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Abstract

An empirical validation of building energy simulation programs was performed in a test cell on the Swiss Federal Laboratories for Materials
Testing and Research (EMPA) campus in Duebendorf, Switzerland. The purpose of this exercise was to evaluate the performances of three
building energy simulation programs when simulating energy flows through a window (i.e. glazing unit and window frame). The programs used
for this study were EnergyPlus, DOE-2.1E, and IDA-ICE. The inputs to the building energy simulation programs were ascertained through
precise measurements and simulations, which are explained in detail in this paper. To assess overall performance, the cooling power measured in
the experiment was compared with the programs’ predictions. Thorough statistical analyses and comparisons were used to determine the impact
of experiment output, input uncertainties and evaluate the programs. The absolute average difference between the experiment and predictions for
EnergyPlus, DOE-2.1E, and IDA-ICE were 5.8, 9.9, and 6.0%, respectively.
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1. Introduction

The ability to accurately represent all aspects of a struc-
ture is crucial for designing sustainable buildings. Powerful
software tools, known as building energy simulation programs,
are now being employed by engineers and architects to model
heat transfer phenomena (i.e. conduction, convection, and radi-
ation) across the control volumes of modern edifices for opti-
mization of energy consumption and equipment sizing. Given
the complexities associated with these phenomena (non-linear,
transient, three-dimensional, etc.), assumptions and simplifica-
tions must be made in the programs to facilitate computation
and allow their application to the design of large buildings.
The levels of complexity vary from program to program; the
underlying theory and assumptions employed are provided by
Clarke [1]. To assess the impact of these assumptions and mea-
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sure the overall effectiveness of the programs, steps must be
taken to evaluate these influences.

The contemporary buildings designed throughout the world
often feature highly glazed facades. In terms of thermal trans-
mittance, windows (i.e. glazing unit and window frame) usu-
ally represent weak points in the building envelope and the
thermal bridges resulting from glazing spacer, window frame,
and mounting afford additional modeling challenges to building
simulators. Over the past three decades, researchers have strug-
gled to ascertain the sensitivities of models to these assumptions
and harnessed increased computing power and advanced exper-
imental apparatus to achieve an accurate quantification of heat
transport through windows.

When windows are modeled in building energy simulation
programs, the thermal capacitances of the window frames and
glazing units are typically neglected, thereby, reducing the com-
plexities of the problem and allowing for steady-state analy-
ses. In most building energy simulation programs, conduction
through the window is modeled in one-dimension and correc-
tions are then used to factor in thermal bridging.
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Nomenclature

A area

c specific heat

D measured and predicted difference vectors

d distance or width

k thermal conductivity

L height of given element

ou overall uncertainty

P total length of perimeter

R combined radiative and convective surface resis-
tance

s sample standard deviation

t time

0 total heat transfer

o’ heat flow per unit length

q heat generation

U thermal transmittance of element

(UA)  overall thermal transmittance of element

UR uncertainty ratio

X vector of containing measured or predicted cooling
power or coordinate direction

y coordinate direction

Subscripts

c cold side of hotbox

e eps foam

edge  edge effects

exp experiment

g exposed glazing unit

h hot side of hotbox

hb hotbox

i inner zone for two-dimensional simulation
ins insulation panel simulation

J given hour of experiment

m window mounting

max maximum value of vector

min minimum value of vector

0 outer zone for two-dimensional simulation
p plywood

rms root mean squared

sp window spacer

wall entire wall composite excluding window
wf window frame

mca Monte Carlo Analysis

1D one-dimensional

95% 95" percentile

Greek symbols

0 temperature

7 linear thermal transmittance
A conductance

P density

When analyzing the glazing unit, the outer and inner sur-
faces are usually represented as isothermal surfaces. For mod-
eling convection, average convective heat transfer coefficients
are used in conjunction with details of the orientation of the
construction elements, in this case windows. More recent pro-
grams make use of advanced flat plate correlations that assume
a boundary layer regime (laminar or turbulent) and empirically,
numerically, or analytically derived, time-varying correlations
that are functions of air temperatures, boundary layer length
and surface orientation [2,3]. For outside convective heat trans-
fer, wind velocity and direction offer additional levels of ac-
curacy. When accounting for longwave radiation, the associ-
ated heat transfer is modeled in varying levels of detail. For
more advanced programs, analytical, numerical, and/or approx-
imate diffuse viewfactors are computed and used in conjunction
with energy balances and surface emittance. However, many of
the simpler programs combine internal longwave radiation and
convection heat flux calculations into heat transfer coefficients
that are design standards or functions of surface orientations.
These heat transfer coefficients remain constant during the en-
tire simulation.

Shortwave radiation through windows is modeled using ad-
vanced measurements [4], glazing databases [5-7], and algo-
rithms [8—11] that allow quantification of the optical properties
of glazing, including angular-dependent solar and visible trans-
mittances and reflectances. These measurements coupled with
computations and measurements of center-of-glazing thermal

transmittances (also known as U-values or U-factors) can be
used to accurately describe a glazing unit.

Assessing the overall impact of the window requires ad-
vanced consideration of edge-effects and window frames,
which add further levels of complexity. A variety of calculation
procedures are used in different parts of the world to quantify
these effects. Overviews and comparisons of these calculation
procedures are given by [12,13]. In determining the window
spacer and frame effects, two-dimensional heat transfer simu-
lation and/or experimental analyses substantially increase the
accuracies. Previous studies in these areas were performed by
[13-22].

Transient one-dimensional heat transfer conduction plus ap-
propriate thermophysical properties are usually assumed for
representation of the remaining heat transfer elements—walls,
ceilings and floors—in more advanced programs. Most building
energy simulations use either response functions or numerical
modeling to represent transient conduction [1]; allowance is
made for longwave radiation and convective heat flux using the
same methodology described for the glazing unit boundary lay-
ers and/or surfaces.

Validation exercises are essential in assessing the perfor-
mance of the building energy simulation programs. Three types
of validation procedures are identified along with a full descrip-
tion of the advantages and disadvantages by [23,24]. The iden-
tified procedures are: (1) analytical, i.e. comparing the results
of the programs to known analytical solutions, (2) program-to-
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program comparisons, i.e. specifying exact inputs and compar-
ing program outputs, and (3) empirical, i.e. modeling a well-
instrumented facility and comparing experimental and program
outputs. Methodologies and empirical validations performed in
International Energy Agency (IEA) Tasks and Annexes [25-29]
and in the PASSYS project [30,31] provided a crucial founda-
tion for this research.

The test cell used in this study is located on the Swiss Fed-
eral Laboratories Materials Testing and Research (EMPA) cam-
pus in Duebendorf, Switzerland. Previous research focused on
evaluating the transient characteristics and thermal bridges of
the test cell [32], assessing tilted facade radiation models [33]
and evaluating solar gain models and interactions in a glaz-
ing unit [34] with internal and external shading screens [35]
and internal and external blinds [36]. The exercise described in
this paper is the last in a series of experiments and validation
exercises performed within the scope of IEA Task 34/Annex
43 Project C. The empirical validation exercise was carried
out to evaluate solar gains through a window and the associ-
ated interactions. The test cell is well-instrumented, with over
200 sensors, and was designed with guard zones for careful
control of the boundary conditions. The use of test cells al-
lows the precise control and monitoring of boundary conditions
while creating an environment similar to an office space (i.e.
thermophysical properties, dimensions, and airflow patterns).
This makes them ideal for empirical validations of building en-
ergy simulation programs. The data acquired from this facility
meet all nine criteria specified by [26] for high quality data
sets.

For this validation exercise, a window was installed in the
exterior construction element of the test cell and models were
constructed in EnergyPlus [37], DOE-2.1E [38], and IDA-
ICE [39]. The cooling power required to maintain a near-
constant temperature in the test cell was measured during the
experiment and compared with results from the building en-
ergy simulation programs. The optical properties of the glazing
unit in the window were quantified and detailed analyses were
performed of the window spacer and frame coupling calori-
metric measurements from a calorimetric hotbox with results
from two-dimensional heat transfer simulations. The results are
accompanied by robust statistical and sensitivity analyses to
gauge the accuracies of the programs and assess the impact of
experimental uncertainties.

2. Experiment

The experiment was run in the EMPA test cell with a win-
dow installed for a 20-day period from June 30 to July 19, 2006.
During this time, the facade was exposed to diverse atmospheric
conditions. The purpose of the validation exercise was to eval-
uate the impact of solar gains through a window and associated
interactions by examining the cooling power required to main-
tain a fixed air temperature, measured by 18 double-shielded
thermocouples. Conditioned air was supplied to the test cell via
two textile ducts at very low velocities near the floor and ex-
tracted through the ceiling to reduce temperature stratification.

Fig. 1. Photograph of the test cell taken during the experiment.

Information on the facility and inputs required for the building
energy simulation program are provided in this section. A pho-
tograph of the facility taken during the test is shown Fig. 1.

2.1. Facility

The EMPA test cell is located just outside of Zurich in
Duebendorf, Switzerland (8.6 °E, 47.4 °N; 430 m ASL, GMT
+ 1 h). The exterior vertical construction element faces 29°
west of south. Detailed information on the thermophysical and
surface optical properties of the construction elements and test
cell geometry are given by [32]. The facility also contains an ad-
vanced weather monitoring station. To ensure uniform ground
reflectance, green artificial turf was installed in front of the test
cell and the solar reflectance quantified by [33].

2.2. Window

The window chosen for this experiment was composed of a
wood frame and a solar selective, insulating glazing unit with
a stainless steel spacer and an argon-filled cavity. A thorough
appraisal of the window was performed and is described in sub-
sequent sections.

2.2.1. Optical properties

The transmittances and inner and outer reflectances of the
glazing unit and the individual glass panes were measured us-
ing a spectrometer from 250 to 2500 nm. The outer pane in the
glazing unit was of clear float glass and the inner pane of glass
with a low-emittance coating on one side. Fig. 2 shows a plot of
the transmittances and inner and outer reflectance as a function
of wavelength. The transmittances and reflectances for the glaz-
ing unit and glass panes were integrated over the solar spectrum
in accordance with EN 410 [40] using Glad software [6], and
the outer and inner hemispherical emittances of the glass panes
were measured using an emissometer based on a calorimetric
method; these values are presented in Table 1.
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Fig. 2. Measured transmittances and reflectances of the window.

2.2.2. Thermal transmittances and bridges

A BISCO [41] simulation and calorimetric hotbox measure-
ments were used in combination to divide the heat transfer
between the window components. The governing relationship
for heat transfer through a solid element, Fourier’s law, is given
in its full form in Eq. (1). The BISCO software uses a triangu-
lar grid structure to solve the energy equation in combination
with Fourier’s law assuming steady-state conditions. The two-
dimensional analysis further assumes no heat sources and sinks
and constant thermal conductivity, which reduces to Laplace’s
equation, given in Eq. (2) in Cartesian coordinates. For the sim-
ulation, a control volume was defined around each node and the
system of equations was solved iteratively. The grid was refined
until it was certain that independence was achieved.

30
pey = div(kVe) +4 (1

Table 1
Optical properties of window

%0 3% 0 5
dx2 + ay2 @

The results from the thermal bridge calculations with the
center-pane thermal transmittance and conductance of the win-
dow described in this section are summarized in Table 2. The
theory behind the calculation of these quantities is developed
in subsequent sections. By way of comparison, Table 2 also
contains generic thermal transmittances taken from the standard
values in Glad Software [6] that are used by simulators without
access to powerful heat transfer simulation tools and hotboxes.
This highlights the importance in an empirical validation of ac-
curately specifying as many quantities as possible. The percent
errors, also given in Table 2, were computed to show the impor-
tance of thorough quantification.

A cross-section of the glazing unit, window frame, and
mounting is shown in Fig. 3. The thermal conductivities were
taken from literature and in-house measurements; the temper-
ature-dependent thermophysical properties were fixed as the
average between the outer and inner air temperatures for the
southwest wall.

2.2.3. Linear thermal transmittance of the spacer

The impact of the spacer was calculated using a two-dimen-
sional drawing of the spacer/frame assembly. The linear thermal
transmittance of the spacer was evaluated based on prEN ISO
10077-2 [42]. However, some modifications were made in the
calculation procedure to compute more precise quantities. Dur-
ing the hotbox measurements, the heat flux through the center
of the window pane was measured and a center-pane thermal
transmittance was then computed. Using this measurement, an
equivalent conductivity was computed for the argon-filled glaz-
ing cavity that factored in the impact of conduction, convec-
tion, and radiation. The thermal transmittance was also used to
compute an equivalent thermal conductivity of the insulation
panel [42] for replacing the glazing unit in the frame as (de-
viating slightly from [42], which specifies a fixed equivalent
thermal conductivity). Equivalent thermal conductivities were
calculated for the air cavities and the conditions of the inside

Outer glass pane Inner glass pane

Parameter Glazing unit
Normal solar transmittance, % 53.7+1
Normal solar exterior reflectance, % 23341
Normal solar interior reflectance, %

22441
Outer emittance, % -
Inner emittance, % -

83.6+1 62.5+1
7.8+1 249+1
7.7£1 20.0+1
85.3%5 8.5%5
87.3%5 87.3%5

Table 2

Computed and measured thermal bridge and center-pane glazing properties compared with standard values taken from [6]

Description Quantity

Standard values Percent error

Center-pane thermal transmittance of glazing unit
Center-pane thermal conductance of glazing unit
Linear thermal transmittance for spacer

Thermal transmittance of window frame

Thermal conductance of window frame

Linear thermal transmittance for mounting

1.163 W/m2 K + 5%
1.449 W/m? K £ 5%
0.073 W/mK + 5%
1.285 W/m? K + 5%
1.643 W/m? K £ 5%
—0.028 W/mK + 5%

1.3 W/m2K 11.8%
0.05 W/mK 31.5%
1.45 W/m2 K 12.8%
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Fig. 3. Drawing of the spacer and window frame.

and outside boundaries according to [42]. The linear thermal
transmittance due to the spacer was computed using Eq. (3)
with results from the BISCO simulations. During the simula-
tion, the exposed area of the glazing unit that extended out from
the window frame was 0.550 m to ensure that all edge effects
of the thermal bridges were captured.

’ /
Qsp - Qins

6 — 0, 3)

1//sp =

2.2.4. Thermal conductance of the window frame

The thermal transmittance of the window frame was com-
puted using the BISCO simulation, the spacer linear thermal
transmittance of the spacer, one-dimensional steady heat trans-
fer, and the principle of superposition. For this calculation, the
window frame height was fixed, and linear temperature profiles
were assumed across the window frame for the steady one-
dimensional heat transfer. The thermal transmittance and con-
ductance of the window frame were calculated using Eqgs. (4)
and (5), respectively. The thermal conductance was a necessary
calculation due to the different heat transfer coefficients in sim-
ulation and hotbox measurement. The frame conductance was
also an important input into the building energy simulation pro-
grams, which all had at least one dynamic convective surface
heat transfer correlation.

0.,
=0y — LU
0,—0, Vsp gV
Uwf = I (4)
wi
_ —1
Awi=[Uy = Ri = R,] )

2.2.5. Linear thermal transmittance due to mounting

The linear thermal transmittance due to the mounting of the
window in the frame was computed by coupling BISCO sim-
ulation results with hotbox measurements. The results used for
the calculation also included thermal bridges from the spacer

and window frame; non-homogeneities (i.e. screws and frames)
and corner effects from the window frame and spacer were ne-
glected. For this calculation, the outer wall was assumed to be
composed entirely of homogeneous layered material specified
for the building energy simulation programs; the actual win-
dow mounting construction (Fig. 3), however, exhibited greater
thermal resistance. The hotbox measurements were also consid-
ered quasi-steady state while the one-dimensional calculations
assumed linear temperature profiles across each material. Mea-
sured film coefficients measured in the experiment were applied
in these computations instead of the combined heat transfer co-
efficients used in the simulations. Eq. (6) was used to calculate
the one-dimensional overall thermal transmittance through the
window frame, outside wall, and glazing unit. Temperature-
dependent thermophysical properties were fixed at the mean
temperature of the hot and cold chambers.

2d, d, -1
(UA) 1D = Ayan| Re + - +—+ Ry
p ke

1 -1
+ Awf<Rc + A— + Rh)

wf

-1
+Ag<Rc+i+Rh) (6)
Ag

The linear thermal transmittance of the mounting was cal-
culated using Eq. (7). The negative value (Table 2) indicated
that the thermal resistance in one-dimension plus the additional
thermal bridging from the spacer and frame was less than the
measurements.

QhQ_hléC — (UA)1p — wspPsp
Py,
An additional simulation run was carried out to examine the

heat flow through the element with the window frame mount-
ing. A drawing with heat flow lines is shown in Fig. 4.

I»//m = (7)

3. Simulations

This experiment was modeled using three simulation pro-
grams: EnergyPlus, DOE-2.1E, and IDA-ICE. The temperature-
dependent thermophysical properties described by [32] were
fixed at the mean construction element temperature for the
experiment. The measured outer surface temperatures for the
elements adjacent to the guarded zones, air temperatures, and
internal loads, which included the fans and miscellaneous elec-
trical equipment in the test cell, were used as inputs in hourly
increments to the programs. The average and standard devi-
ation computed over the experiment of the space-averaged
air temperature and internal loads were 22.57 £ 0.10 °C and
180.09 £ 0.89 W, respectively.

Previous work by [33] revealed the Perez 1990 model [43]
for predicted solar irradiance on tilted facades to be the best
model for the region; all three building energy simulation pro-
grams consequently used this model along with two of the three
solar irradiance components measured at the facility (direct-
normal and global horizontal and diffuse). The programs also
all contained optical models that used normal transmittances
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Fig. 4. Heat flow lines from the BISCO simulation.

and reflectances to compute angular-dependent values. Narra-
tives of the specific modeling procedures employed for each
program are presented in the following sections.

3.1. EnergyPlus

The window was modeled in EnergyPlus by defining two
panes of glass. Measured reflectances and transmittances for
each pane of glass from 250 or 2500 nm were input together
with hemispherical emittances. Because the algorithm used to
compute the center-pane thermal conductance over-predicted
the measured/simulation results, the thermal conductivities of
the glass panes were reduced to match the quantities in Table 2.
Both the linear thermal transmittance due to the mounting and
the external wall thermal bridge were included in the overall
window frame conductance. A different standard was used in
EnergyPlus to account for the edge effects. This defined an
edge area up to 0.0635 m from the frame and specified the
program input as the ratio of the edge conductance to the center-
pane conductance. The edge conductance was calculated using
Eq. (7), which factored in the linear transmittance of the spacer
and the thermal conductance through the edge area. The same
procedure was used to allow for the linear thermal transmit-
tance due to mounting and the external thermal bridge described
by [32] in the window frame computations.

-1 -1
Aedge = { <PSprp + Ug) - R; — Ro} (8)

edge

Measured direct-normal and diffuse horizontal solar irradi-
ances were used to compute global vertical solar irradiance
on the outer surface of the facade and window. Six hourly
timesteps were set and the hourly averaged results compared.
A dynamic convective heat transfer correlation was used to fac-
tor in boundary layer length, orientation, and air and surface
temperature differences. Approximate diffuse view factors were

computed and used in conjunction with an energy balance to ac-
count for internal longwave radiation exchange. The procedures
and algorithms are given by [44].

3.2. DOE-2.1E

The window was defined in DOE-2.1E using a Window
5.2 [45] output file with a modified center-pane thermal trans-
mittance. Wavelength-dependent measurements for the front
and back reflectances and transmittances, and hemispherical
emittances for each glass pane were imported into a user’s
database of Optics 5 [46]. From Optics, the information was
accessed by Window 5.2, and the window was then modeled.
The center-pane thermal transmittance was used for the entire
glazing unit and all thermal bridges, including those associated
with spacer, mounting and external thermal bridge [32], were
included in the window frame conductance as shown in Eq. (8).

Awf,DOE-2

. { <Pspwsp + Pm‘ﬁm + (UA)ep
Awt

-1

-1
+Uwf> — R; —RO}
)

Measured direct-normal and global horizontal solar irradi-
ances were used to calculate global vertical solar irradiances.
The weather data were accessed by the program in hourly
TMY?2 format. Because infrared global irradiance is not ex-
plicitly described in TMY2 weather format, an opaque cloud
cover modifier was computed by reversing the algorithm used in
DOE-2.1E. Fixed combined heat transfer coefficients for inte-
rior surfaces were used based on design recommendations given
by [47].

3.3. IDA-ICE

The window was simulated using the new Detwind model
based on ISO-15099 [48]. This model was employed to com-
pute overall heat transfer through the glazing and all window
parameters. The parameters for the window panes and gas fill-
ing were determined by the model using the provided window
properties data. The thermal transmittance of the window frame
was directly input together with the thermal bridges due to
frame mounting and linear thermal transmittance of the spacer.
Allowance was made for the shading effect of the window
frame itself by shifting the center glazing pane 0.04 m inside
the external facade surface.

Measured hourly direct-normal and diffuse horizontal solar
irradiances were used to compute the tilted facade solar irradi-
ance. The longwave radiative heat transfer was simulated using
view factors. A dynamic convective heat transfer coefficient
algorithm was used to factor in the construction element ori-
entation and air and surface temperature differences.

4. Sensitivity study

A prerequisite for any empirical validation is careful con-
sideration of all elements of experimental uncertainty. For this
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Table 3
Average overall uncertainty and 10 most influential input parameters from fac-
torial analyses impacting cooling power, in W

Parameter Forward Backward
Overall uncertainty 3.39 3.40
Average air temperature —1.88 1.88
Fan power 1.04 —1.04
West wall outer surface temperature 0.79 —-0.79
Ceiling outer surface temperature 0.73 -0.73
North wall outer surface temperature 0.69 —0.69
East wall outer surface temperature 0.56 —0.56
Outside air temperature 0.56 —0.56
Direct-normal solar irradiance 0.55 —0.56
Diffuse horizontal solar irradiance 0.47 —0.50
Front reflectance inner glass Pane —-0.43 0.42

study, measured and predicted cooling powers were used to
assess program performance. The uncertainty of the measur-
ing was estimated as +2% using manufacturers’ specifications.
N-way factorial analysis for fitted effects and Monte Carlo
Analysis (MCA) were used to quantify the impact on predicted
cooling power of the input uncertainties propagated through the
building energy simulation programs. For this study, the anal-
yses were performed only in EnergyPlus; a description of its
implementation is given by [33]. A quantification and method-
ology for the computation of uncertainties due to weather data,
optical properties, thermophysical properties, thermal bridges,
air and outer surface temperatures, and ground reflectance are
given in Tables 1 and 2 and by [32-34]. Results from both anal-
yses are presented in this section.

4.1. N-way factorial analysis

An N-way Factorial Analysis was performed for all hours of
the experiment to evaluate the sensitivity of the cooling power
to individual inputs and confirm linear responses over the un-
certainty range. This was required for application of the Central
Limit Theorem to the MCA; therefore, both forward and back-
ward differencing was performed. The average uncertainty over
the entire test period was computed and is displayed in Table 3
along with the 10 most influential factorials. However, the im-
pact of solar irradiance inputs was somewhat mitigated in these
analyses due to the absence of effects after the sun has set.
Hence, the average overall uncertainty and the 10 most sensi-
tive parameters were recomputed omitting the results obtained
when the solar altitude was less than zero (when the sun was
down). As expected, the uncertainties in the solar irradiance
measurements become much more significant. Yet, the cooling
power predictions remained very sensitive to surface tempera-
ture and air temperature uncertainties.

4.2. Monte Carlo analysis

The MCA was run every hour to ascertain the propagation
of error through the building energy simulation program. One-
hundred twenty runs were used for the MCA in this study. The
average overall uncertainty and the average uncertainty omit-

Table 4

Average overall uncertainty and 10 most influential input parameters from fac-
torial analyses, computed only when sun was up, that impacted cooling power,
in W

Parameter Forward Backward
Overall uncertainty 3.73 3.74
Average air temperature —1.94 1.94
Fan power 1.04 —1.04
West wall outer surface temperature 0.82 —0.82
Direct-normal solar irradiance 0.76 —0.78
Ceiling outer surface temperature 0.75 -0.75
North wall outer surface temperature 0.70 —0.71
Diffuse horizontal solar irradiance 0.66 —0.69
Front reflectance inner glass pane —0.60 0.60
Outside air temperature 0.58 —0.58
East wall outer surface temperature 0.58 —0.59

ting predictions when the solar altitude was less than zero for
the cooling power were 3.22 and 3.57 W, respectively. These
figures are largely consistent with the results from the N-way
factorial analyses (forward and backward differencing). To ver-
ify Gaussian distributions, it was demonstrated by means of
Lillefors Tests that there was no evidence at a 1% significance
level that the outputs were not normally distributed for all hours
of the experiment except one. The hourly results from the MCA
were used in conjunction with the experimental uncertainty to
compute 95% credible limits to assess the building energy sim-
ulation programs’ performances.

5. Results

The comparisons made for this empirical validation exer-
cise focused on the cooling power within the test cell. Cool-
ing power was required at all times due to the high internal
loads from the fans. This parameter supplies all the informa-
tion needed to estimate the performance of the heat transport
algorithms and their interaction within the respective programs.
Plots were generated to compare the results from the experi-
ments.

Cooling power plots were constructed for each building en-
ergy simulation program to compare the predicted results with
measurings taken from the test cell. Two plots were constructed
for each program to show the results. For presentation purposes,
the plot on the left contains cooling power averaged over every
hour of day for each day of the experiment. Ninety-five percent
credible limits from the experimental error analysis and MCA
were also averaged over every hour of the day and are applied to
the experimental results and program predictions respectively.
The plot on the right contains maximum, mean, and minimum
absolute differences for each hour of the day during the experi-
ment. The results for EnergyPlus, DOE-2.1E, and IDA-ICE are
shown in Figs. 5, 6, and 7, respectively.

The cooling powers were compared using the statistical anal-
ysis procedure proposed by [32]. An important quantity that
factors in uncertainty with the difference between the mea-
sured and predicted comparisons is the uncertainty ratio given
in Eq. (9). When the uncertainty ratio is less than unity, the
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Fig. 5. Cooling power comparisons for EnergyPlus averaged over each given hour of the day (left) and absolute maximum, mean and minimum differences for a

given hour of the day (right).
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given hour of the day (right).

predictions are within overlapping 95% credible limits. Table 5
contains the results from the statistical analyses performed for
the entire experiment and when the solar altitude was greater
than zero.

_ |Dl;
OUexp,j + OUmca,j

UR; (10)

A comparison of the transmitted solar power through the
glazing unit of the window was also performed and the results,
averaged over each given hour of the day for the entire exper-
iment, are shown in Fig. 8. No empirical data were available
for comparisons to this parameter because it was not measured
in the experimental setup. However, this comparison provides
constructive insight for identifying differences in the optical
models used by the building energy simulation programs ac-
counting for differences in the predictions.

6. Discussion

Strictly speaking, none of the building energy simulation
programs were validated within overlapping 95% credible lim-
its over the entire simulation as prescribed by the uncertainty
ratio. However, the average difference computed over the entire
test for EnergyPlus (—11.7 W) was within the sum of average
overall 95% credible limits (6.1 W + 6.3 W = 12.4 W). For all
programs, the results over the entire experiment were slightly
better than the truncated analyses that omitted comparisons
when the sun was down, indicating the programs had greater
difficulty representing shortwave radiation. However, the cell
time constant was 17 hours [32]; therefore, solar gains also im-
pacted night-time cooling powers.

The average overall prediction differences (D in Table 5)
over the entire experiment for EnergyPlus, DOE-2.1E, and
IDA-ICE were —4.3, 4.9, and 5.4%, respectively. This is use-
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Table 5

Summary of cooling power statistics and comparisons evaluated over entire experiment and when solar altitude was greater than zero

Evaluated over entire experiment

Evaluated when sun was up

Experiment EnergyPlus DOE-2.1E IDA-ICE Experiment EnergyPlus DOE-2.1E IDA-ICE
X 269.5 W 257.8 W 282.8 W 284.1'W 304.1 W 287.1W 329.0 W 3222W
s 112.8 W 101.4 W 141.5W 121.0W 117.1W 107.3 W 144.4 W 124.6 W
Xmax 576.2 W 5245W 637.0 W 585.0 W 576.2 W 5245 W 637.0 W 585.0 W
Xmin 133.1W 158.0 W 143.0W 1555 W 140.5 W 158.0 W 143.0 W 1555W
D - —-11.7W 13.3W 145W - —-17.0W 248 W 18.1W
D] - 15.7W 26.6 W 16.0 W - 19.1W 31.2W 19.8 W
Dinax - 54.0 W 1284 W 88.5W - 54.0W 128.4 W 88.5W
Dpin - 0.0W 02W 0.0W - 0.0W 02W 02W
Dims - 19.7W 37.7W 225W - 22.7W 43.4W 262 W
|Dl9s59, - 40.8 W 88.0 W 52.1W - 432W 93.0W 54.6 W
ou 6.1W 6.3 W - - 6.9W 7T0W - -
UR - 1.2 1.9 1.2 - 1.3 2.0 1.4
URmax - 34 6.6 6.1 - 32 6.6 6.1
URnin - 0.0 0.0 0.0 - 0.0 0.0 0.0
[D[/x x 100% - 5.8% 9.9% 6.0% - 6.3% 10.3% 6.5%
D/% x 100% - —4.3% 4.9% 5.4% - —5.6% 8.2% 6.0%

ful for assessing long-term energy consumption predictions.
The absolute average overall prediction differences (| D] in Ta-
ble 5) for the entire experiment can be used to evaluate power
predictions and for equipment sizing. The absolute average dif-
ferences for this test were 5.8% for EnergyPlus, 9.9% for DOE-
2.1E, and 6.0% for IDA-ICE.

Given the nature of the study and data volume, hourly cool-
ing power measurements and predictions were not plotted in
this paper. However, careful inspection of the plotted hourly
results showed EnergyPlus to under-predict the cooling power
during sunny periods while delivering more accurate predic-
tions for cloudy periods. DOE-2.1E over-predicted the results
during the day (sunny or cloudy periods) and slightly under-
predicted the results at night. IDA-ICE accurately predicted
the results during sunny periods and over-predicted the results
at times when only diffuse solar irradiance was present. Both
EnergyPlus and IDA-ICE accurately predicted cooling powers

during the night. Despite the complexities associated with the
window, the accuracy of the night-time predictions shows the
methodology involving steady-state coupling of simulation and
hotbox measurements to have been appropriate.

As can be seen in Fig. 8, the predictions of solar power
transmitted through the glazing unit were quite similar for
all three programs. The differences between the optical mod-
els were minor and the selection of different solar irradiance
components seemed inconsequential. Hence, differences in the
cooling power predictions were primarily due to differences in
the modeling of longwave and convective heat transport inside
the test cell and at the exterior surfaces as well the absorp-
tions and reflections of the shortwave radiation penetrating the
test cell through the glazing unit onto the internal surfaces.
The programs that performed best for this study (EnergyPlus
and IDA-ICE) both featured dynamic convective heat transfer
coefficient algorithms and more accurate longwave radiation
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Fig. 8. Transmitted solar power averaged over each hour of the day.

models. Concerns first posed by [49] and reiterated by [34] con-
cerning the simulation of internal convective heat transfer still
seem to present significant challenges. More robust modeling
of convection and radiation seem to better represent the actual
phenomena, which was very apparent during the night in the
absence of sunlight the space.

7. Conclusions

Despite the simplifications made in the building energy sim-
ulation programs, the predictions still accurately represent re-
ality. This validation exercise also provided valuable insights
into the impact of various assumptions, particularly concern-
ing the modeling of internal convection and radiation exchange.
The primary advantage of this type of validation effort is that
all aspects of the experiment, including program inputs and
boundary conditions, were carefully controlled. This provided
a unique opportunity to assess actual performance of the build-
ing energy simulation programs while minimizing experimental
uncertainties. Table 2 provides a glimpse of shortcomings in-
troduced into the building energy simulation programs when
relying on standard computing methods proposed in codes and
standards for quantification of the various window components.
This makes datasets such as these all the more important for
those researchers and engineers meticulously seeking to im-
prove the capacities of building energy simulation programs.
The results from this exercise pinpoint inadequacies in building
energy simulation programs and provide guidance for future re-
search directed at improving the overall program performance.
The experimental inputs and results from this exercise are now
available for download at www.empa.ch/ieatask34.
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