can then be determined by solving Equation 56, using the 

minimum flow area ratio in the denominator. Once the basic dimensions and parameters of each 

coil were entered a simulation was run comparing the output with the actual data. The following 

table displays the variables that were changed to calibrate the model.  

 

 

 

 

Supply air temperature, supply air enthalpy, return water temperature and total waterside and airside 

heat transfer rates of the simulation were compared with the measured data from the sensors 

installed in both air handling units 

 

 

 

 

 

 

 

 

 

 

Coil Fins(per(
meter

Rows(of(
tubes

Tubes(per(
row

Number(of(
circuits

Face(velocity(
ratio

MIT 350 6 34 4 0.62
CU(Boulder 360 4 30 4 0.62

MIT 380 8 36 4 0.72
CU(Boulder 400 8 34 4 0.75

Tuned(Parameters

Initial(Values

Tuned(Values

Table 2 - Tuned parameters for both cooling coils 
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6.2 – MIT Calibration Results 

 

 

 
Figure 20 - AHU-6 water temperature calibration results 

 

Figure 19 - AHU-6 air temperature calibration results 



 46 

 
Figure 21 - AHU-6 enthalpy calibration results 

 

 

 
Figure 22 - AHU-6 cooling power calibration results 
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Figure 23 - AHU-6 energy balance validation 

The calibration results displayed in the previous figures are for operating hours only. The system is 

shut down during the night and therefore allows the temperature to float. As mentioned previously 

MIT experiences conditions in which dehumidification within the coil occurs. This results in mostly 

latent heat transfer. Figure 23 validates the energy balance of both the simulation and the measured 

data. Upon closer inspection the simulation total and waterside heat transfer rates are exactly the 

same. When looking at the measured data there is some variation between these values. This is due 

to the slight error in the airside sensors as seen by the variation between the light blue and red 

curves. 
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6.3 – CU Boulder Calibration Results 

 

 
Figure 24 - AHU-1 air temperature calibration results 

 

 
Figure 25 - AHU-1 water temperature calibration results 
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Figure 26 - AHU-1 enthalpy calibration results 

 

 
Figure 27 - AHU-1 cooling power calibration results 
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Figure 28 - AHU-1 energy balance validation 

 

 

The results from CU Boulder are consistent with the results from MIT. There is however some 

variation between the simulation and the measured data upon closer inspection of the previous 

plots.  

6.4 – Root Mean Squared Error Analysis 

     The variation between the simulation and measured data is further investigated by performing 

error analysis on the data set using the root-mean-square error method. The RMSE is a way to 

measure of the average deviation of the simulation from the actual measured data. At each time step 

the difference between the simulated data point and the measured data point is calculated then 

squared. The square root of the average of these values is then calculated to produce an average 

measure of deviation. The difference between the simulated values and the measured values and is 

defined as follows: 

𝑅𝑀𝑆𝐸 𝑥!, 𝑥! = !!,!!!!,!
!!

!!!
!

                                              (58) 
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where 𝑥!,! is the measured value, 𝑥!,! is the simulated value and 𝑛 is the number of values in the data 

set. 

 

Error analysis was completed for the output variables in Figure 19 through Figure 28 and are 

displayed in the following table: 

 

     Temperature sensors typically have an acceptable error of plus or minus 0.3 degrees Celsius on 

both the water and airside measurements while enthalpy sensors are accurate to plus or minus 2 

percent (ASHRAE 2009).  

6.5 – Kline-McClintock Uncertainty Analysis 

     In order to better understand how well the simulation compared with the measured data, it was 

necessary to investigate how the error within each sensor propagates through to the experimental 

calculation of total cooling power of the coil. The total cooling power derived in Equation 1 is a 

function of water mass flow, and the temperature difference between supply and return water. The 

valves are equipped with an inline magnetic flow meter upstream of the valve. The accuracy of the 

flow meter is measured to be 0.5 % of the flow of the water. The temperature sensors used in the 

experiment are coupled and calibrated together. The error associated with a coupled temperature 

sensor is typically lower then the accumulated error of individual sensors.  The absolute error in the 

temperature sensors is therefore a function of delta-T rather then the individual SWT and RWT 

readings. The error of the sensor used is given by the following equation: 

 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒  𝐸𝑟𝑟𝑜𝑟 =   ±   0.005  ×  ∆𝑇 + 0.13  K                                     (60) 

 

Supply&Air&
Temperature&

Mixed&Air&
Enthalpy&

Supply&Air&
Enthalpy&

Return&Water&
Temperature& Delta8T&&&&&&& Q&Total&&&&& Q&Liquid&&&

MIT&RMSE ±"0.75"˚C "±"25"J/kg "±"150"J/kg ±"0.10"˚C ±"0.15"˚C "±"550"W "±"916"W

CU&RMSE ±"0.72"˚C "±"80"J/kg "±"232"J/kg ±"0.15"˚C ±"0.132"˚C "±"881"W "±"1012"W

Table 3 - Error analysis results 
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The error associated with the sensors therefore affects the calculated total cooling power. The logic 

within the actuator uses temperature and flow readings to calculate the total cooling power for the 

coil at each time step using Equation 1. A Kline-McClintock uncertainty analysis was performed on 

the measured data in which upper and lower bounds for the total cooling power (W) are calculated 

using the following formula: 

 

𝑤! =
!"
!!!

𝑤!!

!
+ !"

!∆!
𝑤!∆!

!
                                            (61) 

 

Partial derivatives with respect to water mass flow, and the waterside temperature difference are 

calculated as follows: 

!"
!!!

= 𝐶!  ∆𝑇                                                                 (62) 

 

!"
!∆!

= 𝑚!𝐶!                                                                 (63) 

 

 

The error associated with the flow sensor, and temperature sensors can be represented by the 

following equations: 

𝑤!! = 𝑚! ∗ 0.005                                                              (64) 

𝑤!∆! = 0.005  ×  ∆𝑇 + 0.13                                                      (65) 

 

Equation 61 returns the uncertainty in the measured calculation of the total cooling power at each 

time step. The simulated results can then be compared against the upper and lower bounds of the 

uncertainty analysis. The uncertainty analysis was conducted for both MIT and CU Boulder at every 

time step although results were only plotted on hourly time intervals as seen in Figure 29 and Figure 

30. When looking at the results in Figure 29 and Figure 30 it is clear that the error associated with 

the sensors vary. The simulated values fall between the upper and lower bounds of the error analysis 

it is valid to assume that the simulation produces accurate results. Because of the error in the sensors 

the measured results have this uncertainty, and since the simulation falls within this uncertainty it is 

concluded that the simulation is acceptable.   
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Figure 30 - Kline-McClintock uncertainty analysis for CUs AHU-1

Figure 29 – Kline-McClintock uncertainty analysis for MITs AHU-6 
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7    Results and Recommendations 

     Using the calibrated model, various simulations were performed to investigate how heat transfer 

rates vary with the changing input parameters mentioned previously. Heat transfer rates directly 

affect the waterside delta-T so it is important to understand how a delta-T for a particular coil is 

affected by changing input parameters. This particular investigation in delta-T was necessary for 

understanding the consequences of entering a particular delta-T setpoint in the control logic of the 

actuator used in the case study. In order to understand how a single variable affects the cooling 

output, and therefore the waterside temperature difference, it was necessary to perform the 

simulations in a way that would isolate the variable in question. When looking at the plot of power 

vs. flow in Figure 31, the distribution of data indicates that the cooling output is affected by multiple 

factors. The cooling power of AHU-6 ranges from 60,000 to 100,000 Watts, which is considerable 

when trying to maintain a desired cooling power to the zone. MITs facilities maintenance operates 

AHU-6 with a constant SWT but after analyzing the data it was clear that it deviates considerably. 

AHU-6 experiences SWT fluctuations up to 4 Kelvin and mixed air flow rate fluctuations up to 17 

percent. The fluctuations in SWT can be attributed to an overloaded central plant in which the 

central chillers cannot meet demand, thus allowing the SWT to float. It was necessary to have a 

Figure 31 - Measured data for obtained from AHU-6 
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better understanding of the effect a small fluctuation in a supply variable has on the overall 

performance of the coil.  

7.1 – Steady State Analysis 

     Multiple simulations were performed in which every input variable was held constant while one 

control variable was allowed to change (Table 4). When looking at the SWT influence, for example, 

air  
Table 4 - Constant variable data 

Constant Variables used in Simulation 

SWT MAT Air Flow Rate Relative Humidity 

7 ˚C 25.5 ˚C 6.5 kg/s 50 % 

 

mass flow rate, air temperature and humidity were all held constant. A simulation can then be run 

that isolates the SWT variable. A base case was established in which all variables were held constant 

while water mass flow rate increased from 0 to 10 kg/s (l/s) (Figure 32). The blue curve of Figure 32 

represents the cooling power while the green curve is the delta-T value at a specific mass flow rate. 

As the water flow increases cooling power exponentially increases towards a limit, while the delta-T 

decreases in an inverse fashion. The curves in Figure 32 corresponds to the classical textbook power 

vs. flow curve and is typically what is represented in the majority of textbooks and manufacture data 

on cooling coils. 

Figure 32 - Base case simulation 
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     How are the shapes of the power and delta-T curves affected when supply conditions change? 

Let us examine what happens when the supply water temperature rises from 5 °C to 9 °C, a realistic 

change identified in the SWT of AHU-6. A 4-Kelvin increase in SWT limits the cooling capacity of 

the coil by approximately one-third. The distribution of data in Figure 31 is clearly affected by SWT 

Figure 33 - Affect of SWT fluctuation on cooling power and DT 

Figure 34 - Rise in MAT Figure 35 - Drop in MAT 



 57 

when a comparison is made to Figure 33. A similar trend is seen in when the temperature of the 

mixed air is allowed to float. When the MAT is at 15 °C the dew point temperature remains below 

the entering water temperature indicating the coil will only have sensible heat transfer. In this case 

the coil reaches capacity much quicker thus going into saturation much sooner and because of the 

lack of mass transfer there is less heat transfer at any given flow rate. Variations in relative humidity 

have a similar affect on cooling capacity especially when the dew point temperature of the air is 

greater then the entering water temperature. At this point water vapor in the air begins to condense 

on the coil surface in the process described in the section on model development. The simulation, as 

seen in Figure 37, outputs the results in terms of humidity ratio, which is a much better measure of 

the amount of moisture in the air at a given temperature. The equivalent relative humidity increase 

would be approximately from 35% to 90%. When the amount of moisture in the air doubles the 

amount of total (sensible and latent) cooling power achieved increases by a factor of two.  

     These fluctuations seen in supply variables greatly affect the cooling output of the coil; therefore 

choosing the correct delta-T or flow limit for particular cooling coil is essential to maximize cooling 

performance of the coil in question. Typically coil manufactures recommend a design delta-T based 

on static supply conditions but as seen in Figure 33 to Figure 37, fluctuations in supply variables 

have considerable influence on both power and delta-T. It is evident then that the installed 

characteristics of a coil can be quite different from that of the manufacture specifications. If a 

Figure 37 - Affect of variable humidity ration on cooling power and DT 
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particular hydronic system is designed using a certain delta-T and the supply water temperature 

increases, the coil will no longer behave as it would at design levels as seen in Figure 33. This is of 

particular importance when designing intelligent control devices and hydronic systems. The control 

logic in the actuator of the valve used in AHU-6 uses two strategies to maximize cooling power of 

the coil. The first strategy is to maximize the delta-T across the coil directly. This is achieved by 

controlling flow to maintain a measured delta-T within limits of a setpoint. When the valve is 

initially commissioned, a delta-T setpoint for the particular coil is entered according to coil 

manufacturer specifications. The logic then controls to maintain water flow at or above the desired 

setpoint. In order to better optimize the cooling output it is necessary to define a delta-T that is not 

only correct for the particular coil but also correct for the particular hydronic system. This will 

ensure that the coil does not operate in the saturation zone, which wastes considerable pumping 

energy. The second strategy limits the flow for a particular coil at a flow setpoint, which also 

prevents the coil from operating in the saturated zone. Both delta-T and flow limiting strategies are 

investigated further. It is necessary to understand how both these strategies can aid the engineer in 

designing more efficient systems. 

     Let us examine the case in Figure 38. The light blue curve shows Power vs. Flow at a design 

SWT of 5 °C. When considering a delta-T setpoint the limiting point on the curve would be point B 

Low DT Setpoint

A

B

Figure 38 - Various DT setpoint limits 
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at a 5 °C SWT. In this case if the SWT increases to 9 °C, cooling would be limited at point A. 

Similar to Figure 31 there is a large operating range of the coil when SWT fluctuates. It is clear that 

if a low delta-T is selected and the SWT rises there will be a significant decrease in cooling power 

and the coil still remains in saturation. This is significant when designing hydronic systems and must 

be considered to better optimize the cooling performance of the coil. For example, if the optimal 

delta-T were selected for a particular coil at various SWTs cooling output could be optimized. Now 

let us consider a flow limiting strategy for the case in Figure 38. If a flow limit was imposed on the 

coil at 6 kg/s and the SWT increased from 5 to 9 °C cooling output would decrease by 33 % while 

pumping power remains constant.  

     Finally, a similar analysis was completed for consideration when using variable volume systems. 

VAVs are quickly becoming the retrofit of choice for many HVAC systems due to the fact that they 

save considerable fan energy. Based on Equation 1 it would be valid to see a proportional increase in 

cooling power to an increase in airflow rate. In Figure 39 an increase in mass flow rate from 3 to 6 

kg/s sees a proportional increase in power from 75,000 to 150,000 Watts.  Let us examine the 

influence a particular delta-T setpoint has on a VAV system. When looking at Figure 39, if a delta-T 

is selected and the airflow doubles the power and delta-T curves scale proportionally with no affect 

on the operating point of the coil. The points A and B remain directly before the saturation point of 

the coil regardless of the change in airflow. 

DT Setpoint

A

B

Figure 39 - Affect of variable airflow rate on cooling power and DT 
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     From all of the previous simulations it is evident that the coil reaches a maximum operating 

capacity for each set of input variables. SWT variation seems to have the greatest affect on the 

maximum cooling output and ultimately the delta-T across the coil. VAV systems also are not as 

sensitive to delta-T setpoints imposed. It is important to be able to identify the maximum operating 

capacity of a given coil during actual operation for the purpose of limiting the coil from operating in 

the saturated zone and to choose a delta-T or flow limit that will be accurate for the installed system 

and for a various supply conditions. Based on the simulation in Figure 33 it is evident that each coil 

will effectively have a maximum cooling capacity for a particular SWT. Each range of SWTs will 

yield its own unique coil curve and thus have a unique saturation point. The challenge arises in 

determining the proper saturation point and thus a delta-T value or flow limit that optimizes the 

output of the coil in question. By understanding the affect of a particular delta-T or flow setpoint 

engineers will be able to maximize the performance of the designed systems resulting in increased 

comfort and decreased pumping power. Section 7.3 of this research focuses on developing a tool 

which is used to aid in the commissioning process of the new valve, eliminating any error in 

choosing the wrong delta-T or flow limit. 

7.2 – Measured Data Results 

     Based on the results from the simulation it was necessary to develop a better understanding of 

how the actual coil in AHU-6 behaves as supply conditions change, particularly SWT. Each month 

of data was analyzed in order to understand what happens in the actual system. Cooling power and 

delta-T values for discrete SWTs intervals was binned and plotted against the water mass flow rate 

for the months of July, August and September, the months with the greatest cooling demand. 

 

Figure 40 - Cooling power and DT during July at various SWT intervals 
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By looking at Figure 40 through Figure 42, it is apparent that the SWT increase does have a 

significant influence on the cooling output of the coil. Let us examine Figure 40 a bit closer. When 

the SWT is less then 5 °C (blue) the coil reaches a capacity of 100,000 Watts. As the SWT increases 

between 6 °C and 7 °C, the concentration of red data points increases dramatically. When the SWT 

increases even further the output of the coil decreases. Based on Equation 55  

 

𝑄!""#$%& = 𝑘! 1− 𝑒!!!!!                                                                                                                                                      

                                           

it holds that for a particular coil there will be an exponential increase in power towards some 

maximum value of 𝑘!. This maximum value is heavily influenced by the SWT, which is why the 

trend of the data in Figure 40 decreases. The saturation point of the coil in Figure 40 is the point at 

which there is a high concentration of data points as seen with the red data points at a water flow of 

Figure 42 - Cooling power and DT during September at various SWT intervals 

Figure 41 - Cooling power and DT during August at various SWT intervals 
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4.7 l/s. This is more difficult to distinguish in Figure 42 because the coil is operating at part-load. 

While the SWT does have an influence on the cooling power the coil does not seem to be operating 

at full capacity or in the case of Figure 40, past the most efficient capacity. 

     It will be easier to visualize the trend of the data in Figure 40 by fitting a curve to each SWT data 

set as seen in Figure 43. Using the built in Levenberg-Marquardt algorithm in Matlab the curve 

described in Equation 55 was fit to each SWT data set. The L-M algorithm provides a numerical 

solution to the problem of minimizing the difference between the measured value of power and the 

predicted value described in Equation 55. The solution is found by iteratively minimizing the 

following function: 

 

𝑓 𝑚, 𝑘!, 𝑘! = 𝑄! − 𝑘! 1− 𝑒!!!!!
!

!
!!!                                    (59) 

 

Since the L-M algorithm is an iterative process it requires an initial condition to start. The initial 

conditions for 𝑘! and 𝑘!, for the purpose of this data set is 100,000 and 0.03 respectively. Care 

should be taken when choosing the initial conditions of 𝑘! and 𝑘! as it affects convergence within 

the algorithm. It should be noted that the distribution of data greatly affects the confidence in the fit 

Figure 43 - Curve fit for each SWT interval using L-M algorithm 
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and the guarantee of convergence. This can be seen in Figure 43 by looking at the light blue and 

purple curves. The curve fit appears to be linear because of the lack of convergence of the 

coefficients. When the SWT is above 7 ˚C the coil is operating in saturation. The data at this point is 

concentrated in a manner that is not described by the exponential function of Equation 55. The 

algorithm therefore cannot accurately fit a curve to that set of data. As water temperature increases, 

one would expect an exponentially increase towards lower and lower final values as seen with the 

blue, red and green curves. This simple example illustrates the point that using a curve to fit the data 

is only as good as the data that is used to fit the curve.  

7.3 – Excel Tool Development 

     Based on the previous analysis it was necessary to develop a tool that would assist building 

engineers in setting a proper delta-T or flow limit for the actuator logic. By providing the customer 

with a tool to set a delta-T or flow limit, the error associated with choosing an incorrect value can be 

reduced. For instance, the coil manufacturer may recommend setting the delta-T of 10˚C, which is 

usually experimentally based on a constant SWT. The installed characteristic of the coil can very 

greatly from that of the experimental coil, thus causing the manufactured recommended delta-T 

Figure 44 - Excel tool output window 
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value to be less effective at limiting the coil from operating in the saturated zone. If the SWT tends 

to float a slightly lower delta-T could possible be more effective, though a visual aid would help 

confirm the correct setpoint during the commissioning phase of the new valves.  

     The tool, which is developed in Excel, uses a procedure to automatically identify a correct delta-

T setpoint and flow limit for an individual coil. Initially the intelligent valve will operate as a standard 

ePIV while the actuator gathers data over a period of 3 weeks. Once the data is collected the 

building operator or engineer can open the Excel tool, upload and process the data. Once the 

program is finished running the customer will see an output similar to Figure 44. The tool 

automatically calculates the rate of change of power vs. flow and recommends an upper and lower 

delta-T and flow setpoint based on either a comfort or energy savings priority. With this visual aid 

the user will be able to clearly identify the saturation point of the coil between the upper and lower 

threshold values identified in Figure 44. Setting a delta-T or flow limit at the upper threshold (red 

dot in Figure 44) will lead to power savings by limiting the flow at 45 gpm. Past this point, an 

increase in flow rate does not significantly increase the cooling power of the coil enough to warrant 

the extra pumping power required. However, it may also be necessary to maximize energy savings 

potential by limiting the flow before this point. By recommending a lower threshold setpoint of 36 

gpm (yellow dot in Figure 44) the customer will have the opportunity to decrease the flow required 

even further, thus saving on pump energy. The Excel tool calculates upper and lower setpoints for 

both delta-T and flow limit. The user can then choose whether to use the upper setpoint based on a 

comfort priority or the lower setpoint based on an energy savings priority.  

     It should also be mentioned that the reason for providing two setpoints is motivated from the 

fact that for some systems it would be beneficial to limit the flow earlier in order to maximize energy 

savings potential. There will be cases that this is not desirable which is why a more conservative 

setpoint based on the higher threshold is recommended. The Excel tool is currently being tested on 

a control valve in a building at Busch Gardens Florida. 

7.4 – Power Limiting Strategy 

     Ideally, it would be nice to leave the customer out of the equation. Due to the slight error in the 

setpoint calculations and potential error of the customer when using the Excel tool, it would be 

beneficial to design logic for the actuator that adaptively finds the proper flow limit continuously, 

thus eliminating the need for outside data acquisition and calculation. The valve could then adapt 

and adjust itself to the particular coil it is controlling. An approach was investigated in which the 
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maximum power of the coil is calculated using a simple sorting algorithm and a set of conditional 

statements. It should be noted that the power limiting strategy is quite simple and needs to be 

further researched but it illustrates the direction that the technology is headed. 

     If the maximum operating capacity of a coil can be internally calculated, the saturation point of 

the coil could be defined as a percentage of the maximum power of that particular coil. For example, 

when looking at Figure 31 it appears that the maximum power is approximately 100, kW at a flow 

rate of 4.2 kg/s. A limit set at 90% of the max power would be equivalent to limiting the flow at 2.6 

kg/s. Setting a flow limit would also be less sensitive to SWT fluctuations. To take it even one step 

further a max power could be estimated for each SWT set. The limiting point of the coil could then 

be adjusted according to the SWT thus eliminating the effect that SWT fluctuations have on the heat 

transfer within the coil. This could potentially save large amounts of energy.  

     The algorithm developed analyzes data collected for one month. The algorithm attempts to find 

the maximum power while disregarding outliers and any other disturbances in the system and has 

the following structure: 

1. Gather data in vector form (time series) for a period of at least 2 weeks. 

- Column 1 – mass flow rate  

- Column 2 – cooling power  

2. Sort data into bins by increasing mass flow rate 

Figure 45 - Algorithm results using July data 



 66 

3. Define a mass flow interval size to categorize data and give it a set number. For instance set 1 will contain 

power values at 0 - 5 l/s water mass flow, set 2 - power values at 5 - 10 l/s water mass flow, set 3 - power 

values at 10 - 15 l/s, etc. 

4. Step through each set starting with set 1 

5. Calculate characteristics of each set and compare with the previous set. For example, density of data, minimum 

power, max power and average power are all recorded as the current set and then compared to a previous set.  

6. Converge on a max and min power value and output results 

 

 

     Let us examine Figure 45 a bit closer by drawing our attention to the red, black and green data 

points. The data in Figure 45 is analyzed set-by-set starting with values between 0 and 5 gpm. 

Maximum, minimum, average power and number of points are calculated for the current set then 

compared with the previous set. If the rate of change of values from the previous set to the current 

set is negative then the value from the previous set is passed on. If the rate of change is positive then 

the value is accepted and the next set is analyzed. The algorithm also considers the density of points 

when determining to release or hold a value. When considering Figure 45 the density of point’s 

decreases drastically at 75 gpm. When the density of points is below a minimum threshold the 

previous value is accepted. This can be seen as the point when the calculated max/min power 

remains constant. This prevents the algorithm from estimating a decreasing power value. Finally the 

maximum and minimum capacity of the coil is estimated.  

Figure 46 – Max/min power calculation for AHU-2 
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     This simple algorithm was tested using data from two other AHU’s at MIT and proved to 

converge on a max/min power value quite easily as seen in Figure 46 and Figure 47. 

 

 

 

     The method for finding the max/min power output of a coil needs to be investigated further to 

realize the full scope of energy saving potential, although it is evident that the potential is there at 

the pump level. By having a better understanding of how a coil behaves in an actual system it will 

enable intelligent control devices to better control the water flow through the coil, thus saving pump 

energy. Energy savings could also be realized in the central plant by optimizing the return 

temperature of the chilled water with the use of intelligent actuators. Chiller efficiency is affected 

when the return water temperature is too low. As mentioned in the literature review this can have a 

negative effect on chiller performance, which is a source of wasted energy in the central plant. A 

higher delta-T will have a positive effect on the central plant. The combined energy savings potential 

at both the pump and plant level in a large building is significant and should be considered when 

designing such systems.  

Figure 47 – Max/min power calculation for AHU-1 
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