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ABSTRACT1
This paper presents a detailed hourly whole building
energy calibration study of a carefully instrumented and
controlled ultra-efficient research house. The paper
describes the calibration process at annual, monthly,
daily and hourly level as well as building end-use level
of a whole building energy model developed in
EnergyPlus.
The study shows that it is relatively easy to calibrate the
model for monthly whole building energy use.
However, that does not necessary mean that individual
cooling or heating energy use calibrated correctly. The
paper emphasizes that the purpose of calibration
process should not be to adjust any input parameter to
match the simulation results with measured data but to
create a model, which represent the real building as
close as possible.
The paper also discusses some findings of the
calibration process (e.g., using monthly calibration vs.
daily calibration, whole building calibration vs. end use
level calibration, etc.). The final results show the daily
normalized mean bias error (NMBE) and coefficient of
variation of the root mean square error, CV(RMSE),
between the measured and simulated results of 0.18%
and 10.35% respectively.

INTRODUCTION
As of November 2012, Oak Ridge National Laboratory
(ORNL) has two pairs of low-energy research houses
with simulated occupancy in the Wolf Creek
1
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Subdivision in Oak Ridge, TN (www.zebralliance.com).
These houses were designed to maximize energy
efficiency using new ultra-high-efficiency Energy
Conservation Measures (ECMs), such as structural
insulated panels, optimal value framing (OVF), phasechange materials (PCMs), exterior insulation finishing
system (EIFS), triple pane low-E windows, ground
source heat pump (GSHP) systems with newly invented
foundation heat exchangers (FHXs), energy recovery
ventilators (ERVs), compact fluorescent lights (CFLs),
and light-emitting diode (LED) lighting. The first pair
has 344 m2 (3700 ft2) of conditioned area each and are
designated as WC1 and WC2; the second pair (WC3
and WC4) has 253 m2 (2,720 ft2) of conditioned area
each with crawlspace foundations. Each house
showcases a different envelope system or heating,
ventilation, and air-conditioning (HVAC) system. In
these unoccupied research houses, human impact on
energy use (e.g., showers, lights, ovens, washers,
dryers) is simulated to match the national average.
These houses are not occupied but the occupants
density and schedules based on Building Americal
Protocol (Hendron and Engbrecht 2010) were
considered (referred as simuated occupancy) by using a
human emulator and real appliances, including their
timed operations. A controlled occupancy simuation
system starts clothes washers, mists clothes in dryer and
starts dryer cycles, turns on and off shower, dishwasher
and range. Simulated occupancy eliminates the major
source of uncertainty, which has been a big barrier to
energy savings analysis in this type of whole-building
project. In addition, each house was equipped with
more than 250 sensors to evaluate the building’s energy
performance. Because of the advanced building
technologies applied, all four houses are expected to be
30% more energy-efficient than a home built to
International Energy Conservation Code (IECC) 2009
code (IECC 2009). Salient features of these houses are
described in Miller et al. (2010) in details.
Although measured energy data for all four houses for
more than 2 years were available, it would not be
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practical to isolate the impact of individual ECMs on
overall energy performance based on the whole-house
measured data, as the whole-house data take into
account the combined effect of all the ECMs. As the
main aim of this study was to evaluate the performance
of individual ECMs in WC4, to capture a close physical
representation of the house and its systems was
necessary in the building energy model. To achieve this
goal, a multi-step detailed calibration method approach
was selected and applied. The whole-building calibrated
simulation approach is one of four options for
measuring energy savings recommended by the
International
Performance
Measurement
and
Verification Protocol and one of three recommended by
American Society of Heating, Refrigeration and AirConditioning Engineers (ASHRAE) Guideline 14-2002
(ASHRAE 2002).
As calibration process is time consuming and most of
the time the only data available is monthly utility bills,
most modelers deem the model calibrated after meeting
the monthly criteria set by Guideline 14. However, this
calibrated model may not capture the real physical
characteristics and its systems accurately. This paper
emphasizes that depending on the needs of calibration,
it may be necessary to calibrate the model for end uses
as well. Once the simulation model is calibrated for
end-uses and overall energy consumption, its degree of
accuracy for predicting the performance will increase
significantly, and the model can be confidently used to
evaluate the performance of ECMs provided the
detailed measured data are available to calibrate the
simulation models. Although monthly data and wholebuilding energy data have been used in several studies
(Yiqun et al 2007, Zheng et al, 2011) because of limited
information, monthly and whole-building energy data
may be insufficient to represent the real energy use
pattern in the building.
Therefore, this paper describes the procedure of the
modeling and calibration procedure for the WC4 house
with detailed monitored 15 min and end use resolution
data, and discusses the findings and recommendations.
It is to be noted that the house used in this paper is
monitored in a controlled manner, therefore the
calibration of this house model is a special situation
which is used to show the calibration procedure and the
lessons leraned. The modlers may not have access to
this type of controlled data while calibrating their
models but lessons lerned could be equally applicable.

DESCRIPTION OF THE HOUSE
WC4, is a 253 m2 (2,720 ft2) house with EIFS and a
conventional vented attic and sealed and semiconditioned crawlspace foundation, equipped with a
multi-zone air-source heat pump (ASHP) system and
heat pump water heater (HPWH).
The house has a cool-color shingle roof of 0.26 solar
reflectance and 0.88 thermal emittance. The roof deck
of this house also contains profiled and foil-faced 0.025
m (1 in.) expanded polystyrene (EPS) insulation
attached over the roof rafters and covered by foil-faced
oriented strand board sheathing. The assembly provides
a radiant barrier facing the attic plenum, two low-e
surfaces facing into the inclined 0.025 m (1 in.) air
space, and passive ventilation from soffit to ridge.
Miller et al. (2011) provides details of the unique
prototype roof assembly.
The walls showcase an EIFS system covered with a
textured acrylic stucco finish that complements the
stack stone placed around the masonry block
crawlspace. EIFS is an insulated cladding made of 0.13
m (5 in) of EPS insulation on the outside of the exterior
wall. The 0.13 m (5 in) of EPS insulation [RSI 3.7
(RUS 20) reduces the heat losses caused by thermal
bridging. The system is lightweight, highly energyefficient, and vapor-permeable.
Energy-efficient solid state LEDs were installed in the
whole house. The data acquisition and control systems
simulate occupancy in the homes with methods
developed for simulated occupancy by Christian
(Christian 2010) with the exception of the refrigerator.
The air-conditioning system in this house is a 2-ton
dual-capacity ASHP with a variable-speed blower with
a SEER rating of 18.4 and HSPF of 9.1.
Table 1 shows the summary of the house characteristics.

SIMULATION MODELING: AS-BUILT
MODEL AND CALIBRATED MODEL
The accuracy of prediction of any simulation model
depends greatly on the accuracy of the input data of the
model. Therefore, extreme care was taken to measure
weather data, material properties, lighting and plug
loads, domestic hot water use and energy consumption,
HVAC system characteristics, Domestic Hot Water
(DHW) and simulated occupancy. The following steps
were taken to develop the calibrated simulation model.
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Table 1
WC4 house characteristics
Characteristics
Floor area
Foundation

Exterior walls
Attic

Roofing
material
Windows

Space
conditioning
Infiltration
Mechanical
ventilation
Duct location

Air handler
location
Water heater
Lighting

Description
253 m2 (2720 ft2)
Sealed crawlspace, no floor joist insulation, R10 insulation on interior side of the block wall,
floor framing factor = 13%
R-21 whole wall value , wall framing factor =
23%, solar absorptance = 0.76
Conventional unconditioned vented attic, R-50
ceiling insulation (U=0.019), Attic wall
insulation R-15, Fan induced ACH of upto10
Composition shingles, solar reflectance = -0.26,
roof deck R-4 EPS insulation
Triple pane, windows facing southeast and
southwest : U = 0.24, SHGC = 0.50; windows
facing northeast and northwest: U = 0.18 SHGC
= 0.22.
Single ASHP, cooling capacity = 25 kBtu/h,
SEER 18.4, heating capacity 22.6 kBtu/h,
HSPF 9.1
ACH50 = 2.3, SLA = 0.00017 in 2/in2
30 CFM
Supply, interior; return, interior; R-5 insulation,
supply area = 551 ft2, return area = 102 ft2, duct
air leakage (to outside) = 8%.
Interior
Electric 50 gal capacity, usage = 60 gal/day, set
temp = 120 F, add-on heat pump COP = 2.4
100% LED

Data preparation
From the detailed 15-min-interval measured data for
year 2011, the data for lighting, plug loads, DHW, set
point temperature, and weather data were prepared for
each hour of the day in a format readable by EnergyPlus.
For the building geometry, the as-built drawings were
used. For the heat pump used in WC4, the performance
curve was generated based on the manufacturer’s
specification. The heat pump used in WC4 is a multizone control unit. Depending on the load demand from
the first and second floors, the control system provides
0.236 m3/s (500 CFM) or 0.377 m3/s (800 CFM) of
supply air for the first and second floors, respectively.
The version 7.0.0 of EnergyPlus (EnergyPlus 2011)
used for simulation did not allow multi-zone control for
a multi-speed heat pump system; therefore, several
workarounds were tried and finally the first floor was
selected as a single control zone without compromising
inaccuracies in modeling the performance of the heat
pump system. Thermal properties of several
construction materials were measured in the laboratory.
The windows used in the house had thermal

performance labels indicating U-factor, Solar Heat Gain
Coefficient (SHGC), and visible transmittance. The
SHGC shown on the labels was calculated at a normal
incident angle and therefore does not accurately
represent the hourly performance of windows because
of the varying incident path of the sun throughout the
day. The WC4 windows were modeled using
THERM/WINDOW (LBNL 2012) software tools, and
the detailed angular data from WINDOW 6 was used as
an input for EnergyPlus. The weather data were
prepared from the 15 min interval recorded data from a
real-time onsite monitoring weather station located at
the WC4 site. The daily, monthly and annual end use
data, including fan, heating and cooling energy, and
overall energy consumption, were obtained from the
hourly measured data. These data would be used in
comparing the corresponding simulation output data.
As-built simulation model
EnergyPlus 7.0 and OpenStudio (NREL 2010) were
used to create the as-built model from building
construction drawings. The WC4 geometry is relatively
complex for modeling purposes because of its uneven
slopes and shading surfaces. The house model consists
of four zones; first floor, second floor, attic, and
crawlspace. The first and second floors are fully
conditioned; the crawlspace is semi-conditioned (it only
received 0.047 m3/s (100 CFM) of conditioned air), and
the attic is vented unconditioned space. Figure 1 shows
the geometry of the simulation model created in
EnergyPlus.

Figure 1 WC4 simulation model created in EnergyPlus
The hourly input data for lights, plug loads, set point
temperatures, and water heater were read through the
schedule file option in EnergyPlus so that the input data
for each hour are used as measured. A blower door and
trace gas tests were performed to evaluate the
infiltration rates of the house. The detailed heating and
cooling coil performance curves for the heat pump
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system were created from the manufacturer’s
specification documents while the ventilation rate and
fan pressure rise were obtained from the measured data.
For the HPWH, the manufacturer’s specification data
were not released for public use; therefore, the generic
curves provided by the manufacturer were used.

measured data on a daily basis) should meet the
following criterion:2

Calibrated Model Development

The comparison between the initial as-built model and
the measured data is shown in Figures 2-4. The
simulation output and measured data were compared on
a daily basis to preserve the granularity and for better
visual comparison, as the monthly data would not
capture all the details and the hourly-level comparison
would be too detailed and would present challenges for
a meaningful visual comparison. The results showed
that the annual whole-building energy consumption
from the model was 10,968 kWh, which is 20% less
than the measured data. The daily NMBE and the
CV(RMSE) were 20.5% and 25.93%, respectively,
indicating that the initial model needs to be calibrated.
Observing the end-use level comparison, it was found
that the lighting and equipment energy uses matched
well, as the hourly measured schedule was used in the
model, but the HVAC and DHW heating energy
modeled use were lower than the measured data. In
addition, Figures 3 and 4 indicate that the cooling and
heating energy consumption during extreme conditions
(i.e., hot and cold) needs to be increased, whereas the
energy consumption in mild conditions matches
relatively well.

For increased accuracy, the initial as-built model must
be calibrated before being used to predict the energy
savings potential of ECMs. The simulation results
predicted by the as-built model created in the previous
task were compared with the corresponding measured
results, and causes of discrepancies were investigated.
Accepted tolerance levels (comparing simulation
predicted and measured data) of 10% Normalized mean
bias error (NMBE) and 30% coefficient of variation of
the root mean square error, CV(RMSE), for hourly
energy use, and 5% NMBE and 15% CV(RMSE) for
monthly energy use, were set for the calibrated
simulation model as recommended by ASHRAE
Guideline 14 (ASHRAE 2002). The NMBE and
CV(RMSE) are defined as follows.
NMBE:

CV(RMSE)

where
Residual is the difference between the simulationpredicted and the measured data
n is the number of data points
p is the total number of regression parameters in
the model
M is the mean value of the dependent variable of
the set
For a satisfactory calibrated model, NMBE and
CV(RMSE) for a day-level comparison (i.e.,
comparison between simulation model predicted and

Figure 2 Monthly energy use comparison (measured vs.
simulated).

2

The current standard and guideline do not define the
allowable NMBE and CV(RMSE) for daily-level calibration.
Therefore, the NMBE and CV(RMSE) values between hourly
and monthly calibration were used for this study.
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Table 2
Model input parameters and calibration steps
Steps

200 W

0W

10˚C

12.78˚C

7.22˚C

4.44˚C

Heat Pump Water
Heater DX Coil

Heating
Capacity
4000 W, COP
3.2

Heating Capacity
1300 W, COP 2.8

HPWH set point
Temperature

48˚C

58˚C

Fan Efficiency

0.7

0.78

Fan Pressure Rise

600 Pa

250 Pa

550/ 730
CFM

650/ 800 CFM

-14˚C

-20˚C

OA Min./Max. Flow Rate

20 CFM

60 CFM

HPWH and Auxiliary
water heater Demand
Schedule

Demand
Schedule

Modified with
actual use

Controlling Zone

1F

2F

Flow
Coefficient
Method
18˚C for all
months

0.12 ACH for 1F,
2F, Attic, and
Crawl space
Measured data
for each month

0.056 W/mK

0.047 W/mK

0.035 W/mK

0.047 W/mK

0.036 W/mK

0.047 W/mK

Material-Roof Air Gap

No

0.225 m2K/W

Window

Simple
Glazing
(U/SHGC
value)

WINDOW 6
exported
detailed data file

Step
07

Infiltration (2)

0.12 ACH

0.13 ACH for 1F,
2F/1.25ACH for
Attic/0.3ACH for
Crawl

Step
08

Thermostat Set point

Heating
21.6˚C,
Cooling
24.4˚C

Heating 22˚C,
Cooling 22˚C

Step
09

Crawl space air flow

N/A

100 CFM
(conditioned air)

Step
02

Figure 4 Daily heating/cooling energy use comparison.
Step
03

As the various inputs of any simulation models are
interdependent, it is not easy to define a set of
calibration steps for a model. One simulation’s output
may become closer to the measured data at a certain
calibration step, but trying to match another variable
may change that relationship. For example, the

Changes
50 W

Figure 3 Daily whole-building energy use comparison.

Figure 5 shows the annual energy consumption for the
major end-uses for each of the nine steps described.

Initial Values
200 W

Step
01

The input parameters and their modified values during
each of the calibration steps are shown in Table 2. The
initial values of the parameters modified in the table,
were taken from the available drawings and
specification documents which are generally available
to the modelers. Close examination of the output results
forced the examination of these parameters in detail. It
is to be noted that the purpose here was not to forcefully
match the simulated and measured values. The modified
parameters were obtained through measurements, onsite audit or further research. The steps in Table 2 were
not arbitrarily created but after carefully examining the
cause of discrepancy between model predicted and
measured data.

Parameters
Cooling Coil Crankcase
Heater Capacity
Heating Coil Crankcase
Heater Capacity
Max Outdoor Dry-Bulb
Temperature for
Crankcase Heater
Operation
Max Outdoor Dry-Bulb
Temperature for Defrost
Operation

Cooling Coil and heating
coil Speed 1/Speed 2 Air
Flow Rate
Heating Coil Min.
Outdoor Temperature
for Compressor
Operation

Step
04

Infiltration (1)

Step
05

Ground Temperature

Step
06

Material-EIFS Trim
Conductivity
Material-EPS foil faced
Conductivity
Material-EIFS
Conductivity
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Figure 5 Annual end-use energy consumption at the calibration steps
energy shown in Figure 5 for the as-built model may
more closely match the measured value than at step 01.
This kind of behavior makes calibration “an art” rather
than a science, and the process becomes highly
dependent on the technical skills and experience of the
modeler. Figure 5 shows that at the end of step 09, there
is a very good agreement between the simulation model
predicted end-use level annual energy consumption and
the measured data; the difference is only 0.17% (i.e.,
measured use of 13,790 kWh vs. predicted use of
13,766 kWh). Figure 6 shows a comparison of the
predicted and measured monthly heating/cooling and
total energy consumption for the as-built and final
calibrated models developed at step 09. The monthly
energy differences varied from ±3.9%, and the monthly
NMBE and CV(RMSE) were 0.2% and 2.7%,
respectively.
The predicted and measured energy uses were also
compared at the daily level. For the daily comparisons,
the results were plotted as scatter plots for each of the
nine steps. Figure 7 shows the scatter plot along with
the change in NMBE and CV(RMSE) for each of the
nine steps of the calibration;. As noted in Figure 7, the
final calibrated model’s NMBE and CV(RMSE) were
0.18% and 10.4%, respectively, which indicates daily
resolution was calibrated well in the model.

Figure 6 Monthly energy use comparison
(measured vs. simulated).

In addition to the daily whole-building energy
calibration, daily-level end use calibrations were
performed. Figure 8 shows the scatter plot for
heating/cooling energy use. The final calibrated model’s
NMBE and CV(RMSE) for heating/cooling energy use
were -4.5% and 23.6%, respectively, which is relatively
high but still in the acceptable range. The relatively high
NMBE and CV(RMSE) values were expected, since a
simplified heat pump system with one control zone was
modeled instead of the installed multi-zone control
system.

LESSONS LEARNED
The calibration process described in this paper did not
involve only the nine steps mentioned in the paper. The
calibration of the WC4 simulation model was also
complicated by the fact that there was little uncertainty
in the input parameters, which made it more difficult to
tweak the input parameters to match the simulation
output data with the measured data. Moreover, the steps
were not planned from the beginning, as it was hard to
know the causes of discrepancies without looking
deeper into the simulation results at detailed levels. As
the investigation continued, some additional
information was sought or was provided at the later
stages. For example, additional material property and
tracer gas tests were conducted at the later stage. The
trace gas tests showed seasonal variation in the
infiltration air change results. In the absence of this
kind of information, several other variables were being
tweaked to see the impact of those variables.
Generally, the modelers calibrate the building
simulation model based on the difference in monthly
energy consumption between simulated and measured
data. If the results were within 10%, the modelers deem
the model to be calibrated and use that model to analyze
the performance of ECMs. However, if the simulated
and measured energy consumption at the monthly level
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Figure 7 Scatter plot showing the daily total energy consumption trends.
matched well, that did not necessarily mean the model
represented the building well. For example, in the
preliminary stage of the calibration process (before step
01), the model in this study predicted the monthly total
energy consumption to within <7% of the measured
total energy consumption (the difference in annual
energy consumption was less than 1%), and the energy
consumption pattern seemed to match well, as shown in
Figure 9. Further examination of monthly
heating/cooling energy consumption showed that the
difference between the predicted and measured monthly
heating/cooling energy consumption (i.e., blue and red
line in Figure 9) was as high as 45%.
The investigation was carried out at the daily level to
determine the cause of the discrepancy. The scatter plot
of daily heating/cooling energy consumption is shown
in Figure 10. It was clear from the plot that at very low
ambient temperatures, the energy consumption

predicted by the model was higher than the measured
values, whereas the predicted energy consumption at
higher ambient temperatures is relatively well matched.
To further investigate the cause of discrepancy, the
heating/cooling energy consumption was plotted at
hourly level (See Figure 11).
It was clear from Figure 11 that the as-built model was
not predicting the heating/cooling energy consumption
accurately, and further calibration of the model was
necessary. During the calibration procedure, it was
assumed that the compressor would be turned off below
4oC, and this change simulated much higher heating
energy below 4o C. But this type of discontinuation is
hard to be identified in the daily scatter plot. In addition,
although the daily plot shows the cooling energy
consumption was matched well with the measured data,
the hourly plot shows several peaks in simulated
cooling energy (see inside the green dotted line).
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Figure 8 Scatter plot showing the daily heating/cooling energy consumption trends.

Further investigation found that the model assumed
most of the heat generated by the clothes dryer was
added to the internal heat gain, which is not true. But,
these high peaks in cooling energy offset the low
simulated cooling energy, as shown in the plot, so the
predicted daily cooling energy consumption seems well
matched with the measured daily data. Therefore, the
scatter plots in Figure 11 can be used to investigate the
simulation models even when the only measured data
are available at the monthly level (e.g., the monthly
utility bill). Once the monthly calibration is achieved in
cases with only monthly data available, the modeler can
look at plots such as this one to figure out whether the
trends at the monthly level make sense. For example,
the unusual trends at both lower and higher outdoor air
temperatures show some kind of unexplained pattern.
The modeler would need to look further into the model
input for the causes of this unexpected behavior. It
should be noted that even though the input parameters

were meticulously prepared, the operational changes
might make the model not represent the real building.
For example, the crawl space was receiving 0.047 m3/s
(100 CFM) of conditioned air which was not obviously
known duing the initial model preparartion.
It is also helpful to break down the predicted energy
consumption at the end-use level if end-use level
measured data is available. For example, as seen in
Figure 12, even though the predicted and measured
annual energy consumption match quite well, the enduse breakdown clearly shows that there is a large
difference between the measured and predicted fan and
heating/cooling
energy
consumption.
These
discrepancies cannot be identified in the whole-building
energy consumption comparison, since the higher
simulated fan energy and lower simulated
cooling/heating energy offset each other.
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Figure 12 End-use energy consumption breakdown.
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Figure 9 Monthly whole-building and heating/cooling
energy consumption.
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