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ABSTRACT: Like the structure of the building, the building envelope accounts for 20% of the total building
cost, A holistic approach to performance evaluation will not only ensure that the numerous criteria of the
building envelope, such as structural, thermal, moisture, acoustics, etc. are all satisfied, but also ensure
that good integration is established between the envelope and the structure as well as with the ventilation
system of the building. This multi-disciplinary performance checking can greatly benefit from the new
developments in Information Technology (IT) and Industry Foundation Classes (IFC) from the International
Alliance for Interoperability (IAl) for the building industry. This paper describes the development of a
computer tool or framework which includes a preprocessor, an application integrator, and a postprocessor.
The framework extracts the basic geometric data of a house from CAD drawings based on an IFC data
model, links to performance evaluation applications such as MOIST3.0 and HOT2000, and compares
evaluation results with a set of criteria.

1. INTRODUCTION

Building designers (Architects, structural and mechanical engineers) have typically focused on the
conventional elements, such as aesthetics, structural strength, and HVAC, and much less on the building
envelope, which functions as a barrier or filter protecting the occupants from cold and hot weathers, wind,
rain, water vapor, solar radiation, outside noise, pollution, smoke and fire propagation (Hutcheon, 1963).
Yet, like the structural system, the building envelope system typically accounts for 20% of the building
cost. Moreover, the building envelope continues to influence the operating costs of the life cycle of the
building. Thus, unlike building structures, the building envelope is specified in the architecture design
drawings based more on rules of thumb than on an engineering approach.

In the 1990’s in Vancouver, extensive failures of envelopes occurred in buildings which were less than five
years old. The repair cost per each condominium averaged between $25,000 and $35,000. The total loss
was originally estimated at one billion dollars but it is said that it may have reached much higher. The
“leaky condo crisis”, as it came to be known, created an awareness for the need of effective knowledge
and tools to move the design of building envelopes towards an engineering approach as it is done for
other building subsystems such as structures.

The building envelope is an integral part of the building system and must be well integrated with the
structure and the HVAC for the efficient performance of the building. The envelope should not be treated
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as a separate part when being designed, and the performance characteristics and construction details of
these subsystems should be taken into consideration concurrently (Fazio, 1990). Accordingly, a holistic
approach to performance evaluation will ensure that the numerous criteria of the building envelope, such
as structural, thermal, integrity, moisture, acoustics, etc., are all satisfied and will ensure that good
integration is established between the envelope and the structure as well as with the HVAC and lighting
systems of the building. The body of knowledge required to integrate these disciplines is known as
Building Engineering.

The performance of building envelopes can be evaluated through experiments or computer simulation.
Experiments could be carried out in laboratories and in the field, but usually they are more expensive and
time consuming. Computer simulation, on the other hand, may require less money and time, but require
validation. A large number of computer-based applications are already available, e.g., HOT2000 (Buildings
Group NRCan, 2004), Energy Plus (U.S. Department of Energy, 2004), RIUSKA (Granlund, 2004), WUFI-
ORNL/IBP (ORNL/IBP, 2004), hygIRC (IRC/NRC, 2004), MOIST3.0 (BFRL/NIST, 2004), CONDENSE,
and Airpak (Fluent, 2004). However, the data input in these applications is complex and time consuming;
people who run the applications need advanced computer skills and professional experience. In addition,
these applications cannot read the geometry data that are part of the data input from CAD drawings, which
results in low efficiency and data input errors (Suter et al., 2004). Therefore, these applications are
typically developed by researchers and used mainly by researchers, and are infrequently used in actual
designs. When evaluating the performance of the building envelope, building owners, manufacturers,
designers and evaluators need to know if a specific envelope system performs under a series of climatic
loads for specific regions and the performance requirements of the target markets where the system would
be built. Existing computer programs address different functions of the building envelope and typically do
not address the performance criteria for the different regions of the world. Therefore, the evaluation of
performances of buildings needs a set of rules or clauses as a comparative standard or criteria at the
design and evaluation stages. Based on criteria developed in Canada and a number of other countries,
the BEPA (Building Envelope Performance Assessment) Protocol is being developed at Concordia
University and Ryerson. It integrates many codes about building envelope including structural and
mechanical systems as well as energy conservation (Horvat and Fazio, 2004 &2005).

The research presented in this paper aims to develop a computer-based framework for evaluating the
building envelope which integrates Information Technology (IT), Industry Foundation Classes (IFC) (IAl,
2004), evaluation applications, and evaluation criteria. This framework can be extended to a whole
housing system. The objectives of this project are: (1) to investigate and compare the criteria and tools
used in evaluating building envelope performance in different countries, and identify typical sets of criteria
that must be met by Canadian houses in general and houses in Quebec in particular; (2) to investigate a
conceptual framework for integrating tools for evaluating building envelope performance and comparing
this performance with a set of criteria; and (3) to develop a proof-of-concept system to test and validate
the conceptual framework.

2. CURRENT STATE OF APPLICATION OF IT AND IFC IN BUILDING ENGINEERING

Information Technology (IT) has been widely used in ACE/FM (Architecture, Construction, and
Engineering/Facility Management). However, when practitioners use engineering software applications,
they need to transfer and share data among different applications developed by different software
developers. Therefore, interoperability among them is difficult to achieve without an international standard
that enables software developers to develop their software based on the same data format.

IFC are developed by the IAl (International Alliance for Interoperability) (IAl, 2004) as an international
standard for building data exchange for AEC/FM objects including physical objects, e.g., walls, or abstract
objects, e.g., a project. Based on Express language which is used in ISO STEP project (1SO, 1999), data
in IFC are organized into a hierarchy structure following the object-oriented method. Furthermore, it is free,
open and available to all AEC/FM software developers; thus, interoperability among AEC/FM software
applications is achievable. Since the first IFC version released, many software developers have developed
their applications to be compatible with IFC, such as Architecture Desktop and ArchiCAD in CAD drawing,
Robot with Robin Building Modeler (ISS, 2004) in structure design, Energyplus (US Department of Energy,
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2004) and RIUSKA (Granlund, 2004) in energy simulation, AirPack (Fluent, 2004) in indoor quality control,
and Timberline Office (Timberline, 2004) in cost estimate. Meanwhile, many researchers have carried out
their work on the application of IFC in building engineering. For example, Romberg et al. (2004) used
geometric models based on IFC for the finite element analysis in structural design.

In energy simulation, Bazjanac (2004) discussed a new IFC HVAC extension schema that is integrated in
the latest version of IFC (IFC2X2). It takes the 3-D building model of a one-story bank branch building as
an example to demonstrate the usage of IFC. The model is defined using ArchiCAD and saved in IFC
format, EnergyPlus then imports the building geometry data from the IFC format by using BS Pro COM
Server. Data about HVAC system are entered manually according to EnergyPlus definition. Bazjanac et al.
(2004) introduced a new IFC HVAC interface to EnergyPlus which is used to translate HVAC data from
IFC2x2 file into corresponding definitions in EnergyPlus Input Data Files (IDF). Furthermore, it can also
transfer and add HVAC data in EnergyPlus IDF to IFC2x2 data files. Earlier instance of energy simulation
with IFC could be shown in RIUSKA software. It has an AutoCAD-based space-modeling tool called
SMOG (Space Modeler by Olof Granlund Qy). It creates 3-D objects of walls, windows, doors and spaces
and also creates connections between these objects. It can import and export IFC 1.5 files and transfer
building geometry and construction data from IFC-compliant architectural software into other applications
such as energy and comfort simulation, visualization and lifecycle cost analysis. Also, results calculated in
RIUSKA can be exported to other IFC-compliant software (Karola et al., 1999).

In code compliance checking, CORENET (COnstruction and Real Estate NETwork) in Singapore has
developed a code-checking approach based on IFC. Their Integrated Building Plan and Integrated
Building Services (IBP/IBS) e-Plan Checking will enable the government to approve building plans
submitted by architects and building services engineers on the Internet (Liebich et al., 2002). It may be
extended to offer performance-based code checking. A model-mapping engine called eThermal has been
developed within the novaCITYNETS ePlanCheck framework (FORNAXTM) to accomplish the task of
translating CAD models to EnergyPlus model for thermal and energy simulation (WONG, 2004). IFC is an
evolving international standard. With its various extension schema which also can be developed by IFC
implementers, it can describe objects in ACE/FM industry which are not included in the current IFC
version. Taking the CORENET project as an example. Because not all the required facilities which support
automated code compliance checking within the e-Plan Checking project are included within IFC 2x
version, an IFC extension called IFC Extension Project CAS (Codes and Standards) is developed. It is
fully coordinated with other parts of IFC 2x2, such as IAl BS8 project, which is related to building services,
and IAl EL1 project, which is related to electrical services. This guaranties that the effort in developing a
data model in CORENET project would be accepted internationally (Liebich et al., 2002).

3. DEVELOPMENT OF THE BUILDING ENVELOPE EVALUATION FRAMEWORK

The project presented in this paper is a computer-based integrated tool or framework to evaluate the
performance of the building envelope subsystem. With the application of IFC, it can not only import data
from CAD drawing and exchange data between the preprocessor and the simulation programs, but also
interoperate with other frameworks and software. The flowchart of the framework is shown in Figure 1. It
consists of three components: preprocessor, application integrator, and postprocessor. The conceptual
discussion about this framework in terms of IT and IFC is presented in He (2005). The following sections
will focus on its implementation.

3.1. Data Transfer from CAD to IFC

CAD applications, such as AutoCAD, are widely used in the building industry. AutoCAD files are usually
saved in DraWinG (DWG) and Data eXchange Format (DXF) file formats. Nevertheless, these file formats
are created by software developers, and their resources are not open to the public due to commercial
competition. In many cases, this results in interoperability problems among different applications.
Fortunately, some CAD developers have developed new applications which are compatible with IFC, e.g.,
the AutoDesk’s Architectural Desktop with its IFC2x utility and Graphicsoft's ArchiCAD with its add-on
interface.
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3.2. Preprocessor

Preprocessor is a functional unit in the framework that processes the input data for the building envelope.
It is used to import IFC files from CAD software, input data from end-users, store data to, and retrieve data
from, the database, and build middle layer to transfer data to its receptor, the Application Integrator.

3.2.1. Importing IFC Files

When the user runs the preprocessor, it asks whether to import an IFC file which is generated by an IFC-
compatible CAD application, such as Architectural Desktop or ArchiCAD. If the user answers “yes”, the
system will display an interface in which the user could search for IFC files from the database and then
import data from the selected IFC file. At present, only geometric data, such as height and perimeter of the
walls can be extracted. In the future, the preprocessor will extract other data, such as material layers of
walls and the roof, thermal zone or HVYAC components of the buildings. Accessing IFC data file needs the
assistance of a toolbox. There are several of them available so far, such as Eurostep, Olof Granlund Oy-
BSPro COM Server, EPM-EXPRESS Data Manager, and Secom Ltd’s Yoshinobu Adachi-IFCsvr ActiveX
Component and IFC Model Server. Eurostep Active Toolbox is selected as the toolbox in the framework. It
is an Active X component which provides an interface to access IFC data model. Since it applies COM
technology, it is very easy to be incorporated into almost any application running on 32-bit MS Windows
ix86 platforms. Accordingly, it can be used in VBA, Visual Basic, Delphi and different C++ IDE
environments. So far it has several versions which comply to all major releases of the IFC schemas, such
as IFC1.5.1, 2.0, 2x, and 2x2 (Eurostep Group, 2004). Eurostep Active Toolbox in IFC 2x2 version has
functionality such as creating IFC text files, creating, retrieving, deleting IFC instances, setting or editing
attribute values for IFC instances, listing all attributes for an IFC instance, listing all entity names in the IFC
2X2, etc.

3.2.2. General Data Input

General Data Input is an interface for users to input data manually. There are two scenarios to use it. First,
after the user has imported geometric data from IFC file, s/lhe can use it to input data other than geometry.
Second, if the user does not select importing IFC file, s/he can use this interface to input all data including
geometric data for the framework. One of the tap pages (Step 3) in this interface is shown in Figure 2. On
the left-hand side, the user can use the combobox to input information such as name, thickness, and initial
moisture content of material layer in a wall. S/he also can input text attributes to identify whether the layer
is wood-based material. Moreover, the user can input information about the interior and exterior finishes of
the wall. The example is the input data for a wall with four material layers such as gypsum board, glass-
fiber insulation, fireboard sheathing, and sugar pine. Both the interior and exterior finishes are latex paint.
A graphical cross section of this wall is illustrated on the right-hand side. As for the table in the bottom of
the window, it is the list of the material names which exist in the database of the framework.

3.2.3. Database for Data Input

There is a database in the preprocessor to manage the input data such as geometry data, weather data
and material information. The user can access this data by the interface of General Data Input. So far, the
user can interact with the database to list the material names, add a new material, modify, delete, or
update a material. In the future, the preprocessor will not only extract data from the IFC file, but also add
new IFC objects to, or update the existing objects in an IFC file.
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Figure 1. Building Envelope Evaluation Framework
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Figure 2 General Data Input

3.2.4. Data Transfer Class

Data Transfer Class is the internal data structure of the framework. It could be a single class or a set of
classes depending on how many applications have been linked in the Application Integrator. This internal
data structure is to map the data which is imported from the IFC file and the General Data Input. It defines
all the data in the framework as well as the functions that these data invoke. Moreover, it is an extensible
structure which can be scaled to suit the applications that the framework includes in the Application
Integrator.

3.3. Application Integrator

Application Integrator integrates the simulation programs such as HOT2000 and MOIST3.0. It is a linkage
between the preprocessor and the simulation programs as well as a receptor for the data that are
transferred from the preprocessor. In the long term, it is planned to make it possible to link to any
necessary applications, such as HOT2000, Energy Plus, WUFI-ORNL/IBP, hygIRC, MOIST, CONDENSE,
and Airpak. Nonetheless, linking to the simulation applications needs technical support from their
developers by providing APIs (Application Programming Interfaces) so that the framework could access
the applications. Currently, only the APIs for MOIST3.0 and HOT2000 (Batch version) are available.

3.3.1. HOT2000 Linkage

HOT?2000 is developed by NRCan (Natural Resource of Canada) and is an energy analysis tool for low-
rise residential buildings. It can evaluate the building design accurately by its heat loss or gain and system
performance models including the thermal effectiveness of the building and its components, the passive
solar heating owing to the location of the building and the operation and performance of the building’s
ventilation, and heating and cooling systems (Buildings Group NRCan, 2004). HOT2000's Windows
version can be downloaded freely in the public domain, but the framework could not link to it directly
because the Windows version has no API. However, NRCan has provided two methods to link to
HOT2000. One is HOT2000 API with DLL (Dynamic Link Library) (Haltrecht et al., 1999); the other is
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BATCH HOT2000 (Bradley, 2003). In this research, the framework links to HOT2000 by BATCH HOT2000
since it is simpler than by the DLL in terms of programming. The BATCH HOT2000 version’s original
purpose is to estimate the space heating requirements for a large number of houses. Both the input and
output data are written in ASCII files. The input data for a house are stored in a pair of files, *.V71 and
*V80. The data input in the preprocessor of the framework are transferred to the HOT2000 by overwriting
the *.V71 and *.V80 input files (Bradley, 2003). The framework invokes the BATCH HOT2000 program,
and then calculates and outputs the result.

3.3.2. MOIST 3.0 Linkage

MOIST3.0 is a computer model and a user-friendly window application developed by NIST. It predicts the
transfer of heat and moisture in a multi-layer wall under non-isothermal conditions. It calculates the
moisture content of the construction layers as a function of time using a one-dimensional moisture transfer
model with diffusion and capillary flow. It simulates the moisture-transfer permeance offered by vapor
retarder and paint layers. Convective moisture transfer induced by air cavities is included in the model
(Burch et al., 2001, 1997). MOIST3.0 has a simulation sub-program (analyze.exe) that loads the input
files, performs heat-moisture calculations and saves results to the output files. Both the input and output
files are in ASCII format. In our framework, after the end-user inputs data by the interface General Data
Input or Import IFC Text File, the input data are mapped in the memory by the Data Transfer Class. Then,
the framework transfers data from Data Transfer Class to MOIST's input files, invokes analyze.exe, and
then writes the results to MOIST’s output files. The results in the output files are extracted by the
Evaluation Summary in the Postprocessor.

3.4.Postprocessor

Postprocessor is a function unit in the framework that processes the output from Application Integrator. It
is used to summarize the performance evaluation results from the simulation programs such as HOT2000
and MOIST3.0, retrieve performance evaluation criteria from the database, compare the evaluation
summary with the retrieved criteria and create a final report.

3.4.1. Evaluation Summary

In the Application Integrator, each application evaluates the house from its respective aspects, for
instance, HOT2000 is focusing on energy simulation in a house and MOIST3.0 is focusing on thermal and
moisture analysis in a wall or roof. However, the output of these applications is very complicated and large
in size. Therefore, it is very difficult for a user who has no expertise in these applications to interpret the
results. The Evaluation Summary is to simplify the results by selecting the contents that the user may be
most interested in. These selected results will be used to compare with a set of criteria which will be
discussed in the next section.

3.4.2. Evaluation Criteria

The results from the Evaluation Summary need a set to criteria to be evaluated. Several protocols in the
world already exist to evaluate the overall or part of the performance of a house, for example, the P-mark
in Sweden (SP, 2004), the Housing Quality Assurance Law (HQAL) in Japan (Eastin et al., 2000), the
European Technical Approval Guidelines ETAG 007 in Europe (EOTA, 2002), and the Partnership for
Advancing Technology in Housing (PATH) in the United States (PATH, 2004). In Canada, there is the R-
2000 program (NRCan, 2004) and the Novoclimat from Quebec (Quebec Agency for Energy Efficiency,
2004; Horvat, 2002). To advance the concept of overall building performance, the research group on the
building envelope at Concordia University first undertook the classification of the requirements and
standards governing building performance resulting in the Building Envelope Performance Assessment
(BEPA) Protocol which is under development (Horvat & Fazio, 2004a, 2004b). Its purpose is to evaluate
the overall performance for light-frame site-built or prefabricated residential and
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Figure 3 Evaluation Summary

small commercial building envelopes. The following functional requirements are included in this protocol:
structural stability, air tightness, moisture management performance, thermal performance, energy
performance, acoustic performance and fire control of the building envelope. At present, the criteria are
based on Montreal’s climatic, technical and social environment. However, it is envisioned to represent a
framework for developing similar protocols and assessment tools for examining performance of building
envelopes under different parameters, priorities, technologies and building traditions that exist in various
regions and countries in the world (Horvat & Fazio, 2004 &2005).

3.4.3. Comparison between the Evaluation Summary and the BEPA Protocol

The BEPA Protocol is used to evaluate the results in this research since it focuses on the building
envelope of a house and relates to not only durability but also energy conservation. Although it is limited to
Montreal area so far, it may be applied to other areas in Canada and other countries in the future. With the
BEPA Protocol, the framework can search for the rules corresponding to the results in the Evaluation
Summary; then the results are checked against the retrieved rules. If the results meet the requirement of
the rules, they are accepted and the framework will output the final report. Otherwise, the user can go
back to the very beginning of the framework flow and revise the input data. During this process,
knowledge-based code checking with IFC technology is applied. So far, the comparison is limited to one
part of BEPA Protocol by extracting the rules (clauses) within the framework, so the above code
compliance process is only at the conceptual stage and the implementation of the concept will be
integrated into the framework in the near future. Figure 3 is the interface of the evaluation summary and
the compared results with part of BEPA Protocol. The user can view information from the MOIST3.0
Summary including the R-value of the wall and comparison of this result with the respective criterion. For
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wood based material, the summary shows the range of moisture content in the layer. If moisture contents
are greater that 19% or 29%, the summary indicates the duration in which the moisture contents are
greater than these two values. The information from the HOT2000 summary includes: name of the city,
building surface area, annual space heating energy, annual internal gains utilized, annual solar gains
utilized, gross annual space heating energy, and annual heating degree days.

4. CONCLUSIONS AND FUTURE WORK

The research presented in this paper has developed a building envelope evaluation framework which can
readily used to evaluate the total performance of a housing system by integrating existing applications in
structural and mechanical systems. In order to provide the framework with interoperability, the
international standard IFC has been selected as the data model, and geometric data of the building have
been extracted by Eurostep toolbox from the IFC model. So far, MOIST 3.0 and HOT2000 have been
successfully linked due to the availability of APIs. The summary result from the evaluation applications has
been partially compared with a developing protocol BEPA to offer the end-user a professional evaluation.

The current project succeeded in extracting geometric data from IFC. The latest IFC2x2 version has
integrated many data related to building service, code checking, and electrical service, which will be useful
to integrate with the building envelope. Moreover, when data are not included in IFC2x2, it is possible to
extend IFC to include these data. Therefore, beside the geometric data, it is possible to extract any kind of
data that the framework needs from the IFC data file.

Theoretically speaking, data can be read from (extracted) and written to (stored) an IFC file in the
framework. Currently, the framework can only extract data from the IFC file. In the future, it is planned to
enable the framework to add new IFC objects to or update the existing objects in an IFC file.

The comparison between the criteria and the evaluation results is limited to one part of BEPA Protocol by
extracting the clauses and adding them in the framework, so the code compliance process is only at the
conceptual stage. In the future, a database storing all the clauses of the BEPA will be introduced in the
framework and the knowledge-based and code compliance checking with IFC technology may be applied
to demonstrate the full concept.
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