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DOE-2 calculates chiller capacity and power consumption in a multi-step process using the following equations. 

The hourly maximum operating capacity is


CapOp 

= CapNom * Cap-f(Tchws, Tcws)



(1)

where 


CapOp

maximum hourly operating capacity


CapNom
nominal operating capacity at rated temperatures


Cap-f(T1, T2)
a bi-quadratic polynomial expression; should yield 1.0



   at the rated temperatures


Tchws

leaving chilled water supply temperature


Tcws

entering condenser temperature

The hourly maximum power consumption (at full load) is 


PwrOp

= CapOp * EIRop  / 3413




(2a)



PwrOp

= CapOp * EIRnom * EIR-f(Tchws, Tcws) / 3413

(2b)

where


PwrOp

full load power consumption for the hourly operating capacity


CapOp

from Eqn. 1


EIRnom
nominal electric input ratio (EIR) at rated temperatures



   (dimensionless number)



   EIRnom = Btu-elec / Btu-capacity




   EIRnom = Nominal kW/ton * 3413Btu/kW / 12000 Btu/ton



   EIRnom = 1. / COP




   EIRnom = 3.413 / EER


EIRop

full load electric input ratio at actual temperatures

EIR-f(T1, T2)
a bi-quadratic polynomial expression; should yield 1.0



   at the rated temperatures


3413

conversion from Btu to kW

The actual power consumption at part load is


PLR

= Qchiller / CapOp





(3a)


dT

= Tcws - Tchws






(3b)


Pwr

= PwrOp * EIR-f(PLR, dT)




(3c)

where


Qchiller
actual load on chiller (<= CapOp)


Pwr

actual power consumption

PwrOp

from Eqn. 2


EIR-f(PLR, dT)
a bi-quadratic polynomial expression; should yield 1.0



   at full load and the rated temperatures


PLR

part load ratio


dT

temperature differential across chiller, a proxy for compressor lift




dT = Tcws - Tchws

Putting all these equations together for clarity:


CapOp 

= CapNom * Cap-f(Tchws, Tcws)



(1)


PwrOp

= CapOp * EIRnom * EIR-f(Tchws, Tcws) / 3413

(2)


PLR

= Qchiller / CapOp





(3a)


dT

= Tcws - Tchws






(3b)


Pwr

= PwrOp * EIR-f(PLR, dT)




(3c)

or

CapOp 

= CapNom * Cap-f(Tchws, Tcws)



(1)


PLR

= Qchiller / CapOp





(3a)


dT

= Tcws - Tchws






(3b)


Pwr

= CapOp * EIRnom * EIR-f(Tchws, Tcws)




   * EIR-f(PLR, dT) / 3413
Use of Data to Derive Curves

The document "EDR_DesignGuidelines_ HVAC_Simulation.pdf" (Mark Hydemann, et al) can be found on energydesignresources.com.  Within this document, Part 2: Energy Efficient Chillers, is an excellent guide to gathering chiller performance data and manipulating it into the form needed for the chiller performance curves. It is highly recommended that you review this document.  The following is an condensed version of  much of what is included in that document; with additional comments and examples.
Cap-f(Tchws, Tcws)

First, select a set of temperatures that are designated as the "rated conditions". For many chillers, the rated temperatures temperatures may be 44F Tchws and 85F Tcws; corresponding to the ARI conditions.  The capacity at these conditions is CapNom.

(Note that these rating conditions do not apply to all chillers, particularly centrifugal chillers.  Depending on how the impeller is selected, a centrifugal may not be able to run at 44F/85F without surging.)

Next, select sets of temperatures and capacity that encompass the entire possible range of operating conditions.  The capacity corresponding to each set of temperatures is CapOp.  Calculate the normalized capacity for each set of temperatures as:


CapfT

= CapOp / CapNom





(4)
As defined above, CapNom is the capacity at the rated conditions and is constant, CapOp varies with the off-rated chilled water and condenser temperatures.

The temperatures associated with CapOp should bound the entire range of potential operating conditions.  Bi-quadratic curves may become quite inaccurate as extrapolation increases.  For example, the following is a reasonable set of data for most water-cooled chillers:

Tchws = 44F, Tcws = 85, 75, 65, CapfT = 1.0, 1.04, 1.10

Tchws = 40F, Tcws = 85, 75, 65, CapfT = etc.

Tchws = 50F, Tcws = 85, 75, 65, CapfT = etc.

These example includes data points at the anticipated extremes of Tchws and Tcws; ensuring that the curve interpolates within the data set, instead of extrapolating outside of the data. It also includes points in the midrange, which gives the curve surface a 3-dimensional (non-linear) shape. So, while a bi-quadratic curve can be fit using a minimum of 6 data points, 9 data points gives a more accurate representation.
The DOE-2.2 curve-fit input for this example data set is:

Chlr-Cap-fCHWS&CWS = CURVE-FIT

   TYPE          = BI-QUADRATIC-T

   INPUT-TYPE    = DATA

   INDEPENDENT-1 = ( 44.,  44.,  44.,  40.,  40.,  40.,  50.,  50.,  50.) $ CHWS

   INDEPENDENT-2 = ( 85.,  75.,  65.,  85.,  75.,  65.,  85.,  75.,  65.) $ CWS

   DEPENDENT     = (1.00, 1.04, 1.10, etc.                              ) $ CapfT
Note that the first set of data entered is at the rated (nominal) conditions; this is important.  Entry in eQUEST is similar.
EIR-f(Tchws, Tcws)

The full-load power modification curve can be derived from manufacturer's data in a manner similar to capacity.

EIRop

= PwrOp*3413 / CapOp     




(5a)


EIRnom
= PwrNom*3413/ CapNom




(5b)


EIRfT

= EIRop / EIRnom





(5c)
or



EIRfT

= (PwrOp / CapOp) / (PwrNom / CapNom)


(5d)
where 


EIRnom
full-load electric input ratio calculated at the rated conditions


EIRop

full-load electric input ratio at the actual temperatures


PwrOp

full-load kW at the actual temperatures (corresponds to CapOp)
The same temperatures used to generate the capacity curve would normally be used to generate the EIR curve.  

Tchws = 44F, Tcws = 85, 75, 65, EIRfT = 1.0, 0.92, 0.84

Tchws = 40F, Tcws = 85, 75, 65, EIRfT = etc.

Tchws = 50F, Tcws = 85, 75, 65, EIRfT = etc.

DOE-2 input to generate the curve is similar to the example given for capacity.

EIR-f(PLR, dT)

The part-load power modification curve can be derived from manufacturer's data in a manner similar to capacity.  However, manufacturer's data for PLR is often not published or available for the entire operating range. The first formulation presented is valid for when manufacturer's part-load data is known for the entire possible range of temperatures. The alternative may be used when the manufacturer's part-load data does not cover the entire range, or when field data is used to derive the curve.
For the situation where manufacturer's data covers the entire range of operating conditions, calculate the EIR at part load ratios from 1.0 down to the minimum operating point. For chillers other than variable-speed centrifugal, the dT term is of minor importance and may usually be neglected.  For variable-speed centrifugals, the dT term is critical, as it is a proxy for the relationship between the impeller speed vs. the need to use inlet vanes. (The chiller impeller speed cannot be reduced significantly if the condenser-evaporator temperature differential is high. This requires inlet vane modulation instead; which is less efficient). This example assumes a variable-speed centrifugal.

For each set of temperatures and part load ratio, calculate


PLR

= Qchiller / CapOp





(6a)

dT

= Tcws - Tchws






(6b)



EIRfPLR
= PwrPLR / PwrOp





(6c)
where

Qchiller
the actual load on the chiller at the part load condition

CapOp

maximum hourly operating capacity at Tchws and Tcws


dT

temperature differential across chiller, a proxy for compressor lift


PwrOp

the full-load power for the given operating capacity


PwrPLR
fraction of full-load power consumed at the given part load ratio

Assuming part-load data is complete, the same temperatures used to generate the capacity curve should be used to generate the EIR curve.  For example (imaginary data; not accurate):


PLR = 1.0,  dT = 41,31, 21,  EIRfPLR = 1.00, 1.00, 1.00   

PLR = 0.6,  dT = 41,31, 21,  EIRfPLR = 0.70, 0.60, 0.45       

PLR = 0.2,  dT = 41,31, 21,  EIRfPLR = 0.40, 0.30, 0.22       

where 


dT = 85F - 44F = 41F


dT = 75F - 44F = 31F


dT = 65F - 44F = 21F

dT could include variations in chilled water temperature, but the major fluctuations are typically on the condenser side.

To input this curve in DOE-2, you must use the curve type BI-QUADRATIC-RATIO&DT.  For example, using the above (imaginary) data:

Chlr-EIR-fPLR&DT = CURVE-FIT

   TYPE          = BI-QUADRATIC-RATIO&DT
   INPUT-TYPE    = DATA
   INDEPENDENT-1 = (1.00, 1.00, 1.00, 0.60, 0.60, 0.60, 0.20, 0.20, 0.20) $ PLR
   INDEPENDENT-2 = (41.0, 31.0, 21.0, 41.0, 31.0, 21.0, 41.0, 31.0, 21.0) $ dT
   DEPENDENT     = (1.00, 1.00, 1.00, 0.70, 0.60, 0.45, 0.40, 0.30, 0.22) $ EIRfPLR 
Alternative formulation for EIRfPLR
Oftentimes, manufacturers present part-load information assuming that the condenser temperature also drops as the load drops. In this case, the above formulation will not work, as the formulation requires that several dTs are available for each PLR point.  

If manufacturer's part load data is not complete, the following formulation may be used to generate the data.  Starting with equation 6c:

EIRfPLR
= PwrPLR  /  PwrOp





(6c)


EIRfPLR
= PwrPLR  /  (CapOp * EIRop / 3413)

EIRfPLR
= PwrPLR  /  ([CapNom*CapfT] * [EIRnom*EIRfT] / 3413)

EIRfPLR
= PwrPLR  /  ([CapNom*EIRnom /3413] * [CapfT*EIRfT])

EIRfPLR
= PwrPLR  /  (PwrNom * CapfT * EIRfT)


(6d)

the complete set of equations is:


PLR

= Qchiller / CapOp





(6a)


dT

= Tcws - Tchws






(6b)




CapfT

= Cap-f(Tchws, Tcws)


EIRfT

= EIR-f(Tchws, Tcws)


EIRfPLR
= PwrPLR  /  (PwrNom * CapfT * EIRfT)


(6d)

where CapfT and EIRfT are the value of the curves at the given temperatures. 

This formulation has the advantage of allowing PLR, Tchws and Tcws to all vary simultaneously.
This equation is presented in the document "EDR_DesignGuidelines_ HVAC_Simulation.pdf", together with an example input. Please refer to this document for complete details. The example, extracted from this document is:
“VSD-EIRFPLR”    = CURVE-FIT

   TYPE          = BI-QUADRATIC-RATIO&DT
   INPUT-TYPE    = DATA
   INDEPENDENT-1 = (1.00, 0.90, 0.75, 0.63, 0.54, 0.45, 0.36, 0.27, 0.18, 0.14) $ PLR
   INDEPENDENT-2 = (41.0, 37.0, 33.0, 29.0, 25.0, 21.0, 21.0, 21.0, 21.0, 21.0) $ dT
   DEPENDENT     = (1.00, 0.83, 0.67, 0.54, 0.44, 0.37, 0.33, 0.26, 0.20, 0.18) 
Note that, as PLR decreases, dT is also assumed to decrease; implying condenser relief.  The potential problem with this curve is that it does not fully bound the potential operating range of the chiller, which may potentially result in unsafe extrapolation.  For example, the following two extreme data points are not included:

PLR = 1.0,  dT = 21F


Full load @ 44F CHW and 65F CW  (one chiller running in multi-chiller plant)


PLR = 0.2,  dT = 41F   


Unloaded @ 44F CHW and 85F CW     (fixed condenser setpoint)

One of these boundary problems is readily resolved.  When PLR = 1.0, then EIRfPLR = 1.0 for any value of dT.  So two data points can be readily added:

PLR = 1.0,  dT = 31, 21,  EIRfPLR = 1.00, 1.00   

and the curve input modified to be:

   INDEPENDENT-1 = (1.00, 0.90, 0.75, 0.63, 0.54, 0.45, 0.36, 0.27, 0.18, 0.14, $ PLR
                    1.00, 1.00)

   INDEPENDENT-2 = (41.0, 37.0, 33.0, 29.0, 25.0, 21.0, 21.0, 21.0, 21.0, 21.0, $ dT

                    31.0, 21.0)
   DEPENDENT     = (1.00, 0.83, 0.67, 0.54, 0.44, 0.37, 0.33, 0.26, 0.20, 0.18,

                    1.00, 1.00)
This accounts for a fully-loaded chiller running at any dT.  

The opposite boundary, a lightly loaded chiller running at a high condenser temperature, is not very common. (This situation could occur with a cooling tower controlled to a fixed, high setpoint; but this is not a reasonable control sequence for a variable-speed chiller. Another situation could occur if the chiller drew its condenser water from a very warm body of water; but this is also rare.)  So in most cases this condition may be neglected.  If this situation is expected, then the coefficients derived for the curve should be used to generate a plot of the curve, and the extrapolated boundary conditions reviewed.

Also note that variable-speed centrifugal chillers perform best when the condenser temperature setpoint is allowed to float down with load and wetbulb. For this reason, it is important that the actual condenser temperature control sequence is identified in the simulation.
