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PREFACE
This report is a product of a joint effort between International Energy Agency (IEA) Solar Heat-
ing and Cooling (SHC) and Energy Conservation in Buildings and Community Systems (ECBCS)
Programmes. SHC monitors this work as Task 34 and ECBCS monitors this work as Annex 43.
Ron Judkoff of the National Renewable Energy Laboratory (NREL) was the Operating Agent for
IEA SHC 34/ECBCS 43 on behalf of the United States Department of Energy.

International Energy Agency

The International Energy Agency (IEA) was established in 1974 within the framework of the
Organisation for Economic Co-operation and Development (OECD) to implement an international
energy programme. A basic aim of the IEA is to foster co-operation among the twenty-four IEA
participating countries and to increase energy security through energy conservation, development of
alternative energy sources and energy research, development and demonstration (RD&D).

Solar Heating and Cooling Programme

The Solar Heating and Cooling Programme was one of the first IEA Implementing Agreements
to be established. Since 1977, its members have been collaborating to advance active solar and pas-
sive solar technologies and their application in buildings and other areas, such as agriculture and in-
dustry. Current members are:

Australia Finland Portugal
Austria France Spain
Belgium Italy Sweden
Canada Mexico Switzerland
Denmark Netherlands United States
European Commission New Zealand

Germany Norway

A total of 39 Tasks have been initiated, 30 of which have been completed. Each Task is man-
aged by an Operating Agent from one of the participating countries. Overall control of the program
rests with an Executive Committee comprised of one representative from each contracting party to
the Implementing Agreement. In addition to the Task work, a number of special activities—
Memorandum of Understanding with solar thermal trade organizations, statistics collection and
analysis, conferences and workshops—nhave been undertaken.

The Tasks of the IEA Solar Heating and Cooling Programme, both underway and completed are
as follows:

Current Tasks:
Task 32 Advanced Storage Concepts for Solar and Low Energy Buildings

Task 33 Solar Heat for Industrial Processes

Task 34 Testing and Validation of Building Energy Simulation Tools
Task 35 PV/Thermal Solar Systems

Task 36 Solar Resource Knowledge Management

Task 37 Advanced Housing Renovation with Solar & Conservation
Task 38 Solar Assisted Cooling Systems

Task 39 Polymeric Materials for Solar Thermal Applications

Completed Tasks:
Task 1 Investigation of the Performance of Solar Heating and Cooling Systems
Task 2 Coordination of Solar Heating and Cooling R&D

Page iv

International Energy Agency’s Task 34/ Annex 43 Project C Report



Task 3 Performance Testing of Solar Collectors

Task 4 Development of an Insolation Handbook and Instrument Package
Task 5 Use of Existing Meteorological Information for Solar Energy Application
Task 6 Performance of Solar Systems Using Evacuated Collectors

Task 7 Central Solar Heating Plants with Seasonal Storage

Task 8 Passive and Hybrid Solar Low Energy Buildings

Task 9 Solar Radiation and Pyranometry Studies

Task 10 Solar Materials R&D

Task 11 Passive and Hybrid Solar Commercial Buildings

Task 12 Building Energy Analysis and Design Tools for Solar Applications
Task 13 Advance Solar Low Energy Buildings

Task 14 Advance Active Solar Energy Systems

Task 16 Photovoltaics in Buildings

Task 17 Measuring and Modeling Spectral Radiation

Task 18 Advanced Glazing and Associated Materials for Solar and Building Applications
Task 19 Solar Air Systems

Task 20 Solar Energy in Building Renovation

Task 21 Daylight in Buildings

Task 23 Optimization of Solar Energy Use in Large Buildings

Task 22 Building Energy Analysis Tools

Task 24 Solar Procurement

Task 25 Solar Assisted Air Conditioning of Buildings

Task 26 Solar Combisystems

Task 28 Solar Sustainable Housing

Task 27 Performance of Solar Facade Components

Task 29 Solar Crop Drying

Task 31 Daylighting Buildings in the 21st Century

Completed Working Groups:

CSHPSS, ISOLDE, Materials in Solar Thermal Collectors, and the Evaluation of Task 13
Houses

To find more IEA Solar Heating and Cooling Programme publications or learn about the Pro-
gramme visit our Internet site at www.iea-shc.org or contact the SHC Executive Secretary, Pamela
Murphy, e-mail: pmurphy@MorseAssociatesinc.com.

Energy Conservation in Buildings and Community Systems

Overall control of the program is maintained by an Executive Committee, which not only moni-
tors existing projects but also identifies new areas where collaborative effort may be beneficial. To
date the following projects have been initiated by the executive committee on Energy Conservation
in Buildings and Community Systems (completed projects are identified by (*) ):

Annex 1: Load Energy Determination of Buildings (*)
Annex 2: Ekistics and Advanced Community Energy Systems (*)

Annex 3: Energy Conservation in Residential Buildings (*)
Annex 4: Glasgow Commercial Building Monitoring (*)
Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of Communities (*)
Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants Behaviour with Regard to Ventilation (*)
Annex 9: Minimum Ventilation Rates (*)

Annex 10:  Building HVAC System Simulation (*)
Annex 11:  Energy Auditing (*)
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Annex 12:
Annex 13:
Annex 14:
Annex 15:
Annex 16:
Annex 17:
Annex 18:
Annex 19:
Annex 20:
Annex 21.:
Annex 22:
Annex 23:
Annex 24:
Annex 25:
Annex 26:
Annex 27:
Annex 28:
Annex 29:
Annex 30:
Annex 31:
Annex 32:
Annex 33:
Annex 34:
Annex 35:
Annex 36:
Annex 37:
Annex 38:
Annex 39:
Annex 40:
Annex 41:
Annex 42:

Annex 43:
Annex 44:
Annex 45:
Annex 46:

Annex 47:
Annex 48:
Annex 49:
Annex 50:

Windows and Fenestration (*)

Energy Management in Hospitals (*)

Condensation and Energy (*)

Energy Efficiency in Schools (*)

BEMS 1- User Interfaces and System Integration (*)

BEMS 2- Evaluation and Emulation Techniques (*)

Demand Controlled Ventilation Systems (*)

Low Slope Roof Systems (*)

Air Flow Patterns within Buildings (*)

Thermal Modelling (*)

Energy Efficient Communities (*)

Multi Zone Air Flow Modelling (COMIS) (*)

Heat, Air and Moisture Transfer in Envelopes (*)

Real time HEVAC Simulation (*)

Energy Efficient Ventilation of Large Enclosures (*)

Evaluation and Demonstration of Domestic Ventilation Systems (*)
Low Energy Cooling Systems (*)

Daylight in Buildings (*)

Bringing Simulation to Application (*)

Energy-Related Environmental Impact of Buildings (*)

Integral Building Envelope Performance Assessment (*)

Advanced Local Energy Planning (*)

Computer-Aided Evaluation of HVAC System Performance (*)

Design of Energy Efficient Hybrid Ventilation (HYBVENT) (*)
Retrofitting of Educational Buildings (*)

Low Exergy Systems for Heating and Cooling of Buildings (LowEX) (*)
Solar Sustainable Housing (*)

High Performance Insulation Systems (*)

Building Commissioning to Improve Energy Performance (*)

Whole Building Heat, Air and Moisture Response (MOIST-ENG)

The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems
(FC+COGEN-SIM)

Testing and Validation of Building Energy Simulation Tools

Integrating Environmentally Responsive Elements in Buildings

Energy Efficient Electric Lighting for Buildings

Holistic Assessment Tool-kit on Energy Efficient Retrofit Measures for Government
Buildings (ENERGO)

Cost-Effective Commissioning for Existing and Low Energy Buildings
Heat Pumping and Reversible Air Conditioning

Low Exergy Systems for High Performance Built Environments and Communities
Prefabricated Systems for Low Energy / High Comfort Building Renewal

Working Group - Energy Efficiency in Educational Buildings (*)

Working Group - Indicators of Energy Efficiency in Cold Climate Buildings (*)
Working Group - Annex 36 Extension: The Energy Concept Adviser (*)

(*) — Completed
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Participating countries in ECBCS:

Australia, Belgium, CEC, Canada, Czech Republic, Denmark, Finland, France, Germany,
Greece, Israel, Italy, Japan, the Netherlands, New Zealand, Norway, Poland, Portugal, Sweden,
Switzerland, Turkey, United Kingdom and the United States of America.

SHC Task 34 / ECBCS Annex 43: Testing and Validation of Building Energy
Simulation Tools

Goal and Obijectives

The goal of this Task/Annex is to undertake pre-normative research to develop a comprehensive
and integrated suite of building energy analysis tool tests involving analytical, comparative, and
empirical methods. These methods will provide for quality assurance of software, and some of the
methods will be enacted by codes and standards bodies to certify software used for showing com-
pliance to building energy standards. This goal will be pursued by accomplishing the following ob-
jectives:

e Create and make widely available a comprehensive and integrated suite of IEA Building Energy
Simulation Test (BESTEST) cases for evaluating, diagnosing, and correcting building energy
simulation software. Tests will address modeling of the building thermal fabric and building
mechanical equipment systems in the context of innovative low energy buildings.

e Maintain and expand as appropriate analytical solutions for building energy analysis tool
evaluation.

o Create and make widely available high quality empirical validation data sets, including detailed
and unambiguous documentation of the input data required for validating software, for a se-
lected number of representative design conditions.

Scope

This Task/Annex investigates the availability and accuracy of building energy analysis tools
and engineering models to evaluate the performance of innovative low-energy buildings. Innovative
low-energy buildings attempt to be highly energy efficient through use of advanced energy-
efficiency technologies or a combination of energy efficiency and solar energy technologies. To be
useful in a practical sense such tools must also be capable of modeling conventional buildings. The
scope of the Task is limited to building energy simulation tools, including emerging modular type
tools, and to widely used innovative low-energy design concepts. Activities will include develop-
ment of analytical, comparative and empirical methods for evaluating, diagnosing, and correcting
errors in building energy simulation software.

The audience for the results of the Task/Annex is building energy simulation tool developers,
and codes and standards (normes) organizations that need methods for certifying software. How-
ever, tool users, such as architects, engineers, energy consultants, product manufacturers, and build-
ing owners and managers, are the ultimate beneficiaries of the research, and will be informed
through targeted reports and articles.

Means
The objectives are to be achieved by the Participants in the following Projects.
Comparative and Analytical Verification Tests:
Project A: Ground-Coupled Heat Transfer with respect to Floor Slab and Basement Construc-
tions
Project B: Multi-Zone Buildings and Air Flow

Page vii

International Energy Agency’s Task 34/ Annex 43 Project C Report



Empirical Validation and Comparative Tests:
Project C: Shading/Daylighting/Load Interaction
Project D: Mechanical Equipment and Controls
Project E: Buildings with Double-Skin Facades
Other:
Project G: Web Site for Consolidation of Tool Evaluation Tests

Participants
The participants in the task are Australia, Belgium, Canada, Czech Republic, Denmark, France,
Germany, Japan, the Netherlands, Spain, Sweden, Switzerland, the United Kingdom, and the United
States. The United States served as the Operating Agent for this Task, with Ron Judkoff of the Na-
tional Renewable Energy Laboratory providing Operating Agent services on behalf of the U.S. De-
partment of Energy.
This report documents work carried out under Project C: Shading/Daylighting/Load Interaction
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EXECUTIVE SUMMARY

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 and
daylighting models. Even now, there are still very few high-quality data sets for empirical
validation of solar gain and daylighting models currently available.

Therefore, the purpose of this project was to create data sets for use when evaluating the
accuracies of models for glazing units and windows with and without shading devices. Program
outputs were compared with experiments performed at two research facilities designed for these
types of studies. The two facilities included: 1) an outdoor test cell located on the Swiss Federal
Laboratories for Materials Testing and Research (EMPA) in Duebendorf, Switzerland and 2) the
Energy Resource Station (ERS) located in Ankeny, lowa USA.

A series of eight experiments that subsequently increased in complexity was performed in an
outdoor test cell. The test cell was designed for calorimetric measurements and equipped with guard
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 seven 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. A series of experiments was then carried
out to evaluate solar gain models in building energy simulation programs starting with the simplest
case and increasing in 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 measurands and program inputs. A set of comprehensive statistical parameters was employed to
compare results of building energy simulation programs with the experiments applying 95% level
of significance to determine whether the programs were validated or not. Up to seven programs
were evaluated for each experiment, including: HELIOS, EnergyPlus, DOE-2.1E, ESP-r, TRNSYS-
TUD, IDA-ICE, and TRNSYS-ULg. 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.

Two additional experiments were performed at the ERS. For these studies, various windows
and interior and exterior shading combinations were tested to evaluate daylighting algorithms and
the associated interactions in building energy simulation tools and subsidiary software. Analyses
were then performed to assess the overall performance of the programs. For this study, two
building energy simulation programs were used, including: EnergyPlus and DOE-2.1E. Various
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parameters were compared at the zone level, including: reheat coil power, airflow rate, air
temperatures, daylight illuminance at the reference points, and light power.

These studies are believed to be some of the most detailed empirical validations of solar gain
models implemented in building energy simulation programs ever performed. The authors’
intention is that the data are widely used by program developers and modelers for future validation
efforts.
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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 primary 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 and daylighting algorithms and the associated interactions are necessary
endeavors to provide confidence that these programs simulate reality. Thus, the motivation for this
study was to provide high-quality data sets and an evaluation methodology for empirical validation
of solar gain and daylighting 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, windows, daylighting, and 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 suite of experiments was performed in the Swiss Federal Laboratories for Materials Testing
and Research (EMPA) outdoor test facility in Duebendorf, Switzerland (described in Chapter 3) that
focused on evaluating solar gain modeling, and two experiments were performed at the Energy
Resource Station (ERS) test facility in Ankeny, lowa USA (Chapter 4) to evaluate daylighting
models and associated zone interactions. 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, factoring 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. EMPA Experiments

Eight experiments were performed for empirical validations of building energy software in
conjunction with the IEA Task 34/Annex 34 Project 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, and
window (glazing unit with a frame).

NN E

2.2. EMPA 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), and
window (i.e. glazing unit with a window frame) (Experiment 8).

N~ WN

After completion of the test cell characterization experiments (Experiments 1 and 2), subsequent
tests used “constant” temperatures within the test cell and the guard zone. For all exercises except
Exercise 2, measured hourly outer surface temperatures for the test cell construction element
surfaces adjacent to the guard 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 (in 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
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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
of 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. ERS Experiments
Two experiments were performed at the ERS that assessed the performance of daylight

algorithms implemented into building energy simulation programs. Exterior test rooms were used
to investigate program performance with different window/shading combinations. A general layout
of the facility showing the exterior test rooms is given in Figure 2.2.
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Figure 2.2. A floor plan of the Energy Resource Station.

The first experiment examined three types of windows in combination with three window
shading devices. These experiments were performed in the exterior test rooms (Figure 2.2) and the
various permutations of windows and shading devices are shown in Table 2.1. For the ERS
validations, each experiment was used to perform a simulation exercise; therefore, no distinctions
will be made between simulation exercises and experiments.

Table 2.1. ERS Test rooms shading and window configurations for Experiment 1.

. . Exterior
Test Window Type Interior Window Window
Room Treatment
Treatment
East A 25.2 mm Low-E#3 Glazing System Motorized Mini-blinds none
East B 25.2 mm Low-E#3 Glazing System Fixed Slat Angle Horizontal none
Mini-blinds
South A 25.2 mm Clear Glass Glazing System Nysan Shading Screens none
South B 25.2 mm Clear Glass Glazing System | Fixed Slat Angle Horizontal none
Mini-blinds
West A 25.2 mm Low-E#2 Glazing System Nysan Shading Screens Exterior Fins
West B 25.2 mm Low-E#2 Glazing System none Exterior Fins

The second experiment used only two types of windows in combination with three window
shading devices shown in Table 2.2.
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Table 2.2. ERS Test rooms shading and window configurations for Experiment 2.

. . Exterior
Test Window Type Interior Window Window
Room Treatment
Treatment
East A 25.2 mm Low-E#3 Glazing System Nysan Superweave 1000 none
(10% open) White Fabric
East B 25.2 mm Low-E#2 Glazing System White Muslin Fabric none
South A 25.2 mm Low-E#3 Glazing System Nysan Superweave 1000 Exterior Fins
(10% open) White Fabric
South B 25.2 mm Low-E#2 Glazing System White Muslin Fabric Exterior Fins
West A 25.2 mm Low-E#3 Glazing System Nysan Superweave 1000 none
(10% open) White Fabric
West B 25.2 mm Low-E#2 Glazing System White Muslin Fabric none

The results presented focused on comparisons in the exterior test rooms. The specific
parameters compared were the zone reheat coil powers, zone temperatures, daylight illuminance at
the reference point, and light powers. For consistency, all results were compared in hourly
increments. More detailed information about the ERS testing facility is provided in Chapter 13.

2.4. 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 of 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
guide for program validation. When the programs were within these overlapping 95% credible
limits, they were considered validated. Figure 2.3 contains a flowchart diagramming the
methodology.

Measured initial
and boundary

conditions Output: Experiment
e N e
Temperature I.C. experiment

Xi £ AX

A
Overlapping
uncertainty
bands?

Material properties > -
Geometry g 3m|dm_g energy
Y, £ AY, > simulation
programs
Measured input Output: Simulation
parameters

Figure 2.3. Methodology for empirical validation of building energy simulation programs.

Many simulators chose to use weather data that were in sub-hourly time intervals; however, all
results were then provided and evaluated for 1 hour time intervals to provide consistent
comparisons between different program outputs because hourly outputs were the smallest
increments currently available for all of the programs. A number of different measures were used
to quantify the observed relationships between measured and simulated results. These were based
on the basic statistical summary measures: the sample mean, X , the sample maximum, Xmax, and
minimum, Xmin, values, and sample standard deviation, s.
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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, |Dmay] and minimum, |Dpq| differences
were then determined for each simulated quantity. Further, the average absolute difference,|D|, was
computed using Equation 2.1.

_ 1 n
Bl=-2.ID] (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, Dyns, defined in

Equation 2.2.
Drms = iZDiz (22)
\ 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.

b = [1lsz P’ 2.3)

rms
n

For additional comparisons, the 95% quantiles (the upper 5% points of the sample distributions)
for the absolute differences, |D|gss, 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 Analysis
(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 €ach 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 (for the
EMPA Experiments) in EnergyPlus is given by Loutzenhiser et al [2].

To compare the performance of the individual building energy simulation programs, the
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
were considered validated within 95% credible limits.

D]
+0U.

i,EnergyPlus

UR, = (2.4)

ou

i,Exp

For the ERS experiments, it was not possible to compare several of the parameters during
certain times of the day (i.e. light power). Therefore, a criterion for evaluating the uncertainty ratio
was implemented and described in a subsequent chapter. When employed, there were several
parameters from the ERS experiments that used a truncated number of results from each array. The
number of comparisons from each array, N, is also provided in the statistical analyses.

2.5. 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 the EMPA and ERS studies are given
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in Tables 2.3 and 2.4, respectively.

Table 2.3. 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.Carland T. HELIOS HELIOS All exercises
Frank
EMPA/lowa State P. Loutzenhiser EnergyPlus EnergyPlus All exercises
University (ISU)
EMPA/lowa State P. Loutzenhiser DOE-2.1E DOE-2.1E Exercises 1-5 and 8
University (ISU)
Strathclyde University P. Strachan ESP-r ESP-r Exercises 1-5
Technical University C. Felsmann TRNSYS-TUD TRNSYS-TUD Exercises 1-5
of Dresden
University of Applied | S. Moosberger and IDA-ICE IDA-ICE Exercises 1- 2
Science of Central G. Zweifel
Switzerland (HTAL)
University of Applied | S. Moosbergerand | 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 3and 8
Science of Central G. Zweifel window model
Switzerland (HTAL)
University of Liege Julien L'Hoest TRNSYS TRNSYS-ULg All Exercises

(ULg)

Table 2.4. List of participants, building energy simulation programs, and level of participation for
the ERS experiments.

Institution Modeler(s) Building Energy Level of Participation
Simulation
Program(s)
ISU/EMPA P. Loutzenhiser and G EnergyPlus Both Exercises
Maxwell
ISU/EMPA P. Loutzenhiser and G DOE-2.1E Both Exercises
Maxwell
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CHAPTER 3: EMPAFACILITY DESCRIPTION

The 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 guard zones allowing for more precise determination of boundary conditions. The test cells and
guard 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 cell also provide the best environment for generating high-quality data sets for
whole building empirical validations.

The air in the test cell was 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. Air 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
Wall
External I : . m
Chamber — Guard
(Option) Zone
|| : > Pceil
Photky [— R 'i Extract Air J@
. N
PGIazmg N ) ~ I:)WaterCircuit
5 ju N Supply Air § Pe,
Surround Panel <¢ i I

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, and

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°)

The internal dimensions of the test cell are shown in Table 3.2.
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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?
Avrea of the floor/ceiling 13.184 m*
Internal volume 31.114 m*

3.2. Thermal Bridge Quantification

According to Moinard and Guyon [4], determining the overall thermal test 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 is 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 test cell envelope—were computed using
TRISCO software [5]. This program allowed for a three dimensional steady-state analysis of heat
transfer processes. For this exercise, a combined heat transfer coefficient was chosen that factored
in radiation and convection. Equivalent thermal conductivities of cavities were calculated
according to prEN 1SO 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 test cell air and the guard zone. High heat
fluxes were seen at the sealing of the door and at the sealing between test cell and removable
external wall. Figure 3.2c shows an image of the test cell taken by an infrared camera of the thermal
bridges at the door. The picture was taken for a 20 K temperature difference between the test cell
air and the guard 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.

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

Table 3.3 contain the steady-state properties at for an inside air temperature at 20°C for the
thermal transmittances. This parameter refers to the heat flow between the test cell air and the outer
surface of the test cell envelope.

Table 3.3. Steady-state heat transfer characteristics of the test cell.

Area One-dimensional One-dimensional Three-dimensional Thermal

m? thermal overall thermal overall thermal trans- | bridges and

transmittance transmittance mittance (including edge effects
W/m?-K WIK edge effects and ther- WIK

mal bridges)
W/K

Ceiling 13.184 0.155 2.040 3.170 1.130
North Wall 6.726 0.155 1.041 1.941 0.901
East Wall 6.726 0.258 1.733 1.850 0.117
South Wall 10.917 0.155 1.689 2.530 0.841
West Wall 10.917 0.155 1.689 2.491 0.802
Floor 13.184 0.147 1.935 3.180 1.245
Total 10.127 15.162 5.036

The thermal conductance from a TRISCO software simulation of the entire cell envelope (from
inside the cell to the outer surfaces, including thermal bridges) at inside test cell air temperatures
0°C and 20°C (and guard zone temperatures of -1°C and 19°C, respectively) were calculated to be
13.539 W/K and 14.721 WIK, respectively.

The thermal conductance as a function of mean wall temperature for the guard zone and the
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exterior wall are given in Equations 3.1 and 3.2, respectively.

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

0 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 given in Table 3.4. These calculations were performed using the mean wall
temperatures for the exterior wall and guard 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 overall thermal conductances for the construction elements adjacent to
external chamber (external wall) and guard zones were 2.12 £ 0.59 W/K and 12.23 = 0.53 W/K,
respectively. A comparison between the overall 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 28226 + 4 W 43.13+0.5°C 23.50 + 0.5°C 23.24+0.5°C
Phase 2 145.04+3W 36.45+0.5°C 23.33+0.5°C 43.74 +0.5°C
16\\\\\\\\\\\\\\\\\\\\\\\16
Guard Zone ]

Thermal Conductance (W/K)

- External Wall i
1 L1 11 ‘ L1 ‘ L1 11 ‘ L1 11 ‘ || 1
15 20 25 30 35 40

Temperature (°C)

Figure 3.3. Comparison of thermal conductances of the external wall and guard 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 were a major component in the thermal
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.
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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. The 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 of 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 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/kg-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/Ikg-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 25 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® J/kg-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
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3.5. Sensors

The sensors used in the test facility were 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, average 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 guard zone are shown and with their respective accuracies.

Table 3.9. Weather data parameters and equipment.

Parameter Unit Type of sensor / measurement Number Accuracy
of sensors
Solar global irradiance, facade 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, facade plane W/m? | Pyrgeometers (Kipp & Zonen CG 4) 1 +2%
Outside air temperature, in front °C Radiation shielded, mechanically 2 +05K
of facade ventilated thermocouples
Wind speed, in front of fagade m/s Ultrasonic anemometer (WindMaster ) 1 +15%
Horizontal illuminance Lx Luxmeter (Kipp & Zonen LuxL.ite, 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 guard 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 +0.3K
by two cylinders
Air temperatures, in external chamber °C Thermocouple, radiation shielded 5 +03K
by two cylinders
Air temperatures, in guard zone, 0.1 m °C Thermocouple, radiation shielded 25 +0.3K
in front of cell surface by two cylinders
Surface temperatures, inner surface of °C Thermocouple 30 +0.3K
cell envelope
Surface temperatures, outer surface of °C Thermocouple 30 +0.3K
cell envelope
Heating power, inside test cell w Electric power (Infratek 106A) 1 +0.1%
Cooling power, inside test cell w Electromagnetic flowmeter 3 +2%
(Endress+Hauser Promag 53H) and
temperature difference
measurement (PT100)
Illuminance, horizontal inside cell Lux Luxmeter (Minolta T-1H) 3 +2%

3.6. Ground Reflectance Measurement
Acrtificial 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
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dependent model for absorptance, (@), [9] for incident angles between 0° and 80°, and a linear
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, onem [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].

) 1+20345x10°6-199 x10 6% +5324 x10°6°-4799 x 10°° * 0°<6<80°
a

N7 (3.3)
" |-0.0640 +5.76 80° <6 <90°
where
@ is the angle of incidence in ° and
an 1S the normal absorptance.
90
Do = 2 j (1-a(6))sin(#) cos(F)d6 (3.4)
0

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.
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CHAPTER 4: EMPA 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 guard 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 4.1a. Photograph of test toom with external chamber.

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.
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Table 4.1a. Ceiling, north, east and west wall construction evaluated at 28.38°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 0.023098 30 1800
3 Sheet steel 0.7 53.62 7837 460.8
Table 4.1b. Floor construction evaluated at 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 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. Figure 4.2 shows the locations of the

temperature sensors in test cell. Additional double-shielded thermocouples were added for
subsequent experiments.

South
o [e]
o
- (¢] o
Ceiling East West
o o Floor o o
+ + +
[e] [e] o [e]
o o |+ 4 + + 4+ +
o [e] o o
) o + o + o
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+ air temperature
++ 4 5+
North o -+

Figure 4.2. Location of temperature sensors.

Figure 4.3 contains a plot of the results for the experiment. Included in the plot are the mean

test cell air temperature, mean surface temperatures, and the additional internal load introduced into
the space.

Page 16

International Energy Agency’s Task 34/ Annex 43 Project C Report



45 ‘

400

C \
B Cellair |
40 i
s 1300
ERd T2
% - <200 &
= 30 - i S
&
o5 | 7 100
00 0 0 P L \70
0 100 200 300 400 500 600
Time (h)

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 the results from a comprehensive set of statistical
analysis.

The measured and predicted test cell air temperatures from HELIOS, EnergyPlus, DOE-2.1E,
ESP-r, TRNSYS-TUD, IDA-ICE, and TRNSYS-ULg are shown in Figures 4.4a to 4.4q,
respectively. Other parameters used for diagnostic purposes that were not included were convective
heat transfer coefficients and inner surface temperatures for all construction elements.
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Figures 4.4a. Test cell air temperature comparisons for HELIOS.
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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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Figures 4.4d. Test cell air temperature comparisons for ESP-r.
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Figures 4.4e. Test cell air temperature comparisons for TRNSYS-TUD.
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Figures 4.4f. Test cell air temperature comparisons for IDA-ICE.
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Figures 4.4g. Test cell air temperature comparisons for TRNSYS-ULg.

The MCA was performed in EnergyPlus for all hours of the experiment 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 averaged over the experiment that impacted the
predicted air temperatures are shown in Table 4.2; these results include n-way factorial analysis for
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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.
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Figure 4.5. Experimental uncertainty, uncertainty of simulation results due to uncertainty in input
parameters and total uncertainty.

Table 4.2. Average 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.

S o>
Py § E L N 5
T £ 8 a N 4 ) e
s 5| 38|22 2|2
S 3 m & o) & Y < 4
a n T L A L] - o -
X 335°C | 335°C | 334°C | 335°C | 33.2°C | 33.4°C | 33.4°C | 333°C
s 49K 49K 49K 50K 50K 50K 49K 51K
X 423°C | 424°C | 424°C | 426°C | 422°C | 424°C | 424°C | 422°C
X 287°C | 287°C | 286°C | 285°C | 284°C | 28.6°C | 285°C | 28.0°C
D - 00K 01K 01K 04K 01K 01K 03K
D) . 02K 0.2 K 03K 0.4 K 02K 02K 05K
| Do - 10K 0.7K 12K 09K 07K 06K 11K
| D - 00K 0.0 K 00K 00K 00K 00K 00K
Dy - 02K 02K 03K 04K 03K 02K 05K
ID]osss - 05K 05K 07K 07K 05K 04K 09K
ou 0.3K - 09K - - - - -
UR - 0.2 0.2 0.2 0.4 0.2 0.2 0.4
URnax R 11 0.8 14 0.7 0.9 0.7 14
URGmin - 0.0 0.0 0.0 0.0 0.0 0.0 0.0
|D|/ Xx100% - 0.5% 0.5% 0.8% 1.1% 0.7% 0.5% 1.4%
D/ %x100% - 0.1% 0.4% 0.2% 1.1% 0.3% 0.4% 0.8%

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 the impact of solar gains with and without
shading devices. Further analysis and discussion of the experiment and results is provided by Manz
etal. [12].

Page 22

International Energy Agency’s Task 34/ Annex 43 Project C Report



CHAPTER 5: EMPA 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 fagade 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 described 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),
ESP-r Isotropic (Figure 5.1d),

ESP-r Klucher (Figure 5.1e),

ESP-R Muneer (Figure 5.1f),

ESP-r Perez 1987 (Figure 5.19g),

ESP-r Perez 1990 (Figure 5.1h),
TRNSYS-TUD Hay Davies (Figure 5.1i),
TRNSYS-TUD lIsotropic (Figure 5.1j),
TRNSYS-TUD Perez 1990 (Figure 5.1k),
TRNSYS-TUD Reindl (Figure 5.11),
IDA-ICE Perez 1990 (Figure 5.1m),
TRNSYS-Ulg Hay Davies (Figure 5.1n),
TRNSYS-Ulg Isotropic (Figure 5.10),
TRNSYS-Ulg Perez 1990 (Figure 5.1p), and
TRNSYS-Ulg Reindl (Figure 5.10q).

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 solar irradiances for a given hour of the day over the entire experiment. The same type of
plot was used for comparing cooling powers for the solar gain experiments discussed in subsequent
chapters.
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Figure 5.1a. Global vertical solar irradiance comparisons for HEL1OS 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 ESP-r Isotropic 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 5.1e. Global vertical solar irradiance comparisons for ESP-r Klucher 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 5.1f. Global vertical solar irradiance comparisons for ESP-r Muneer 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 5.1g. Global vertical solar irradiance comparisons for ESP-r 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 5.1h. Global vertical solar irradiance comparisons for ESP-r 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 5.1i. Global vertical solar irradiance comparisons for TRNSYS-TUD Hay Davies 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 5.1j. Global vertical solar irradiance comparisons for TRNSYS-TUD Isotropic 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 5.1k. Global vertical solar irradiance comparisons for TRNSYS-TUD 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 5.11. Global vertical solar irradiance comparisons for TRNSYS-TUD Reindl| 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 5.1m. 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).
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Figure 5.1n. Global vertical solar irradiance comparisons for TRNSYS-ULg Hay Davies averaged
over each given hour of the day (left) and absolute maximum, mean, and minimum differences for a
given hour of the day (right).

Page 30

International Energy Agency’s Task 34/ Annex 43 Project C Report



Experiment — Maximum
—— TRNSYS-ULg [sotropic —&— Mean
—%— Minimum

400
200}
5 300} 1 B
5 =
= 2 150}
5 5
g 200} 1B
e 2
£ = 100}
g 2
& 100} 1 3 ol
)
e
() Dy L a2 0
0 4 8 12 16 20 24

Figure 5.10. Global vertical solar irradiance comparisons for TRNSYS-ULg Isotropic 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 5.1p. Global vertical solar irradiance comparisons for TRNSYS-ULg 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 5.1qg. Global vertical solar irradiance comparisons for TRNSYS-ULg Reind| 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
averaged over the entire experiment. 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.

Q. <5} Ty
- IS ~ S o we g § 2
£ 2 23 z3 =g g < =
% 5 N o N E N I - -
[} [«§]
5 3 w5 25 Q5 & & &
o L I a Ww a (el L L L
X 176.1 W/m? | 179.2 W/m? | 169.7 W/m? | 177.2 W/m? | 152.5W/m? | 156.1 W/m? | 177.8 W/m?
s 223.8 W/m? | 216.7 W/m? | 211.8 W/m? | 218.6 W/m? | 185.1 W/m? | 190.2 W/m? | 228.5 W/m®

Xmax 856.8 W/m? | 812.0 W/m? | 817.8 W/m? | 820.4 W/m? | 728.8 W/m? | 743.5 W/m? | 915.7 W/m®
Xmin 0.2 W/m? 0.0 W/m?® 0.3 W/m? 0.0 W/m® 0.4 W/m? 0.4 W/m? 0.3 W/m?®

D - -3.0 W/m? 6.4 W/m? -1.1 W/im? 23.6 W/m? | 20.0W/m? | -1.7 W/m?

D) - 120W/m? | 13.7W/m? | 105W/m? | 295W/m? | 260 W/m? | 12.7 W/m?
D - 87.0W/m*> | 103.5W/m* | 67.1W/m° | 157.7W/m® | 139.1 W/m® | 205.5 W/m®
| Dy - 0.0 W/m? 0.0 W/m® 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m?
Drms - 187W/m?> | 242W/m?* | 17.0W/m?> | 51.1W/m* | 448W/m? | 253 W/m?
|D]gse - 448 W/m?> | 56.4W/m? | 40.3W/m? | 132.0W/m? | 115.8 W/m? | 47.4 W/m?
ou 6.9 W/m? - 4.6 W/m? - - - -

UR - 2.4 1.3 1.3 25 2.4 1.4
UR nax - 71.3 12.4 20.4 17.0 17.0 10.9
URuin - 0.0 0.0 0.0 0.0 0.0 0.0

|D|/ X x100% - 6.8% 7.8% 5.9% 16.7% 14.8% 7.2%
D /X x100% - -1.7% 3.7% -0.6% 13.4% 11.3% -1.0%
Table 5.2. Statistical comparisons for Exercise 2 (Continued).
[a) [a) [a) ()]
- D ) ) )
= c 5 =) 8 e F g =
3 = S S $% S2 29 <
£ & T T 2a 2e 2n 23
- o [a [0 > += o =
g & i ae EZ r 8 g =
X 176.1 W/m? | 175.9 W/m? | 171.3W/m? | 179.8 W/m? | 169.7 W/m? | 177.2 W/m? | 170.9 W/m?
s 223.8W/m? | 215.7 W/m? | 2122 W/m? | 211.2 W/m? | 211.8 W/m? | 218.6 W/m? | 209.4 W/m?

Xmax 856.8 W/m? | 806.7 W/m? | 804.7 W/m? | 781.4W/m? | 817.8 W/m? | 820.4 W/m? | 810.4 W/m?

Xmin 0.2 W/m? 0.1 W/m? 0.3 W/m® 0.5 W/m® 0.3 W/m® 0.0 W/m? 0.4 W/m*

D - 0.2 W/m? 4.8 W/m? -3.7 W/m? 6.4 W/m? -1.1 W/m? 5.2 W/m?

D| - 11.7W/m? | 11.7W/im? | 222W/m? | 13.7W/m? | 105W/m? | 15.7 W/m?
|D e - 69.3W/m*> | 87.7W/m* | 101.3W/m* | 103.5W/m* | 67.1 W/m* | 90.4 W/m®
| D - 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m?
Dyms - 189W/m? | 204W/m? | 33.6W/m? | 242W/m? | 17.0W/m? | 24.0 W/m?
|D]gs0s - 456 W/m* | 50.9W/m* | 81L.4W/m* | 56.4W/m° | 40.3W/m° | 56.3 W/m’

ou 6.9 W/m® - - - 4.6 W/m* - -

UR - 1.3 1.2 3.2 1.3 1.3 2.3
URuax - 12.1 11.2 39.0 12.4 20.4 20.4
URuin - 0.0 0.0 0.0 0.0 0.0 0.0

[D]/xx100% - 6.7% 6.7% 12.6% 7.8% 5.9% 8.9%
D /X x100% - 0.1% 2.7% 2.1% 3.7% -0.6% 3.0%
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Table 5.2. Statistical comparisons for Exercise 2 (Continued).

= = g g
. g S 28 2 22 >
g g 8% | £z | 2% | g3 | &
e fu - (PN a) 0 o N N 9N o
£ g < £ Z % Z z s £z
g & og E T = Eg E&
X 176.1 W/m? | 156.1 W/m? | 170.9 W/m? | 156.5 W/m? | 175.6 W/m? | 176.7 W/m®
s 223.8W/m? | 190.2 W/m® | 2143 W/m® | 189.9 W/m’ | 217.7 W/m® | 218.7 W/m®
Xmax 856.8 W/m®> | 743.5W/m* | 838.5W/m® | 748.2 W/m’ | 820.9 W/m® | 848.4 W/m®
Xemin 0.2 W/m? 0.4 W/m® 0.4 W/m? 0.4 W/m? 0.4 W/m® 0.4 W/m*
D - 20.0 W/m? 5.2 W/m? 19.6 W/m? 0.6 W/m? -0.6 W/m?
D) - 26.0W/m? | 147W/m2 | 27.1W/m? | 10.7W/m? | 13.8 W/m?
[ D] - 139.1 W/m? | 100.2 W/m? | 139.7 W/m? | 64.3W/m* | 82.7 W/m?
| Dy - 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m? 0.0 W/m?
Drms - 448 Wim* | 23.3W/m?* | 462W/m> | 17.5W/m* | 20.5W/m®
[D]oss - 1158 W/m? | 57.4W/m* | 121.9 W/m? | 43.2 W/m* | 46.3 W/m?
ouU 6.9 W/m? - - - - -
UR - 2.4 2.2 2.6 1.2 2.3
UR nax - 17.0 20.6 20.6 20.6 20.6
URmin - 0.0 0.0 0.0 0.0 0.0
D]/ Xx100% - 14.8% 8.4% 15.4% 6.1% 7.8%
D /X x100% - 11.3% 3.0% 11.1% 0.3% -0.4%

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 surface radiation
model into the program(s). This was also a vital step for identifying discrepancies in the solar gain

experiments. In-depth analyses and discussion of these results are provided by Loutzenhiser et al.
[2]. The uncertainty ratio provides guidance for identifying which model performed best. This
quantity factored in the 95% credible limits with instantaneous comparisons of the models

compared with the measurands for each hour. The average uncertainty ratio was used to rank the
models over the given period and is useful in subsequent exercises.
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CHAPTER 6: EMPA 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 atwo-dimensional steady-state heat transfer simulation and calorimetric measurements used

to calculate the linear thermal transmittance of the mounting and spacer,
e adescription of the equipment used to measure the weather data, and
¢ thermophysical properties of the test 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 space and mounting was calculated from simulation and a calorimetric experiment and is
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?
518 m

Aperture perimeter length

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
9.7

Inner emittance, %

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
048
142 2.36

0.46

084 —

~— 084

117

2.85

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) 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. Optical properties as a function of incident angle.

Incident angle, ° 0 15 | 30 | 45 | 50 | 55 | 60 | 65 | 675 | 70 | 725 | 75
Solar 421 | 417 | 409 | 389 | 376 | 358 | 332 | 295 | 27.2 | 246 | 216 | 184
transmittance, %

Solar - | 267 | 266 | 276 | 284 | 300 | 323 | 35.9 | 385 | 41.6 | 45.0 | 49.4
reflectance (front), %

Solar

reflectance (back), % - | 246 | 247 | 262 | 273 | 293 | 322 | 36.7 | 39.7 | 434 | 474 | 52.6

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 of the aluminum spacer 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 results, the linear thermal transmittance was then computed.

120.0

=400 64.0 16.0f=—

i

o

600

10.0 ==~ 130.0 =100

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
procedure simulated the spacer, calculated the linear thermal transmittance, and then recalculated a
center-pane thermal transmittance.
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Table 6.4. List of materials and their respective thermal conductivities.

Material Thermal conductivity, W/m-K Color-codin
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 1SO
10077-2 [6]. These results, as well as the color-coding, 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 to help visualize the two-dimensional heat flow path.

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

Qo =1LU, + ! ()

-6,) (6.1)
g-49g i o}
h =~ A Ae D

i ply eps (o]

where
L 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,
hi is the inside heat transfer coefficient,
dpiy is the width of the plywood,
Aply IS the thermal conductivity of the plywood,
deps IS the width of the eps foam,
Aeps 1S the thermal conductivity of the eps foam,
h, is the outside heat transfer coefficient,
& is the inside temperature, and
& 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 Wim*-K
Lw 0.120 m
oty 0.01m
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, y, was calculated using Equation 6.2 to be 0.08899 W/m-K.

QIIBISCO _Qllfo
- __ <1D 6.2
V=00 (6.2)
where

Quisco IS the heat transfer from the BISCO simulation.

6.1.3. Thermophysical Properties of the Test Cell Envelope
The mean temperatures of the construction elements are shown in Table 6.7. The
thermophysical properties, fixed at the mean temperatures, are contained in Tables 6.8a to 6.8c.

Table 6.7. Mean temperatures for of the construction element during 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® JIkg-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 25 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® JIkg-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 powers from HELIOS, EnergyPlus, DOE-2.1E, ESP-r, TRNSYS-TUD, IDA-PAR, IDA-
SIA, IDA-Detwind, and TRNSYS-ULg are shown in Figures 6.6a to 6.61, respectively. Table 6.9
contains overall and 10 most influential input uncertainties averaged over the experiment 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 6.6¢. 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 ESP-r 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 TRNSYS-TUD averaged over each given hour of the
day (left) and absolute maximum, mean, and minimum differences for a given hour of the day

(right).
Experiment — Maximum
——[DA-PAR —&— Mean
200
300+ ]
= =
o 8 150¢
: 5
= 200} ] 8
o £
g A 100}
: 2
100+ ]
2 50f
0

0 4 8 12 16 20 24
Time, h

Figure 6.6e. 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 6.6f. 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 6.6g. 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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Figure 6.6h. Cooling power comparisons for TRNSYS-ULg 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 6.9. Average 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 horizontal solar irradiance 0.39 -0.36
West wall surface temperature 0.38 -0.38
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Table 6.10. Statistical comparisons for cooling power in Exercise 3.

)] o
o 2 2 =
& o = L Fr o 'E ;)
' £ 2 a = e < < 5 P
CG 1 Z 1 1 1 Z
= o © o < < <
X ae) c O N 14 14
o n T I a) Ll ~ Q a 8 -
X 166.6 W | 166.0W | 163.4W | 1766 W | 161.4W | 176 9W | 161.6 W | 159.8W | 1649 W | 166.1 W
s 1161W [ 119.3W [ 101.5W | 117.7W | 99.0W [ 1062W | 1054 W | 101.4W | 112.3W | 107.0W
Xmax 847.9W | 8455W | 767.5W | 780.0 W [ 750.2W | 816.1W | 816.8W | 792.8 W | 829.1 W [ 797.9 W
Xain 541W | 67.8W | 835W | 106.0W | 82.3W | 932W | 73.9W [ 73.8W | 68.8W | 846 W
D - 0.7W 32W | -100W | 52W [ -103W | 50W | 68W | 1.7W | 05W
D - 87W | 128W | 135W | 190W | 208W | 131W | 143W | 11.0W | 104 W
| D - 79.6W | 1405W [ 936W [ 213.1W | 140.7W [ 1140W [ 131.4W | 790W [ 1162 W
| Dol - 0.0 W 0.1W 00W [ 0.0W | 02W [ 00W [ 00W | 01W [ 0.0W
Dyms - 143W | 222W | 216W | 334W [ 282W | 21.0W | 23.9W | 160W | 194 W
|DJss0 - 33.0W | 523W | 546W | 791W | 60.3W | 472W | 565W | 37.1W | 394 W
ou 3.8W - 59 W - - - - - - -
UR - 0.8 11 13 16 2.1 1.2 13 1.1 0.9
URpax - 6.1 9.3 9.3 10.4 138 8.5 8.4 8.0 8.1
URpin - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D]/ xx100% - 5.2% 7.71% 8.1% 11.4% | 12.5% 7.8% 8.6% 6.6% 6.2%
D / X x100% - 0.4% 1.9% -6.0% 3.1% -6.2% 3.0% 4.1% 1.0% 0.3%

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, was 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 are provided by Loutzenhiser et al. [15].
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CHAPTER 7: EMPA 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 and

o 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.

Figure 7.1. Photograph of the exterior shade mounted on the test cell.
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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, % 215
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 the mean construction element temperatures, are contained in
Tables 7.3a to 7.3c.

Table 7.2. Mean temperatures for of the construction element during 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® 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 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/kg-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’ JIkg-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, ESP-r, TRNSYS-TUD, IDA-SIA, and
TRNSYS-ULg are shown in Figures 7.3a to 7.3g, respectively. Two plots are contained in each
figure. Table 7.4 contains the overall and 10 most influential input uncertainties, averaged over the
experiment, which 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 ESP-r 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 7.3e.