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RECONCILING DIFFERENCES BETWEEN RESIDENTIAL DX COOLING MODELS IN
DOE-2 AND ENERGYPLUS

Nathanael Kruis
National Renewable Energy Laboratory, Golden, CO

ABSTRACT
The models used to simulate direct expansion (DX)

cooling units in DOE-2 and EnergyPlus are fundamen-
tally different. Though EnergyPlus was adapted from
DOE-2, changes have been made to the DX cooling model
to root the model in a more analytical technique. In con-
trast, DOE-2 uses an almost completely empirical curve
fit method to estimate performance at off-rated conditions.
This paper describes both models and explains how inputs
can be generated in DOE-2 for consistency with the model
in EnergyPlus. An example DX cooling unit has been
characterized with full performance mapping and trans-
lated into EnergyPlus inputs to compare outputs against
a near-equivalent DOE-2 model with the inputs defined in
this paper. Simulating this DX unit in DOE-2 and Energy-
Plus models shows good agreement in latent and sensible
performance and power consumption.

INTRODUCTION
Henderson et al. (2000) described a number of deficien-

cies in the models of residential direct expansion (DX)
cooling in the DOE-2 simulation engine. The main defi-
ciencies stem from the numerous empirical curve-fits in
DOE-2 inputs that are used to describe system perfor-
mance at off-rated conditions. Though some curve-fits are
indeed necessary, others overspecified the problem and
can be replaced by using relationships based on ”first prin-
cipals.” Henderson et al. (2000) proposed an alternative
model derived from a more physical basis and wrote user-
defined functions to modify the model in DOE-2.1E. Be-
cause user-defined functions are not available in DOE-2.2,
the original empirical curve-fits were retained [James J.
Hirsch & Associates (2008)].

Though many models in DOE-2 were ported over to
EnergyPlus, the developers of EnergyPlus adopted the
model that appears in Henderson et al. (2000).

The differences between EnergyPlus and DOE-2.2 in-
fluence the sensible and latent performance of the DX
cooling system as well as the predicted energy consump-
tion. It is possible to arrive at near-equivalent DX cooling
models in DOE-2 and EnergyPlus using existing inputs.
The objective of this paper is to provide an insight into

internal calculations of each simulation engine and a clear
methodology to arrive confidently at near-equivalent mod-
els.

Before describing the details, it is important to note a
number of limitations and caveats of the following de-
scriptions and methodology:

1) Results in this paper were derived at standard baro-
metric pressure and are not appropriate for high alti-
tudes. (We do not account for decreased density of air
or, more importantly, the increased moisture capacity
of air.)

2) The only DX cooling units represented in this paper
are those with:

• Single-speed compressors and fans.

• Air cooled condensers.

• No auxiliary power consumption (e.g. crank-
case heating).

MODEL DESCRIPTIONS
DX Cooling Model Overview

A DX cooling model, illustrated in Figure 1, describes
characteristics of the compressor, evaporator, condenser
(and condenser fan), and the supply fan (typically mod-
eled separately from the other components):

• The rated total (sensible + latent) cooling capacity of
the evaporator coil, Q̇r

• The rated sensible cooling capacity of the evaporator
coil, Q̇s,r

• The rated COP of the compressor(s), COPr

• The rated volumetric air flow rate of the supply fan,
V̇r

where Air-Conditioning, Heating, and Refriger-
ation Institute (AHRI) Standard 210/240 [AHRI
(2008)] rating conditions are: Tdb,i,r = 80!F,
Twb,i,r = 67!F, Tdb,!,r = 95!F.
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Figure 1: DX cooling model: input/output diagram

When the DX unit is operating at off-rated conditions,
the system performance is described through a set of
user-specified curves (usually fitted to manufacturers’
expanded rating charts). These curves are modifiers to
the rated characteristics and account for variations in
evaporator and condenser heat exchanger performance
and cycling inefficiencies of the unit under varying
environment and building conditions.

With the defined set of system characteristics and curve
fits, the simulation model determines:

• The sensible and latent performance (the conditions
of the air leaving the evaporator), e.g. leaving dry-
bulb temperature, Tdb,o, and humidity ratio, "o

• The (timestep average) power consumed by the con-
denser fan and compressor, Ṗc,c

given:

• The dry-bulb temperature of the air entering the
evaporator, Tdb,i

• The moisture content of the air entering the evapora-
tor, "i

• The dry-bulb temperature of the air entering the con-
denser (outdoor air temperature), Tdb,!

• The sensible cooling load on the system, Q̇L

Residential DX models in DOE-2 and EnergyPlus op-
erate under load-based control in which cycling of the
fan and compressor is estimated from the part load ratio
(PLR) (the ratio of sensible cooling load to the steady-
state sensible cooling capacity of the system, Q̇L/Q̇s)
rather than modeling when the indoor temperature drops
below the throttling range of the thermostat (temperature-
based control). Load-based control is used to account for
the fact that, for long timesteps (on the order of an hour),
the compressor and fan may cycle on and off multiple
times with a single timestep.

Calculation of Bypass Factor
Both models use the apparatus dew point (ADP)/bypass

factor (BF) method to calculate the effectiveness of the
evaporator heat exchanger. ADP conditions are defined as
saturated air with a dew point equal to the temperature at
the surface of the coil. The BF describes the fraction of
the air leaving the coil that is effectively at the same con-
ditions as the entering air (the remainder of the air leaves
the coil at ADP conditions). The leaving air conditions
are the mixture of the two air streams weighted by the BF.
This is illustrated in Figure 2.

Figure 2: Illustration of ADP and BF. Adapted from Fig.
IV.7 in LBNL (1982).

By definition, the BF can be calculated as:

BF ! hi "ho

hi "hADP
=

Tdb,i "Tdb,o

Tdb,i "Tdb,ADP
=

"i ""o

"i ""ADP
(1)

As an analogue to an effectiveness-NTU model of a cross-
flow heat exchanger, the total cooling capacity can be ex-
pressed using the BF:

Q̇ = (1"BF) · ṁ ·
!
hi "hADP

"
(2)

where
(1"BF) = # (3)

One major difference between DOE-2 and EnergyPlus
DX cooling models is that the BF is a required input in
DOE-2, whereas EnergyPlus calculates the rated BF from
the other inputs at rated conditions.
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EnergyPlus [according to US DOE (2009)]:

1) Calculate the leaving air conditions at AHRI rating
conditions:

ho = hi "
Q̇r

ṁr
(4)

Tdb,o = Tdb,i "
Q̇s,r

ṁr ·Cp
(5)

"o = "(Tdb,o,ho) (6)

2) Simultaneously solve the two equations below for
Tdb,ADP and "ADP:

"i ""o

Tdb,i "Tdb,o
=

"i ""ADP

Tdb,i "Tdb,ADP
(7)

"ADP = "(Tdb,ADP,$ = 100%) (8)

3) Calculate the enthalpy at ADP conditions:

hADP = h(Tdb,ADP,"ADP) (9)

4) Calculate BF from the definition in Equation (1):

BF =
hi "ho

hi "hADP
(10)

DOE-2:

We developed a correlation to the rated sensible heat
ratio (SHRr), Q̇s,r/Q̇r, to define the BF used in DOE-2.
This correlation is similar to that used by Henderson et
al. (2000) in that it approximates the BF instead of using
iterations to solve Equations (7) and (8). This regression
also accounts for different values of the rated flow rate to
capacity ratio, Fr, and is weighted heavily towards SHRr
between 0.7 and 0.8 (see Figure 3):

BF = A+B ·SHRr (11)

(constrained to values between 0 and 1) where

A = 1+
(355.5 cfm/ton)

Fr
, (12)

B =
("931.5 cfm/ton)

Fr
(13)

and

Fr !
V̇r

Q̇r
(14)

Figure 3: Correlation of BF to SHRr

Calculation of Sensible Cooling Capacity
The calculation of the sensible cooling capacity

at off-rated conditions is important, because it in-
fluences the prediction of leaving air conditions and
power consumption. Ths calculation takes significantly
different forms in DOE-2 and EnergyPlus, making Q̇s
the most difficult value to match between the two engines.

EnergyPlus [according to US DOE (2009)]:

1) Calculate the enthalpy at ADP conditions using Equa-
tion (2):

hADP = hi "
Q̇

ṁ · (1"BF)
(15)

2) Calculate the humidity ratio at ADP conditions:

"ADP = "(hADP,$ = 100%) (16)

3) Using the following equation for sensible cooling
capacity:

Q̇s = (1"BF) · ṁ · (h(Tdb,i,"ADP)"hADP) (17)

and Equation (2), calculate:

Q̇s = Q̇ ·
#

h(Tdb,i,"ADP)"hADP

hi "hADP

$
(18)

The formulation for sensible cooling capacity in En-
ergyPlus depends on the entering air conditions (hi and
Tdb,i) and the total cooling capacity, Q̇ (all other parame-
ters are intermediate calculations or constant throughout
the simulation).

Because hi is directly related to Twb,i and Q̇ varies only
with Twb,i and Tdb,! [as described by fQ̇ (Twb,i,Tdb,!)], the
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sensible cooling capacity can be written as a function of
three model inputs: Q̇s = f (Tdb,i,Twb,i,Tdb,!).

DOE-2:

DOE-2 calculates the sensible cooling capacity as
[LBNL (1982)]:

Q̇s = Q̇s,r · fQ̇s
(Twb,i,Tdb,!)

+ ṁ ·Cp · (1"BF) · (Tdb,i,r "Tdb,i)
(19)

Equation (19), though it takes on a different form, has
the same dependent variables as the formulation in Ener-
gyPlus: Q̇s = f (Tdb,i,Twb,i,Tdb,!).

We developed a correlation for fQ̇s
(Twb,i,Tdb,!) that ap-

proximates the EnergyPlus relationship between Q̇s and
Twb,i and Tdb,!. This approximation has two parts:

1) A correlation (see Figure 4) of fQ̇s
to Twb,i while hold-

ing Q̇ constant (i.e. fQ̇ = fQ̇r
)1:

fQ̇s
= 4.62"

Twb,i

18.62!F
(20)

Figure 4: Correlation of off-rated sensible cooling capac-
ity modifier, fQ̇s

, to entering wet-bulb temperature, (Twb,i)

EnergyPlus shows a slight sensitivity to both SHRr and
Fr that is not captured in Equation (20).

2) Starting with Equation (20), add a correlation (see Fig-
ure 5) of fQ̇s

to fQ̇ while holding entering conditions
at rated conditions:

fQ̇s
=

#
4.62"

Twb,i,r

18.62!F

$
+0.50 ·

!
fQ̇ " fQ̇r

"
(21)

1where fQ̇ = fQ̇
!
Twb,i,Tdb,!

"
and fQ̇r

= fQ̇
!
Twb,i,r,Tdb,!,r

"

Figure 5: Correlation of off-rated sensible cooling capac-
ity modifier, fQ̇s

, to changes in the total cooling capacity
modifier curve, [ fQ̇ (Twb,i,Tdb,!)]

EnergyPlus shows a slight sensitivity to Twb,i that could
not be captured in Equation (21). The correlation here
was derived at the rated entering wet-bulb temperature
(67!F).

Generalizing Equation (21) for off-rated entering con-
ditions gives:

fQ̇s
(Twb,i,Tdb,!) = 4.62"

Twb,i

18.62!F
+0.50 ·

!
fQ̇ " fQ̇r

"

(22)
Both simulation engines have methods of accounting

for dry-coil conditions that override any sensible cooling
capacity calculations as indicated by the shaded regions in
Figures 4 and 5.

As mentioned at the beginning of the paper, the correla-
tions that appear in Equations (11) and (22) were derived
at standard barometric pressure and are not appropriate for
high altitudes.

Calculation of Leaving Air Conditions
With the values of F (= V̇/Q̇) and Q̇s (and therefore

SHR), we can now find the leaving conditions for any
given inlet conditions. The SHR gives us the slope (or
direction) between entering and leaving conditions, and F
gives us the magnitude of the total heat extraction rate:

ṁ · (hi "ho) =
V̇
F

(23)
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EnergyPlus [according to US DOE (2009)]:

1) Calculate the enthalpy of the air leaving the evaporator
from Equation (23):

ho = hi "
V̇

ṁ ·F (24)

2) Without yet knowing the value of "o, Calculate the
enthalpy at Tdb,i and "o using the definition of SHR:

h(Tdb,i,"o) = hi " (1"SHR) · (hi "ho) (25)

3) Calculate the leaving conditions from psychrometric
functions (using the enthalpy calculated in the previ-
ous step and account for the possibility of dry coil con-
ditions [i.e. "o = "i # "ADP)]:

"o = "(Tdb,i,h(Tdb,i,"o)) (26)

(where "o cannot exceed "i)

Tdb,o = Tdb (ho,"o) (27)

DOE-2 [according to LBNL (1982)]:

1) Calculate the dry-bulb temperature of the air leaving
the evaporator from the definition of sensible cooling
capacity:

Tdb,o = Tdb,i "
Q̇s

ṁ ·Cp
(28)

By using the sensible cooling capacity to define the
leaving air conditions, equivalency between the to-
tal cooling capacity, Q̇, and the total heat extraction
rate, ṁ · (hi "ho), is not enforced. In EnergyPlus, this
relationship is enforced by defining leaving air con-
ditions based on total cooling capacity in Equation
(24). So, even though both DX cooling models per-
form the same calculation for total cooling capacity,
Q̇ = fQ̇ · Q̇r, the total heat extraction rates are not nec-
essarily equal (see Figure 7).

2) Calculate the dry-bulb temperature at ADP conditions:

Tdb,ADP =
Tdb,o "BF ·Tdb,i

(1"BF)
(29)

3) Calculate the humidity ratio at ADP conditions:

"ADP = "(Tdb,ADP,$ = 100%) (30)

4) Calculate the leaving air humidity ratio using the BF
(also accounting for the possibility of dry coil condi-
tions):

"o = BF ·"i +(1"BF) ·"ADP (31)

(where "o cannot exceed "i)

Calculation of Power Consumption
The predicted power consumption of the DX cooling

unit depends on the efficiency of the unit, the runtime over
the timestep, and any inefficiencies caused by the transient
nature of the evaporator during cycling. The steady-state
efficiency of the system is described by the electric input
ratio (EIR):

EIR =
fEIR (Twb,i,Tdb,!)

COPr
(32)

Both simulation programs define a steady-state runtime
factor (RTFss) as being equivalent to the PLR. That is, the
DX cooling unit will operate at full capacity for a frac-
tion of the timestep equal to the to the ratio of the sen-
sible cooling requirements to the available sensible cool-
ing capacity. Again, this is only the steady-state runtime
factor; in reality there will be some time required for the
evaporator to ramp up to full capacity, so there is (effec-
tively) additional runtime where the compressor is draw-
ing power without providing the full cooling potential.
This additional runtime is expressed in the total runtime
factor (RTF) which is the ratio of the RTFss to the part
load factor (PLF). The PLF represents the loss in cooling
potential, or cycling degradation:

RTF =
RTFss

PLF
(33)

where

PLF = f (PLR) (34)

Note: These calculations are specific to single-
speed DX cooling coils and are handled au-
tomatically in EnergyPlus, whereas DOE-2,
with its more general definition of the sys-
tem, requires additional inputs to character-
ize a single-speed cycling unit. For the mod-
els discussed here we will set the DOE-2
keywords, MIN-UNLOAD-RATIO and MIN-
HGB-RATIO equal to one (indicating that the
unit will cycle for the entire range of PLR).
The PLF in DOE-2 is defined by the COOL-
CLOSS-FPLR curve.

The (timestep average) power consumption of the com-
pressor and condenser fan is then:

Ṗc,c = Q̇ ·EIR ·RTF (35)

Additional Notes
• Both simulation engines have a number of modifier

curves that depend on the flow fraction (defined as
ṁ/ṁr) that can be ignored for single-speed DX units.
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• When converting temperature dependent curves from
Fahrenheit to Celsius, the offset in the equation
makes the conversions more involved.

• Though near-equivalent models can be created in
both simulation engines, the entering air conditions
or PLR will probably not be comparable, as each
engine has unique algorithms to address heat and
moisture balances in the building. One major dif-
ference between the algorithms of the two simu-
lation engines is that EnergyPlus uses a dynamic
moisture balance model that tracks moisture be-
tween timesteps. Conversely, DOE-2 performs only
a steady-state moisture balance at each timestep, and
only during timesteps when the system is running.

TESTING
Test Description

A representative DX cooling unit was selected to com-
pare the two models. The characteristics of this model are
shown in Table 1:

Table 1: SEER 15 Test Unit Specifications
Property Value Units

Q̇r 36,100 kBtu/h
Q̇s,r 28,160 kBtu/h
Fr 400 cfm/ton

COPr 4.35 kBtu/kBtu

fQ̇ (Twb,i,Tdb,!)

1.70E+0
-3.71E-2 !F"1

4.55E-4 !F"2

4.19E-3 !F"1

-1.16E-5 !F"2

-8.67E-5 !F"2

fEIR (Twb,i,Tdb,!)

-8.52E-1
4.92E-2 !F"1

-3.05E-4 !F"2

8.29E-4 !F"1

1.68E-4 !F"2

-2.62E-4 !F"2

PLF(PLR)
-8.93E-1
1.18E-1
-1.14E-2

Consistent inputs are required to perform a good com-
parison between the two DX cooling models. Testing
the models within the simulation engines poses the prob-
lem that differences in the zone energy/moisture models
prevent consistent entering air conditions between Ener-
gyPlus and DOE-2. To resolve this issue, we decided
to recreate both models outside the simulation engines.

These are stand-alone models (depicted in Figure1) where
we can directly specify the inputs.

We verified our stand-alone models against timestep
output from both simulation engines within reasonable ac-
curacy (i.e. there may be slight error due to round-off
and the iterative process used in some psychrometric func-
tions).

Comparisons were made under all combinations of the
following inputs:

• Tdb,i = 76!F

• Tdb,! = 85!F, 95!F, and 105!F

• Twb,i = 57!F, 62!F, 67!F, and 72!F

•
!
Q̇L/Q̇s,r

"
= 1.00, 0.75, 0.50, and 0.25

This selection of inputs represents a reasonable range of
conditions typically seen in buildings. Only one entering
dry-bulb temperature was chosen since the indoor temper-
ature can be consistently controlled by a thermostat.

RESULTS
Sensible and Latent Heat Extraction

When comparing sensible and latent performance of the
system, there are three relevant quantities:

1) The leaving dry-bulb temperature, Tdb,o, indicating
sensible performance.

2) The leaving humidity ratio, "o, indicating latent per-
formance.

3) The change in enthalpy, %h = hi " ho, indicating total
heat extraction.

The psychrometric chart in Figure 6 shows the leav-
ing conditions for four entering conditions and an outdoor
dry-bulb temperature of 95!F. The leaving air conditions
are independent of Q̇L; therefore, results for the different
values of

!
Q̇L/Q̇s,r

"
do not need to be shown.

Under dry-coil conditions, the models predicted nearly
equal heat extraction. At higher entering humidity ratios,
the models are more sensitive to differences in the pre-
dicted SHR and cause greater deviations between the two
models.

As discussed after Equation (28), the total heat extrac-
tion rate, ṁ · (hi "ho), is not equivalent in DOE-2 and
EnergyPlus. The total heat extraction, (hi "ho), is illus-
trated in Figure 7, where there is a noticeable difference
even though both simulation engines use the same cal-
culation for Q̇. This figure shows increased sensitivity
at higher humidity ratios. Table 2 shows the maximum
and average difference between DOE-2 and EnergyPlus
for Tdb,o, "o, and %h over the range of inputs specified in
the Test Description section.
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Figure 6: Comparison of leaving air conditions (Tdb,o and
"o) with Tdb,i = 76!F and Tdb,! = 95!F

Figure 7: Comparison of heat extraction (hi " ho) with
Tdb,i = 76!F and Tdb,! = 95!F

Power Consumption
The predicted power consumptions of the compressor

and condenser fan are shown for four values of
!
Q̇L/Q̇s,r

"

in Figure 8. Table 2 shows the maximum and average dif-
ference in Ṗc,c. At maximum, there was 1.2% difference
as a percentage of total power consumption.

CONCLUSION
This paper describes a general approach to creating

near-equivalent DX cooling models in DOE-2 and Ener-
gyPlus. The approach was tested for a specific DX cooling
unit and the results show good agreement.

Differences in the predicted sensible cooling capacities

Figure 8: Comparison of (timestep average) power con-
sumption (Ṗc,c) with Tdb,i = 76!F and Tdb,! = 95!F

Table 2: Differences in outputs across the entire range of
test inputs (shown as DOE-2 minus EnergyPlus).

Variable Max. Difference Ave. Difference
Tdb,o (!F) -0.32 -0.18

"o (lbm/lbm) -0.00014 -0.000053
%h (Btu/lbm) 0.23 0.10

Pc,c (kW) -0.13 -0.036

were found to have a noticeable impact on both the sen-
sible and latent heat extraction as well as the power con-
sumption. Though these impacts are noticeable, they are
not seen as prohibitive to the method described here.
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NOMENCLATURE
ADP Apparatus dew point
AHRI Air-Conditioning, Heating and Re-

frigeration Institute
BF Coil bypass factor
COP Coefficient of performance
Cp Specific heat of dry air
EIR Electric input ratio, (1/COP)
# Heat exchanger effectiveness
F The quotient of volumetric flow rate

and total cooling capacity, (V̇ / Q̇)
fEIR (Twb,i,Tdb,!) EIR temperature modifier curve
fQ̇ (Twb,i,Tdb,!) Total capacity temperature modifier

curve
fQ̇s

(Twb,i,Tdb,!) Sensible capacity temperature modi-
fier curve

h Enthalpy of moist air
i Subscript denoting inlet (entering)

conditions
! Subscript denoting outdoor ambient

conditions
ṁ Supply fan mass flow rate of dry air
NTU Number of transfer units
o Subscript denoting outlet (leaving)

conditions
Ṗc,c Power required to operate the com-

pressor and condenser fan (timestep
average)

PLR Part load ratio
PLF Part load factor, f (PLR)
Q̇ Total cooling capacity
Q̇L Sensible cooling load
Q̇s Sensible cooling capacity
r Subscript denoting rated conditions
RTF Runtime factor
SHR Sensible heat ratio (of system capac-

ity), Q̇s/Q̇
ss Subscript denoting steady-state

conditions
Tdb Dry-bulb temperature of moist air
Twb Wet-bulb temperature of moist air
$ Relative humidity of moist air
V̇ Supply fan volumetric flow rate of dry

air

" Humidity ratio of moist air
! Equal by definition


