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Abstract

Buildings with highly glazed facades are becoming increasingly popular around the world.
Shading devices are vital components for preventing overheating in buildings during the summer
and reducing and/or eliminating the need for active cooling. Building energy simulation programs
are tools which can be used to predict and optimize energy performance in buildings. The integral
approach—by which all relevant energy transport paths are simultaneously processed—makes these
programs essential for designing modern buildings. However, successful application of a program
requires careful and thorough validations. This is especially true when assessing solar gain models.
Even now, there are still very few high-quality data sets for validation of solar gain models
currently available.

Therefore, the purpose of this project was to create a data set for use when evaluating the
accuracies of models for glazing units and windows with and without shading devices. A series of
eight experiments that subsequently increased in complexity was performed in an outdoor test cell
located on the Swiss Federal Laboratories for Material Testing and Research campus in
Duebendorf, Switzerland. The test cell was designed for calorimetric measurements and equipped
with guarded zones. The experimental series consisted of two characterization experiments and six
experiments with solar gains.

Particular emphasis was placed on accurately determining the test cell characteristics. The first
two experiments were run without solar gains to specify the thermophysical properties, including
the thermal bridges, of the test cell. The first experiment was a steady-state experiment that was
used in conjunction with a three dimensional heat transfer simulation to quantify the thermal
bridges. In the second experiment, the air temperature inside the test cell was allowed to float in
response to a pseudo-random heat input. This experiment was simulated by four building energy
simulation programs, and results from the programs were used to conclude that test cell
specifications were very accurate for empirical validation.

Prior to the solar gain experiments, a preliminary exercise was performed to identify the most
accurate tilted surface radiation model in each program. Experiments were then carried out to
evaluate solar gain models in building energy simulation programs starting with the simplest case
and increasing the complexity with each experiment. A solar selective glazing unit without
shading, with external and internal diffuse shading screens, an external Venetian blind assembly,
and internal mini-blind assembly were employed. A final experiment with a window (i.e. glazing
unit with frame) was performed. Increasing the complexities of subsequent experiments allowed
for careful assessments and diagnoses of the results. In these experiments, the heating/cooling
powers in the test cell were adjusted to maintain a nearly constant test cell air temperature.

Robust experimental and sensitivity analyses were used to assess the impact of uncertainties of
the program input and comparison measurands. A set of comprehensive statistical parameters was
employed to compare results of building energy simulation programs with the experiments applying
a 95% level of significance to determine whether the programs were validated or not. Up to four
programs were evaluated within this Swiss Federal Office of Energy project for each experiment,
including: HELIOS, EnergyPlus, DOE-2.1E, and IDA-ICE. Numerous additional simulation
exercises using other codes were also performed within the scope the International Energy
Agency’s Task 34 / Annex 43 ‘Testing and Validation of Building Energy Simulation Tools’. These
additional results were not included in this report because they were not yet available when this
report was written. The impact of these validation exercises is already being realized. So far,
several program errors and deficiencies in the programs have been identified with respect to solar
radiation, glazing, shading, and surface heat transfer. These results also show that this is a high-
quality data set.

This study is believed to be one of the most detailed empirical validations of solar gain models
implemented in building energy simulation programs ever performed using a test cell. The authors’
intention is that the data are widely used by program developers and modelers for future validation
efforts.

Xiii
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Chapter 1: Introduction

The validation of building energy simulation programs is an important component in the
development and refinement of models and algorithms implemented in the software. Numerous
efforts within the framework of the International Energy Agency’s (IEA) Solar Heating and
Cooling (SHC) Tasks and Energy Conservation in Building Community Systems Annexes
(ECBCS) have dealt with many facets of program validations. Judkoff [1] discusses the three
different types of validation used in building energy simulation software which include: 1)
analytical validation (comparing program results to an analytical solution), 2) comparative
validation (program-to-program comparisons), and 3) empirical validation (comparing results with
an actual experiment). Each of these validation methodologies has its own advantages and
disadvantages. For analytical comparisons, the advantages include: no input uncertainty, exact truth
standard, and inexpensive to perform; however, the disadvantage is that there are limited numbers
of cases for which analytical solutions can be derived. The advantages for the comparative
comparisons are that there are no input uncertainties, not limited to simple cases, and quick and
inexpensive to perform. The primary disadvantage to these types of comparisons is that there is no
truth standard. This research focuses on the third type of validation—empirical validation. The
advantages of empirical validation include: an approximate truth standard within uncertainties in the
instrumentation and data acquisition system and that there are no limitations due to the complexity
of the cases. The disadvantages are that measurements involve some degree of experimental
uncertainty, detailed high quality measurements are very expensive and time-consuming to perform,
and there are a limited number of data sites where this is economically practical.

Empirical validations can be performed at various levels including structure, systems and
equipment, and whole building, which combines and integrates the first two levels of empirical
validation into an additional level.

Building energy simulation programs are now being used by engineers and architects more than
ever to simulate new highly glazed facades around the world. Therefore, robust empirical
validations of solar gain algorithms and the associated interactions is a necessary endeavor to
provide confidence that these programs simulate reality. Thus, the motivation for this study was to
provide a high-quality data set and an evaluation methodology for empirical validation of solar gain
algorithms in building energy simulation programs and subsidiary software. The specific focus of
this research was to assess the performance of various building energy simulation programs when
modeling a glazing unit with and without various shading devices, window, and the associated
interactions; however, results from the experiments are now available for use in assessing the
performance of future releases of current and future building energy simulation programs.
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Chapter 2: Experiments, Validation Exercises, Methodology, and
Participants

A suit of experiments was performed in the EMPA outdoor test facility in Duebendorf,
Switzerland (described more in-depth in Chapter 3). Results from the experiments were used to
carry out empirical validation exercises in building energy simulation programs. To assess the
performance of the various building energy simulation programs and make detailed comparisons
with the experiments, a methodology that factored in experimental uncertainties in input and output
parameters was designed for evaluating program performances. Descriptions of the experiments,
validation exercises, methodologies, and a list of participants are described in subsequent sections
of this chapter.

2.1. Experiments

Eight experiments were performed for empirical validations for empirical validation of building
energy software in conjunction with the IEA Task 34/Annex 34 Subtask C. The experiments were
designed to start very simply and subsequently increase in complexity and are listed as:

Steady-state test cell characterization

Transient test cell characterization

Glazing unit only

Glazing unit with an external shading screen

Glazing unit with an internal shading screen

Glazing unit with an external Venetian blind assembly
Glazing unit with an internal mini-blind assembly
Window (glazing unit with a frame)

NN R L=

2.2. Validations Exercises

Eight validation exercises were performed that started simple and progressively increased in

complexity and are listed below:
1. Test cell transient characterization (Experiment 2)

Evaluation of irradiation models on tilted facades (Experiment 3)
Glazing unit only (Experiment 3)
Glazing unit with external shading screen (Experiment 4)
Glazing unit with internal shading screen (Experiment 5)
Glazing unit with external Venetian blinds (Experiment 6)
Glazing unit with internal mini-blinds (Experiment 7)
Window (i.e. glazing unit with a window frame) (Experiment 8)

e il

After completion of the test cell characterization experiments (Experiments 1 and 2), subsequent
tests used “constant” temperatures within the test cell and the guarded zone. For all exercises
except Exercise 2, measured hourly outer surface temperatures for the test cell construction element
surfaces adjacent to the guarded zone and internal loads were used as boundary conditions inputs to
the programs.

Additionally for the solar gain exercises (Exercises 3-8), measured weather data (both hourly and
sub-hourly increments depending on the capacities of the programs) and hourly average air
temperatures inside the test cell were used as program inputs. The experiments were run during
periods when there was no snow on the ground in order to accurately account for ground
reflectance. Before each solar gain experiment, highly reflective insulation material was fixed over
the outside of the glazing unit shown in Figure 2.1. This was accounted for in the weather data by
setting the irradiance values to zero for these hours. In comparisons between program predictions
and experimental results of cooling power, the first 120 h were removed; so each period consisted

2
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0of 480 h (20 days). Long periods of time were chosen to run the experiment to ensure diverse
atmospheric conditions (both sunny and cloudy days).

Figure 2.1. Photograph of the test cell during the preconditioning phase.

2.3. Empirical Validation Methodology

A consistent methodology was used to compare the performances of each building energy
simulation program for all experiments. In order to carefully evaluate each program, experimental
uncertainties of output parameters and detailed sensitivity studies were conducted to quantify the
impact uncertainties in program input parameters propagating through the program and affecting
prediction outputs. These uncertainties were evaluated at a 95% significance level and used as a
measure for program validation. When the programs were within these overlapping 95% credible
limits, they were considered validated. Figure 2.2 contains a flowchart diagramming the
methodology.

Measured initial
and boundary

conditions Output: Experiment

Weather parameters
Temperature B.C.
Temperature I.C.
X+ AX;

Test cell
experiment

Overlapping
uncertainty
bands?

Material properties
Geometry
Y, £ AY;

Building energy
simulation
programs
Measured input Output: Simulation
parameters

YYY

Figure 2.2. Methodology for empirical validation of building energy simulation programs.
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Many simulators chose to use weather data that were in sub-hourly intervals; however all results
were then provided and evaluated for 1 h time intervals to provide consistent comparisons between
program outputs. A number of different measures were used to quantify the observed relationships
between measured and simulated air temperatures and cooling powers. These were based on the
basic statistical summary measures: the sample mean, X , the sample maximum, Xpax, and minimum,
Xmin, values, and sample standard deviation, S.

To compare each simulation to the experiment, differences between experimental and
corresponding simulated values, D; (where the index i hour of the experiment), were first

computed. The arithmetic mean, D and absolute maximum, |Dmax| and minimum, |Dpiy| differences

were then determined for each simulated quantity. Further, the average absolute difference,|D

, was

computed using Equation 2.1.
n

1
|D|=HZ|Di| 2.1)
i=1
This is one possible quantification of the overall magnitude of disagreement between the
simulations and the experiment. Another is the root mean squared difference, Dypys, defined in

Equation 2.2.
Dy =~ 3.D; 2.2)
N

It is an algebraic fact that this quantity is related to the sample mean and sample standard

deviation of differences by Equation 2.3.
— —2
D,.=,—S;+D (2.3)

For additional comparisons, the 95% quantiles (the upper 5% points of the sample distributions)
for the absolute differences, |D|osy, were computed for all simulations. Uncertainties associated
with the average temperature calculated by summing the sample variance with the propagated error
squared. The cooling power uncertainties were computed assuming Bayesian errors. Ninety-five
percent credible limits were computed for all experiments at each hour, OU; gy, and the average

uncertainty, OU , was reported in the summary tables under the experiment column. All of these
calculations were performed neglecting time-series serial correlations (which could also impact the
overall uncertainty).

Additional uncertainty analysis was performed in EnergyPlus, using a Monte Carlo Analyses
(MCA) to quantify overall output uncertainty for the building energy simulation programs due to
uncertainties in input parameters. Ninety-five percent credible limits OU; gnergypius, for each hour

were also calculated and the mean quantity, OU , are reported in the statistical analyses under the
EnergyPlus column. N-way factorial analyses were also performed for each experiment to assess
the sensitivity of all input uncertainties on the output. An in-depth description providing
background information and implementation of the MCA and N-way factorial analysis in
EnergyPlus is given by Loutzenhiser et al [2].

To compare the performance of the individual building energy simulation programs, uncertainty
ratio, UR;, was devised to compare hourly differences with experimental and input errors and is
shown in Equation 2.4. When the quantity is less than or equal to unity, the results are considered
validated within 95% credible limits.

D]
+0U.

i,EnergyPlus

UR, =

= 0U (2.4)

i,Exp
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2.4. Participating Organizations and Simulation Tools

Numerous organizations performed the empirical validations at various levels using numerous
building energy simulation programs. A list of participants in this study is given in Table 2.1.
Results from additional collaborations with IEA participants from Europe and the United States.

Table 2.1. List of participants, building energy simulation programs, and level of participation for

the EMPA experiments.
Institution Modeler(s) Building Energy Header Name Level of Participation
Simulation
Program
Empa S. Carl and T. HELIOS HELIOS All exercises
Frank
Empa P. Loutzenhiser EnergyPlus EnergyPlus All exercises

Empa/lowa State P. Loutzenhiser DOE-2.1E DOE-2.1E Exercises 1-5 and 8

University (ISU)
University of Applied | S. Moosberger and IDA-ICE IDA-ICE Exercises 1- 2

Science of Central G. Zweifel
Switzerland (HTAL)
University of Applied | S. Moosberger and | IDA-ICE with Parasol IDA-PAR Exercise 3

Science of Central G. Zweifel for a window model
Switzerland (HTAL) with a 1* parameter

guess

University of Applied | S. Moosberger and | IDA-ICE with existing IDA-SIA Exercises 3-5

Science of Central G. Zweifel model and 2™
Switzerland (HTAL) parameter guess
University of Applied | S. Moosberger and | IDA-ICE with a new IDA-Detwind Exercise 3

Science of Central G. Zweifel window model
Switzerland (HTAL)
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Chapter 3: Facility Description

The EMPA outdoor test facility is located on the EMPA campus in Duebendorf, Switzerland.
The test facility is comprised of two identical test cells, where five of six faces in each test cell are
adjacent to guarded zones allowing for more precise determination of boundary conditions. The
test cells and guarded zones each have their own air conditioning unit. According to Strachan [3],
test cells offer an economical and practical alternative between full-scale modeling of an actual
building and the laboratory; test cells provide the best environment for generating high-quality data
sets for whole building empirical validations.

The air in the test cell is distributed near the floor by two textile ducts and extracted near the
ceiling through metal ducts. Despite large air changes in the test cell, measurements taken near the
wall with a hotwire anemometer revealed very small velocities. Temperatures within the space
were measured with 18 double shielding thermocouples, which divide the test cell into 18 equal
parts for the solar gain experiments. An illustration of the test cell setup is shown in Figure 3.1.

External - - : :
Cotiony - Guarded
o ) | Pcan Zone
Pl —N W ‘T Extract Air J@ v TCe
PGlazirg N ) ~1 PWater Circuit
P — N Supply Air % Py,
Surround Pangl <« 1 \

I |

Figure 3.1. EMPA test cell schematic.

Additional characterizations of the test cell are described in this section, including:
Test cell location and dimension

Thermal bridge quantification

Thermal mass and air-tightness

Thermophysical properties

Sensors

Ground reflectance

Explanation of experimental data

3.1. Test Cell Location and Dimensions

The test cell is located on the EMPA campus in Duebendorf, Switzerland. Table 3.1 contains
information regarding the global location, time zone, and orientation of the test cell.

Table 3.1. Location of the EMPA test cell.

Degrees of longitude 8.6° East

Degrees of latitude 47.7° North

Altitude above sea-level 430 m

Time zone Central European Time (GMT + 1 h)
Orientation of external wall | 29° (south = 0°, west =90°)
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The internal dimensions of the test cell are shown in Table 2.2.

Table 3.2. Dimensions of the test cell.

Internal height 2.360 m
Internal width 2.850 m
Internal length 4.626 m
Area of the north/south wall 6.726 m’
Area of the east/west wall 10.917 m*
Area of the floor/ceiling 13.184 m”
Internal volume 31.114 m’

3.2. Thermal Bridge Quantification

According to Monaird and Guyon, [4], determining the overall thermal cell characteristics is
imperative for empirical validations. Thermal bridges are usually more important in test cells than
in real buildings because the dimensions are smaller and conduction through the walls in the only
heat loss mechanism. Therefore, the total thermal losses—including those at edges, door, sealing at
external wall and intersections of pipes or flexes with the cell envelope—were computed using
TRISCO software [5]. This program allowed for a three dimensional steady-state analysis of heat
conduction processes. Equivalent thermal conductivities of cavities were calculated according to
prEN ISO 10077-2 [6]. The final model of the test cell employed 5.6-10° nodes. The results of these
simulations are shown in Figures 3.2a and 3.2b. The results in Figure 3.2a were generated for a 1 K
temperature difference between the cell air and the guarded zone. High heat fluxes were seen at the
sealing of the door and at the sealing between cell and removable external wall. Figure 3.2¢c shows
an image of the test cell taken by an infrared of the thermal bridges at the door. The picture was
taken for a 20 K temperature difference between the test cell air and the guarded zone.

W/m?

Figure 3.2a. Computed heat fluxes at the outer surfaces of the test cell.
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Figure 3.2b. Computed heat fluxes for a horizontal cross-section of the door.

—r

Figure 3.2c. Infrared picture of the test cell door.

Tables 3.3a and 3.3b contain the total steady-state properties at 20°C for the thermal
conductance. This parameter refers to the heat flow between the cell air and the outer surface of the

cell envelope.

Table 3.3a. Heat transfer characteristics of the guarded zone.

Area | Thermal conductance
m? WIK
Ceiling, north (incl. door), 41.745 6.478
east and west wall
Floor 13.184 1.941
Thermal bridges guarded zone - 4.526
Total 12.945
Table 3.3b. Heat transfer characteristics of the exterior wall.
Area A Thermal conductance
m? W/K
External wall 6.726 1.736
External thermal bridges - 0.040
Total 1.776

The thermal conductance from a TRISCO software simulation of the entire cell envelope (from
inside the cell to the outer surface, including thermal bridges) at 0°C and 20°C were calculated to be
13.539 W/K and 14.721 W/K, respectively.
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The thermal conductance as a function of mean wall temperature for the guarded zone and the
exterior wall are given in Equations 3.1 and 3.2, respectively.

Guarded zone: Hgz(0) = 11.877 +0.0534-6 (W/K) (3.1)
Exterior wall: Hew(0) =1.662 + 0.0057-6 (W/K) (3.2)
where

6 is the mean wall temperature in °C.

A steady-state experiment (Experiment 1) was also performed and results were used to assess
the computation of the thermal conductances from the 3-D simulation. An external chamber was
mounted over the external facade of the test cell, and the boundary conditions were kept as close to
constant values as possible. Two phases of the experiment with different sets of boundary
conditions were performed. The steady-state time-averaged conditions for both phases of the
experiment are giving in Table 3.4. These calculations were performed for mean wall temperatures
for the exterior wall and guarded zone of 36.6°C and 31.6°C, respectively. Applying an energy
balance to the test cell for each phase of the experiment and solving both equations simultaneously
resulted in thermal conductances for the exterior wall and guarded zones of 2.12 + 0.59 W/K and
12.23 £0.53 W/K, respectively. A comparison between the thermal conductance from the steady-
state experiment and the conductance computed from TRISCO as a function of temperatures
(Equations 2.1 and 2.2) with uncertainties is shown in Figure 3.3.

Table 3.4. Steady-state experiment: time-averaged values and uncertainties for thermal
conductance calculations.

Test Cell Air Temperature Temperature in the Temperature in the
Heat Input in the Test Cell Guarded Zone External Chamber
Phase 1 282.26+4 W 43.13 £ 0.5°C 23.50 £ 0.5°C 23.24 +£0.5°C
Phase 2 145.04£3 W 36.45 +0.5°C 23.33+£0.5°C 43.74 +0.5°C
16\\\\‘\\\\‘\\\\‘\\\\\\\\16

Guarded Zone -

—
N

o

Thermal Conductance (W/K)
o

= External Wall i
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Figure 3.3. Comparison of thermal conductances of the external wall and guarded zone as function
of temperature found by simulation and the steady-state experiment.

3.3. Thermal Mass and Air-tightness

The internal mass of the technical equipment positioned in the test cell, which consisted of
metallic ducts, grills, fans, a heat exchanger apparatus inside a metal casing, an electrical cabinet,
etc. was estimated to be 200 KJ/K. Because the steel sheets are a major component in the thermal
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mass, the thermal response was assumed to be fast compared to the test cell envelope. The impact
of this mass on the overall transient thermal behavior of the test cell was rather small.

To ensure the test cell was airtight, gaps between the steel sheets used for test cell construction
were sealed with silicon. Two stage rubber seals were installed and the door and the external walls
to eliminate air leaks. Test cell infiltration was tested using the blower door method. When the test
cell was pressurized to 50 Pa, the air exchange rate was found to be 0.2 h™. The assumption was
then made that zone infiltration was negligible.

3.4. Thermophysical and Optical Properties

The thermophysical properties of the test cell were obtained from measurements, literature,
product specification, a three dimensional whole test cell simulation, and a steady-state experiment
used for overall thermal characterization of the test cell. Tables 3.5 to 3.7 show layer sequences,
thicknesses and thermophysical properties for all layers of the test cell envelope. Layer Number 1
denotes the outside layer of the test cell. In the case of the thermal conductivity for the insulation
and plywood layers, the quantities are based on a linear regression analysis calculated as a function
of the average temperature in the material. Because not all building energy simulation programs
can account for temperature-dependent thermophysical properties, the mean construction element
temperature averaged over time was computed and, for each exercise requiring the modeling the
test cell, temperature-dependent thermal conductivities were then fixed accordingly.

Table 3.5. Layer properties of the ceiling, north (incl. door), east and west wall.

Layer Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/Ikg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 138.6 0.01921 +0.000137-0 30 1800
3 Sheet steel 0.7 53.62 7837 460.8

where 0 is temperature in °C.

Table 3.6. Layer properties of the floor.

Layer Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.01921 +0.000137-6 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface structure 2.5 53.62 7837 460.8

Table 3.7. Layer properties of the external wall.

Layer Material Thickness Thermal conductivity Density Specific heat
number Mm W/m-K kg/m® JIkg-K
1 Plywood 10 0.136359 + 0.000175-0 850 1605
2 EPS foam 130 0.03356 +0.000127-6 28 1460
3 Plywood 10 0.136359 + 0.000175-0 850 1605

The optical properties of the test cell surfaces were also measured and are shown in Table 3.8.
The solar reflectance was computed according to European Standard EN 410 [7] using Glad
Software [8] and the hemispherical emittance was measured with an emissometer based on a
calorimetric method.

Table 3.8. Optical properties of test cell surfaces.

Surface Element Solar reflectance, % | Hemispherical Emittance, %
Inner surfaces of walls and ceiling 75.7 92
Inner surface of floor 24.6 96
Outer / inner surfaces of south wall 76.6 93

10
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3.5. Sensors

The sensors used in the test facility are periodically calibrated according an EMPA quality
assurance system. Nearly 150 parameters were measured every six minutes (four minutes for
Experiment 1 and 2). After each full hour, averages values were computed from the last hour of
data acquisition. Table 3.9 contains a list of all the metrological equipment and accuracies used at
the facility. In Table 3.10, specifications for the most important parameters in the test cell and
external chamber in the guarded zone are shown and accuracies.

Table 3.9. Weather data parameters and equipment.

Parameter Unit Type of sensor / measurement Number Accuracy
of sensors
Solar global irradiance, fagade W/m’ Pyranometer (Kipp & Zonen CM 21) 1 +2%
plane
Solar global horizontal W/m’ Pyranometer (Kipp & Zonen CM 21) 1 +2%
irradiance
Solar diffuse horizontal W/m’ Pyranometer, mounted under the 1 +3%
irradiance shading ball of a tracker (Kipp &
Zonen CM 11)
Direct-normal irradiance W/m* | Pyrheliometer, mounted in an 1 +2%
automatic sun-following tracker
(Kipp & Zonen CH 1)
Infrared irradiance, fagade plane W/m® | Pyrgeometers (Kipp & Zonen CG 4) 1 +2%
Outside air temperature, in front °C Radiation shielded, mechanically 2 +0.5K
of facade ventilated thermocouples
Wind speed, in front of fagade m/s Ultrasonic anemometer (WindMaster ) 1 +1.5%
Horizontal illuminance Lx Luxmeter (Kipp & Zonen LuxLite, 2 +3%
Minolta T-10W)
Pressure hPa Barometric Pressure Measuring Device 1 + 0.5 hPa
(Vaisala PTA 427)
Relative humidity % Humidity Transmitter (Vaisala HMP 1 + 1% (0-90%)
130Y Series) + 2% (90-100%)

Table 3.10. Parameters measured in the test cell, the external chamber and the guarded zone and
approximate accuracies according to manufacturer specifications.

Parameter Unit Type of sensor / measurement Number Accuracy
of sensors
Air temperatures, inside test cell °C Thermocouple, radiation shielded 18 +03K
by two cylinders
Air temperatures, in external chamber °C Thermocouple, radiation shielded 5 +03K
by two cylinders
Air temperatures, in guarded zone, 0.1 °C Thermocouple, radiation shielded 25 +03K
m in front of cell surface by two cylinders
Surface temperatures, inner surface of °C Thermocouple 30 +03K
cell envelope
Surface temperatures, outer surface of °C Thermocouple 30 +03K
cell envelope
Heating power, inside test cell N Electric power (Infratek 106A) 1 0.1 %
Cooling power, inside test cell Y Electromagnetic flowmeter 3 2%
(Endress+Hauser Promag 53H) and
temperature difference
measurement (PT100)
Illuminance, horizontal inside cell Lx Luxmeter (Minolta T-1H) 3 +2%

3.6. Ground Reflectance Measurement

Artificial green turf was installed in front of the test cell to represent a typical outdoor surface.
Hemispherical-hemispherical reflectance at each wavelength was determined by using angular
dependent model for absorptance, o(8), [9] for incident angles between 0° and 80°, and a linear

11
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model between 80° and 90°. This piecewise function is shown in Equation 3.3. Equation 3.4 was
used to calculate the hemispherical-hemispherical reflectance, pnem [10]. This integral was
evaluated numerically using Engineering Equation Solver [11]. Directional-hemispherical
reflectance at a normal incident angle was measured. Solar reflectance was determined according
to European Standard EN 410 [7] by means of GLAD software [8] and the directional-
hemispherical reflectance at a normal angle of incidence is provided in Table 3.11. A photograph
of the artificial turf is shown in Figure 3.4. The specular components of the reflectance were
measured at Basel University by Professor Peter Oelhafen and his research group for incident
angles of 20°, 40°, and 60° and found to be less than 1%; therefore the surface was considered a
Lambert surface [9].

1420345 x10°6199 x10“0? +5.324 x10°9*-4799 x 108 9* 0°<H<80°
a(9) _ (3.3)

" ~0.0640 +5.76 80° <6 <90°
where

0 is the angle of incidence, °
o, 1s the normal absorptance

Prom = 2 j (1- a(0))sin(8) cos(9)d@ (3.4)

Table 3.11. Ground reflectance.
Hemispherical reflectance, % Normal incident reflectance, %
Solar 14.8 8.8

3.7. Explanation of Experimental Data

The purpose of this series of experiments was to provide a well-documented description of the
experiments and experimental data inputs and outputs that could be used to empirically validate
building energy simulation programs. A description of the experiments and results from many
building energy simulation programs are described in subsequent chapters of this report. However,
the required inputs for simulating the exercises and the outputs used for comparisons are contained
in Excel files that are described in Appendix A; the combined results and data from this report can
be extremely useful for developers and modelers wishing to validate their own building energy
simulation programs.

12
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Chapter 4: Transient Characterization Experiment (Exercise 1)

An experiment designed to evaluate the transient characteristics of the test cell was performed.
Details concerning the test cell, thermophysical properties, experimental setup, and results are
provided.

4.1. Test Cell

An external chamber (Figure 4.1a) was mounted over the exterior wall with no window (Figure
4.1b) for climate control The air temperatures in the guarded zone and the external chamber were
maintained near 23°C, and the air inside the guarded cell was re-circulated and stirred to reduce
thermal stratification. During the test, the re-circulating fans operated constantly and added an
internal heat load of ~77 W. After an initial preconditioning phase of 50 hours, a pseudo-random
heat source of ~196 W was turned on and off to provide an additional internal load. The heat
source was located inside the test cell’s re-circulation/conditioning apparatus and can therefore be
considered purely convective.

Figure 4.1b. Outdoor test facility with removable fagade element.

4.2. Thermophysical Properties

Temperature-dependent thermophysical properties were evaluated at the mean temperature of
the construction elements averaged over time for the entire experiment; the mean temperature was
computed as 28.38°C. Tables 4.1a to 4.1c contain fixed thermophysical properties for each
construction element.

13
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Table 4.1a. Ceiling, north, east and west wall construction evaluated at 6 = 28.38°C.

Layer Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® JIkg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.023098 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 4.1b. Floor construction evaluated at 6 = 28.38°C.
Layer Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m? JIkg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.023098 30 1800
3 PU foam (higher 20 0.070 45 1800
density)
4 Sheet steel with 2.5 53.62 7837 460.8
surface structure

Table 4.1c. South wall construction evaluated at 0 = 28.38°C.

Layer Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Plywood 10 0.14133 850 1605
2 EPS foam 130 0.03716 28 1460
3 Plywood 10 0.14133 850 1605

4.3. Experimental Setup

Hourly averaged values (where 1 corresponds to a time from 0:00 to 1:00) for the measured
mean surface temperatures (boundary conditions), test cell air temperatures and internal loads were
used as inputs to the building energy simulation programs and are given in “Experiment 2.x1s”.
Figure 4.2 shows the locations of the temperature sensors in cell and described in this file.
Additional double-shielded thermocouples were added for subsequent experiments.

South
o (o]
(o]
. o (o]
Ceiling East West
° ° Floor o o
+ + +
[e] o o o
0 o 4+ 4 + + 4 +
o (o] o o
o o + o + [e]
o inner/ outer surface o + o
+ air temperature
o+ st
North o +4

Figure 4.2. Location of temperature sensors.
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Figure 4.3 contains a plot of the results for the experiment. Included in the plot are the mean
cell temperature, mean surface temperatures, and the additional internal load introduced into the
space.
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Figure 4.3. Measured pseudo-random heating power and temperatures.

4.4. Results

Test cell air temperature comparisons from the experiment and each building energy simulation
program are contained in this section as well as a comprehensive set of statistical analysis for
comparisons.

The measured and predicted test cell air temperatures from HELIOS, EnergyPlus, DOE-2.1E,
and IDA-ICE are shown in Figures 4.4a to 4.4d, respectively. Other parameters used for diagnostic
purposes that were not included were: convective heat transfer coefficients and inner surface
temperatures for all construction elements.

Experiment
----- HELIOS

AS T

Temperature, °C
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n ]
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]

5 M R
0 100 200 300 400 500 600
Time, h

Figures 4.4a. Test cell air temperature comparisons for HELIOS.
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Experiment
----- EnergyPlus
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Figures 4.4b. Test cell air temperature comparisons for EnergyPlus.
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Figures 4.4c. Test cell air temperature comparisons for DOE-2.1E.
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Experiment
----- IDA-ICE
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Figures 4.4d. Test cell air temperature comparisons for IDA-ICE.

The MCA was performed in EnergyPlus for all hours along with an assessment of
experimental uncertainties for the test cell air temperatures. The hourly 95% credible limits for
MCA, experiment, and sum are shown in Figure 4.5. An n-way factorial analysis was used to
assess the sensitivity of the output test cell air temperature to uncertainties of input parameters. The
10 most influential parameters that impacted the predicted air temperature are shown in Table 4.2;
these results include n-way factorial analysis for both forward and backward differencing.
Statistical comparisons were performed employing the methodology described in Chapter 2 for all
programs, and the results are displayed in Table 4.3.

17

Empirische Validierung von Gebaudesimulationsprogrammen, P. Loutzenhiser, Empa



------------- MCA
— Sum
3
2.5} )
ol
g
= 1.5¢1
.
E o1
0.5 ]
__-r----- J— :‘l“-_l..._-'ll‘“‘ ﬂr‘--—-_‘-“'--;

0 L
0 100 200 300 400 500 600
Time, h

Figure 4.5. Experimental uncertainty, uncertainty of simulation results due to uncertainty in input
parameters and total uncertainty.

Table 4.2. Overall uncertainty and 10 most influential parameter uncertainties that impacted the cell
air temperature predictions in K.

Parameter Forward | Backward
Overall uncertainty 0.454 0.481
Thermal bridge -0.321 0.344
PU foam conductivity -0.269 0.287
PU foam floor conductivity -0.075 0.077
South wall surface temperature 0.057 -0.057
Ceiling surface temperature 0.055 -0.055
Floor surface temperature 0.053 -0.053
West wall surface temperature 0.046 -0.046
East wall surface temperature 0.046 -0.046
North wall surface temperature 0.044 -0.044
EPS foam conductivity -0.042 0.043
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Table 4.3. Statistical analysis for the test cell air temperature.

"E [%2)
S >
g el g | 3| 2 |4
s | 2| 3| B a3
m 1
5 3 m 2 o) <
[a¥ i T L a) =
X 33.5°C | 33.5°C | 33.4°C | 33.5°C | 33.4°C
s 49K 49K 49K 50K 49K
Xmax 423°C | 424°C | 424°C | 42.6°C | 42.4°C
Xonin 28.7°C | 28.7°C | 28.6°C | 28.5°C | 28.5°C
D - 0.0 K 0.1K 0.1K 0.1K
D) ; 02K 02K 03K 02K
[Dmax| - 1.0K 0.7K 12K 0.6 K
[Diin| - 0.0K 0.0K 0.0K 0.0K
Drms - 02K 02K 03K 02K
|D]gses - 0.5K 05K 0.7K 0.4 K
ou 03K - 09K - -
UR - 0.2 0.2 0.2 0.2
UR oy - 1.1 0.8 1.4 0.7
URpin - 0.0 0.0 0.0 0.0
|D|/ X x100% - 0.5% 0.5% 0.8% 0.5%
D /xx100% - 0.1% 0.4% 0.2% 0.4%

Based on these results, the conclusion was reached that the thermal bridges and thermophysical
and optical properties in the test cell were well-described; these results provided a foundation for
proceeding to experiments in this test cell that focused on assessing the impact of solar gains with
and without shading devices. Further analysis and discussion of the experiment and results is
provided by Manz et al. [12].
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Chapter 5: Evaluation of Irradiation Models on Tilted Facades
(Exercise 2)

In preparation for the solar gain experiments, a preliminary exercise was designed to ascertain
the accuracies of tilted surface radiation models from each building energy simulation. The
experiment was performed from October 2 to October 26, 2004 at the EMPA outdoor test cell; the
purpose of this exercise was to take two of three radiation measurement (direct-normal irradiance,
diffuse irradiance, or global horizontal irradiance) along with the measured ground reflectance
(quantified in Chapter 3) and predict the incident radiation (or global vertical irradiance) on the
southwest facade.

The validation for this exercise focused on comparing measured global vertical solar irradiance
on the exterior facade with predictions from each building energy simulation program. An
assessment of the three components of solar irradiance (direct-normal, global horizontal, and diffuse
horizontal) and the formulation of the various titled radiation models are given by Loutzenhiser et
al. [2]. Plots for measured and prediction global vertical irradiance on the vertical facade are listed
with corresponding figures as:

HELIOS Perez 1987 (Figure 5.1a)
EnergyPlus Perez 1990 (Figure 5.1b)
DOE-2.1E Perez 1990 (Figure 5.1c)
IDA-ICE Perez 1990 (Figure 5.1d)

Each figure contains two plots; the plot on the left are measurements of the vertical solar
irradiance on the outside facade compared with predicted results from the building energy
simulation program and 95% credible limits from both the experiment and the MCA all averaged
over each hour of the day for the duration of the experiment. The plot on the right contains
maximum, minimum, and mean absolute differences between measured and predicted global
vertical irradiances for a given hour over the entire experiment. The same type of plot was used for
comparing cooling powers for solar gain experiments discussed in subsequent chapters.

Experiment — Maximum
—— HELIOS Pecrez 1987 —&— Mean
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Figure 5.1a. Global vertical solar irradiance comparisons for HELIOS Perez 1987 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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Figure 5.1b. Global vertical solar irradiance comparisons for EnergyPlus Perez 1990 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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Figure 5.1c. Global vertical solar irradiance comparisons for DOE-2.1E Perez 1990 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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Figure 5.1d. Global vertical solar irradiance comparisons for IDA-ICE Perez 1990 averaged over
each given hour of the day (left) and absolute maximum, mean, and minimum differences for a
given hour of the day (right).

Table 5.1 contains overall, individual, and associated interactions from input uncertainties that
impacted the global vertical solar irradiance predictions taken from the n-way factorial analysis.
Statistical comparisons are contained in Table 5.2; the results were only analyzed when the solar
altitude was greater than zero (when the sun was up).

Table 5.1. N-way factorial analyses to evaluate the sensitivities of outputs on input uncertainties.

Forward Backward
Factorial analyses differencing differencing

W/m? W/m?
Direct-normal solar irradiance 1.13 -1.10
Diffuse horizontal solar irradiance 1.37 -1.28
Ground reflectance 0.357 -0.357
Building azimuth -0.499 0.500
Interactions between direct-normal and diffuse horizontal solar -0.0560 -0.0831
irradiance
Interaction between direct-normal solar irradiance and ground 0.00155 0.00158
reflectance
Interaction between direct-normal solar irradiance and building -0.00464 -0.00464
azimuth
Interactions between diffuse horizontal solar irradiance and ground 0.00352 0.00380
reflectance
Interactions between diffuse horizontal solar irradiance and building -0.00267 -0.00264
azimuth
Interactions between ground reflectance and building azimuth No Interactions | No Interactions
Average overall uncertainty 2.40 2.40
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Table 5.2. Statistical comparisons for Exercise 2.

5 5 2 23 we 3
5 E 82 59 S oS
S 5 - N (SN N - N
& o o2 o P '(-lDJ N < 9
g a0 TS os agd og
X 176.1 W/m?> | 1792 W/m? | 169.7 W/m*> | 177.2 W/m* | 156.1 W/m’
s 2238 W/m® | 216.7 W/m® | 211.8 W/m* | 218.6 W/m®> | 190.2 W/m?

Xmax 856.8 W/m® | 812.0 W/m® | 817.8 W/m® | 820.4 W/m’ | 743.5 W/m’

Xmin 0.2 W/m’ 0.0 W/m’ 0.3 W/m’ 0.0 W/m’ 0.4 W/m’

D - -3.0 W/m* 6.4 W/m’ 1.1 W/m? | 20.0 W/m’®

D) - 2O0Wm | 13.7Wm’ | 10.5Wm® | 26.0 Wm®
IDmasl - 87.0 Wm® | 103.5W/m’ | 67.1 W/m> | 139.1 W/m®
| D - 0.0 W/m’ 0.0 W/m’ 0.0 W/m’ 0.0 W/m®

Dy - 187 W/m® | 242W/m’ | 17.0 W/m® | 448 W/m’
|D]gs0 - 448 W/m® | 564 W/m” | 403 W/m* | 115.8 W/m’

ouU 6.9 W/m’ - 4.6 W/m® - -

UR - 2.4 1.3 1.3 2.4
URpax - 71.3 12.4 20.4 17.0
URmin - 0.0 0.0 0.0 0.0

|D|/ Xx100% - 6.8% 7.8% 5.9% 14.8%
D /Xx100% - -1.7% 3.7% -0.6% 11.3%

These results were used to identify the existing tilted surface radiation model that performed

best in each building energy simulation program or to implement a different tilted radiation model

into the code(s). This was also a vital step for identifying discrepancies in the solar gain
experiments. In-depth analyses and discussion of these results is provided by Loutzenhiser et al.

[2].
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Chapter 6: Glazing Unit Only (Exercise 3)

An experiment was performed in the test cell from October 2 to October 26, 2004 to evaluate
the impact of solar gains through a glazing unit. Information about the glazing unit, thermophysical
properties evaluated at mean envelope temperatures, the linear thermal transmittance of the glazing
unit, and results are provided in subsequent sections.

6.1. Description of the Experiment
This section contains specific information about the experiment, including the following
information:
e The mounting and properties of the glazing
e A two-dimensional steady-state heat transfer simulation and calorimetric measurements
used to calculate the linear thermal transmittance of the mounting and spacer
e Thermophysical properties of the cell envelope

A photograph of the test cell taken during the experiment is shown in Figure 6.1.

Figure 6.1. A photograph of the test cell.

6.1.1. Glazing Unit Properties

The glazing unit for this experiment was mounted in the southwest exterior construction
element of the test cell. The glazing properties from measured data are listed in Table 6.1.
Measured optical properties for each glass pane as a function of wavelength from 250 nm to 2500
nm are contained in “Experiment 3.xIs”. Properties of the individual panes are described in Table
6.2. The integral inside and outside solar reflectances and solar transmittance were calculated
according to European Standard EN 410 [7] in GLAD software [8]. The thermal transmittance due
to the spacer and mounting was calculated from simulation and a calorimetric experiment described
in a later section. For the individual panes of glass, the emittance was measured using an
emissometer based on a calorimetric method. A dimensioned drawing of the exterior construction
element as seen from this inside of the test cell showing the position of the glazing is presented in
Figure 6.2. The dimensions in meters of the glazing in the figure correspond to the aperture height
and width.
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Table 6.1. Glazing unit properties.

Parameter Quantity
Normal solar transmittance 42.9%
Normal solar exterior reflectance 25.2%
Normal solar interior reflectance 21.4%
Center-pane thermal transmittance 1.144 W/m™K
Aperture glazing width 1.17m
Aperture glazing height 142 m
Aperture glazing area 1.66 m*
Aperture perimeter length 5.18 m

Table 6.2a. Optical properties for the outer pane of glass (solar control Low-E).

Parameter Quantity
Normal solar transmittance, % 50.9
Normal solar exterior reflectance, % 28.5
Normal solar interior reflectance, % 29.6
Outer emittance, % 89.4
Inner emittance, % 9.7

Table 6.2b. Optical properties for the inner pane of glass (clear float glass).

Parameter Quantity
Normal solar transmittance, % 80.8
Normal solar exterior reflectance, % 7.6
Normal solar interior reflectance, % 7.6
Outer emittance, % 87.8
Inner emittance, % 88.7
I
0.48
142 236

046

= 084

117

2.85

084 —=

Figure 6.2. Position of the glazing in the exterior wall in meters seen from the inside of the test cell.

In addition to normal optical properties, angular dependent front reflectance, back reflectance,
and transmittance were measured at various angles of incidents for the glazing unit from 300 nm to
1650 nm (properties from 1650 nm to 2500 nm were estimated using the value at 1650 nm) were
measured at the University of Basel. The properties were integrated over the solar spectrum using
European Standard EN 410 [7] in GLAD software [8] and are shown in Tables 6.3.
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Table 6.3. Transmittance and as a function of incident angle.

Incident angle, ° 0 15 | 30 | 45 | 50 | 55 | 60 | 65 | 675 | 70 | 725 | 75
Solar , 421 | 417 | 409 | 38.9 | 37.6 | 358 | 332 | 29.5 | 272 | 246 | 21.6 | 184
transmittance, %

Solar

reflectance (front), % - | 267 | 266 | 27.6 | 284 | 300 | 32.3 | 359 | 38.5 | 41.6 | 450 | 49.4
Solar

roflectance (back), % - | 246 | 247 | 262 | 273 | 293 | 322 | 367 | 39.7 | 434 | 474 | 526

6.1.2. Linear Thermal Transmittance

The impact of the window spacer and construction used to mount the glazing in the test cell was
simulated using a two-dimensional steady-state heat transfer software package called BISCO [13].
To simulate the aluminum spacer, a dimensioned cross-section provided by the manufacturer was
used. Figure 6.3 shows a dimensioned drawing in millimeters of the spacer, the mounting
construction and a portion of the exterior window and wall. BISCO simulation results coupled with
calorimetric measurements [14] were used to quantify the impact of the spacer and the frame. From
these calculations, the linear thermal transmittance was then computed.

— 280 =~

6.0 —=f == = 50

190.0

120.0

=400 64.0 16.0=—

10.0 ==~ 130.0 + 1=—10.0

150.0

Figure 6.3. Dimensioned drawing of the spacer and frame in millimeters.

The thermal conductivities of the construction materials were required to perform the
simulation. These properties were taken from literature, calculation, and in-house measurements.
For temperature-dependent properties, the thermal conductivity was evaluated at a mean envelope
temperature of 10°C. Table 6.4 provides a list of the quantities and color-coding of the materials
and their respective thermal conductivities. An iterative procedure using the simulation results and
the calorimetric measurements was employed to calculate the equivalent thermal conductivity for
the argon cavity space—which factored in the impact of conduction, radiation, and convection. The
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procedure simulated the spacer, calculated the linear thermal transmittance, and then recalculated a
center-pane thermal transmittance.

Table 6.4. List of materials and their respective thermal conductivities.

Color-codin

Material Thermal conductivity, W/m-K
Desiccant 0.130
Aluminum 220.0
Polyisobutylene 0.220
Polysulfid 0.400
Argon 90%/air 10% 0.02313
Glass 1.0
Plywood 0.1381
Wood 0.110
EPS Foam 0.03483

The specified properties for the boundary conditions included the temperature and the heat
transfer coefficients for the outside and inside of the frame; these values were taken from prEN ISO
10077-2 [6]. These results, as well as the color-codings, are presented in Table 6.5.

Table 6.5. Boundary condition properties.

Boundary condition Temperature, °C Heat transfer coefficient, Color-coding
W/m*K
Inside air 20 7.7
Outside air 0 25.0

The bitmap of the cross-section of the glazing unit, spacer, and mounting used for the BISCO
simulation of the frame and glazing construction and the spacer are shown in Figures 6.4a and 6.4b.

thermal transmittance
lated for this point.

Figure 6.4a. Cross-section of the glazing and frame.
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Figure 6.4b. Cross-section of the aluminum spacer.

For the BISCO simulation, the bitmap was divided up into 243,205 nodes and the heat transfer
through the element was calculated as 6.72 W/m. Isotherm and heat flow line illustrations are
shown in Figures 6.5a and 6.5b, respectively, to help visualize the two-dimensional heat flow path.

Figure 6.5a. Isotherm illustration from the BISCO simulation.
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e

Figure 6.5b. Heat flow line illustration from the BISCO simulation.

One-dimensional heat transfer was calculated using Equation 6.1. A list of the additional
parameters used for this calculation is shown in Table 6.6.

+ LW (el - 60 )

g—49g
l+2dip|y+%+i
h. 4 A h

i ply eps (o]

Qo= (6.1)

where
Ly is the length of the glazing used from the simulation,

Uy is the center pane thermal transmittance of the glazing,
L is the length of the wall from the simulation,
h; is the inside heat transfer coefficient,
dpiy is the width of the plywood,

Apiy 1s the thermal conductivity of the plywood,
deps is the width of the eps foam,
Aeps 18 the thermal conductivity of the eps foam,
ho is the outside heat transfer coefficient,
6 is the inside temperature, and

6 is the outside temperature.

Table 6.6. Values of the variables used for the 1-D heat transfer calculation.

Parameter Quantity
L, 0.190 m
Uq 1.144 W/m*-K
Lw 0.120 m
iy 0.0l m
deps 0.130 m
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Using the simulation conditions, the one-dimensional heat transfer was calculated to be 4.94
W/m. The linear thermal transmittance, i, was calculated using Equation 6.2 to be 0.08899 W/m-K.

Qn'alsco B QII—D
— <BISCO XI-D 6.2
v 0.-0, (6.2)
where

Qgisco 18 the heat transfer from the BISCO simulation.

6.1.3. Thermophysical Properties of the Test Cell Envelope

The mean envelope temperatures of the construction elements are shown in Table 6.7. The
thermophysical properties fixed at these mean envelope temperatures are contained in Tables 6.8a
to 6.8c.

Table 6.7. Mean envelope temperatures for experiment.

Construction element Mean temperature, °C
Ceiling, east, west, and north walls 22.78
Floor 22.72
South wall 17.49

Table 6.8a. Ceiling, north, east and west wall construction evaluated at 22.78°C.

Layer Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K

1 Sheet steel 0.7 53.62 7837 460.8

2 PU foam 139 0.02233 30 1800

3 Sheet steel 0.7 53.62 7837 460.8

Table 6.8b. Floor construction evaluated at 22.72°C.
Layer Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/Ikg-K

1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02232 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface 2.5 53.62 7837 460.8

structure

Table 6.8c. South wall construction evaluated at 17.49°C.
Layer Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K

1 Plywood 10 0.1394 850 1605

2 EPS foam 130 0.03578 28 1460

3 Plywood 10 0.1394 850 1605

6.2. Results

The empirical validation for this exercise focused on comparing cooling power. Plots for
cooling power from HELIOS, EnergyPlus, DOE-2.1E, IDA-PAR, IDA-SIA, and IDA-Detwind are
shown in Figures 6.6a to 6.6f, respectively. Table 6.9 contains overall and 10 most influential input
uncertainties that impacted the cooling power predictions taken from the n-way factorial analysis.
A summary of the statistical comparisons is contained in Table 6.10.
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Figure 6.6a. Cooling power comparisons for HELIOS 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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Figure 6.6b. 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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Figure 6.6c. Cooling power comparisons for DOE-2.1E 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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Figure 6.6d. Cooling power comparisons for IDA-PAR 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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Figure 6.6e. Cooling power comparisons for IDA-SIA 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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Figure 6.6f. Cooling power comparisons for IDA-Detwind 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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Table 6.9. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward | Backward
Overall uncertainty 3.08 3.06
Average inside air temperature -1.82 1.82
Floor surface temperature 0.92 -0.92
Fan power 0.92 -0.92
Outside air temperature 0.82 -0.82
Ceiling surface temperature 0.73 -0.73
North wall surface temperature 0.52 -0.52
East wall surface temperature 0.46 -0.46
Outer pane transmittance 0.39 -0.39
Diffuse irradiance 0.39 -0.36
West wall surface temperature 0.38 -0.38

Table 6.10. Statistical comparisons for cooling power in Exercise 3.

o
B 2 =
E | 2| g | s | 2| 2| < 2
£ 5 5 2 R D P Q
] o @ < < <
o < Ll c O
I n T m A o Q o)
X 1666 W | 1660W | 163.4W | 176.6W | 161.6 W | 159.8 W | 164.9 W
s 1161W | 1193W | 1015W | 117.7W | 1054 W | 1014 W | 1123 W
Xonax 8479W | 8455W | 767.5W | 780.0W | 816.8W | 7928 W | 829.1 W
Xonin SA1W | 67.8W | 835W | 1060W | 739W | 73.8W | 68.8W
D - 0.7 W 32W | -100W | 50W | 68W | 17W
D) - 8.7 W 128W | 135W | 13.1W | 143W | 11.0W
| Dimax - 796W | 1405W | 93.6W | 1140W | 1314 W | 790 W
| Dy - 0.0 W 0.1 W 0.0 W 00W | 00W | 0.1W
Dims - 143W | 222W | 21.6W | 210W | 239W | 16.0W
IDoses - 330W | 523W | 546W | 472W | 565W | 37.1W
ou 38 W - 50W - - - -
UR - 0.8 1.1 1.3 1.2 13 1.1
UR e R 6.1 93 93 8.5 8.4 8.0
URuin R 0.0 0.0 0.0 0.0 0.0 0.0
D]/ Xx100% - 5.2% 7.7% 8.1% 7.8% 8.6% 6.6%
D /Xx100% - 0.4% 1.9% 6.0% 3.0% 4.1% 1.0%

Program-to-program comparisons were also used to try to diagnose differences between the
programs. One of these parameters useful in assessing solar gain models is the transmitted solar
power through the glazing unit. Figure 6.7 contains a plot of the transmitted solar power averaged
over each given hour of the day through the glazing unit for all programs.
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Figure 6.7. Transmitted solar power averaged over each given hour of the day.

Small differences were seen in the transmitted solar power which indicated that the window
models were very similar. Therefore, many of the discrepancies in the predicted cooling powers
from each simulation are a result of variations in internal and external heat transfer from convection
and long-wave radiation and the modeling of internal short-wave radiation. In-depth analyses and
discussion of these results is provided by Loutzenhiser et al. [15].
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Chapter 7: Glazing Unit with Exterior Shading Screen (Exercise 4)

An experiment designed to evaluate the impact of solar gains through a glazing unit with a
diffuse exterior shading screen was run in the test cell from March 23 to April 16, 2005.
Information concerning the properties and mounting of the exterior shading screen is provided.

7.1. Description of the Experiment

This section contains specific information about the experiment including the following
information:

e Geometry and optical properties of the exterior shading screen

e Thermophysical properties of test cell envelope

7.1.1. Geometry and Optical Properties of the Exterior Shade Screen

For this experiment, an exterior shading screen was installed 10 cm from the glazing and is
pictured in Figure 7.1. The shade was mounted to allow air to flow between gap of the external
shade and the glazing; a dimensioned drawing of the shade position relative to the glazing is shown
in Figure 7.2.

Foa3s 1170 335

0.370

1.900  1.420

0.110

0.04 H 1750 H 0.045 t—to.100
T 40 1

Figure 7.2. Dimensioned drawing of the external shade in meters relative to the glazing unit.
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The optical properties of the shading screen were measured at normal incident angles using a
spectrometer. The transmittance and reflectance as a function of wavelength from 250 nm to 2500
nm are contained in “Experiment 4.xIs”. The optical properties integrated over the solar spectrum
for the shading screen were computed according to European Standard EN 410 [7] using GLAD
software [8] and are shown in Table 7.1.

Table 7.1. Optical properties of the exterior shade.

Property Quantity
Normal solar transmittance, % 21.5
Normal solar reflectance, % 59.6

7.1.2. Thermophysical Properties of the Test Cell Envelope

The mean envelope temperatures of the construction elements are shown in Table 7.2. The
thermophysical properties fixed at these mean envelope temperatures are contained in Tables 7.3a
to 7.3c.

Table 7.2. Mean envelope temperatures for experiment.

Construction element Mean temperature, °C
Ceiling, east, west, and north walls 22.58
Floor 22.34
South wall 16.34

Table 7.3a. Ceiling, north, east and west wall construction evaluated at 22.58°C.

Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.02230 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 7.3b. Floor construction evaluated at 22.34°C.
Layer |Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m’ J/Ikg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02227 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface structure 2.5 53.62 7837 460.8
Table 7.3c. South wall construction evaluated at 16.34°C.
Layer |Material Thickness | Thermal conductivity Density Specific heat
number mm W/m-K kg/m® J/kg-K
1 Plywood 10 0.1384 850 1605
2 EPS foam 130 0.03564 28 1460
3 Plywood 10 0.1384 850 1605
7.2. Results

The empirical validation for this exercise focused on comparing cooling power. Plots for
cooling power from HELIOS, EnergyPlus, DOE-2.1E, and IDA-SIA are shown in Figures 7.3a to
7.3d, respectively. Two plots are contained in each figure. Table 7.4 contains the overall and 10
most influential input uncertainties that impacted the cooling power predictions taken from the n-
way factorial analysis. A summary of the statistical comparisons is contained in Table 7.5.
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Figure 7.3a. Cooling power comparisons for HELIOS 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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Figure 7.3b. 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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Figure 7.3c. Cooling power comparisons for DOE-2.1E 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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Figure 7.3d. Cooling power comparisons for IDA-SIA 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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Table 7.4. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward Backward
Overall uncertainty 3.04 3.04
Average room air temperature -1.83 1.83
Floor surface temperature 1.29 -1.30
Ceiling surface temperature 1.02 -1.02
Fan power 0.91 -0.91
Outside air temperature 0.89 -0.89
East wall surface temperature 0.68 -0.68
North wall surface temperature 0.50 -0.50
West wall surface temperature 0.37 -0.37
Transmittance of the outer glazing 0.18 -0.19
Diffuse horizontal solar irradiance 0.17 -0.18

Table 7.5. Statistical comparisons for cooling power in Exercise 4.

'E [%2)
S >
g gl e T | o | <«
s |5 | S| 8| 3| @
5 3 m 2 o) <
o | I L a Q
X 1386 W | 139.7W | 140.7W | 140.1 W | 126.6 W
S 504W | 554W | 481W | 57.1W | 444 W
Xonax 3174 W | 3326 W | 3034 W | 337.0W | 2774 W
Xonin 732W | 782W | 845W | 83.0W | 65.1W
D - A2W | 21W | -16W | 119W
D] - 62W 51 W 7.6 W 13.1 W
| Dinaud - 320W | 207W | 381W | 456W
|Dinin - 0.0 W 0.0 W 0.1W 0.1W
Drms - 8.6 W 65W | 103W | 165W
|D]osos - 192W | 133W | 239W | 36.6W
ou 3.14W - 58W - -
UR - 0.6 0.6 0.8 1.4
URax - 2.9 2.6 2.8 38
URuin - 0.0 0.0 0.0 0.0
D[/ Xx100% - 4.4% 3.7% 5.5% 9.5%
D/ xXx100% - -0.9% -1.5% -1.1% 8.6%

Figure 7.4 contains a plot of the transmitted solar power for a given hour of the day through the
glazing unit and exterior shading screen for all programs.
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Figure 7.4. Transmitted solar power averaged over each given hour of the day.

The optical models used in each building energy simulation program used different assumptions
to account for the shading screen; this in conjunction with modeling of air gap and associated long-
wave radiation exchange caused additional differences in predicted cooling power. However, the
magnitude of the transmitted solar power was significantly reduced compared with the glazing only
experiment resulting in closer cooling power predictions. In-depth analyses and discussion of these
results is provided by Loutzenhiser et al. [16].
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Chapter 8: Glazing Unit with an Interior Shading Screen (Exercise 5)

An experiment designed to evaluate the impact of solar gains through a glazing with a diffuse
interior shading screen was run from June 8 to July 2, 2005. Information about the mounting of the
interior shade and other parameters are provided in this chapter.

8.1. Description of the Experiment

This section contains specific information about the experiment, which includes the following
information:

e Geometry and optical properties of the interior shading screen

e Thermophysical properties of the test cell envelope

8.1.1. Geometry and Optical Properties of the Interior Shade Screen

For this experiment, an interior shading screen was installed 16 cm from the glazing and is
pictured in Figure 8.1. The shade was mounted to allow air to flow between gap of the interior
shade and the glazing unit; a dimensioned drawing of the shade position relative to the glazing is
shown in Figure 8.2.

Figure 8.1. Photograph of the interior shade mounted on the test cell.
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Figure 8.2. Dimensioned drawing of the interior shade in centimeters relative to the glazing.

The optical properties of the shade were measured at normal incident angles using a
spectrometer. The transmittance and reflectance as a function of wavelength from 250 nm to 2500
nm and are contained in “Experiment 5.xIs”. The optical properties for the interior shade were
integrated over the solar spectrum according to EN 410 [7] using GLAD software [8] and are shown

in Table 8

1.

Table 8.1. Optical properties of the interior shading screen.

Property Quantity
Normal solar transmittance, % 30.4
Normal solar reflectance, % 59.4

8.1.2. Thermophysical Properties of the Test Cell Envelope

The mean envelope temperatures of the construction elements are shown in Table 8.2. The
thermophysical properties fixed at these mean envelope temperatures are contained in Tables 8.3a

to 8.3c.
Table 8.2. Mean envelope temperatures for experiment.
Construction element Mean temperature, °C
Ceiling, east, west, and north walls 22.83
Floor 22.75
South wall 20.91
Table 8.3a. Ceiling, north, east and west wall construction evaluated at 22.83°C.
Layer |Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K Kg/m® J/Ikg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.02234 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 8.3b. Floor construction evaluated at 22.75°C.
Layer |Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02233 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface 2.5 53.62 7837 460.8
Structure

Empirische Validierung von Gebaudesimulationsprogrammen, P. Loutzenhiser, Empa




Table 8.3c. South wall construction evaluated at 20.91°C.

Layer |Material | Thickness Thermal conductivity Density Specific heat
number mm W/m-K Kg/m® J/kg-K
1 Plywood 10 0.1404 850 1605
2 EPS foam 130 0.03622 28 1460
3 Plywood 10 0.1404 850 1605
8.2. Results

The empirical validation for this exercise focused on comparing cooling power. Plots for
cooling power from HELIOS, EnergyPlus, DOE-2.1E, and IDA-SIA are shown in Figures 8.3a to
8.3d, respectively. Table 8.4 contains the overall and 10 most influential input uncertainties that
impacted the cooling power predictions taken from the n-way factorial analysis. A summary of the
statistical comparisons is contained in Table 8.5.

Experiment
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Figure 8.3a. Cooling power comparisons for HELIOS 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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Figure 8.3b. 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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Figure 8.3c. Cooling power comparisons for DOE-2.1E 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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Figure 8.3d. Cooling power comparisons for IDA-SIA averaged over each given hour of the day

(left) and absolute maximum, mean, and minimum differences for a given hour of the day (right).

Table 8.4. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward Backward
Overall uncertainty 2.66 2.63
Average room air temperature -1.39 1.40
Fan power 0.89 -0.89
Outside air temperature 0.88 -0.87
North wall surface temperature 0.71 -0.71
Ceiling surface temperature 0.60 -0.60
West wall surface temperature 0.48 -0.48
Floor surface temperature 0.40 -0.39
Inner glazing front reflectance -0.37 0.29
Transmittance of the outer glazing 0.36 -0.32
Diffuse horizontal solar irradiance 0.34 -0.34
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Table 8.5. Statistical comparisons for coolin

power in Exercise 5.
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Figure 8.4 contains a plot of the transmitted solar power for a given hour of the day through the
glazing unit and interior shading screen for all programs.
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Figure 8.4. Transmitted solar power averaged over each given hour of the day.

Many of the same modeling challenges and differences in the optical model from the exterior

shading screen exercise were also apparent in this simulation exercise. In-depth analyses and
discussion of these results is provided by Loutzenhiser et al. [16].
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Chapter 9: Glazing Unit with Exterior Venetian Blind (Exercise 6)

An experiment designed to evaluate the impact of solar gains through a glazing unit with an
exterior Venetian blind assembly was run in the EMPA test cell from July 16 to September 5, 2005.
The first part of the experiment was performed with the slats in the horizontal position, and the
second part was with the outer slat blade (farthest from the glazing unit) tilted downward toward the
ground at a 45° angle; the slat position was changed on August 16, 2005 at 7:00 AM. Information
about exterior Venetian blind mounting and the results from this exercise are provided.

9.1. Description of the Experiment

This section contains specific information about the experiment, which includes the following
information:

e Geometry and optical properties of the exterior Venetian blind assembly

e Thermophysical properties of the test cell envelope

9.1.1. Geometry and Optical Properties of the Exterior Venetian Blind Assembly

For this experiment, an exterior Venetian blind assembly was installed 1.0 cm from the exterior
glazing surface and is pictured in Figure 9.1. A dimensioned drawing of the blind position relative
to the glazing unit and the geometry of the blind slat are shown in Figures 9.2 and 9.3, respectively.

7.04

207.0

58— *"Zﬁzj

Figure 9.2. Dimensioned drawing of the exterior Venetian blind in centimeters relative to the
glazing.
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The optical properties of the exterior blind were measured at normal incident angles using a

s
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Note: Thickness of the Blind is 0.54 mm
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Figure 9.3. Dimensioned blind relative to the glazing in millimeters.

spectrometer. The transmittance and reflectance as a function of wavelength from 250 nm to 2500

nm can be found in “Experiment 6.xIs”. The solar reflectance, computed according to European
Standard EN 410 [7] using GLAD software [8], and hemispherical emittance, measured with an
emissometer based on a calorimetric method, are shown in Table 9.1.

Table 9.1. Optical properties of the slat surfaces.

Property Quantity
Normal solar reflectance, % 441
Hemispherical emittance, % 86.2

9.1.2. Thermophysical Properties of the Test Cell Envelope

Table 9.2 contains the mean envelope temperatures for both blind slat positions. The
thermophysical properties evaluated at these mean envelope temperatures are contained in Tables
9.3a to 9.3c for the Venetian blinds horizontally positioned and Tables 9.4a to 9.4c when tilted
downward 45°.

Table 9.2. Mean envelope temperatures for the experiments.

Construction element Mean temperature, °C
Horizontal 45° Downward
Ceiling, east, west, and north walls 22.72 20.83
Floor 22.72 20.83
South wall 20.82 20.90

Table 9.3a. Ceiling, north, east and west wall construction evaluated at 22.72°C.

Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® JIkg-K

1 Sheet steel 0.7 53.62 7837 460.8

2 PU foam 139 0.02232 30 1800

3 Sheet steel 0.7 53.62 7837 460.8

Table 9.3b. Floor construction evaluated at 22.72°C.
Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/Ikg-K

1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02232 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface structure 2.5 53.62 7837 460.8
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Table 9.3¢. South wall construction evaluated at 20.82°C.

Layer |Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Plywood 10 0.1400 850 1605
2 EPS foam 130 0.03620 28 1460
3 Plywood 10 0.1400 850 1605

Table 9.4a. Ceiling, north, east and west wall construction evaluated at 22.83°C.

Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® JIkg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.02234 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 9.4b. Floor construction evaluated at 22.83°C.
Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02232 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface structure 2.5 53.62 7837 460.8
Table 9.4c. South wall construction evaluated at 20.90°C.
Layer |Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/Ikg-K
1 Plywood 10 0.1400 850 1605
2 EPS foam 130 0.03621 28 1460
3 Plywood 10 0.1400 850 1605
9.2. Results

The empirical validation for this exercise focused on comparing the measured cooling power in
the test cell during the experiment with the predicted cooling powers from each building energy
simulation program. Results are provided in two sections to reflect and assess the performances of
the building energy simulation programs for both Venetian blind slat positions.

9.2.1. Horizontally Positioned Venetian Blind Slat Position
Plots for cooling power from HELIOS and EnergyPlus are shown in Figures 9.4a and 9.4b,
respectively. Comparisons were made for a 20 day period from July 24 to August 12, 2005. Two
plots are contained in each figure. Table 9.5 contains the overall and the 10 most influential input
uncertainties that impacted the cooling power predictions taken from the n-way factorial analysis.
A summary of the statistical comparisons is contained in Table 9.6.
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Figure 9.4a. Cooling power comparisons for HELIOS 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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Figure 9.4b. 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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Table 9.5. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward | Backward
Overall uncertainty 2.28 2.28
Average inside air temperature -1.36 1.37
Fan power 0.89 -0.89
Outside air temperature 0.82 -0.82
North wall temperature 0.71 -0.71
Ceiling temperature 0.60 -0.60
West wall surface temperature 0.47 -0.47
Floor surface temperature 0.39 -0.39
East wall surface temperature 0.32 -0.32
Diffuse horizontal solar irradiance 0.23 -0.22
Global horizontal infrared irradiance 0.18 -0.18

Table 9.6. Statistical comparisons for cooling power in Exercise 6 with slats horizontally
positioned.

Parameter
Experiment
HELIOS
EnergyPlus

x|
—_
|
—
o
£

1623 W | 1654 W

s 432W | 418W | 385W
Xmax 3304W | 298.1W | 297.4 W
Xomin 1024W | 955W | 1028 W

D - 9.4 W 6.2 W
D) - 105W | 75W
[ Dy - 3720W | 344W
| Dyl - 0.1W 0.0 W
Drms - 124W | 104 W
|D]gs0s - 27W | 228W
ou 3.9W - 48 W
UR - 1.2 0.8
URax - 3.2 3.0
URpin - 0.0 0.0
|D|/ Xx100% - 6.1% 4.4%
D/xx100% - 5.5% 3.6%

Figure 9.5 contains a plot of the transmitted solar power for a given hour of the day through the
glazing unit and horizontally positioned exterior Venetian blind slats for all programs.
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Figure 9.5. Transmitted solar power averaged over each given hour of the day.

9.2.2. Tilted 45° Downward Venetian Blind Slat Position

Plots for cooling power from HELIOS and EnergyPlus are shown in Figures 9.6a and 9.6b,
respectively. To account for the change in slat blade angle, comparisons were made for a 20 day
period from August 17 to September 5, 2005. Table 9.7 contains overall and 10 most influential
input uncertainties that impacted the cooling power predictions taken from the n-way factorial
analysis. A summary of the statistical comparisons is contained in Table 9.8.
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Figure 9.6a. Cooling power comparisons for HELIOS 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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Figure 9.6b. 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).

Table 9.7. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward Backward
Overall uncertainty 2.22 2.22
Average inside air temperature -1.36 1.36
Fan power 0.893 -0.893
Outside air temperature 0.824 -0.821
North wall surface temperature 0.708 -0.708
Ceiling surface temperature 0.598 -0.596
West wall temperature 0.471 -0.470
Floor surface temperature 0.388 -0.388
East wall surface temperature 0.315 -0.315
Global horizontal infrared irradiance 0.144 -0.143
Ground reflectance 0.125 -0.123
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Table 9.8. Statistical comparisons for cooling power in Exercise 6 with slats tilted 45° downward.
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Figure 9.7 contains a plot of the transmitted solar power for a given hour of the day through the
glazing unit and 45° downward positioned exterior Venetian blind slats for all programs.
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Figure 9.7. Transmitted solar power averaged over each given hour of the day.

Because of the complexities associated with modeling blind assemblies, not all participants
simulated this exercise. Overall, the magnitude of the transmitted solar power into the test cell was
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quite low but not uniform from program to program. Different assumptions for modeling the blind
assembly discussed in the modelers’ reports provide additional insight into this discrepancy.
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Chapter 10: Glazing Unit with Interior Mini-blind (Exercise 7)

Two components of an experiment were run in the EMPA test cell designed to evaluate the
impact of solar gains through a glazing unit with mini-blinds at two different slat positions. The first
component was performed with the slats in the horizontal position and was run from October 10,
2005 to November 11, 2005 and the second component, with the outer blind slats (closest to the
window) tilted downward at a 45° angle, was run from March 27, 2006 to May 20, 2006.

10.1. Description of the Experiment

This section contains specific information about the experiment, which includes the following
information:

e Geometry of interior mini-blind assembly and blind slat optical properties

e Thermophysical properties of the test cell envelope

10.1.1. Geometry of Interior Mini-blind Assembly and Blind Slat Optical Properties

For this experiment, an interior mini-blind assembly was installed and the dimensions relative to
the glazing unit and the blind slats are shown in Figures 10.1 and 10.2, respectively.

Tl. v ”‘T 4.5»"
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Figure 10.1. Dimensioned drawing of the internal mini-blinds in centimeters relative to the glazing.
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~
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Figure 10.2. Dimension internal mini-blinds relative to the glazing in centimeters.

58

Empirische Validierung von Gebaudesimulationsprogrammen, P. Loutzenhiser, Empa



The optical properties of the interior mini-blind slats were measured at normal incident angles

using a spectrometer. The reflectance as a function of wavelength from 250 nm to 2500 nm can be
found in “Experiment 7a.xls” and “Experiment 7b.xls”. The solar reflectance, computed according
to EN 410 [7] using GLAD software [8], and the hemispherical emittance, measured with an
emissometer based on a calorimetric method, are given in Table 10.1.

Table 10.1. Optical properties of the slat surfaces.

Property Quantity
Normal solar reflectance, % 63.9
Hemispherical emittance, % 72.1

10.1.2. Thermophysical Properties of the Test Cell Envelope

The mean envelope temperatures of the construction elements for both experiments are shown

in Table 10.2. The thermophysical properties evaluated at these mean envelope temperatures are

contained in Tables 10.3a to 10.3c for the mini-blind assembly horizontally positioned and Tables
10.4a to 10.4c when tilted downward 45°.

Table 10.2. Mean envelope temperatures for the experiments.

Construction element Mean temperature, °C
Horizontal 45° Downward
Ceiling, east, west, and north walls 22.58 22.94
Floor 22.58 22.94
South wall 16.96 15.52
Table 10.3a. Ceiling, north, east and west wall construction evaluated at 22.58°C.
Layer | Material Thickness Thermal conductivity Density Specific heat
number mm W/m-K kg/m’ JIkg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.02230 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 10.3b. Floor construction evaluated at 22.72°C.
Layer |Material Thickness | Thermal conductivity | Density Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02230 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface 2.5 53.62 7837 460.8
Structure
Table 10.3c. South wall construction evaluated at 16.96°C.
Layer |Material Thickness Thermal conductivity Density Specific heat
number mm W/m-K kg/m® J/Ikg-K
1 Plywood 10 0.1393 850 1605
2 EPS foam 130 0.03571 28 1460
3 Plywood 10 0.1393 850 1605

Table 10.4a. Ceiling, north, east and west wall construction evaluated at 22.94°C.

Layer | Material Thickness Thermal conductivity Density Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 139 0.02235 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
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Table 10.4b. Floor construction evaluated at 22.94°C.

Layer |Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K
1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02235 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface 2.5 53.62 7837 460.8
structure
Table 10.4c. South wall construction evaluated at 15.52°C.
Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® JIkg-K

1 Plywood 10 0.1391 850 1605

2 EPS foam 130 0.03553 28 1460

3 Plywood 10 0.1391 850 1605

10.2. Results

Results for cooling power are provided in two sections to assess the performances of the
building energy simulation programs for both mini-blind slat positions.

10.2.1. Horizontally Positioned Mini-Blind Slat Position

Plots for cooling power from HELIOS and EnergyPlus are shown in Figures 10.3a to 10.3b,
respectively. Two plots are contained in each figure. The plot of the left contains results and 95%
credible limits averaged at each hour of day for the duration of the experiment and the plot on the
right contains maximum, mean, and minimum absolute differences for each hour of the day during
the comparison period. Table 10.5 contains overall and 10 most influential input uncertainties that
impacted the cooling power predictions taken from the n-way factorial analysis. A summary of the
statistical comparisons is contained in Table 10.6.
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Figure 10.3a. Cooling power comparisons for HELIOS 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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Figure 10.3b. 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).

Table 10.5. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward Backward
Overall uncertainty 4.20 4.10
West wall surface temperature 2.13 -2.13
Floor surface temperature 1.78 -1.78
Average air temperature -1.68 1.68
East wall surface temperature 1.04 -1.04
Fan power 0.90 -0.90
Ceiling surface temperature 0.82 -0.82
Outside air temperature 0.71 -0.71
North wall surface temperature 0.66 -0.66
Global horizontal infrared irradiance 0.47 -0.48
Front reflectance of inner glass pane -0.44 0.15
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Table 10.6. Statistical comparisons for cooling power in Exercise 7 with slats horizontally

positioned.
= n
55| o | 2
£ = O =
I <5} | -
S =3 m 2
o N I w
X 1854 W | 189.1W | 181.2W
s 1380W | 1354W | 1275W
Xmax 747.0W | 7232 W [ 6762 W
Xain 79.8W | 825W | 80.7W
D - 3IW 42W
D] - 103W | 112W
| D] - 89.0W [ 110.1W
| Dy - 0.1 W 0.0 W
Dims - 17.5W | 202W
|D]gses - 38.1W | 514W
ou 42 W - 7.6 W
UR - 0.8 0.8
URmax - 5.4 5.0
URuin - 0.0 0.0
D]/ %x100% - 5.5% 6.1%
D /X x100% - -2.0% 2.3%

Figure 10.4 contains a plot of the transmitted solar power for a given hour of the day through
the glazing unit and horizontally positioned interior mini-blind slats for all programs.
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Figure 10.4. Transmitted solar power averaged over each given hour of the day.
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10.2.2. Tilted 45° Downward Mini-Blind Slat Position

Plots for cooling power from HELIOS and EnergyPlus are shown in Figures 10.5a to 10.5b,
respectively. Table 10.7 contains overall and the 10 most influential input uncertainties that
impacted the cooling power predictions taken from the n-way factorial analysis. A summary of the
statistical comparisons is contained in Table 10.8.
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Figure 10.5a. Cooling power comparisons for HELIOS 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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Figure 10.5b. 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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Table 10.7. Overall uncertainty and 10 most influential input parameters from the n-way factorial
analyses in Watts.

Parameter Forward Backward
Overall uncertainty 4.27 4.11
West wall surface temperature 2.13 -2.13
Floor surface temperature 1.77 -1.77
Average air temperature -1.68 1.68
East wall surface temperature 1.04 -1.03
Fan power 0.87 -0.87
Ceiling surface temperature 0.82 -0.82
Outside air temperature 0.74 -0.74
North wall surface temperature 0.66 -0.66
Front reflectance of inner glass pane -0.50 0.10
Global horizontal infrared irradiance 0.43 -0.43
Table 10.8. Statistical comparisons for cooling power in Exercise 7 with slats tilted 45° downward.
'E (%)
g | Bl g | g
£ = o >
I <5} - .
S =3 i S
o Ll I L
X 163.1W | 1714 W | 1654 W
S 97.8 W | 108.5W | 100.6 W
Xmax 5199 W | 5779 W | 546.0 W
Xmin 66.7W | 774W | 664W
D - 82 W 23 W
D - 11.6W | 78W
| Dimax| - 1059W | 538 W
| D - 00W | 00W
Drms - 19.1 W 11.9W
[D]gs9 - 458 W | 287 W
ou 3W - 7.6 W
UR - 0.9 0.6
URmax - 6.9 3.1
URnin - 0.0 0.0
[D]/xx100% : 71% | 4.8%
D /X x100% - -5.1% -1.4%

Figure 10.6 contains a plot of the transmitted solar power for a given hour of the day through
the glazing unit and 45° downward positioned exterior Venetian blind slats for all programs.
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Figure 10.6. Transmitted solar power averaged over each given hour of the day.

Differences like those seen for the exterior blind assembly exercise were also apparent for this
exercise.
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Chapter 11: Window (Exercise 8)

An experiment was run from June 25 to July 19, 2006 in the EMPA test cell that was designed
to evaluate the impact of solar gains through a window (i.e. glazing unit and window frame).
Information about the window, thermophysical properties evaluated at mean envelope temperatures,
thermal bridges, and results from various programs are provided in this chapter.

11.1. Description of the Experiment
This section contains specific information about the experiment, which includes the following
information:
e The placement and properties of the window
e A two-dimensional steady-state heat transfer simulation and hotbox measurements used to
calculate the thermal bridges
e Thermophysical properties of the test cell envelope

A photograph of the test cell during the experiment is shown in Figure 11.1.

Figure 11.1. A photograph of the test cell.

11.1.1. Window Properties

For this experiment, a window was mounted in the southwest exterior wall of the test cell. The
glazing unit properties from measured data are listed in Table 11.1. Additional measurements for
the individual panes of glass as a function of wavelength are provided in “Experiment 8.x1s”.
Properties of the individual panes are described in Table 11.2. The inside and outside reflectance
and transmittance were calculated using European Standard EN 410 [7] with GLAD software [8].
For the individual panes of glass, the emittances were measured using an emissometer based on a
calorimetric method. A dimensioned drawing of the exterior wall as seen from this inside of the test
cell showing the position of the glazing is presented in Figure 11.2. The dimensions in meters of
the glazing in the figure correspond to the aperture height and width. The window frame was
painted white and the solar reflectance and emittance of the frame were approximated with the same
optical properties of the exterior surface of 76.6% and 93%, respectively.
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Table 11.1. Window optical properties.

Parameter Quantity
Normal solar transmittance 53.7%
Normal solar exterior reflectance 23.3%
Normal solar interior reflectance 22.4%

Table 11.2a. Optical properties for the outer pane of glass (Clear Float Glass).

Parameter Quantity
Normal solar transmittance 83.6%
Normal solar exterior reflectance 7.8%
Normal solar interior reflectance 7.7%
Outer emittance 85.3%
Inner emittance 87.3%

Table 11.2b. Optical properties for the inner pane of glass (Low-E Pro).

Parameter Quantity
Normal solar transmittance 62.5%
Normal solar exterior reflectance 24.9%
Normal solar interior reflectance 20.0%
Outer emittance 8.5%
Inner emittance 87.3%

0.440
r0.133

1214 1480 2360

0.440

013 0964 0133

0.810 1.230 0.810

2.850

Figure 11.2. Position of the glazing in the exterior wall in meters (inside view).

11.1.2. Thermal Transmittances and Bridges

The impact of the thermal bridges due to the spacer, window frame, and mounting were all
computed. The calculations for the linear thermal transmittances for the spacer and mounting and
the overall thermal conductance of the window frame are described in this section using a two-
dimensional software package called BISCO [13] and calorimetric measurements from the hotbox
[17]. The results from the thermal bridge calculations and center-pane thermal transmittance and
conductance of the window described in this section are summarized in Table 11.3. Preliminary
quantities used for computing these properties are provided in another section.
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Table 11.3. Summary of computed and measured thermal bridge properties and center-pane glazing

properties.
Description Symbol Quantity
Center-pane thermal transmittance of the glazing unit Uc 1.163 W/m>-K
Center-pane thermal conductance of the glazing unit Ac 1.449 W/m*>-K
Linear thermal transmittance for the spacer Wep 0.073 W/m-K
Thermal conductance of the window frame Awe 1.643 W/m*-K
Linear thermal transmittance for the mounting Y -0.028 W/m-K

A dimensioned drawing of a cross section of the glazing unit, window frame, and mounting is
shown in Figure 11.3. Table 11.4 contains a list of the materials used in the simulation, thermal
conductivities, and coloring codings that correspond to Figure 11.3. The thermal conductivities
were taken from literature and in-house measurements; temperature dependent thermophysical
properties were fixed as the average between the outer and inner air temperatures for the south wall.

Table 11.4. Materials and thermal conductivities

Material Thermal Conductivity, W/m-K Color-coding
Desiccant 0.130
Aluminum 220.0
Steel 50.0
Stainless steel (spacer) 17.0
Polyisobutylene 0.200
Butyl 0.240
Argon 90%/Air 10% 0.029
Glass 1.0
Frame 0.110
Plywood 0.1381
EPS foam 0.03483
Soft rubber 0.100
Weather stripping 0.050
Insulation panel (Figure 11.4 right) 0.0409
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Figure 11.3. Drawing of the spacer and frame in millimeters.

11.1.2.1. Linear Thermal Transmittance of the Spacer

The impact of the spacer was calculated using a two-dimensional drawing of the spacer/frame
assembly. The linear thermal transmittance of the spacer was evaluated according to preEN ISO
10077-2 [6]. During the hotbox measurements, the heat flux through the center of the window pane
was measured and a center-pane thermal transmittance was computed. From this measurement, an
equivalent conductivity was computed in the argon filled glazing cavity that factored in the impact
of conduction, convection, and radiation. The thermal transmittance was also used to compute an
equivalent thermal conductivity of the insulation panel for replacing the glazing unit in the frame as
(which deviates slightly from standard which specifies a fixed equivalent thermal conductivity).
Figures 11.4 show the bitmaps used for the simulations. Equivalent thermal conductivities of the
air cavities were calculated according to preEN ISO 10077-2. The linear thermal transmittance due
to the spacer, y, , was computed using Equation 11.1 using results from the BISCO simulations.
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Figure 11.4. Bitmaps for the BISCO calculation with glazing unit (left) and insulation panel (right).

_ Q‘sp _Q'ins

11.1
T o (11.1)

l//sp

where
Q’sp 1s the heat flow per unit length from the BISCO simulation through the glazing unit
and window frame,
Q’ins 1s the heat flow per unit length from the BISCO simulation through the insulation
panel and window frame.
6  is the inside air temperature, and
6  is the outside air temperature.

11.1.2.2. Thermal Conductance of the Window Frame

The thermal transmittance of the window frame was computed by using the BISCO simulation
and the results from the linear thermal transmittance for the spacer and the one-dimensional heat
transfer assumed by the building energy simulation programs. For this calculation, the window
frame was assumed to have fixed height. Linear temperature profiles were assumed across the
window frame for the steady one-dimensional heat transfer calculation. The thermal conductance
(note this is not thermal transmittance because it does not include heat transfer coefficients) of the
frame, A, , was calculated using Equation 11.2.
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Aye = Lo —i_—i (11.2)

where
Lwr is the height of the window frame for the simulation,
Leo is the height the glazing unit extends out past the frame in the two-dimensional
simulation,
hi is the inside combined heat transfer coefficient, and
h, is the outside combined heat transfer coefficient.

11.1.2.3. Linear Thermal Transmittance Due to Mounting

A linear thermal transmittance due to the mounting of the window in the frame was computed
by coupling BISCO simulation results with hotbox measurements. Therefore the results for the
calculation also include thermal bridges from the spacer and frame {non-homogeneities (i.e. screws,
and frames) and corner effects from the window frame and the spacer}. For this calculation, an
assumption was made that the outer wall was composed entirely of homogeneous layered material
specified for the building energy simulation programs; however, this is not the case because an
additional 30 mm of insulation was added near the edge of the window opening for mounting the
window. This additional thermal resistance is also included in the linear thermal transmittance
computation to quantify mounting effects. The hotbox measurements were also considered quasi-
steady state and a linear temperature profiles across each material were assumed for the one-
dimensional calculations. Measured film coefficients from the experiment were used for computing
this quantity instead of the combined heat transfer coefficients used in the simulations. Equation
11.3 was used to calculate the one-dimensional thermal transmittance, UA ; , through the window

frame, outside wall, and the glazing unit. Temperature dependent thermophysical properties were
fixed at the mean temperature of the hot and cold chambers.

-1 -1
+RHJ +AGL(RC +AL+ RHJ

C

(11.3)

2d, d, ) 1
UAb = A RC+T+7+RH + A RC+A

p e WF

where
Awan 1S the area of the outside wall in the hotbox,
Rc is the measured film resistance of the air in the cold chamber,
Ry is the measured film resistance of the air in the hot chamber,
dp is the width of the plywood,
Ao is the thermal conductivity of the plywood,
de is the width of the eps foam,
Ae is the thermal conductivity of the eps foam,
Awr  1s the area of the window frame, and
AgL s the exposed area of the glazing unit.

The linear thermal transmittance of the mounting, v,, , was calculated using Equation 11.4.

The quantity computed from Equation 11.4 was negative (Table 11.4), indicating that the thermal
resistance in one-dimension plus the additional thermal bridging from the spacer and frame was less
than the measurements.
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(11.4)

where
Que  is the total heat transfer through the construction element,
o is the temperature of the hot chamber of the hot box,
Oc is the temperature of the cold chamber of the hot box,
Psp  is the perimeter of the exposed glazing unit, and
Pwu is the outer perimeter of the window frame.

A BISCO simulation was also run to examine the heat flow and a picture of the frame,
mounting, and spacer with heat flow lines are shown in Figure 11.5.

LT

Figure 11.5. Heat flow lines from the BISCO simulation.
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11.1.2.4. Quantities Used for the Calculations

The quantities used for computing the impact of the thermal bridges from the simulation and the
hotbox measurements are contained in Tables 11.5a and 11.5b, respectively.

Table 11.5a. Values used for the BISCO simulations.

Description Symbol Quantity
Width of the eps foam de 0.130 m
Width of the plywood dp 0.010 m
Inside combined heat transfer coefficient for the simulation h; 7.7 W/m*-K
Outside combined heat transfer coefficient for the simulation ho 25.0 W/m*-K
Height of the window frame for the simulation Lwe 0.133 m
Height the glazing unit extends out past the frame in the two- Lol 0.55m
dimensional simulation

Inside air temperature 6 20.0 °C
Outside air temperature G, 0.0 °C
Heat flow per unit length from the BISCO simulation through "sp 17.67 W/m
the glazing unit and window frame

Heat flow per unit length from the BISCO simulation through the Q’ins 16.21 W/m
insulation panel and window frame

Table 11.5b. Measurements from the hotbox.

Description Symbol Quantity
Area of the wall Aval 3.196 m’
Area of the glazing AcL 1.170 m*
Area of the window frame Awr 0.650 m?
Width of the eps foam de 0.130 m
Width of the plywood dp 0.010 m
Perimeter of the exposed glazing unit Psp 4.356 m
Outer perimeter of the window frame Pwm 5420 m
Measured film resistance of the air in the cold chamber Rc 0.057 m*-K/W
Measured film resistance of the air in the hot chamber Ry 0.134 m*-K/W
Thermal conductivity of the plywood for the experiment Ao 0.1385 W/m-K
Thermal conductivity of the eps foam for the experiment e 0.03509 W/m-K
Total heat transfer through the construction element Qus 62.19 W
Air temperature of the hot chamber of the hot box Oy 22.08 °C
Air temperature of the cold chamber of the hot box O 2.01°C
Baffle temperature of the hot chamber of the hotbox G 21.66 °C
Baffle temperature of the cold chamber of the hotbox G 2.06 °C

11.1.3. Thermophysical Properties of the Test Cell Envelope

The mean envelope temperatures for the construction elements are shown in Table 11.6. The

thermophysical properties evaluated at these mean envelope temperatures are contained in Tables
11.7ato 11.7c.

Table 11.6. Mean envelope temperatures for experiment.

Construction element Mean temperature, °C
Ceiling, east, west, and north walls 22.75
Floor 22.98
South wall 22.04
Table 11.7a. Ceiling, north, east and west wall constructions evaluated at 22.75°C.
Layer | Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® JIkg-K

1 Sheet steel 0.7 53.62 7837 460.8

2 PU foam 139 0.02237 30 1800

3 Sheet steel 0.7 53.62 7837 460.8
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Table 11.7b. Floor construction evaluated at 22.98°C.

Layer |Material Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/kg-K

1 Sheet steel 0.7 53.62 7837 460.8
2 PU foam 140 0.02237 30 1800
3 PU foam (higher density) 20 0.070 45 1800
4 Sheet steel with surface 2.5 53.62 7837 460.8

Structure

Table 11.7c. South wall construction elements evaluated at 22.04°C.

Layer |Material | Thickness | Thermal conductivity | Density | Specific heat
number mm W/m-K kg/m® J/Ikg-K

1 Plywood 10 0.1403 850 1605

2 EPS foam 130 0.03645 28 1460

3 Plywood 10 0.1403 850 1605

11.2. Results

The empirical validation for this exercise focused on comparing cooling power. Plots for
cooling power from HELIOS, EnergyPlus, and DOE-2.1E are shown in Figures 11.5a to 11.5c,
respectively. Two plots are contained in each figure. Table 11.8 contains overall and 10 most
influential input uncertainties that impacted the cooling power predictions taken from the n-way
factorial analysis. A summary of the statistical comparisons is contained in Table 11.9.
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Figure 11.5a. Cooling power comparisons for HELIOS 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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Figure 11.5b. 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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Figure 11.5¢. Cooling power comparisons for DOE-2.1E averaged over each given hour of the day
(left) and absolute maximum, mean, and minimum differences for a given hour of the day (right).

75

Empirische Validierung von Gebaudesimulationsprogrammen, P. Loutzenhiser, Empa



analyses in Watts.

Parameter Forward | Backward
Overall uncertainty 3.39 3.40
Average air temperature -1.88 1.88
Fan power 1.04 -1.04
West wall surface temperature 0.79 -0.79
Ceiling surface temperature 0.73 -0.73
North wall surface temperature 0.69 -0.69
East wall 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 of inner glass pane -0.43 0.42

Table 11.8. Overall uncertainty and 10 most influential input parameters from the n-way factorial

Table 11.9. Statistical comparisons for cooling power in Exercise 8.

. c 2
s GE’ %) E =
= = O & o
s Bl g E g
o n T D a
X 2605W | 2812 W | 2578 W | 2828 W
S 1128 W | 130.8W | 1014 W | 141.5W
Xmax 5762 W | 6144 W | 5245W | 637.0W
Xmin 1331 W | 1453 W | 158.0W | 143.0 W
D - 11.6 W -11.7W 133 W
@ - 18.6 W 157 W 26.6 W
|Drmax| - 103.9W | 540W | 1284 W
[ Dimin - 0.0 W 0.0 W 02 W
Dims - 279 W 19.7 W 377 W
[D]gs9 - 69.7 W 40.8 W 88.0 W
ou 6.1 W - 63 W -
UR - 1.3 1.2 1.9
URnax - 54 34 6.6
URnin - 0.0 0.0 0.0
D]/ %x100% - 6.9% 5.8% 9.9%
D/ Xx100% - 4.3% -4.3% 4.9%

Figure 11.6 contains a plot of the transmitted solar power for a given hour of the day through
the glazing unit and interior shading screen for all programs.
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Figure 11.6. Transmitted solar power averaged over each given hour of the day.

Like in the glazing unit only exercise, the optical models used to simulating the glazing were
very similar. Additional challenges were addressed in the building energy simulation programs

concerning properly accounting for the thermal bridges due to the mounting, spacer, and window
frame.
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Chapter 12: Modeler’s Reports

For each exercise, the modelers performing the simulation were requested to provide a brief
summary of methodology employed for modeling the experiments. During the course of the
exercises, test specifications were and inputs were provided to modelers and results were submitted
for blind exercise; the data were then provided to the participants to identify errors in program
inputs. These errors and the associated changes are also documented by the modelers to provide
guidance on common mishaps that can be made when simulating a building.

12.1. HELI1OS

Name and Institution: Stephan Carl, Swiss Federal Laboratories for Material Testing and Research
(EMPA), Laboratory for Building Technologies

Building Energy Simulation Software and Version: HELIOS XP

12.1.1. General Information

HELIOS was developed at EMPA from 1982-1992 and is currently sold in Switzerland and
Germany. A new initiative was started in 2004 to update software algorithms and develop a user-
friendly interface for use with the Microsoft Windows operating system. The latest version of the
program called HELIOS XP was released in November 2006. The software is now only available
in German; however, an English version of the software is currently under development.

12.1.2. Transient Experiment Modeling (Exercise 1)

This exercise was simulated assuming constant convective heat transfer coefficients for each
construction element as a function of surface orientation; these values were specified according to
EN/ISO 6946 [18], and radiative heat transfer was neglected. For all simulations exercises, hourly
outside surface temperatures and power input were scheduled into the program. The thermal
bridges were accounted for with a fictitious wall of the same construction as the ceiling and interior
walls and an equivalent area that corresponded to the overall thermal bridge conductance. The
thermal mass inside the test cell was simulated as an internal construction element made of thin
steel and appropriate dimensions were chosen to match the estimated thermal mass from specified
in the experiments.

12.1.3. Evaluation of Irradiation Models on Tilted Surfaces (Exercise 2)

HELIOS uses a Perez 1987 model [19] to estimate radiation on a tilted facade. When implementing
this model, the program accounted for elliptical orbit of the earth when computing extraterrestrial
radiation. For this exercise and the subsequent solar gain exercises, global and diffuse horizontal
solar irradiances were used as inputs to the program.

12.1.4. Glazing Only Experiment (Exercise 3)

A glazing unit was added to exterior wall in the model in Exercise 1. The external thermal bridge
was then included with the linear thermal transmittance from the spacer. The emittance of glazing
unit was adjusted in HELIOS to match the measured center-pane thermal transmittance. The solar
normal transmittances and reflectances for each pane of glass and measured emittance were input
into the program and an angular-dependent model described in the Window 4.1 manual [20] was
employed to calculate optical properties of the glazing unit. Radiative heat transfer was accounted
for in the test cell by using simulated average interior surface construction element temperatures
and emittances to calculate a radiative heat transfer coefficient according to EN/ISO 6946. This
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methodology linked the construction element surface temperatures to the interior test cell air node;
convection was specified in the same manner as in Exercise 1.

No changes were made to the blind results.

12.1.5. Exterior and Interior Shading Screens (Exercises 4 and 5)

Exercises 4 and 5 used the same model as in Exercise 3 with the addition of shading screens. The
exterior and interior shading screens were modeled as additional sheets of thin sheet of glass with
inputs of normal solar reflectance and transmittance. The air gap calculations between the shading
screens and the glazing unit were made according to an algorithm developed by Chauval and Millet
[21]. The hemispherical emittances of the shading screens were estimated as 90%.

No changes were made to the blind results.

12.1.6. Exterior Venetian Blind and Internal Mini-Blind Assemblies (Exercises 6 and 7)

Exercises 6 and 7 used the same model as in Exercise 3 with the addition of interior and exterior
blind assemblies. The blind model in HELIOS calculates two-dimension diffuse geometric view
factors that account for curvature in the blind slat. The input optical properties were normal solar
reflectance and hemispherical emittance. The underlying theory concerning the blind model is
given by Simmler [22].The air gaps between the blind assemblies and the glazing unit were
modeled like in Exercises 4 and 5.

No changes were made to the blind results.

12.1.7. Window (Exercise 8)

Exercise 8 was simulated in the same manner as Exercise 3. The addition of the frame was
accounted for by adding and additional thermal bridge that accounted for spacer, mounting, and
window frame transmittances. In this version of HELIOS, energy absorbed by the window frame
via longwave and/or solar radiation is neglected.

No changes were made to the blind results.

12.1.8. Discussion of Results

HELIOS was used to simulate all exercises. For the eight exercises, the results for predicted
cooling power were within 95% credible limits four times. HELIOS performed best for the glazing
unit only and interior shading screen exercises.

12.1.9. Validation Impact

Numerous changes to HELIOS were made as a result of this validation effort. The titled radiation
model of the facade was changed from an Isotropic model to a Perez 1987 model and ground
reflectance was made a user input. A new angular-dependent optical model was added for
simulation of glazing units, and a blind assembly algorithm was implemented into the program.
Changes were also implemented into the program to accommodate hourly schedules for internal
loads and inside air and outer surface temperatures.

An error was discovered in the course of these validations in the thermal transmittance of the
glazing unit. In the calculation, the thermal conductivities of the glass panes were neglected when
computing the center-pane thermal transmittance.
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12.2. EnergyPlus

Modeler and Institution: Peter Loutzenhiser, Swiss Federal Laboratories for Material Testing and
Research (EMPA), Laboratory for Building Technologies

Building Energy Simulation Software and Versions:

Exercise 1: EnergyPlus Version 1.2.0.029
Exercise 2-3: EnergyPlus Version 1.2.2.030
Exercise 4-8: EnergyPlus Version 1.2.3.023

12.2.1. General Information

The development of EnergyPlus began in 1996 as an initiative by the US Department of Energy;
the first version of the software was released to the public in Spring 1998. Detailed information
concerning the concept and development of the program is described in detail by Crawley et al. [23]

12.2.2. Transient Experiment Modeling (Exercise 1)

Exercise 1 was simulated using specifications and fixed thermophysical properties (as were
subsequent exercises). Measured hourly outer surface temperatures and internal loads were used as
program inputs. The thermal bridges were simulated in EnergyPlus by adding non-radiating
surfaces to the back of the space with a constant outer cell surface temperature of 23.22 °C, which
was the time-averaged outer cell surface temperature during the transient experiment. Because
EnergyPlus calculates the radiative heat transfer using view factors and assuming gray and diffuse
surfaces, six additional surfaces that faced each other were added to the model. The convective heat
transfer coefficients for these surfaces were fixed and an equivalent area based on the
thermophysical properties of the thermal bridge construction elements and was used to compute an
equivalent area that accounted for total steady-state thermal bridge transmittance. For the other
surfaces, a detailed approach was used to compute the convective heat transfer coefficient as a
function of temperature difference between surface and cell air and surface orientation.

12.2.3. Evaluation of Irradiation Models on Tilted Facades (Exercise 2)

In EnergyPlus, a Perez 1990 model [24] was used to predict tilted surface solar irradiance using
direct-normal and diffuse horizontal solar irradiances. The exercise was performed using weather
data in 10 minute time intervals. In the EnergyPlus Perez 1990 algorithm, a constant averaged
extra-terrestrial radiation is assumed for the whole year that does not account for the elliptical orbit
of the earth around the sun.

12.2.4. Glazing Only Experiment (Exercise 3)

Exercise 3 was simulated by adding a glazing unit to the exterior fagade of the model used in
Exercise 1. Hourly internal loads, outer surface temperatures for the internal construction elements,
and average air temperatures were scheduled into the program. For both panes of glass,
reflectances and transmittances at near-normal incident angle in the wavelength interval between
250 and 2500 nm were used as inputs for EnergyPlus so that angular dependent calculations similar
to those found in Window 5.2 could be made. The edge effects were modeled by modifying the
“Ratio of Frame-Edge Glass Conductance” field. In EnergyPlus, the edge is defined as a 63.5 mm
distance from the frame; therefore, an additional simulation was run in BISCO [13] software
applying the same procedure described above to calculate a new center-of-glazing thermal
transmittance using this definition. The impact of thermal bridges at the external wall edges was
accounted for by adding additional thermal transmittance to the glazing edge calculation. Because
EnergyPlus employs an algorithm for equivalent thermal conductivity of the glazing cavity that
provides slightly higher values than those calculated above, the thermal conductivities of the glass
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were reduced accordingly. A general overview for modeling windows in EnergyPlus is provided by
Winkelmann [25]. Six hourly time steps were used with weather data at 10-minute intervals.

No changes were made from the blind to the non-blind exercise.

12.2.5. Exterior and Interior Shading Screen (Exercises 4 and 5)

The same model from Exercise 3 was used with the addition of exterior (Exercise 4) and interior
(Exercise 5) shading screens. In the EnergyPlus optical model, all window layers such as glass
panes and shading device(s), are assumed to be flat, parallel, and infinite. System reflectances and
transmittances are computed based on a ray tracing technique. Spectral optical properties can be
used for determining glazing reflectance and transmittance. The shading screen is, however,
modeled using only a non-spectral method. The integral solar transmittances and reflectances of the
screen based on measurements were used as program inputs. The ratios of the open sides as well as
the openness factors of the shading devices were calculated and entered into the program. The
screen thickness was assumed to be 0.5 mm and estimates for screen thermal conductivities (0.9
Wm'K™") were taken from ASHRAE Fundamentals [26]; these parameters were of very minor
importance. The methodology employed to calculate the total heat transfer between the shade and
the window in the program was taken from EN ISO 15099 [27], which factored in surface
temperatures of the glazing and the screens to calculate the heat transfer through the air gap at each
time step. According to a methodology proposed in [28], the emittances of the shading screens were
assumed to be the product 0.9/(1-openness factor). The calculation performed in EnergyPlus
assumed buoyancy driven flow. Weather data measured in 10 min intervals were input into the
program as boundary conditions.

No changes were made from the blind to the non-blind exercises.

12.2.6. Exterior Venetian Blind and Interior Mini-Blind Assemblies (Exercises 6 and 7)

The same model from Exercise 3 was used with the addition of exterior (Exercise 6) and interior
(Exercise 7) shading screens. In the EnergyPlus optical model EnergyPlus contains a blind model
that assumes flat diffuse slats [28] similar to the model proposed in prEN 13363-2 [29]. The slat’s
normal solar reflectance, hemispherical emittance, width, thickness, distance from the outer pane of
glass (measured from the center of the blind slats), and distance between individual slats were
entered into the program. The heat transfer between the window and the shading devices was
calculated using ISO 15099 [27] assuming natural buoyancy; this was performed as an iterative
procedure in the program.

No changes were made from the blind to the non-blind exercises.

12.2.7. Window (Exercise 8)

A window was specified in the exterior fagade using the model from Exercise 1. Measured
reflectances and transmittances for each pane of glass from 250 nm or 2500 nm were input in
EnergyPlus as well as emittance. The thermal conductivities of the glass panes were reduced to
match the thermal conductance measured from the hotbox due to the same constraints discussed in
Exercise 3. The linear thermal transmittance due to the mounting was included in the overall
window frame conductance as well as the external wall thermal bridge. The spacer effects were
computed using the definition of edge-effects (Section 12.2.4) for EnergyPlus.

No changes were made from the blind to non-blind exercises.

12.2.8. Discussion of Results

EnergyPlus was used to simulate every exercise. For this suit of experiments, EnergyPlus was
within the overlapping 95% credible limits described by the uncertainty ratio for Exercises 1,4,6,
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and 7 and outside 95% credible limits for the other exercises. The program performed best when
simulating blind assemblies (both interior and exterior).

12.2.9. Validation Impact

During these validation exercises, it was discovered that input blind schedule inputs to specify
the blind slat angle, the input was expected in radians but prescribed in degrees; this problem was
fixed in Version 1.2.3.023.

12.3. DOE-2.1E

Modeler and Institution: Peter Loutzenhiser, Swiss Federal Laboratories for Material Testing and
Research, Laboratory for Building Technologies

Building Energy Simulation Software and Version: DOE-2.1E Version-119

12.3.1. General Information

The original version of DOE-2.1E was released in November 1993 from Lawrence Berkley
National Laboratories. DOE-2 was developed by Lawrence Berkeley National Laboratory, Hirsch
& Associates, Consultants Computation Bureau, Los Alamos National Laboratory, Argonne
National Laboratory and University of Paris. Major support was provided by the U.S. Department
of Energy; additional support was provided by the Gas Research Institute, Pacific Gas & Electric
Company, Southern California Edison Company, Electric Power Research Institute, California
Energy Commission and others [30].

12.3.2. Transient Experiment Modeling (Exercise 1)

Exercise 1 was simulated using specifications and fixed thermophysical properties (as were
subsequent exercises). To use the outer surface temperatures as boundary conditions, adjacent
zones were created with a single zone air conditioner for each test cell surface. The zone
temperature was scheduled as the outer cell surface temperature. The inside film resistance for these
zones was specified as zero, thus making the adjacent zone temperature and the outer cell surface
temperature equal. Because the inside surface temperatures of the construction elements were
nearly the same the effect of radiative heat transfer between the surfaces was neglected. The inside
film coefficients for the walls, ceiling and floor were specified according to EN ISO 6946 [18]
considering only convective heat transfer. The thermal mass inside the cell was modeled as a steel
sheet.

12.3.3. Evaluation of Irradiation Models on Tilted Facades (Exercise 2)

In DOE-2.1E, a Perez 1990 model [19] was used predict tilted surface solar irradiance using
direct-normal and global horizontal solar irradiances. The exercise was performed using weather
data in one hour time intervals. In the DOE-2.1E Perez 1990 algorithm, a constant averaged extra-
terrestrial radiation is assumed for the whole year that does not account for the elliptical orbit of the
earth around the sun.

12.3.4. Glazing Only Experiment (Exercise 3)

Exercise 3 was simulated by adding a glazing unit to the exterior fagade of the model used in
Exercise 1. For DOE-2.1E, the glazing unit was modeled using Window 5.2 [31] coupled with
wavelength-dependent near-normal optical measurements from a custom database file from Optics5
(Rubin et al. [32]). Background information for this type of modeling is provided by Reilly et al.
[33]. Because there was no quantitative input for edge effects in DOE-2.1E (there were spacer
types), a 3.0 cm window frame was modeled with an equivalent thermal conductivity to account for
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the edge effects, exterior thermal bridges, one-dimensional heat transfer of the construction
displaced by the frame, and two-dimensional heat transfer. The thermal transmittance from the
Window 5.2/DOE-2 output file was modified to reflect the center-of-glazing thermal transmittance
calculated above with adjustments made to account for different heat transfer coefficients. Hourly
weather data were put into TMY?2 weather format and read into the program; the outputs were
verified with the measured data. In TMY?2 weather format, the horizontal infrared irradiance is not
explicitly described; therefore, the opaque sky cover quantity from the weather inputs (including the
infrared irradiance) was calculated by reversing the algorithm used to calculate infrared irradiance
in the program (Walton [34]; Clark and Allen [35]). Measured direct-normal and global horizontal
solar irradiance were used as inputs for the calculations of the global vertical solar irradiance on the
external facades. Combined constant heat transfer coefficients that factored in the impact of
radiation and convection as a function of surface orientation using design standards were taken from
2001 ASHRAE Handbook—Fundamentals [26].

No changes were made from the blind to the non-blind exercise.

12.3.5. Exterior and Interior Shading Screen (Exercises 4 and 5)

The same model for Exercise 3 was used for these experiments with the addition of shading
devices. The optical model of DOE-2.1E is much simpler than the EnergyPlus model. The
transmitted solar energy through the glazing unit is reduced by the integral solar transmittance of
the shading screen (i.e., no solar radiation reflected from the glazing and then back-reflected into
the room is taken into account). Because the outer surface temperature of the glazing unit and the
screen were not known, a less robust method was used to account for the heat transfer in the gap
between the shade and the window. The amount of additional heat transfer through the gap
between the glazing and the shading screen was calculated assuming the same screen properties
used for EnergyPlus and the thermal resistance for a well-ventilated air layer using EN ISO 6946
[18].

No changes were made from the blind to the non-blind exercises.

12.3.6. Window (Exercise 8)

A window was specified in the exterior fagade using the model from Exercise 1. Measured
reflectances and transmittances for each pane of glass from 250 nm or 2500 nm were input in DOE-
2.1E using Optics and Window 5.2 output file. The linear thermal transmittances due to the spacer
and mounting and the external wall thermal bridge were included in the overall window frame
conductance.

No changes were made from the blind to non-blind exercises.

12.3.7. Discussion of Results

DOE-2.1 was used to simulate Exercises 1-5 and 8. Currently, DOE-2.1E or subsidiary
software do not contain algorithms necessary for simulated complex window shading devices like
Venetian blinds and mini-blinds. For this suit of experiments, DOE-2.1E was within the
overlapping 95% credible limits described by the uncertainty ratio for Exercises 1 and 4 and outside
95% credible limits for the other exercises; however, the results were comparable with other
programs with more advanced shading and heat transfer algorithms.

12.4. IDA-ICE

Name and Institution: Sven Moosberger, University of Applied Science of Central Switzerland
(HTAL), Forschungsbereich Architektur+Technologie (A+T)

Building Energy Simulation Software and Version: IDA-ICE 3.0 Build 14
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12.4.1. General Information

IDA is a simulation environment developed at the Royal Institute of Technology (KTH) in
Stockholm, Sweden. Today it is maintained and supported commercially by EQUA SA in
Stockholm. One application of IDA is IDA-ICE designed for thermal building simulations. IDA-
ICE dynamically simulates room air temperatures, mean radiant temperatures at any point in a
room, air humidity, and CO; concentrations and employs an adaptive time step. The distribution of
incoming solar and longwave radiation to all room surfaces are calculated using a view factor
method. Both IDA simulation environments and IDA-ICE employ various user levels which
include:

e DA room level for very simple simulations that are restricted to one room (web based

freeware)

e IDA-ICE standard level with a graphical user interface for multiple zone buildings with

HVAC System
e IDA-ICE advanced level for detailed model building, free variable linking, and reporting
e IDA-ICE modeler level for simple model changes

In the next version of IDA-ICE, a new detailed window model is planned. This model, called
“Detwind”, is under development and was used for Exercise 3 of this empirical validation.

12.4.2. Transient Experiment Modeling (Exercise 1)

The thermal bridges inputs were modeled at the standard level and linked in the advanced level
to the outer floor surface temperature. Hourly outer surface temperatures and internal loads were
scheduled into the program at the advanced level. The longwave radiative heat transfer was
simulated using view factors. A dynamic convective heat transfer coefficient algorithm that
accounted the construction element length, orientation, and air and surface temperature differences
was used. The thermal mass inside the test cell was modeled by increasing the volume of the air.

12.4.3. Evaluation of Irradiation Models on Tilted Facades (Exercise 2)

IDA-ICE currently has three models used for predicting tilted surface radiation, including:
ASHRAE [36], Kondratjev [37], and Perez 1990 [24]. From this exercise, the Perez 1990 model
was chosen to model subsequent solar gain experiments because the results corresponded best with
measured global vertical irradiance on the southwest facade. Hourly direct-normal and diffuse
horizontal solar irradiances were the inputs into the program. A model called the “climate
processor” was used to calculate the sun position; these pre-calculations were then used in
conjunction with the selected diffuse tilted surface radiation model.

12.4.4. Glazing Only Experiment (Exercise 3)

The model from Exercise 1 was used with the addition of a glazing unit in the external
construction element. The thermophysical properties were modified to account for changing mean
building element temperatures; these modifications were also made in all subsequent exercises as
well.

Three window models were used to simulate the glazing only experiment. The existing model
in IDA-ICE can take inputs that include: solar heat gain coefficient and solar transmittance and
compute shading coefficients; however for this exercise the center-pane thermal transmittance, and
inner and outer emittance were inputs and the shading coefficients for radiation (Sc) and solar
radiation (Ssc) were computed using two different methods, including: 1) a manual calculation
performed using SIA rules and 2) in a subsidiary software called PARASOL [38]. The computed Sc
and Ssc using SIA rules were 0.5336 and 0.4730, respectively, and from PARASOL were 0.5563
and 0.4931, respectively. The program then adjusted the shading coefficients to account for angular
dependent optical properties of the glazing unit. The new Detwind model used ISO 15099 [27] to
compute radiative heat transfer and all window parameters.
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For the glazing only experiment and subsequent solar gain experiments with the glazing unit,
the thermal bridge between the test cell and the guarded zones was set at 4.526 W/K, and the
thermal bridge to the outside was 0.5010 W/K. The outside thermal bridge included: the linear
thermal transmittance of the glazing and the external thermal bridges.

To maintain the air temperature in the test cell, a terminal heating/cooling unit was added to the
model to that supplied and exhausted conditioned air to and from the space. The mass flow rate of
the supply air was fixed at 1 kg/s and the supply air temperature was controlled by a PI controller;
the fan for the unit was always turned off, and hourly test cell air temperatures were scheduled into
the program.

No changes were made to the model from the blind to the non-blind exercise.

12.4.5. Exterior and Interior Shading Screens (Exercises 4 and 5)

The same model was used as in Exercise 3 with the addition of exterior and interior shading
screens. The Detwind window model currently does not support window shading devices so these
exercises were performed using the existing model and the SIA rules. The SIA rules generated for
the Sc and Ssc values were 0.255 and 0.238, respectively, for the exterior shading screen and were
0.655 and 0.337, respectively, for the interior shading screen. No changes were made in the
software to account for the additional thermal resistant of the shading screen and the air gap.

No changes were made in the models from the blind to the non-blind exercises.

12.4.6. Discussion of Results

All simulation results corresponded well with the experimental data. The existing IDA-ICE
model was limited in accuracy while the new Detwind model required detailed knowledge of the
window composition. Both models still cannot simulate blind assemblies. Current plans include the
implementation of a blind assembly algorithm into the Detwind model.

12.4.7. Validation Impact

The accuracy of the existing window model was quantified. For most of the simulation cases,
the accuracies were within the uncertainties of the window parameters. The new Detwind model
provides better simulation performance in cases where there is detailed knowledge of the window
parameters requiring access to an extensive window database. Plans are now in place for the
development and refinement of a detailed window model (Detwind). An additional change that was
made in IDA-ICE because of this validation exercise was that Perez 1990 model was made the
default tilted surface radiation model in IDA-ICE.
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Chapter 13: Discussion and Conclusions

Empirical validations of building energy simulation programs are intensive undertakings that
require well-instrumented facilities, experienced staff, and extensive collaboration between the
people designing and running the experiments and the modelers. While programs are being
continually improved to better simulate reality, the experimental design and data sets from these
studies are available for evaluating and improving building energy simulation programs and
algorithms and can be a lasting contribution for continued improvements in the area of building
energy simulation.

The focus of empirical validations was to evaluate the performance within the constraints of the
programs. Therefore, it was impossible to use an occupied building with changing internal loads,
infiltration between zone, changing shading conditions, and other parameters that are varied by
occupants. In such cases, the uncertainties associated with these predictions would make it
impossible to assess the performance of programs. For this research, nearly every facet of the
experiments was controlled.

Particular emphasis was placed on ensuring that the inputs to the building energy simulation
programs were well-described.

13.1. Experiments

For the series of experiments performed, the optical properties of the glass panes, shading
devices and interior surfaces over the entire solar spectrum, thermal conductivities of the
construction materials, two and three-dimensional heat transfer simulation programs, and well-
described boundary conditions (outside surface temperatures for construction elements adjacent to
the guarded zone, measured internal loads, and accurate weather inputs) were measured or
simulated for use in evaluating building energy simulation programs. While this level of detail
could not be attained in actual practice, the precise determination in the study allowed for careful
assessments and comparisons; in many cases, quantifying the input properties, particularly the
thermal bridges, required calorimetric hotbox experiments and software calculations, were much
more computationally intensive than what is currently found in building energy simulation
programs. However from these comparisons, conclusions were drawn concerning heat transfer
coefficients, transmitted solar energy, radiative heat exchange, heat transfer in the air gap between
shading devices and window panes, tilted radiation models, and many more topics.

The order of experiments from simple to complex provided clear levels for identifying specific
problems within the various models. This step-by-step methodology allowed for accurate diagnosis
of potential deviations and a determination of the how the discrepancies in the models propagated
through the various experiments. The list below identifies some of these items:

e The transient characterization experiment provided evidence that the thermophysical
properties and thermal bridges within the test cell were well-described and could
accurately characterize the test cell in the programs for subsequent experiments.

e An evaluation of tilted surface radiation models prior to evaluating solar gains through
the glazing unit revealed differences associated with incident radiation on the exterior
wall and glazing unit, which impacted the solar gain models. This study also identified
differences between the components or irradiance (direct-normal, diffuse horizontal, and
global horizontal). The predictions were compared and the most reliable tilted surface
radiation model for this region was used for remaining experiments.

e The glazing unit experiment provided reliable information concerning the quantifying
and modeling the thermal bridges associated with the glazing unit spacer and mounting.
The experiment also offered insight into the performance of algorithms for modeling
angular dependent window properties.

e Diffuse interior and exterior shading screens were the simplest of all shading devices

used in this study. The two experiments revealed discrepancies and shortcomings in
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various programs’ abilities to account for transmissions through the screens and model
the heat transfer in the air gap between the shading device and the glazing unit.

e The outside Venetian blind and inside mini-blind assemblies were much more
complicated shading device that could not be simulated by all building energy
simulation programs. But the study revealed that there were models specifically
designed to address these issues and implemented in EnergyPlus and HELIOS.

e The window experiment revealed the complexities associated the mounting, frame, and
spacer; however, when these quantities were properly specified by combining hotbox
measurements with two-dimensional simulations resulting in accurate simulation of the
test cell in the building energy simulation programs.

In some instances, some of the effects in the glazing unit experiment did not affect the shading
experiments. For example, the magnitude of the transmitted solar power to the test cell impacted
the convective heat transfer coefficient algorithms which altered the time constant of the test cell in
some programs; this was somewhat mitigated in several building energy simulation programs by the
installation of shading devices where mostly diffuse radiation entered the test cell.

However for all the planning and preparation that went into the experiments, there were some
issues that could not be addressed within this study and will be discussed.

13.2. Overall Assessments

Many things can be taken from this study and used in future empirical validation efforts. The
reasons for the relative success of the project was due to careful examination of the literature prior
to initiating the endeavor, thoughtful design of the experimental setup using simulation tools,
vigilant monitoring of the data, emphasis on thoroughly quantifying input parameters, careful
consideration of uncertainties, collaboration with IEA Task 34/Annex 43 Subtask C, and a cohesive
set of statistical parameters used for assessing the performance of the programs. While in
retrospect, it is always possible to improve the experiments, this study was the one of most detailed
empirical validations for building energy simulation programs ever performed.
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Appendix A: Description of Associated Files

For the exercises performed at the EMPA facility, measurements necessary for simulation and
comparisons of the various parameters were collected and put into Excel files. The first two
exercises were non-blind exercises and so the results were provided along with the input data.
Subsequent experiments were blind exercises; for the first iteration of simulations; for the next
iteration, the results were provided to the participants. A compact disc contains all the files
necessary for simulating and comparing output; with these files, it is possible to repeat the exercises
described in the report and make comparisons. This section contains a list of files and tables that
describe the file headers. Table A.1 contains a list of file names and the corresponding Excel files
associated with each exercise.

Table A.1. Exercises and associated files.

Exercise Associated File(s)

Exercise 1 Experiment 2.xls

Exercise 2 Experiment 3 Weather Data.xls
Experiment 3.xls

Exercise 3 Experiment 3 Subhourly Data.xls

Experiment 3 Validations.xls

Experiment 4.xls

Exercise 4 Experiment 4 Subhourly Data.xls

Experiment 4 Validations.xls

Experiment 5.xls

Exercise 5 Experiment 5 Subhourly Data.xls

Experiment 5 Validations.xls

Experiment 6.xls

Experiment 6 Subhourly Data.xls

Exercise 6 Experiment 6a Validations.xls
Experiment 6b Validations.xls
Experiment 7a.xls
Experiment 7b.xls

Exercise 7 Experiment 7a Subhourly Data.xls

Experiment 7b Subhourly Data.xls

Experiment 7a Validations.xls

Experiment 7b Validations.xls

Experiment 8.xls

Exercise 8 Experiment 8 Subhourly Data.xls

Experiment 8 Validations.xls

A.l. Exercise 1

All the input information necessary for simulating Exercise 1 is contained in an Excel file
entitled “Experiment 2.xIs”. Table A.2 contains a list and description of column headers in the file.
The measurements for this experiment were averaged over one hour increments. During this
experiment, none of the construction elements were exposed to the outside environment; therefore,
measured weather data were not required.
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Table A.2. Description of column header from the “Experiment 2.x1s” workbook.

Column Header Names Description
Time Specific time of the experiment in h
Internal Load Measured internal heat load in W
T floor out Average outer surface temperature of the floor in °C
o o L ceiling out Average outer surface temperature of the ceiling in °C
2 & | T_south out Average outer surface temperature of the south wall in °C
g mE T west out Average outer surface temperature of the west wall in °C
T north out Average outer surface temperature of the north wall in °C
T east out Average outer surface temperature of the east wall in °C
o o | T floor in Average inner surface temperature of the floor in °C
Q O R . . - o
& 5 | T ceiling in Average inner surface temperature of the ceiling in °C
mg S | T south in Average inner surface temperature of the south wall in °C
] . . .
3 éu T west in Average inner surface temperature of the west wall in °C
2 & T north in Average inner surface temperature of the north wall in °C
~ T east in Average inner surface temperature of the east wall in °C
T mean cell air Average air temperature inside the test cell in °C
. Average air temperature 95% credible limits from the
T mean cell air unc . .
2 - - - = experiment in K
o ; 5 : —
‘2 T mean_cell_air unc MCA .i/?lvlzrage air temperature 95% credible limits from the MCA
—
é T cell air 1 Air temperature measured at Thermocouple 1 in °C
L T cell air 2 Air temperature measured at Thermocouple 2 in °C
.= T cell air 3 Air temperature measured at Thermocouple 3 in °C
:E T cell air 4 Air temperature measured at Thermocouple 4 in °C
g T cell air 5 Air temperature measured at Thermocouple 5 in °C
N T cell air 6 Air temperature measured at Thermocouple 6 in °C
T cell air 7 Air temperature measured at Thermocouple 7 in °C
T cell air 8 Air temperature measured at Thermocouple 8 in °C

A.2. Exercise 2

All the information required for simulating Exercise 2 is contained in an Excel file entitled
“Experiment 3 Weather Data.xIs”. This file contains two Excel worksheets. The first worksheet
entitled “Weather” contains weather data for the experiment and second worksheet entitled
“Artificial Turf” contains measured reflectance of the artificial turf as a function of wavelength.
The headers for the “Weather” and “Artificial Turf” worksheets are contained in Tables A.3 and

A.4, respectively.
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Table A.3. Description of column header from the “Weather” worksheet.

Column Header Names

Description

Time and date of the experiment for the central
. European time zone (GMT+1) average over the
Date and Time previl?)us hour (note: (Ol :00 COI)TespongEls to 00:01 to
01:00)
Outside Air Temperature Measured outside air temperature in °C
Relative Humidity Measured outdoor relative humidity in %
g Barometric Pressure Measured atmospheric pressure in hPa
§ Dew Point Temperature Computed dew point temperature using EES in °C
= Horizontal Wind Speed Measured horizontal wind speed in m/s
Vertical Wind Speed Measured vertical wind speed in m/s
Horizontal Wind Direction Measured horizontal wind direction in degrees
Global Horizontal Irradiance Measured global horizontal solar irradiance in W/m®
Global Vertical Irradiance (29° West of South) Meas.ured globql vertic?l solar irradiance on the
o exterior fagade in W/m
a Computed global vertical solar irradiance 95%
-:g Global Vertical Irradiance Experimental Uncertainty | credible limits from the experiment on the exterior
g fagade in W/m®
E Computed global vertical solar irradiance 95%
g Global Vertical Irradiance MCA Uncertainty f:redible2 limits from the MCA on the exterior fagade
in W/m
Direct-Normal Irradiance Measured direct-normal solar irradiance in W/m®
Diffuse Horizontal Irradiance Measured diffuse horizontal solar irradiance in W/m®
Global Horizontal Infrared Trradiance Measzured global horizontal infrared irradiance in
- 8 W/m
E £ Global Vertical Infrared Irradiance (29° West of Measured global vertical infrared irradiance on the
. South) exterior fagade in W/m?
5 %)n Elevation or Solar Altitude Computed solar altitude in degrees
S £
@< Azimuth Computed solar azimuth in degrees

Table A.4. Description of column header from the “Artificial Turf” worksheet.

Column Header Names Description

Wavelength Wavelength in nm

Direct-Hemispherical Reflectance Measured direct to hemispherical reflectance of the
artificial turf in nm

Because some building energy simulation programs can use weather data in subhourly
timesteps. Weather data were made available in 6, 10, and 12 minute intervals. These data are
contained in an Excel file entitled “Experiment 3 Subhourly Data.xIs”. Table A.5 contains a list of
column header names for all the worksheets contained in “Experiment 3 Subhourly Data.xls”.
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Table A.5. Description of the column headers in the “Experiment 3 Subhourly Data.xls” workbook.

Column Header Names

Description

Date and Time

Time and date of the experiment for the central European time zone
(GMT+1) average over the previous hour time period

Drybulb Temperature Measured outside air temperature in °C

Relative Humidity Measured outdoor relative humidity in %
Pressure Measured atmospheric pressure in hPa

Dew Point Temperature Computed dew point temperature using EES in °C
Wind Speed Measured wind speed in m/s

Wind Direction Measured wind direction in degrees

Global Horizontal Irradiance

Measured global horizontal solar irradiance in W/m®

Direct-Normal Irradiance

Measured direct-normal solar irradiance in W/m?

Diffuse Horizontal Irradiance

Measured diffuse horizontal solar irradiance in W/m?>

Global Vertical Irradiance
(29° W of S)

Measured global vertical solar irradiance on the outside fagade in W/m®

Global Horizontal Infrared Irradiance

Measured global horizontal infrared irradiance in W/m”

Global Vertical Infrared Irradiance

Measured global vertical infrared irradiance on the exterior fagade in W/m’

A.3. Exercise 3

All the inputs required for simulating Exercise 3 is contained in an Excel file entitled
“Experiment 3.xls”. The workbook consists of four worksheets that contain various measurements
required for input including: “Weather”, “Temp BC and Internal Load”, “Glazing Measurements”,
and “Individual Cell Air Temps”. Table A.6 contains column header for the worksheet entitled

“Weather”.
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Table A.6. Description of column header from the “Weather” worksheet.

Column Header Names

Description

Date and Time

Time and date of the experiment for the
central European time zone (GMT+1)
average over the previous hour (note:
01:00 corresponds to 00:01 to 01:00)

Outside Temperature

Measured outside air temperature in °C

Relative Humidity

Measured relative humidity in °C

Barometric Pressure

Measured atmospheric pressure in hPa

% Dew Point Temperature Computfd dew point temperature with
s EES in °C
= Horizontal Wind Speed Measured horizontal wind speed in m/s
Vertical Wind Speed Measured vertical wind speed in m/s
Horizontal Wind Direction Measured horizontal wind direction in
degrees
o Global Horizontal Irradiance Meas.ured global h20r1zontal solar
o irradiance in W/m
;: . . .
8 . . o Measured global vertical solar irradiance
g Global Vertical Irradiance (29° West of South) on the exterior facade in W/m’
5 . . Measured direct-normal solar irradiance
= Direct-Normal Irradiance . 2
%‘ in W/m
S - -
Diffuse Horizontal Irradiance Measured Q1ffuse glorlzontal solar
irradiance in W/m
— 8 | Global Horizontal Infrared Irradiance Meagured global }120r1zontal infrared
S 2 irradiance in W/m
£
= L
= £ | Global Vertical Infrared Irradiance (29° West of South) Measureq global Vgrt1cal 1r2rad1ance on
the exterior facade in W/m
= 8 Elevation or Solar Altitude Computed solar altitude in degrees
v—o1 OD . .
3 é Azimuth Computed solar azimuth of the exterior

facade in degrees

The boundary conditions for the experiment included hourly outer surface temperatures of all

construction elements adjacent to guarded zones, average test cell air temperatures, and internal
loads. This information is contained in a worksheet entitled “Temp BC and Internal Load”; the
column headers for this worksheet are given in Table A.7. An additional worksheet entitled
“Individual Cell Air Temps” contains a drawing and individual hourly measured air temperatures
shown in Table A.8. Table A.9 contains a description of the column headers from the “Angular
Dependent Measurements™.
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Table A.7. Column headers for the “Temp BC and Internal Load” worksheet.

Column Header Names Description
Time and date of the experiment for the central
. European time zone (GMT+1) average over the
Date and Time previous hour (note: 01:00 corresponds to 00:01
to 01:00)
8]
< Average Temp Average air temperature of the test cell in °C
5
@)
3 Floor Temp Averggeoout51de surface temperature of the
& floor in °C
= e Average outside surface temperature of the
»n G | Ceiling Temp 20
8 5 ceiling in °C
HERRS :
Z 5 | West Wall Temp Average opts;de surface temperature of the
3 g west wall in °C
o B Average outside surface temperature of the
on
g & | North Wall Temp north wall in °C
S -
Z East Wall Temp Average oqtside surface temperature of the
north wall in °C
Internal Heat Gains Measured internal gains inside the test cell in W

Table A.8. Column headers for the “Glazing Measurements” worksheet.

Column Header Names Description

Wavelength Wavelength in nm

5 Transmittance Measured transmittance of the outer glazing in %

§ ::% Reflectance (front) Measured front reflectance of the outer glazing in %
Reflectance (back) Measured back reflectance of the outer glazing in %
Transmittance Measured transmittance of the inner glazing in %

igj § Reflectance (front) Measured front reflectance of the inner glazing in %
Reflectance (back) Measured back reflectance of the outer glazing in %
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Table A.9. Column headers for the “Angular Dependent Measurements” worksheet.

Column Header Names Description
Wavelength Wavelength in nm

0° Measured transmittance at a 0° angle of incident in %
- 15° Measured transmittance at a 15° angle of incident in %
£ 30° Measured transmittance at a 30° angle of incident in %
< 2 45° Measured transmittance at a 45° angle of incident in %
% ED 50° Measured transmittance at a 50° angle of incident in %
g = 55° Measured transmittance at a 55° angle of incident in %
§ _qg 60° Measured transmittance at a 60° angle of incident in %
‘é g 65° Measured transmittance at a 65° angle of incident in %
g -~ 67.5° Measured transmittance at a 67.5° angle of incident in %
E 70° Measured transmittance at a 70° angle of incident in %

72.5° Measured transmittance at a 72.5° angle of incident in %

75° Measured transmittance at a 75° angle of incident in %
2 15° Measured reflectance (front) at a 15° angle of incident in %
2 30° Measured reflectance (front) at a 30° angle of incident in %
N 45° Measured reflectance (front) at a 45° angle of incident in %
i L?D 50° Measured reflectance (front) at a 50° angle of incident in %
‘g g 55° Measured reflectance (front) at a 55° angle of incident in %
o= 60° Measured reflectance (front) at a 60° angle of incident in %
§ 'qg) 65° Measured reflectance (front) at a 65° angle of incident in %
S g 67.5° Measured reflectance (front) at a 67.5° angle of incident in %
§ 70° Measured reflectance (front) at a 70° angle of incident in %
%S 72.5° Measured reflectance (front) at a 72.5° angle of incident in %
& 75° Measured reflectance (front) at a 75° angle of incident in %
. 15° Measured reflectance (back) at a 15° angle of incident in %
.a 30° Measured reflectance (back) at a 30° angle of incident in %
§ 45° Measured reflectance (back) at a 45° angle of incident in %
= L?D 50° Measured reflectance (back) at a 50° angle of incident in %
% g 55° Measured reflectance (back) at a 55° angle of incident in %
88 60° Measured reflectance (back) at a 60° angle of incident in %
§ 3 65° Measured reflectance (back) at a 65° angle of incident in %
s g 67.5° Measured reflectance (back) at a 67.5° angle of incident in %
3 70° Measured reflectance (back) at a 70° angle of incident in %
S 72.5° Measured reflectance (back) at a 72.5° angle of incident in %
~ 75° Measured reflectance (back) at a 75° angle of incident in %

Due to the preconditioning phase, the first 120 h of the experiment were used as a warm-up

period for all of the simulations; therefore comparisons with experimental data were only made with
the last 480 h of the experiment. The measured data from the experiment used for comparison is
provided in an Excel file entitled “Experiment 3 Validations.xls”. Two worksheets are contained in
this file: 1) “Experiment” and 2) “Uncertainties”. The column headers for these worksheets are
contained in Tables A.10 and A.11, respectively.
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Table A.10. Column headers for the “Experiment” worksheet.

Column Header Names

Description

Date and Time

Time and date of the experiment for the central European time
zone (GMT+1) average over the previous hour (note: 01:00
corresponds to 00:01 to 01:00)

Cooling Power

Measured cooling power in W

Outer Glazing Unit Average outer surface temperature of the glazing unit in °C
% | Inside Glazing Unit Average inner surface temperature of the glazing unit in °C
8 % West Inside Wall Average inner surface temperature of the west wall in °C
“g g North Inside Wall Average inner surface temperature of the north wall in °C
2 g East Inside Wall Average inner surface temperature of the east wall in °C
B | Ceiling Inside Average inner surface temperature of the ceiling in °C

Floor Inside

Average inner surface temperature of the floor in °C

Table A.11. Column headers for the “Uncertainties” worksheet.

Column Header Names Description

Time and date of the experiment for the central European time zone
(GMT+1) average over the previous hour (note: 01:00 corresponds to
00:01 to 01:00)

Date and Time

Experiment Computed 95% credible limits for the measured cooling power in W

Monte Carlo Analysis Computed 95% credible limits from MCA for the cooling power in W

95% Credible Limits of
Cooling Power

A.4. Exercises 4 and 5

Files with the same worksheets and column headers were produced for Exercises 4 and 5; one
exception is that the worksheet entitled “Glazing Measurements” from “Experiment 3.x1s” was
replaced in “Experiment 4.xIs” and “Experiment 5.x1s” workbooks with worksheets named “Shade
Properties”; a description of the column headers for this worksheet is contained Table A.12. Excel
workbooks similar to the “Experiment 3 Validation.xls” were made for Exercises 4 and 5 entitled
“Experiment 4 Validation.xIs” and “Experiment 5 Validation.xls”, respectively.

Table A.12. Column headers for the “Shade Properties” worksheet.

Column Header Names | Description

Wavelength The wavelength in nm

Transmittance Measured transmittance as a function of wavelength in %.
Reflectance Measured reflectance as a function of wavelength in %.

A.5. Exercises 6 and 7

Files with the same worksheets and column headers as in Exercise 4 were produced for
Exercises 6 and 7; one exceptions is that the worksheet entitled “Shade Properties” was replaced by
worksheets called “Blind Slat Properties”; a description of the column headers is shown in Table
A.13. For the blind assembly experiments, results from two blind slat positions were assessed. In
Exercise 6, the second experiment was performed immediately after the first experiment (i.e. there
is only one input file and two output files). For the two output files, the horizontally and 45°
downward tilting experiments were differentiated with “a” and “b”, respectively. For Exercise 7,
the experiments were run and different times of the year and therefore there are two input and
output files using the same distinction for blind slat positions as in Exercise 6. Excel workbooks
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similar to the “Experiment 3 Validation.xls” were made for Exercises 6 and 7 entitled “Experiment
6 Validation.xls” and “Experiment 7 Validation.xIs”, respectively.

Table A.13. Column headers for the “Blind Slat Properties” worksheet.
Column Header Names | Description

Wavelength The wavelength in nm

Reflectance Measured reflectance as a function of wavelength in %.

A.6. Exercises 8

For Exercise 8, input and output files were generated that contain the same headers as in
Exercise 3. An Excel workbook similar to the “Experiment 3 Validation.xls”” was made for
Exercises 8 entitled “Experiment 8 Validation.xls”.
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