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Abstract

The detailed use of Building Performance Simulation (BPS) tools to estimate the energy use and encourage
energy savings solutions is vital in mitigating the energy use for buildings and the production of this energy.
Furthermore, the design of energy-efficient and environmentally friendly buildings involves a collaborative
effort among professionals in the Architecture, Engineering, and Construction (AEC) industry. The introduction
of Building Information Modelling (BIM) tools provides the assessment of the performance of different design
solutions possible with timely feedback during each design phase and over the life cycle of the building.
However, there have been some limitations in its use for building performance simulations in BIM environments
such as the translation of building specific data from the objects of 3D geometries to BEM, the less customizable
inputs of the HVAC systems, and the insufficient knowledge of the operation of the HVAC systems.
Consequently, the major issue of BIM and BEM interoperability (in BIM environments) has resulted in data
clashes and data loss of the functional and physical specifications of the building as represented by the 3D
building objects.

Using a systematic analysis, this study analyzed the inputs that are relevant to the three selected BPS tools in
one BIM environment and two non-BIM environments, after which a case study located in a cooling-dominated
climate was assessed to examine the combination of the customizable inputs for each BPS tools.

The study found that using the BPS tool in a BIM environment resulted in some promising results based on the
comparison with the other BPS tools. However, the possibility of integrating BIM with one of the BPS tools
using the IFC data scheme and its wide range of customizable inputs for HVAC systems showed that its use in
the EDP and other stages would reduce the time for remodelling and inputting the relevant building data to
provide timely feedback for its use in estimating energy efficiency in buildings.
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1 Introduction

1.1 Background

Climate change is seen as one of the most critical environmental issues of our time. It is fueled by the release
of greenhouse gases such as carbon dioxide produced in the generation of energy for use in buildings. Energy
use in buildings has risen dramatically over the past few decades, largely because of population growth,
economic growth, and increased standards of living (Kelso, 2012). In 2017, the housing and services sector
accounted for 39% of end-use energy use in Sweden (Swedish Energy Agency, 2021). The Swedish government
has set ambitious sustainability targets, such as going fossil-free by 2045 and relying entirely on renewable
energy (Swedish Climate Policy Council, 2022). Energy-efficient buildings can achieve this target. There is an
increasing need for buildings that are both energy-efficient and environmentally friendly (Yan et al., 2013).
However, improving energy efficiency requires several approaches and technologies to be integrated into a
combination of systems (Hestnes et al., 2003). Nevertheless, a holistic and integrated approach to building
design is crucial to improving energy utilization and minimizing energy use in buildings so that conflicting
requirements and variances do not arise in architectural designs (Hestnes et al., 2003). Building energy
modelling (BEM) technology is one of the most efficient ways to ensure energy efficiency in buildings as it
helps evaluate alternative designs, compare, and select systems and subsystems, allocate annual energy budgets,
achieve energy standards, and optimize economics throughout the building design process (Al-Homoud, 2001).

The application of Building Information Modelling (BIM) in new buildings has proven to improve the
construction process and facility management over the life cycle of the buildings (Gholami et al., 2015).
According to Ahn et al., 2014, the importance of BIM has been beneficial for sharing information and facilitating
easy interoperability with software tools used in the Architecture, Engineering, and Construction (AEC)
industry. One of the most crucial aspects in constructing sustainable building retrofits is determining its building
energy performance (Habibi, 2017). The Building Performance Simulation (BPS) software programs that
generate optimal measures for retrofitting buildings to identify energy saving potential are essential in reducing
the energy use of the existing dwellings (NREL, 2011). However, the energy simulation findings derived from
earlier studies comparing BPS systems integrated with BIM to state-of-the-art BPS programs have a limited
level of reliability. NREL (2011) established a series of test scenarios to test the accuracy of building energy
audit software and calibration techniques to analyze and enhance the accuracy of energy performance analysis
accuracy in retrofit residential buildings. Nonetheless, BEM has not yet been fully integrated and synchronized
with the digital planning and design process, as it does not yet benefit from the continuous information flow
that the digital modelling provides (Gao, Koch, and Wu, 2019).

1.2 Aims and Objectives

With the introduction of BIM, the need for better coordination and integration between all stakeholders in the
AEC industry has increased dramatically. Integrating BIM and BEM at all phases of the building design process
is vital for ensuring better building design decisions, most importantly during the early phases of the design
process.

The aim of this study is to investigate the performance of Revit’s Energy analysis tool compared to other BPS
tools, which will allow for its use in the design process. This will maximize the benefits of using BIM in all
design stages and reduce the time consumed in remodelling and setting Building Energy Simulation (BES)
inputs of BPS tools in non-BIM environments.

It aims to investigate the comparison of three BPS tools, one in the BIM environment and two in the non-BIM
environments, and to evaluate the simulation results of the different BPS tools to evaluate their accuracy, detail
level, output quality, and speed.
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This thesis also attempts to attain an efficient and accurate translation of data between BIM (Revit) and BEM
tools using the Revit APl and EnergyPlus as the simulation engine.

1.3 Research questions
The following research questions have been designed to further understand the research:

e How to improve the confidence and reliability of using a BPS tool in a BIM Environment
compared with BPS tools in non-BIM environments.

¢ How the BIM tools translate models for energy simulation calculations.

e How well and fast do the BPS tools translate the models and the calculation time and its relation
to the complexities of the models.

o Applicability to the conceptual stage of a building design to accommodate changes in the design.

e Comparison of the accuracy of the BPS tools based on different calculation methods.

1.4 Structure of the thesis

This report is structured in five chapters as shown in Figure 1. First, there is an introduction to explain the
importance of energy efficiency in buildings and the use of BEM technology by the construction industry.
Furthermore, this section describes the aims and objectives of this study, as well as the questions and the
structure of the study.

The second chapter covers the theoretical background study that explains:

o BIM in detail based on Level of Development (LOD) and how it can be applied during various phases
of the design project,

¢ How BIM and BEM can be integrated, the different design stages BIM and BEM are used,

e The approaches adopted in this research to bridge the interoperability gap between BIM and BEM,

e and Different data extraction processes and data format types used in translating data from BIM to
BEM, as well as the challenges experienced in BIM's integration with BEM, and the BPS tools were
chosen for evaluation in this study.

The third chapter entails the data collection for all evaluated case studies. This chapter presents in detail the
methodology for the energy simulations carried out in the BIM and non-BIM environments. The fourth chapter
describes the results obtained from analyzing the energy simulation results of the examined BPS tools. Finally,
the fifth chapter discusses the findings from the research study, and the sixth chapter discusses the general
conclusions, limitations, and any further research needed in the future.

' |
Review

Chapter 5 Chapter 6

Data Collection Energy

Evaluation and

Comparison of Conclusions
Results

and Simulations
Energy Results
Simulations
Methodology

Figure 1: Thesis Structure and workflow.
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2 Literature Review

An extensive literature review was carried out in this section to identify the applications of BIM and BEM in
the building design process, the interoperability of BIM and BEM, as well as issues found in integrating BIM
and BEM. Full-text papers published in ScienceDirect, ResearchGate, and other relevant databases were studied
to identify salient points relevant to the subject of study. The following keywords were used for the search:
BIM, BEM, building energy performance, interoperability, and BPS.

2.1 BIM

BIM provides information about a building in an object-oriented, intelligent, and parametric form, creating an
interface that can be adapted to the needs of users (Gao et al., 2019). The U.S. national BIM standard (NBIMS-
US) defines BIM as “the act of creating an electronic model of a facility for visualization, engineering analysis,
conflict analysis, code criteria checking, cost engineering, as-built product, budgeting, and many other
purposes” (NBIMS-US, 2013). BIM is also defined by Smith and Tardif (2008) as “a mechanism to transfer
from data into information to gain the knowledge that allows us to act with wisdom”. BIM focuses on the
concept of a single digital model representing the entire ontology of a building to design, simulate, and construct
it (Lack & Butler, 2019). BIM also refers to a 3D object-oriented parametric digital representation of the
physical and functional characteristics of a facility (Belsky, Sacks, Brilakis, 2013).

2.2 Level of Development (LOD)

The LOD concept is introduced in BIM to enable actors in the AEC industry to specify and articulate with a
high level of content clarity as well as reliability of the 3D models at various stages (AlA, 2013). According to
Succar (2009), it is vital for the implementation of BIM stages to be well-defined in relation to the LOD by
organizations and teams in the AEC industry. The combination of object-based modelling, model-based
collaboration, and network-based integration should have been considered and effectively applied to achieve a
high level of content clarity and reliability (Succar, 2009).

LOD is a measure of how thoroughly the specification and geometry of the element and its associated
information have been conceived (Latiffi et al., 2015). There are five levels of development in BIM, namely
LOD 100, LOD 200, LOD 300, LOD 350, LOD 400, LOD 500, LOD 600. These LODs are at all levels of
development during the design phase.

Figure 2 presents the different levels of development in BIM and what it entails.



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

LOD 100 — This represents the LOD 200 —This displays the
conceptual model; it defines height. geometric features such as

volume, orientation, and location. the dimensions. shapes and
locations and other non-

ic information.

LOD 300 This is the accurate
representation of the geometric
features such as the dimensions.
shapes and locations and other
non-geometric information.

LOD 300 This is the accurate
representation of the geometric
features such as the dimensions.
shapes and locations and other non-
geometric information.

. LOD 350— This is the construction
\ documentation of the geometric
features such as the dimensions.
l ! shapes and locations and other non-
geometric information.

LOD 400 This is the
construction stage where
details such as fabrication,
assembly and installation of
components are carried out.

LOD 500— This is the level where
elements such as the shape of the
building. size, quantity are checked to
ensure their accurate representations
post construction.

Figure 2: BIM different Levels of Development adapted from Ellis (2020) and Monarch Innovation (2021).
2.3 BEM

BEM is a vital aspect of building design, especially in the Early Design Phase (EDP) (Petersen & Svendsen,
2011). According to Gao et al. (2019), a simulation engine has three basic components, which include a
simulation manager, a heat and mass balance simulation module, and a building systems simulation module.
Some of the challenges of using a conventional BEM process were highlighted by Bazjanac (2008). Inconsistent
processes in building geometry preparation in simulation tools are among the most prevalent means of getting
feedback on performance during the EDP, and because whoever prepares the simulation and analysis always
uses their thermal view to generate building geometry, the process of preparing inputs for simulations and
analyses is laborious, lengthy, and expensive. The quantitative results of BEM cannot be repeated due to
arbitrary assumptions and choices made in simulation model definitions, and the results cannot be relied upon
except under specific circumstances, and the BEM cannot begin until some fundamental design decisions have
been made (e.g., building design and HVAC design are developed) to provide adequate information needed to
generate the model. Another study conducted concluded that in a conventional design approach, BEM is
generally incorporated at the final design stage because it lacks input variables early on, yet critical
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contradictions always occur between design decisions and BEM analysis in the final design period, when no
changes can be made (Zhu, 2014). Attia et al. (2013) stressed the importance of decision-making during the
EDP. Usually, the most important decisions that influence energy efficiency are made during the concept design
phase, when little information is available and sometimes before the opportunity to collaborate with specialists
is available (Bleil De Souza, 2013). According to Bogenstéatter (2000), 20 % of the design decisions taken during
the EDPs subsequently influence 80 % of all design decisions. Negendahl (2015), highlighted that most of the
tools and methods used in the EDP are insufficient to provide valuable feedback, while still being flexible
enough to accommodate a constantly changing process. However, the development of viable BIM-BEM
interoperability processes is necessary to tackle some of the problems posed by the conventional BEM process.

2.4 Application of BIM-BEM in the Building design process

The design process of a new building project includes three phases: preliminary concept design (or program
pre-design), final concept design (or schematic design), and design development (ASHRAE, 2018). When
planning an architectural project, it is important to obtain estimates of energy use for different design options
so that options can be compared (Kota et al., 2016). In addition, the greatest potential for building design
optimization is in the EDP, because of its strong influence on the cost of design changes, energy efficiency, and
general performance (Ahuja et al., 2015). According to Bambardekar & Poerschke (2009), the EDP is
considered by simulation experts and non-experts as very productive in designing energy-efficient buildings.
However, some key factors limit the use of BEM during the EDP such as ES experience, client preferences,
aesthetics, and less priority on energy performance (Ahuja et al., 2015). Nonetheless, at each phase of the design
process, BIM-BEM can be executed to run the ES to achieve the design targets (Klitgaard et al., 2006). Multiple
iterations toward an optimized design can be achieved in a shared environment by including a BIM-BEM
procedure in the design process (Farzaneh et al., 2019). BIM-based BEM prevents arbitrary data improvisation
and preserves the integrity of the original data and makes sure that the original data transformation is
implemented under explicit rules embedded in the methodology (Bazjanac, 2009). Based on the results of a
survey of building energy professionals in which BIM and energy analysis integration were incorporated for the
construction of the world's first positive energy building, the following factors ranked highest in importance
when choosing a method of building energy analysis; accuracy (88.9%), quality of the output (77.8%), ease of
use and level of detail (61%), sensitivity during analysis (50%), speed and cost of learning and use (44.4%)
(Samuel et al., 2017). However, these factors alone do not determine the success rate of a building energy
analysis in several cases.

2.5 BIM-BEM interoperability

Interoperability facilitates the exchange of data among applications, as well as the interaction of multiple
applications. As such, it helps to improve workflows and reduces the need to manually copy data from one
application to another (Utkucu & So6zer, 2020). According to Kota et al. (2016), the definition of boundaries by
the centerline of enclosing architectural elements provides either precision or ease of use, using walls as
separation in zones defined by the thickness of walls, the use of centerlines produces less errors when compared
to using the inside face and outside faces, the use of centerlines produces a watertight model without any gaps,
name of elements should be preserved between the BIM and the BES input model, unique identifiers should be
embedded into comments in the BES input model to allow association of the element back to the BIM, using
Front, Back, Left and Right is preferred for orientation studies rather than North, East, West, and South. All
these details must be included in BES input models and maintained appropriately. BIM enables the use of data
available from the architectural model by sharing and exporting the information required to create a BEM,
saving model re-creation time, and speeding up the project design while allowing for more design iterations
(Krygiel & Nies, 2008). To mitigate the risks of model divergence, errors, and misunderstandings in BIM-BEM
projects, the architectural BIM model is shared in the EDP of design to create the BEM and complete the ES
(Klitgaard et al., 2006). Figure 3 illustrates the ideal workflow for energy performance simulation tools.
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Figure 3: Ideal workflow for energy performance simulation tools using BIM adapted from Maile et al. (2007).

2.5.1 BIM-BEM integration approaches

BIM-BEM integration can be executed through different types of model methods. According to Negendahl
(2015), there are three methods for model integration: combined, central, and distributed methods. The
combined method requires a specific software package supporting both the design and the ES to be produced
simultaneously (Farzaneh et al., 2019). Combined models are manipulated and simulated only by a hybrid
practitioner. This facilitates monitoring the accuracy of the model for all design and ES phases (Farzaneh et al.,
2019). In addition to modelling and simulation at runtime, the combined model offers consistency in the
environment, which is attractive for users (Negendahl, 2015). This is the most used model integration approach
for BIM projects (Babi¢ et al., 2010). This method has the main disadvantage of restricting the user to the options
and features offered by a given program or environment (Hensen, 2004).

The central model method is based on the BIM concept where it incorporates the design tool and translates the
BIM data to the BPS. In the absence of operator-controlled calculation models, this unidirectional method
provides little useful feedback to the building designer (Negendahl, 2015). Using this method, semantic
information can be translated between BIM and BEM tools using a coupling medium or data scheme as the
interoperability gateway (BuildingSMART, 2016).

In the distributed model integration method, one or more middleware elements convert the BIM model into a
BEM tool (Negendahl, 2015).

Integrated dynamic models may combine a design tool, a visual programming language, and a BPS tool to give
greater support for the designer during the EDP than alternatives such as the existing implementation of IFC or
gbXML or the single usage of simulation packages (Negendahl, 2015).

2.5.2 Types of BIM files schemes

A data scheme describes the organization, structure, and relationship of data sets. It acts as an interoperability
gateway between software so that specific portions of the platform's native data model are translated via its
gateway. It puts the data (from BIM) into the format required by the receiver tools (BEM) (Cerovsek, 2011).
The most well-known and important forms of data schemes used for BEM are gbXML and Industry Foundation
Classes (IFC). According to Bazjanac (2005), these data schemes' software compatibility is of three types:
directly compatible, not compatible, and indirectly compatible.

IFC facilitates the interchange of building information between a set of tools by providing an extensible,
intelligent, and comprehensive data representation of the building information. They are object-oriented and
describe the behaviour, relationship, and inherence of the component object within a model (Plume & Mitchell,
2007). The IFC scheme is a neutral and open data exchange format for interoperability within the AEC industry
(Liebich et al., 2006). The IFC scheme is generally regarded as the most common format for exchanging data
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within the AEC industry (Eastman, 2008). Although it is a rich product model scheme, it lacks formal logic
rigidity and is highly redundant (Belsky et al., 2013).

Green Building eXtensible Markup Language is one of the complete data schemes to transfer the required
information for preliminary building energy analysis such as the envelope, thermal zone, and mechanical
equipment (Lam et al., 2012). Its purpose is to assist BIM authoring tools and energy analysis tools in
exchanging data. The gbXML format possesses specificity regarding energy simulation compared to the IFC,
which aims to manage data exchange for entire building projects using a comprehensive and generic approach
(Dong et al., 2007). Based on the research carried out by Gao et al. (2019), the gbXML format is supported by
BEM tools, and most of the gbXML based methods can facilitate the geometry, material, and thermal zone
transformation.

2.6 BIM-BEM challenges and issues

The main challenge is largely to abstract and simplify the BIM data so that it can be modelled in BPS tools.
Accurate modelling of light-frame construction is not well represented for the framing elements. However, this
impacts the framing on heat transfer significantly. BIM does not specify the design or designation of active or
passive solar heating and cooling systems. However, the representation of HVAC systems and plant models can
be greatly enhanced. According to van Leeuwen & Timmermans (2004), the combined methodology creates a
limitation that is covered by other available simulation tools. It was suggested by Bazjanac (2001), that a BEM
tool can import building geometry in 3D using IFC (two-dimensional format) into a central model. This format
of IFC had interoperability issues in terms of building data transfer, especially for HYAC data. The constraint
of this strategy are as follows: architects or engineers must identify thermal zones during the EDP. In general,
employing the proposed data schemes for BIM-BEM applications is currently inconclusive and frequently
necessitates manual verification for correctness. (Pinheiro et al., 2018). As a result of BEM not being sufficiently
integrated and synchronized with the digital planning and design process, energy-efficient design strategies are
not well implemented in the EDP. Furthermore, BEM does not yet benefit from continuous information flow in
digital modelling. For instance, BEM-related information has to be manually re-entered into BPS tools, which
is considered to be time-consuming, costly, and labour intensive, although this information is already available
in digital design models (e.g., Building Information Model) (Gao et al., 2019). Negendahl (2015), identified one
of the many symptoms of a disciplinary fragmented building industry as separated geometric and calculation
models. However, the combined model method may be limited due to the limited number of BPS tools that can
be integrated with it. Most of these problems can be associated with the lack of semantic uniformity in the way
BIM tools map their internal objects to and from IFC entities and properties (Belsky et al., 2013).

Engineers who want to simulate the future behavior of building and system design alternatives frequently
encounter the problem that some performance aspects or specific building and system components are only
represented in one simulation environment, while other performance aspects or components are only available
in other software (Hensen, 2004).

2.7 BPS tools evaluated.

Typically, BPS tools perform dynamic simulation over one-year using simulation engines based on
mathematical models. During the analysis, three parameters will be considered: the building envelope, the
equipment, and lighting, and the occupancy and control scenario. In addition, they analyze the annual energy
demand and identify different energy efficiency options, indoor air quality, annual CO, emissions, and life cycle
payback periods of energy saving measures.

In this study, an evaluation of the available BPS tools was performed. These tools were chosen based on the
following criteria:

i. Simulation engines and mathematical models,
ii. Modelling and simulation time,
iii. Adoption of these tools in the design stages,
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iv. An evaluation of the different model integration techniques.

2.7.1 Revit System Analysis

The System Analysis is a tool in Autodesk Revit used to create an annual energy simulation report for heating,
cooling, airflow, and load calculations. Revit uses a workflow to run the energy analysis. Data from Revit is
translated into EnergyPlus and a simulation is performed, and a report for design heating, cooling, and airflow
is generated. The System Analysis is found in the Energy Optimization tab, which also includes options to set
the location, create an analytical model, generate design options, and optimization through Insight, a web-based
energy simulation tool.

Revit can be used in the BIM-BEM through a combined method supporting both the design and the energy
simulation to be produced simultaneously. This approach makes use of Revit as the design and modelling tool
and System Analysis as the BPS tool.

2.7.2 Climate Studio

ClimateStudio (CS) is a conceptual thermal simulation, advanced daylighting, and electric lighting software
developed by Solemma. CS is a plugin for the Rhinoceros (Rhino) 3d modelling software developed and
distributed by Robert McNeel & Associates (Solemma LLC, 2020). It uses the EnergyPlus simulation engine
and includes a multizone thermal simulation capability. CS comprises a location panel, which uses Typical
Meteorological Year (TMY) or EnergyPlus weather files (EPW), containing measured hourly data for a variety
of climatic indicators required for environmental performance analysis to specify the site’s geolocation and
weather data, a thermal model panel. The thermal model is used to build up a multi-zone EnergyPlus model
with the following geometric objects: zones, windows, adiabatic/ground surfaces, and shading for thermal
analysis, a settings dialog to specify the start and end date of a simulation, heat balance settings, solar radiation
algorithm settings, and other relevant environmental performance settings, and a vast material library that
comprises of preset zone templates, occupational and operational schedules, opaque and glazing constructions.
CS can also be run on Grasshopper, which is a visual programming language that runs in Rhino. CS has a
component tab comprised of all parameters listed in the panels above. Although Grasshopper can be assessed
in Revit through the Application programming interface (API) of Rhino, its use for environmental performance
analysis is limited as of now and its capabilities are mainly for parametric design and optimizations.

CS can be used in the BIM-BEM through an integrated dynamic model approach. This approach makes use of
Rhino as the design and modelling tool and CS as the BPS tool, hence the building after being modelled in the
BIM software is remodelled in Rhino as closed “breps” to formulate the thermal zone. For ascertaining the
cooling and heating loads and calculating the energy use of a building, the conduction heat transfer function
(CTF) is utilized.

2.7.3 IDAICE

IDA Indoor Climate and Energy (ICE) is a program for determining the indoor climate of individual zones in a
building, as well as examining the building's energy use. IDA ICE uses weather files with consideration for the
wind and temperatures. The weather files are either downloaded from the database or an EPW file can also be
imported into IDA ICE. Additionally, the IDA ICE database includes preset building components, which can
be imported into a project for an ES.

An environmental performance analysis is carried out in IDA ICE through two main templates, which are
starting a building with a single zone and an Early-Stage Building Optimization (ESBO) (Equa AB, 2013). The
ESBO user interface comprises minimal inputs required during the early phase of design to estimate the annual
energy use and indoor thermal comfort. The ESBO comprises a room tab; this covers the geometry and
construction properties, information on the internal gains, operational parameters such as the heating and
cooling setpoints, heating, ventilation, and cooling system object and settings, an import option for several file
formats including the Industry Foundation Classes (IFC) data format and a room summary table. The subsequent
tab after the room tab is the building tab, which contains a location option. This includes the geographical
location, which can be selected from the database if available or downloaded, and the orientation of the building,
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infiltration, thermal bridges, ground properties, extra energy, and losses, building shading, distribution system,
Domestic Hot Water (DHW) parameter, energy rates, and a schematic layout of the central HVAC system.
Lastly, the simulation tab contains the simulation setup for heating and cooling design, annual energy use,
overheating and daylight, and an option to export the results from the simulations.

IDA ICE can be used in the BIM-BEM through a central integration model approach. This approach makes use
of data schemes such as IFC data files to translate the data such as the geometry properties of a building from
the BIM software into IDA ICE.

IDA ICE uses several algorithmic models and are interconnected with input and output links. The algorithmic
models used mostly for simulations include the Climate model, Energy model, and Envelope models.
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3 Methodology

As discussed in the introduction, in the third section, all data needed for performing tests on the different BPS
tools listed were collected. The BIM geometries were modelled, and data was collected for the test study and
one main case study. The case studies included information about the building geometry, building orientation,
and building construction materials and properties. The weather files were obtained from climate-onebuilding
in EnergyPlus Weather Format (EPW). Malmé Sturup (latitude 55.6°N, longitude 13.0°E) weather file was for
the first case study, and Lagos (latitude 6.5°N, longitude 3.4°E), Abuja (latitude 9.1°N, longitude 7.5°E), Jos
(latitude 9.9°N, longitude 8.9°E), weather files were used for the other second case study. To better understand
the weather data from the Malmd Sturup weather file, key climate indicators were compared such as the
windspeed and dry-bulb temperatures.

Based on the building types and usage patterns, custom schedules were developed. Available information on
the loads for detailed internal heat gain calculations and HVAC system specifications for heating and cooling
energy use results were obtained from the design consultants and other parameters were assumed.

The BIM models for all two case studies were evaluated in the BIM authoring software. The BIM models were
translated to a data scheme to be evaluated in IDA ICE and the exact models were remodelled separately in
Rhino for translation into an energy model in CS. The overall methodology is explained in Figure 4 to show
how this study was performed.

v
BIM Model and Revit BPS Tool, Geometry Analysis,
Weather Data
Non-BIM Model IDA ICE, Occupancy Analysis, Inta S0
ClimateStudio B0 GRS LR Geometry
Annual Space Cooling, Interpretation,
v Annual Equipment and Energy Use
Lighting Energy Use.
Building data,
Weather Files,
Operating Data,
Internal Heat Loads, Systems
Details
(HVAC system, Lighting and
Equipment)

Figure 4: Workflow Methodology used in comparisons of BPS tools for the two case studies.
3.1 BPS Tools workflow

In the three case studies, three different workflows were employed. Three different model integration methods
were used for all workflows.
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3.1.1 Revitto BEM

For the first workflow, a BIM geometry is modelled in Autodesk Revit from the available building specific
source data, operating data, and climatic condition information. The thermal properties for each building
component (walls, floors, roofs, and windows) are entered in the materials type properties. An analytical space
is assigned in the floor plan view accounting for the whole volume of each space. The assigned analytical space
contains information about the space type properties for the energy analysis and HVAC system settings. To run
an energy simulation, there are four modes that can be used in the energy analytical model; these are building
elements, conceptual spaces, conceptual spaces, and building elements, rooms, or spaces. The building elements
mode uses the thermal properties entered for each building component in the materials type properties. However,
the detailed elements option is selected in the advanced energy settings tab. An in-place mass is modelled for
the conceptual spaces mode to be activated. However, the energy simulation only uses the conceptual types
material thermal properties in the advanced energy settings tab with predefined construction properties for each
building model component. The Conceptual spaces and building elements use the conceptual types material
thermal properties with predefined construction properties or the thermal properties entered for each building
model component in the materials type properties. After the mode has been defined in the energy settings, an
energy analytical model is generated, and the data is transferred to the EnergyPlus engine incorporated into
Revit, then an energy simulation is generated through the systems analysis option. The energy model data is
exported as a goXML file to GBS to obtain the information on the weather data. Figure 5 shows the workflow.
Building Specific
Source data

|

EE] Systems Analysis <—R QEJJPFDESK

e ...

1
O goxme ek
1 \ay 9P STUDIO :
1

Figure 5: Workflow from Revit to BEM using System Analysis.

3.1.2 Revitto IDA ICE

In the second workflow, the building data is exported as an IFC file from Revit to IDA ICE. As shown in Figure
6, each studied case is exported as an IFC file with the building geometry exported in a 2D plan view into IDA
ICE. The IFC building envelope data is mapped to the available building component construction in the IDA
ICE database. The location and climate for each studied case are defined in the BPS tool as well as the Zone
information, HVAC inputs (room units and air handling units), operating schedules, leaks inputs, information
on the internal gains, building surface information (U-Values, g-values, solar transmittance, visible
transmittance, frame area). Once all settings have been decided, the simulation is run to obtain the heating load,
cooling load, overheating, and annual energy use. Figure 7 shows the workflow for exporting building data via
a data scheme.

Building Specific AUTODESK @
Source data — K revr  — ) —— & IDAICE

Figure 6: Workflow from Revit to IDA ICE using IFC.
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General | Additional Content | Property Sets | Level of Detail | Advanced

Reset oK Cancel

Figure 7: IFC setup for exporting building data to IDA ICE.

3.1.3 Rhinoto CS

In the third workflow, the building data is used to remodel the building in Rhino and an energy model is created
from CS. A Zone is created with building typologies available in the CS database, the relevant information
obtained from the building data and operational data on the loads (people, equipment, and lighting) for the
studied case is entered in the zone settings. The conditioning system for heating, cooling, and ventilation are
also entered in the zone settings for each studied case. CS categorizes the faces of the energy model of each
studied case into building components (roof, facade, partition, slab, external floor, ground slab, ground wall)
depending on the complexity of the building. The building construction and infiltration value are entered in the
envelope option in the zone settings for each studied case. Figure 8 shows the workflow. After all the input
parameters have been set, an energy simulation is run to obtain the annual energy use, energy flows, and zone
temperature curves.

Building Specific

/ Source data
|/

&<
-\ ‘Tx?/

Rhinoceros

€ climateStudio

Figure 8: Workflow from Rhino to CS.
3.2 Case Study 1 - Test Building Methodology

To validate the three BPS tools, a basic test building was modelled using the BESTEST standard case 600 (Base
Case Low Mass Building). This was based on the ANSI/ASHRAE norm standard 140-2001 “Standard Method
of Test for the Evaluation of Building Energy Analysis Computer Programs” (ASHRAE, 2004). In evaluating
similar input parameters in the three BPS tools, the windows were excluded for the first simulation. Figure 9
explains the workflow of the study for the first case study. For CS and IDA ICE, the same weather file was used
for the simulations, the key climate indicators were then compared.

The location settings on Revit provide two options for defining the location to access the weather file, first by
selecting the default city list as shown in Figure 10; this is a database of about 1500 cities in different countries
in the world. However, this list is limited, secondly, the location can be defined using the Internet Mapping
Service to select a weather station as shown in Figure 11.

For each step, an annual energy simulation was performed to examine and assess how each parameter affects
simulation outcomes in all three BPS tools. In the first step, the heating setpoint for all evaluated BPS programs
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was set to 21 °C, the heating supply air temperature was set to 31 °C on CS, both Revit and IDA ICE does not
have this input parameter. The heating system was set to All-on for the annual building simulation in all three
BPS tools. The cooling set point was set to 100 °C in Revit because it cannot be turned off. Also, on IDA ICE,
the cooling set point was set to 100 °C. The max humidity control and min humidity control for all BPS tools
were set to 70% and 40%, this was because this option could not be deactivated on Revit. After all, these settings
were set and all other settings turned off or set to 0. In the second step, the settings activated in step one were
all retained and two windows were introduced into the model for all BPS tools to assess the solar heat gain
through the windowpanes. In step three, the cooling set point was activated and set to 26 °C in all programs and
the cooling supply air temperature was set to 18 °C on CS. In step 4, the occupancy schedule was set to All-on
for 24 hours and different energy simulations were run for 1, 2, 3, 4, and 5 people to evaluate how the BPS tools
calculate the occupants’ internal heat gains. Increasing the number of occupants enabled the comparison of how
each BPS tool calculates the internal loads to determine the differences in heating and cooling energy use. The
metabolic rate of 1.2 Met was used in CS and Revit in the energy settings. In step five, the infiltration of 0.5ACH
at 50 pa was used in all BPS tools. In step six, the mechanical ventilation is activated, the min fresh air per
person and min fresh air per area is set to 7 L/s,p, and 0.35 L/s.m? in all three BPS tools. The mechanical
ventilation schedule is set to All-on with no heat recovery type and efficiency. In step seven, the equipment
power density was activated with a set value of 10 W / m2 and a schedule set to All-on in all the three BPS tools.
In step eight, the lighting power density was activated with a set value of 7 W/mz2 and a schedule set to All-on
in all the three BPS tools.

Heating Setpoint, Heating Setpoint, Heating Setpoint Heating Setpoint Heating Setpoint, Heating Setpoint, Heating Setpoint, Heating Setpoint,

Heating Supply Air temp.,  Heating Supply Air temp., Heating Supply Airtemp.  Heating Supply Air temp.  Heating Supply Air temp. Heating Supply Air temp.,  Heating Supply Air temp., Heating Supply Air temp.,

Max. Humidity Control, Max. Humidity Control,  Humidity Control Max, Humidity Control Max, Humidity ControlMax,  Humidity Control Max, Humidity Control Max, Humidity Control Max,
Min. Humidity Control Min. Humidity Control, Humidity Control Min, Humidity Control Min, Humidity ControlMin,  Humidity Control Min, Humidity Control Min, Humidity Control Min,
Windows. Windows, Windows, Windows, Windows, Windows, Windows,
Cooling Setpoint, Cooling Setpoint, Cooling Setpoint, Cooling Setpoint, Cooling Setpoint, Cooling Setpoint,

Cooling Supply Air temp.  Cooling Supply Air temp.,  Cooling Supply Air temp., Cooling Supply Air temp.,  Cooling Supply Air temp.,  Cooling Supply Air temp.,
Occupancy on (1-5 people) Occupancy on Occupancy on (1-5 Occupancy on (1-5 Occupancy on (1-5
(1-5 people), people), people), people),
Infiltration. Infiltration, Infiltration, Infiltration,
Mechanical Ventilationon. Mechanical Ventilation on, Mechanical Ventilation on,
Equipment load (Allon).  Equipment load (All on),

Lighting (All on).

Figure 9: Workflow for the Shoebox building.
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Figure 10: Selecting a weather file using the default city list.

Location and Site
Location site
Define Location by:
Internet Mapping Service
Project Address:
Malmo Airport, Sweden

& Search |

Weather Station:

160362 (0.00 ki y) ‘T'
160363 (2,01 ki y)
160123 (1271 kilometres away)
160601 (12.71 kilometres away) )
160361 (1561 kilo ay) ) Sjobo
160602 (1561 kilo ay)
160124 (1802 ay)
160600 (18,02 kilo way) (s
®)
¥
vellinge SKUIY gy dsgira
\
E) ®) =) Ystad
Hollviksnis ¥ e
\ ke i
I et ong Trelleborg 2022 ToriTom, & 2022 Hierosof Corporston Tems.
[J use Daylight Savings time

o ][ concel Help

Figure 11: Selecting a weather file using the internet mapping service.
3.2.1 Test Building Geometry Details

The building is of lightweight construction with a rectangular single zone (8 m wide x 6 m long x 2.7 m high)

with no interior partitions and 12 m? of windows on the south exposure. Figure 12 shows the Test Building
Geometry without windows and with windows
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Figure 12: Test Building Geometry without windows and with windows.
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3.2.2 Test building envelope details

The test building envelope used was selected according to the wall, roof, and floor construction from the
standard case 600 (Base Case Low Mass Building). A double-pane clear window with a U-Value of 2.72 W/(m?
K), visible transmittance of 0.812, and SHGC value of 0.764 was used in all three BPS tools.

The wall construction layers are shown in Figure 13 and Table 1 presents the properties of the wall construction
layers.

Plasterboard

Fiberglass Insulation

Wood Siding

Figure 13: Wall construction layers for the Shoebox building.

Table 1: Shoebox building wall construction layer properties.

Wall Layers  Conductivity (W/m-K)  Thickness U R Density (kg/m3) Cp
(m) (W/m2.K) (m2.K/W) (J/kg.K)
Plasterboard ~ 0.160 0.012 13.33 0.075 950 840
Fiberglass 0.040 0.066 0.606 1.650 12.0 840
Quilt
Wood Siding  0.140 0.009 15.56 0.064 530 900

The roof construction layers are shown in Figure 14 and Table 2 shows the roof construction layers' properties.
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Roof Deck
Fiberglass Insulation

Plasterboard

Figure 14: Roof construction layers for the Shoebox building.

Table 2: Shoebox building roof construction layer properties.

Roof Layers  Conductivity (W/m-K)  Thickness U R Density (kg/m3) Cp
(m) (W/mz2-K) (M2-K/W) (I/kg-K)
Plasterboard ~ 0.160 0.010 16.0 0.063 950 840
Fiberglass 0.040 0.112 0.36 2.794 12.0 840
Quilt
Roof Deck 0.140 0.019 7.37 0.136 530 900

The floor construction layers are shown in Figure 15 and Table 3 shows the floor construction layers' properties.

Timber Flooring

Insulation

Figure 15: Floor construction layers for the Shoebox building.
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Table 3: Shoebox building floor construction layer properties

Floor Layers  Conductivity (W/m-K)  Thickness U R Density (kg/m3) Cp
(m) (W/m2-K) (M2-K/W) (I/kg-K)
Timber 0.140 0.025 5.600 0.179 650 1200
Flooring
Insulation 0.040 1.003 0.040 25.08 - -

3.3 Case Study 2 - Q12

Q12 is a private residential development located at Cowrie creek estate, Lagos, Nigeria with a total gross floor
area of 828 m?, which has a dark geometric mass spanning three levels. The total building height from the
ground level is about 12.1 meters and the residential development has glazing on the North, South, East, and
West. The main entrance of the house is recessed inwards under a triple volume canopy, which frames a view
of the interior. To the Eastern side, views of the master bedroom and study are shielded by an aluminum screen
wall made of individual triangular panels in eight different modes, placed in square frames.

Q12 consists of several private, common, and ancillary spaces. The ground floor houses the ancillary spaces,
the living and dining spaces. The First and Second floors comprised mostly of bedrooms, walk-in closets, and
restrooms. The several spaces were divided into separate zones for detailed energy calculations. Figure 16 shows
the private residential building.
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Figure 16: (a) View of the private residential building; (b) Elevations of the building; and (c) Ground Floor, First Floor and Pent Floor Plan
zoning of the building.
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3.3.1 Q12 Envelope Details

Table 4 provides detailed information on the materials used for the thermal envelope.

Table 4: Wall Types construction layer properties

Wall Construction 1 Wall Construction 2
Thickness (mm) | Material type Thickness (mm) | Material type
Outside
15.0 Cement Plaster 15.0 Cement Plaster
230.0 Sandstone Block 150.0 Sandstone Block
15.0 Cement Plaster 15.0 Cement Plaster
Inside

Table 5: Floor Types construction layer properties

Table 6: Roof Type 1 construction layer properties

Roof Construction 1

Thickness (mm) | Material type

Outside
5.0 Stone-coated aluminium
roofing tiles
50.0 Hardwood Battens
150.0 Hardwood studs
12.0 Gypsum board

Inside

Table 7: Roof Type 2 construction layer properties

Roof Construction 2

Thickness (mm) | Material type

Outside

50.0 Cement Screed with

Waterproof additives
150.0 Sandstone Block
15.0 Cement Plaster

Inside

Table 8: Window Type construction layer properties

Roof Construction 2

Thickness (mm) | Material type

Outside

50.0 Aluminium frames
6+6 Double glazed pane with
argon gas
Inside

18

Floor Construction 1 Floor Construction 2
Thickness (mm) | Material type Thickness (mm) | Material type
Outside

700.0 Stone Aggregates 150.0 Structural Concrete
30.0 Concrete blinding 50.0 Cement screed
0.30 Damp Proof Membrane 30.0 Marble Flooring
175.0 Structural Concrete Inside
50.0 Cement sand screed
10.0 Wood-like Tiles

Inside
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3.3.2 Loads

Q12 as a residential building is mostly occupied and in use all weekdays except from 7:00 until 19:00 for some
selected spaces. The ancillary spaces such as the staff bedrooms are mostly occupied during the day.

Table 9 presents the thermal properties of the building components, glazing details, infiltration details, internal
heat loads, equipment, and lighting loads for each space.

Table 9: Thermal properties of the building components, glazing details, infiltration details, internal heat gains, equipment, and
lighting loads.

Parameter Value Source/Comment
U-Values W/ m2K
Roof 0.77 BIM
Wall Wall1-2.1 BIM

Wall 2 - 3.1
Ground Floor Slab Floor const. 1 - 1.5 BIM
Intermediate Floor Slab Floor const. 2 - 3.5 BIM
Windows 1.0 BIM
Doors 24 BIM
Mechanical Ventilation
Outdoor airflow per person 7.0 L / person Custom
Outdoor airflow per area 0.35L/m? Custom
Ventilation rate 0.35L/sm? Custom
Infiltration
ach 0.5 Custom
Technical Installations
Cooling System VRV System Solution M&E consultant
Air Conditioning Efficiency
EER Ground Floor OU - 3.74 M&E consultant

First Floor OU — 3.99
Pent Floor OU —4.32

Building Operation

Setpoint Temperature °C

Cooling 25 Custom
Heating 20 Custom
User Behaviour

Equipment Varies per space Custom
Lighting Varies per space Custom
Occupancy Varies per space Custom
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4 Results

As stated in the methodology, this section discusses the weather data, geometry, their interpretation
respectively and the results from the energy simulations in all three BPS tools studied.

4.1 Test building climate analysis

Before any simulation was performed, the weather data used in all three BPS tools were analysed and compared.
The weather file comprises measured data for variables including dry bulb and wet bulb temperature, wind
speed, and direction, solar radiation, relative humidity, solar altitude and azimuth, cloud cover, etc., for each
hour of the year. To evaluate the energy simulation results of the test building, it is essential to select the right
weather data as it is vital to use the proper location settings to reflect the local climate.

4.1.1 Dry-bulb temperatures

The comparison of the maximum, minimum and average dry-bulb hourly temperatures for all three BPS tools
using the Malmo weather data file is presented in Figure 17. The maximum, minimum and average dry-bulb
temperatures were similar for both CS and IDA ICE as the same weather data file in the EPW format was used
in both BPS tools. The maximum dry-bulb temperature for the Revit BPS tool was lower compared with CS
and IDA ICE. However, the average and minimum temperatures were higher than both CS and IDA ICE. The
difference in the dry-bulb temperatures influences the energy simulations and the indoor thermal comfort of the
building.
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Figure 17: Maximum, minimum, and average dry-bulb temperature.

4.1.2 Ground Temperatures

The ground temperature for all three BPS tools was also assessed. Typically, the ground temperature is usually
warmer than the air temperature, hence the ground radiates heat to space depending on the ground floor
construction. The energy balance of the building is however impacted by the ground temperature all year round.
Figure 18 shows the difference in the ground temperature for all three BPS tools.
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Figure 18: Ground Temperatures.

4.1.3 Wind Speed

Wind-driven infiltration causes pressure differences in a building. The wind rose diagrams provide a concise
graphical representation of wind speed and direction for a particular location and time. This information is vital
for utilizing passive ventilation strategies such as wind-driven ventilation, night-cooling, and the introduction
of courtyards, etc. The maximum, minimum, and average wind speed were calculated manually by converting
the weather data files to CSV files. Figure 19 shows the comparison of the windspeed variables. The maximum
and average wind speed of the Revit BPS tool is shown to be lower than CS and IDA ICE. All BPS tools have
a similar value of 0 m/s for the minimum wind speed. The maximum wind speed of the Revit BPS tool affects
the energy balance of the evaluated building.
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Figure 19: Maximum, minimum, and average wind speed.

4.1.4 Relative Humidity

The relative humidity (RH) for all BPS tools was also studied since this is one of the key indices for indoor
thermal comfort. The relative humidity changes simultaneously with the air temperature, hence both thermal
comfort indicators are interconnected and are essential to assess the accuracy of weather data files before
performing energy simulations. Figure 20 presents the maximum, minimum, and average relative humidity
values for all BPS tools. The maximum RH value for all three BPS tools was all the same at 100%, while the
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average RH values varied slightly by 3% between Revit, CS, and IDA ICE. The minimum RH value between
Revit and the other two BPS tools varied by a significant amount.
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Figure 20: Maximum, minimum, and average relative humidity.

4.1.5 Solar Radiation

To determine the solar radiation received on the surfaces perpendicular to the sun, most especially the glazed
surfaces, the weather data file for all three BPS tools was looked at closely. In determining the amount of heat
gains through opaque and transparent surfaces, the direct normal radiation for each hour was compared. The
direct normal radiation was higher for the Revit BPS tool compared with CS and IDA ICE. Figure 21 illustrates
the solar radiation heatmap for the weather files in all three BPS tools.
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Figure 21: Direct normal radiation for Revit BPS tool, CS, and IDA ICE.
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4.2 Test Building Geometry Analysis

The interpretation of the geometry by BPS tools is very important in the energy simulation results. It is however
difficult to make a direct comparison between the geometry modelled in a BIM environment and a non-BIM
environment. Replicating the model from a BIM environment in a non-BIM environment is very tasking and
time-consuming, especially during all the stages of the design process as correcting the changes may require
extra time and human resources. However, the possibility of running these energy simulations in a BIM
environment proves to be advantageous in the long run.

The test building source data was used in modelling and setting the thermal properties of the construction layers
of the building components, Revit calculates the U-values of all building components according to the thermal
properties of each layer. The function of all building components is also specified to enable the simulation
engine to use the correct details when performing the energy calculations. All information regarding the
behavior of each assembly layer, the thermal conductivity, specific heat capacity and density, etc. are entered
in the material browser. Figure 22 shows the calculated heat transfer coefficient value for the wall construction.

»

Materials and Finishes

h esistance (R 93 (m*“K 1
Thermal Mass 14.534280 kJ/(m*k l

Figure 22: Calculated heat transfer coefficient value for the wall construction on the Revit BPS tool.

Unlike IDA ICE, Revit does not consider thermal bridges in the building components thereby ignoring the heat
transmission through the framing members. It was observed that the thickness of insulation in the floor for the
building could not exceed 0.942 m before the simulation results could be generated, hence the thickness of the
floor finish was increased to get the total U-Value of the floor construction.

The model with its source data is translated into IDA ICE through the IFC data scheme using the IFC 2x3
coordination view version. However, due to the interoperability issues, mapping the thermal properties of the
building components was not completely viable. However, the space zone is mapped with the space type
parameter inputs from Revit. Additionally, the translated data from Revit also includes the orientation of the
building and the accurate height, width, and length of the building components. The glazing thermal properties
were entered manually in IDA ICE.

CS generates the thermal model using the information from the modelled geometry in Rhino. The model
surfaces in Rhino are automatically mapped as a facade, external floor, and roof. Figure 23 presents the modelled
geometry and its translation to a BEM model. The envelope constructions are created manually according to the
different layers and thermal properties by selecting the closest materials in the material database with the exact
thermal properties. Although there is a vast number of materials in the CS database, getting the exact thermal
properties for specific construction layers proved challenging.

Table 10 shows the information of the estimated geometry details and heat transfer coefficient values for all
three BPS tools.
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Figure 23: The modelled geometry and its translation to a BEM model for all three BPS tools.

Table 10: The estimated geometry details and heat transfer coefficient values for all three BPS tools.

Parameters Values
Revit CS IDA ICE
Building Envelope
Gross Opaque Envelope Area (m?)  174.98 171.6 171.6
Internal Facade Area (m?) 63.6 63.6 63.6
Roof Area (m?) 48 48 48
Floor Area (m2) 48 48 48
Glazing Area (m?) 12 12 12
Internal Volume (m3) 129.6 129.6 129.6

Envelope Thermal details

Facade U-Value (W/m2K) with 0.516 0.506 0.5104
film*=*=
Roof U-Value (W/m2K) 0.319 0.313 0.3161
Floor U-Value (W/m2K) 0.041 0.041 0.039
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4.3 Test Building Energy Analysis
4.3.1 Heating Setpoint — 21 °C

Figure 24 presents the monthly energy use for all three BPS programs with only the heating conditioning system
turned on, and no windows in the building geometry as described in Figure 9. The Revit BPS tool had the lowest
heating energy demand for the winter months (January, February, March, November, and December) and
slightly lower heating energy demand in the spring months. The Revit BPS tool and CS also had a significant
amount of difference in the heating demand for the summer months except for July where the difference was 5
kWh. The maximum difference in heating demand between the Revit BPS tool and CS was about 25%, which
was the month of June while the minimum difference was 2.5% in April. The maximum difference in heating
demand between the Revit BPS tool and IDA ICE was about 45%, which was the month of July while the
minimum difference was 6% in January. Figure 44 presents the annual heating energy demand for all three BPS
programs with a difference of 8% and 15% between the Revit BPS tool, CS, and IDA ICE respectively. For
IDA ICE, this difference is because the output link provides data to the building opaque surfaces based on the
input from the climate file (EPW), it also uses the TQFACE model to compute the heat balance for an exterior
wall surface.

Another reason is because of the zone heating units and their control model; a Pl-controller is selected for the
ideal room heater, which takes an input variable from the setpoint of the controller. However, the difference
between the Revit BPS tool and CS is majorly because of the climate data since they both use the same
algorithm. The key difference between all BPS tools is the way of computing surface heat fluxes through the
opaque walls. IDA ICE uses an RCWALL model while both the Revit BPS tool and CS uses the state space
method in their CTF calculations. According to a calibrated simulation study by Judkoff et al. (2011), a
maximum difference of 17% was acceptable for simulation tests. Based on this evidence, the observed
differences between all three BPS tools are acceptable.
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Figure 24: Monthly energy use for all three BPS programs with only the heating conditioning system turned On

4.3.2 Windows

Figure 25 presents the monthly energy use for all three BPS programs with the heating conditioning system
turned on and 2 windows added to the south facade of the geometry.

IDA ICE had the lowest heating demand in January while the Revit BPS tool had the lowest heating demand
for subsequent winter months (February, March, November, and December,). The Revit BPS tool and CS had
a considerable difference in the heating demand for the spring and summer months. The maximum difference
in heating demand between the Revit BPS tool and CS was about 30%, which was the month of November

25



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

while the minimum difference was 0% in June, July, and August. There was a high difference in heating demand
between the Revit BPS tool and IDA ICE for all months except February and December. Figure 44 presents the
annual heating energy for all three BPS programs with a difference of 17% and 22% between the Revit BPS
tool, CS, and IDA ICE respectively. In IDA ICE, a window model calculates the radiation and transmission
through a window, it considers the convective heat transfer, long-wave radiation from the ground and sky,
absorption of shortwave radiation, and transmission from the internal surface for both glass and frames. The
thermal performance of the windows is calculated on CS using the ISO Standard 15099-2003, which uses
equations for calculating the room-side of windows' heat flow direction. Although the Revit BPS tool also uses
the 1SO Standard 15099-2003 equation model, the 17% difference is a result of the previous simulation, the
solar radiation in the climatic file, and how EnergyPlus interprets the simple model with windows from Revit.
The difference between Revit and CS is acceptable while that between Revit and IDA ICE is 5% above the
maximum acceptable difference of 17%.
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Figure 25: Monthly heating energy demand for all three BPS programs with the heating conditioning system turned on and 2 windows
added to the south facade of the geometry.

4.3.3 Cooling Setpoint — 26 °C

Figure 26 presents the monthly heating and cooling energy use respectively for all three BPS programs with the
cooling system turned on.

IDA ICE had the lowest heating demand in January while the Revit BPS tool had the lowest heating demand
for subsequent winter months (February, March, November, and December). IDA ICE had the highest heating
demand from March to November with CS having the highest demand in January, February, and December.
The Revit BPS tool and CS had similar heating demands in the summer months. Figure 45 presents the annual
heating energy demand for all three BPS programs with a difference of 15% and 28% between the Revit BPS
tool, CS, and IDA ICE respectively. Revit and CS offered an acceptable difference, whereas Revit and IDA ICE
were 11 % above the maximum acceptable difference of 17%.
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Figure 26: Monthly heating energy demand for all three BPS programs with the cooling
conditioning system turned on.

Figure 27 presents the monthly cooling energy use for all three BPS tools studied. IDA ICE trend showed an
increased need for cooling in all months except December. CS produced the highest monthly cooling energy
use of all three BPS tools. Figure 45 shows the difference in the annual cooling energy demand for all three BPS
tools, with a difference of 3% and 30% between the Revit BPS tool, CS, and IDA ICE respectively. The
difference between Revit and CS is acceptable while that between Revit and IDA ICE was 13% above the
maximum acceptable difference of 17%.
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Figure 27: Monthly cooling energy demand for all three BPS programs with the cooling conditioning system turned on.

4.3.4 Occupancy

Figure 28 presents the monthly heating energy use for all three BPS tools with a one person occupancy and
8760 operational hours. IDA ICE generated the lowest heating energy use in January and December.
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Figure 44 presents the annual heating energy demand for all three BPS tools with a difference of 18% and 3%
between Revit BPS tool, CS, and IDA ICE respectively. The difference between CS and Revit BPS tool could
be due to the heat load calculations and how Revit interprets the total metabolic heat gain. IDA ICE uses the
IS0 7730 1984, which uses the equations of the convective heat load from the occupant, convective heat transfer
coefficient between clothing and air, and radiative heat load from the occupant for its occupancy calculations.
The difference between Revit and CS is 1% above the acceptable maximum of 17% while that between Revit
and IDA ICE is within the acceptable range.
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Figure 28: Monthly heating energy demand for all three BPS tools when 1 occupant was added to the building.

Figure 29 presents the monthly cooling energy use for all three BPS tools studied. CS produced the highest
monthly cooling energy use in July slightly above the Revit BPS tool. Figure 45 shows the difference in the
annual cooling energy for all three BPS tools, with a difference of 7% and 2% between the Revit BPS tool, CS,
and IDA ICE respectively. The difference between the BPS tools was lower than the acceptable difference value
of 17%.
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Figure 29: Monthly cooling energy demand for all three BPS tools when 1 occupant was added to the building.

Two people

Comp?ara’?ive analyses of the occupancy were performed with two individuals in the building for 24 hours each
day throughout the year. IDA ICE produced the lowest amount of heating energy in January as shown in Figure
30. The lowest heating energy demand was recorded during February, March, April, May, September, and
October for CS. As compared with the CS and IDA ICE, Revit BPS generated the highest heating demand in
January and similar heating energy demand in the summer months.

With CS, there was no heating energy demand in summer, yet the energy use was the lowest. The summer
months, especially June, saw some slight heating energy demand from IDA ICE. According to Figure 44, the
annual heating energy use varied by 5% between the Revit BPS tool and IDA ICE, while that of CS and Revit
BPS tool was about 18%. These differences can be attributed to the occupancy calculation methods of
calculating the internal heat gains for occupants and their relation to the yearly schedule. CS uses the number
of people calculation method of People per zone floor area (p / m2). An internal algorithm is used to specify the
fraction of latent heat gain and sensible heat gain while on Revit both heat gains are specified for the number of
occupants. Revit uses the Zone floor area per People (m2/ p) method. The difference between Revit and CS is
acceptable while that between Revit and IDA ICE is 1% above the acceptable difference value of 17%.
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Figure 30: Monthly heating energy demand for all three BPS tools when 2 occupants were added to the building

Figure 31 presents the monthly cooling energy use for all three BPS tools studied. A notable difference between
the cooling energy demand for a single occupant and two occupants was an increased demand in January. CS
produced the highest monthly cooling energy demand in May, June, July, October, November, and December.
IDA ICE had the lowest cooling demands in May and the summer months. Figure 45 shows the difference in
the annual cooling energy demand for all three BPS tools, with a difference of 12% between the Revit BPS tool
and CS. IDA ICE and Revit BPS had a difference of 1% in cooling energy demand. The difference between the
BPS tools was lower than the acceptable difference value of 17%.
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Figure 31: Monthly cooling energy demand for all three BPS tools when 2 occupants were added to the building

Three People
A further study was performed on the impact of the number of occupants in the building year-round, considering

three people in the building. CS had the lowest heating energy demand for all months except in January and
November. IDA ICE had the highest heating energy demand for the winter months except in January and
December. According to the results as presented in Figure 32, the CS had no heating in May, the summer months
and September. As illustrated in Figure 44, the annual heating energy demand of the Revit BPS tool and IDA
ICE varied by 7%, compared to 19% for CS and Revit BPS tool when occupancy was increased to three people.
The difference between Revit and CS was lower than the acceptable difference value of 17% while that between
Revit and IDA ICE was above the acceptable maximum by 2%.

30



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

30.0
25.0
20.0

15.0

10.0
5.0 '

Jan. Feb. Mar. Apr. May. June July Aug. Sept. Oct. Nov. Dec.
Months

Heating energy demand / kWh / m?

B Revit @ClimateStudio ®IDA ICE

Figure 32: Monthly heating energy demand for all three BPS tools when 3 occupants were added to the building.

All three BPS tools examined are shown in Figure 33 with monthly cooling energy use. CS had the highest
cooling energy demand for all months except for March when IDA ICE had the highest. IDA ICE had the lowest
cooling energy demand in the spring and summer months and the Revit BPS tool had the least in the winter
months. Figure 45 shows the difference in the annual cooling energy demand for all three BPS tools, with a
difference of 24% between the Revit BPS tool and CS. IDA ICE and Revit had a difference of 2% for the annual
cooling energy demand. The difference between Revit and CS is above the acceptable maximum by 7% while
that between Revit and IDA ICE was within the acceptable range.
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Figure 33: Monthly cooling energy demand for all three BPS tools when 3 occupants were added to the building.

Four People
Further evaluation was performed regarding the effect of occupancy year-round, considering four occupants at

the same time. CS had the lowest heating energy demand for all months except December. All months except
January when the Revit BPS tool had the highest demand for heating energy, IDA ICE had the highest demand
for heating energy. Figure 34 shows how the Revit BPS tool had similar heating demands as CS for the summer
months, as seen in the previous results. As illustrated in Figure 44, the annual energy use of the Revit BPS tool
and IDA ICE varied by 9%, compared to 20% for CS and Revit BPS tool when occupancy was increased to
three people. The difference between Revit and CS was above the acceptable difference value of 17% by 3%
while that between Revit and IDA ICE was within the acceptable range.
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Figure 34: Monthly heating energy demand for all three BPS tools when 4 occupants were added to the building

The cooling energy demand for CS was the highest for all months except in March, where the demand was the
highest for IDA ICE as shown in Figure 35. IDA ICE had the lowest cooling demands in only the summer
months and the Revit BPS tool had the lowest in the winter months. Figure 45 shows the difference in the annual
cooling energy demand for all three BPS tools, with a difference of 24% between the Revit BPS tool and CS.
IDA ICE and Revit BPS had a difference of 2% for the annual cooling energy demand. The difference between
Revit and CS was above the acceptable maximum by 7% while that between Revit and IDA ICE was lower than
the acceptable value.
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Figure 35: Monthly cooling energy demand for all three BPS tools when 4 occupants were added to the building.

Five People
An additional occupant was included in the building to further validate how the programs calculate internal

gains. Figure 36 shows CS had the lowest heating energy demand for all months except November and
December. All months except January when Revit BPS tool and IDA ICE had the same demand for heating
energy, IDA ICE had the highest demand for heating energy for all other months. As illustrated in Figure 44,
the annual heating energy demand of the Revit BPS tool and IDA ICE varied by 10%, compared to 22% for CS
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and Revit BPS tool when occupancy was increased to three people. In the case of Revit and CS, the difference
was over the acceptable maximum by 5%, while that in Revit and IDA ICE was lower than the acceptable value.
Increasing the occupancy from one to five presented a linear progression for both heating and cooling demand
as presented in Figure 44 and Figure 45
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Figure 36: Monthly heating energy demand for all three BPS tools when 5 occupants were added to the building.

The cooling energy demand for CS was the highest in all months. IDA ICE had the lowest cooling demands
from April to September as shown in Figure 37. Figure 45 shows the difference in the annual cooling energy
demand for all three BPS tools, with a difference of 37% between the Revit BPS tool and CS. IDA ICE and
Revit BPS had a difference of 3% for the annual cooling energy demand. The difference between Revit and CS
was about 20% higher than the acceptable maximum while that between Revit and IDA ICE was lower than the
acceptable value.
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Figure 37: Monthly cooling energy demand for all three BPS tools when 5 occupants were added to the building.

4.3.5 Air Leakage

The effect of infiltration was observed on the calculation of heating and cooling energy demands using all three
programs. The results as presented in Figure 38 shows IDA ICE had the highest heating energy demands from
March to November this was due to the infiltration method, the wind-driven flow method was used. CS produced

33



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

the highest heating energy demand in January and December, as it interprets the infiltration value at 4 Pa. The
Revit BPS tool had the lowest heating energy demand in the winter months and similar heating energy demand
in summer with CS. However, Revit BPS did not incorporate the air leakage into the heating energy demand.
Figure 44 shows the annual heating energy demand of the Revit BPS tool and IDA ICE varied by 19%, compared
to 6% for the Revit BPS tool and CS. The difference was because of the specific air infiltration rate methods.
CS uses the EnergyPlus effective leakage area model in its calculations based on the ASHRAE standard, it uses
the local wind speed and the temperature difference between the zone air and outdoor air. IDA ICE uses a model
CELEAK. However, the Revit BPS tool only considers air leakage for energy optimization on the web-based
energy simulation tool Insight. In Revit and CS, the difference was lower than the acceptable value, while in
IDA ICE, the difference was higher by 2%.
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Figure 38: Monthly heating energy demand for all three BPS tools when Air leakage was activated.

Figure 39 presents the cooling energy demand for Revit BPS was the highest for all months except in January
and December. IDA ICE had the least cooling demands in May and the summer months. Figure 39 shows the
difference in the annual cooling energy for all three BPS tools, with a difference of 57 % between the Revit BPS
tool and CS. IDA ICE and Revit BPS had a difference of 47% for the annual cooling energy demand. Differences
between Revit, CS, and IDA ICE were way above the acceptable threshold of 17%.
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Figure 39: Monthly cooling energy demand for all three BPS tools when Air leakage was activated.

4.3.6 Mechanical Ventilation

Mechanical ventilation was activated for all three BPS tools, CS produced the highest heating energy demand
in the winter months and the lowest heating energy demand in the spring and summer months as shown in Figure
40. Figure 44 shows the annual heating energy demand of the Revit BPS tool and IDA ICE varied by 1%,
compared to 7% for CS and Revit BPS tool. The Revit BPS tool and IDA ICE had less differences in heating
energy demand because of the variety of inputs for the HVAC systems, hence they are controllable. However,
the air system equipment in the Revit BPS tool had predefined values for all components in the AHU. In IDA
ICE, the VAV system uses a CentralMode, which controls airflow when the outdoor temperature reduces. CS
uses a simple ventilation method, which took into account the design flow rate, and is controlled by a schedule
with varying temperatures. Differences between Revit, CS, and IDA ICE are within acceptable threshold.
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Figure 40: Monthly heating energy demand for all three BPS tools when Mechanical ventilation was activated.

As shown in Figure 41, Revit BPS tool had the highest cooling energy demand during all summer months, but
IDA ICE had the highest in the winter months with no cooling in December for all three BPS tools. Figure 45
shows the difference in the annual cooling energy for all three BPS tools, with a difference of 41% between the
Revit BPS tool and CS. IDA ICE and Revit BPS had a difference of 5% for the annual cooling energy demand.
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The difference between Revit and CS was about 21% higher than the acceptable difference value, while that
between Revit and IDA ICE was lower than the acceptable value of 17%.
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Figure 41: Monthly cooling energy demand for all three BPS tools when Mechanical ventilation was activated.

4.3.7 Equipment load

After assessing the influence of the mechanical ventilation system on all three BPS tools, the equipment load
was activated with a 10 W / m2 input for all tools. The distinctions between the three BPS tools were minimal.
As shown in Figure 42, both CS and IDA ICE had the same value of 87.6 kWh / m2, whereas the Revit BPS
tool had a value of 89.8 kWh / m2. Differences between Revit, CS, and IDA ICE are within the acceptable
thresholds for the equipment loads.
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Figure 42: Annual equipment energy demand for all three BPS tools.

4.3.8 Lighting load

CS and IDA had the same EUI for the lighting load for a 7 W / m2 lighting load, while Revit differed from both
BPS tools by 1.6 kWh / m2. Figure 43 shows the annual lighting EUI for all three BPS tools. The difference
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between the BPS tools could be because of the program interpretation of the lighting heat load input. Differences
between Revit, CS, and IDA ICE are within the acceptable thresholds for the lighting loads.
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Figure 43: Annual lighting energy demand for all three BPS tools.

Figure 44 and Figure 45 show the annual heating and cooling demand respectively for each step performed in
all three BPS tools.
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Figure 44: Annual heating energy demand for all three BPS programs.
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Figure 45: Annual cooling energy demand for all three BPS programs.

4.3.9 Simulation Time

The simulation for every step was observed to determine the speed at which the ES results were calculated.
Although remodelling the building in CS and entering the thermal properties of the building components was
time-consuming. However, CS had the most optimized simulation time while Revit had the highest calculation
time.

The Revit BPS tool simulation time varied for every step, this could be attributed to the internet speed and
connection because it uses the weather file from the Autodesk Climate Server, which contains about 1.6 million
virtual weather stations based on numerical meteorological simulations. Figure 46 shows the time variations for
CS, Revit BPS tool, and IDA ICE for every assessed step.
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Figure 46: Simulation time for energy calculations for each step assessed.
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4.4 Q12 Geometry

Figure 47 shows the Q12 geometry and its translation to a BEM model for all three BPS tools. From the
images, both CS and Revit takes the shading into account. The shadings for IDA ICE were missing on import
which is one of the challenges in interoperability between BIM and BEM. Although reproducing the model
was quite straightforward using CS, the spaces in the building had to be modelled intersecting each other. This
increased the floor areas of some spaces slightly.

(@) (b)

Figure 47: The Q12 geometry and its translation to a BEM model for all three BPS tools (a) CS (b) Revit (c) IDA ICE.

4.5 Q12 Energy Analysis

The results of the energy performance simulations for the weather file of Jos, Abuja, and the building location,
Lagos are shown in Figure 48, Figure 49, and Figure 50 respectively. CS and IDA ICE had a slight difference
in cooling energy use intensity, although CS is limited in defining the active systems, the inputs for the active
systems in IDA ICE were well defined. While the active system was defined, the Revit BPS tool Cooling EUI
did not match the other programs. The cooling EUI difference between Revit and CS and IDA ICE was way
above the acceptable value. It can be assumed that this result was majorly due to a difference in the weather
files.
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Figure 48: Annual cooling energy demand for Jos weather file
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Figure 49: Annual cooling energy demand for Abuja weather file.
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Figure 50: Annual cooling energy demand for Lagos weather file.
4.6 Q12 Simulation Time

The simulation for Q12 was observed to determine the speed at which the ES results were calculated for the
combination of all inputs. CS had the most optimized simulation time while IDA ICE had the longest calculation
time. This was due to the complexity of the building geometry and the number of zones defined for the building,
which led to the increase in the simulation time of IDA ICE. Figure 51 shows the difference in simulation time
for CS, Revit BPS tool, and IDA ICE for Q12.
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Figure 51: Simulation time for Annual energy calculations for all three BPS tools.

41



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

5 Discussion

The three BPS tools evaluated have shown some disparity in the results for both case studies evaluated. The
input-to-input study showed that all three BPS tools calculate the building energy simulation in various ways
based on the calculation methods. Although the Revit BPS tool uses the same simulation engine as CS and the
same algorithm, there were still some large differences in the energy simulation results obtained for all steps
evaluated.

According to the results obtained, the differences in these results could be attributed to the calculation methods
of each BPS tool, the weather file used, and how the BPS tools interpret the models and the thermal properties
of the building construction (fagade, roof, floor, windows). Although IDA ICE and CS had the same weather
file, there were some notable differences in the energy demand for heating and cooling. The differences could
be attributed to the fact that the BPS tools calculate the heat losses and gains differently as well as the losses
due to infiltration. A fixed infiltration value of 0.5 at 50 Pa was used in IDA ICE and Revit BPS tool while an
infiltration value of 0.1 was used on CS. This is because CS requires the infiltration rate at 4 Pa.

The difference in the key climate indicators such as the dry bulb temperature, ground temperatures, wind speed,
relative humidity, and solar radiation also impacted the differences in the produced results.

There was a negligible difference in the model geometry for the shoebox model. This is because it was a simple
geometry, the shoebox model was exported as an IFC file into IDA ICE, hence it had the same heights, volumes,
and wall, floor, roof, and window areas. However, there were some slight differences in the thermal properties
for all BPS tools as shown in Table 10, the fagade and roof U-values were slightly higher than CS and IDA ICE,
because Revit calculates the U-value differently from the other two BPS tools. This was evident in the energy
simulation results in step one as the difference in the results could be explained as the losses due to transmission
of opaque surfaces, the key climate indicators of the weather file, and the calculation methods.

For the addition of windows to the southern fagade, the difference in the energy demand between the Revit BPS
tool and the other two BPS tools (CS and IDA ICE) was significant. This is due to the heat gain transmission
through windows, which were relatively high compared with CS and IDA ICE as shown in Figure 21. There
was also a notable difference in the results between CS and IDA ICE, the IDA ICE simulation tool considers
the window frames and solar transmittance of the glazing while the Revit BPS tool only considers the SHGC
value. The thermal properties of the window frames were turned off in CS since Revit only considered the
thermal properties of the glazing panes. According to Winkelmann (2001), the EnergyPlus window calculation
considers the Layer-by-layer input of glass, gap, and shade layers, Spectral or spectral-average glass optical
properties, iterative heat balance solution to determine glass surface temperatures, anisotropic sky model for
calculation of incident sky diffuse solar radiation and shading of sky diffuse radiation, tracking where solar
radiation from windows falls inside room, sub-hour time steps. CS considers optical properties such as the solar
transmittance, front reflectance (radiation incident on the side of the glass closest to the outside environment),
and back reflectance (radiation incident on the side of the glass closest to the inside environment) of the
individual glass layers in its heat balance calculations (Winkelmann, 2001).

IDA ICE uses a specified capacity for the heating and cooling room units for its energy calculations, although
the Revit BPS tool and CS have this parameter, the EnergyPlus engine calculates the required energy demand
for the heating and cooling systems based on the calculation methods. The difference in the energy demand was
also prominent for occupancy, the three programs calculate the sensible heat internal gains of the occupants
differently.

In the Revit BPS tool, the mechanical ventilation system was selected based on the pre-existing values of the
zone equipment, the air system selected in the Revit BPS tool had the following settings of a sensible heat

42



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

exchanger of 0.76 at 100% effectiveness similar to that of CS, a preheating coil from electric resistance assumed
to be 100% efficient, chilled water cooling coil, a hot water heating coil with a varying air temperature value
and a variable air volume with a pressure rise of 996 Pa slightly similar to that of CS which uses 1000 Pa for
Emsfanenergy. CS was able to use the district heating and cooling system once the mechanical ventilation
system was activated unlike the Revit BPS tool, where EnergyPlus was not able to make use of the same heating
and cooling system as CS.

The difference in the equipment and lighting load was seen to be equal for CS and IDA ICE, although there was
a slight difference in that of the Revit BPS tool, this could be attributed to some differences in the interpretation
of the schedule.

In case study 2, the results obtained were as a difference in the customization options of all three BPS tools, and
the weather files for all three locations studied. One notable observation from the Revit BPS tool was that the
weather file was not available in the Autodesk climate server database, hence it selected the closest weather file
fitting the climate location. This explanation could be a major reason for the difference in the EUI results most
especially for Jos. IDA ICE also did not have these weather files in its database, however, all three EPW files
were imported for the ES as in the first case study when the Malmé weather file was also imported.

It is challenging to draw a definite conclusion on which BPS tool provides the best results and is very reliable
in BES. The differences in the results could be attributed to the different calculation methods, differences in
weather files and the inputs specific to each BPS tool. A summary of the comparison of the BPS tools is shown
in the Appendix, with IDA ICE proving to be the most reliable in terms of the inputs and outputs, while CS is
shown to be the most reliable in terms of usability, flexibility, and speed.
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6 Conclusion

After a comprehensive study on all three BPS tools using the BIM file and building specific data presented in
this study, it can be concluded that using BIM for energy simulation is challenging. Although Revit uses the
same energy simulation engine as CS, it can be well-developed to perform accurate building energy simulations
in the BIM environment in the future.

The interoperability between BIM and BEM also proved challenging as the BIM data to create complete
building energy models was not completely viable using IDA ICE. Generating thermal zones from the imported
IFC files was achievable, however, the IFC-based geometry translated generated some errors such as collisions
of objects and missing objects. These challenges could be seen to impact the results of the case studies.

The difference in the customization options of all three BPS tools most especially the HVAC systems,
occupancy, and operation schedules are seen as a likely cause of the difference in the energy results obtained.
The Revit BPS tool has preset values for its HVAC systems with no option to alter it on the GUI of Revit unlike
on IDA ICE where inputs such as the coil supply temperatures can be edited. The CS HVAC system had fewer
controllable inputs, which simplified its use.

Based on the results of the energy simulations for Q12, CS and IDA ICE had similar values even though one of
the weather files was by a wide margin. This difference could be attributed to the way both BPS tools interpret
weather data files, calculates thermal values of the building components, and energy calculations. Although
Revit and CS uses the same simulation engine and calculation method, the thermal values are calculated within
the Revit GUI and not estimated by EnergyPlus.

Additionally, there is also a problem with localization when using IDA ICE as earlier highlighted in the
discussion section. Although the IDA ICE library is internationally applicable as it uses the ASHRAE systems
models and does not include remnants of any national building code, its design is influenced by the Scandinavian
model of a very detailed zone (Axel Bring, Per Sahlin, Mika Vuolle, 1999). This is also applicable to the Revit
BPS tool when specifying a mechanical ventilation system.

Overall, CS is an effective BPS tool for the EDP and for further stages as the design develops because it has
superior performance, efficiency, simulation speed, flexibility, and simplicity. Although IDA ICE results were
reliable, the simulation time was longer than the other BPS tools. In terms of flexibility, Revit was reliable since
it served as a data transfer link to IDA ICE, however, its results were not accurate compared to the other two
state-of-the-art BPS tools.

In conclusion, as technology evolves, BPS tools in BIM environments could become a dependable tool for
practitioners in the AEC industry in designing more sustainable and energy-efficient buildings in the future.
Nevertheless, the BIM to BEM translation process is a hon-conforming approach that can result in different
building energy models depending on who is involved and what the models are being used for. It is, however,
important to distinguish the capabilities of this approach. It should be noted that Revit does not offer flexible
customization options, like dynamic schedules, HVAC operation schedules, and systems, which might prove
useful for EDP analysis to help with issues such as building mass and orientation. Additionally, CS and IDA
ICE are the best options for a validated energy assessment at both the early and later phases of a project life
cycle, however, the process might be time consuming due to constant design changes.

It is important to note that accuracy, flexibility, and speed were not fully achieved in the BIM environment.
Several of the issues addressed in this study still needs to be further examined in future studies once there has
been some progress in BIM-BEM compatibility, since only one building type (Residential) was examined in
this study, and some areas still need further investigation, including thermal comfortability and daylighting.
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Appendix

Detailed workflow of the Revit Energy Analysis tool.
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1585226 (1271 kilometres away)
1585854 (18.02 kilometres away)
1585855 (18.02 kilometres away)
1585228 (18.02 kilometres away)
1585542 (18.02 kilometres away)

[ Use Daylight Savings time
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5 mies

]

Cancel Help

o Set thermal properties of the building construction.

Type Properties
Family: System Famiy: Basic Wal

Type: Generic - 230mm

Type Parameters

Load...
Duplicate...

Rename...

Parameter

Value

Construction
Structure

Edit...

Wirapping at Inserts

Do not wrap

Wrapping at Ends

MNone

Width

260.0

Function

Exterior

Coarse Scale Fill Pattern

Diagonal Tmm

Coarse Scale Fill Calor

Ml Black

Materials and Finishes

Structural Material

*Sandcrete blocks

Hest Transfer Coefficient (U]

Roughness

Identity Data
Type Image

Keynote

Model

Manufacturer

Type Comments

TR

What do these properties do?

<< Preview

Cancel

Apply
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The thermal properties of the building construction can also be overridden in the Construction types settings tab.

Construction Type ? *®
Construction Types Analysis Properties
1 By default, analysis properties are generated from information in Conceptual Types.
| Properties of Schematic Types are used when ovemide is selected.
Category Override Analytic Construction
Roofs 4in lightweight concrete (U=1.2750 W/(m"K))
Exterior Walls 3in lightweight concrete block (U=0.8108 W/(m*K))
Interior Walls Frame partition with 3/4 in gypsum beard (U=1.4733 W/ (m*K)
Ceilings Zin lightweight concrete ceiling (U=1.3610W/(m".K])
Floors Passive floor, no insulation, tile or vinyl (U=2.9582 W/ (m*K))
Slabs Un-insulated solid (U=0.7059 W/(m*.K])
Doors Metal (U=3.7021 W/(m*K])
Exterior Windows Large double-glazed windows (reflective coating) - industry (U
Interior Windows Large single-glazed windows (U=3.6898 W/(m*K], SHGC=0.86)
Skylights Large double-glazed windows (reflective coating) - industry (U
?“j rD T‘j All Mone Shading factor for exterior windows: (1
e

o Assign Spaces to the assumed conditioned and unconditioned rooms

REGHG--~-8=-LOA ¢-0F"

Achoscture  Souctue  Deel Precast Sutend et Awotte  Ande Musngases Colbeae Vew Masge ASthe Moy e

a @ H 2 ® & &

Autodsh Pevi 2022 Q12 14  Hoor P GROUND FLOOR LANCAT U Ranres W @

> B S ¢ E S

s

oo P GROUND L+ £8 65t yoe
Gapis N

Press 1 for mave heip

oW
ViewName  GROUNDALOO.. | v

o Assign a preset Space type or specify the inputs

Identity Data 2
Number 33 Section: SECTION B-8
Name [FY R o U I T I O Section: SECTION C-C
Room Number Unoccupied L Section: SECTION D-D
Room Name Unoccupied - Ceiling Plan o —
image Reflected Ceiling Plan: BUILDING APE
Commants g Y e Reflected Ceiling Plan: FIRST FLOOR L
Phasing 0 T O R Reflected Ceiling Plan: GROUND FLO(
Phase iNew Construction Reflected Ceiling Plan: NGL
Energy Analysis : & Reflected Ceiling Plan: PENT FLOOR L
Zone Defauk o Reflected Ceiling Plan: ROOF LAYOU
..... Floor Plan
ZI:::;;HE Floor Plan: BUILDING APEX T —
Condition Type Cocled Floor Plan: FIRST FLOOR LAYOUT
Space Type Gi3 Thving/tining Floor Plan: GROUND FLOOR LAYOU ?
Construction Type " <Buiidings UL L L ke Floer Plan: GROUND FLOOR LAYOUT
Peaple Edit.. Floor Plan: PENT FLOOR LAYOUT
Electrical Loads Edit.. Floor Plan: ROOF LAYOUT
Gutdoor Air informati,.‘From Space Type 11 | 1 " Floor Plan: SITE
Outdoor Air per Person /s Floor Plan: SITE LAYOUT
Guitdoor Air per Ares et Floor Plan: UPPER ROCF LAYOUT
Air Changes per Hour Egﬂ SERIES
Gutdoor Air Method by People and by Area
Calculated Heating Lo...iNot Computed E--3D View
Design Heating Load  0.00 W 3D View: 3DAXO1
Calculated Cooling Lo...Not Computed 3D View: 3DAX0 2
Design Cocling Load  0.00W 3D View: 3DAXO 3

3D View: 3DAXO 4
v 3D View: Analytical Spaces

3D View: STRUCT 3D v
Properties help Apply || ¢ > s B L.

49



A Comparison of Building Energy Performance Simulation Tools in BIM/non-BIM environments

Space Type Settings

Enter Search Words

QJ

Filter:

Plenum

Police Station Laboratory - Police Fire Stations

Public and Staff Lounge - Hospital/Healthcare
2- WIC

Q12 -Bathroom 2

Q12 -Bathroom 3

Q12 -Bathroom 4

Q12 -Bathrooms

Q12 -Bedroom 2

Q12 -Bedraom 3

Q12 -Bedroom 4

Q12 -Bedroom BQ

Q12 - Bedrooms

Q12 -Cinema

Q12 -Family Lounge

Q12 -Foyer

Q12-Garage

Q12 - Guest Bedroom

Q12-Gym

Q12 -Kitchen

Q12 -Kitchennett=

Q12-Lifts

Q12 -Lobby 2

Q12 -Lobby Pent
Q12 - Master Bathroom
Q12 - Master Bedrooms
Q12 - Master WIC

Q12 -OccResidential
Q12 -Private Lounge
Q12-Spa
Q12-SpaTai

Q12 -Stairs Pent

Q12 -Study

<

b hm D

Parameter

Value

Energy Analysis

Area per Person

[12.096 m

Sensible Heat Gain per person

T3.2TW

Latent Hest Gain per person

58.61W

Lighting Load Density

4.54 W/m*

Power Load Density

2.00 W/m*

Infiltration Airflow per area

0.35 L/(sm’)

Plenum Lighting Contribution

0.0000%

Gecupancy Schedule

G2 - Living Room

Lighting Schedule

Q12 - Living Room

Power Schedule

13 Living Room

Outdoor Air per Person

7.00 L/s

Outdoor Air per Area

035 Usm?)

Air Changes per Hour

0.500000

Outdoor Air Method

by Peaple and by Area

Heating Set Point

20.00°C

Cooling Set Point

25.00 °C

Humidification Set Point

0005%

Dehumidification Set Point

70.0000%

Cancel

B Schedule Settings
Schedules

[

i

Schedule Settings

1.0

0.8

On-6AMto 10PM

On -8 AMto & PM

On -8 AM to 6 PM (50%%)
On-9AMto 9PM

On - 10 AM to 12 AM
On-2PMto 12PM
On-4PM ta 4 AM
On-9PMta 3 AM

T T T
06:00 12:00 18:00

1
23:00

Common Commercial Occupancy - 7 AM to 6 PM
Large Assembly Hall Occupancy - 8 AM to 10 PM
Health-Care Facility Occupancy - 8 AM to 9 PM
Hotel Occupancy - 24 Hours
Commen Office Occupancy - 8 AM to 5PM
Home Ocoupancy - 24 Hours
Restaurant Occupancy - Lunch and Dinner
Retail Facility Occupancy - 7am to 8pm
School Occupancy - Bam to 9pm
Warehouse Occupancy - 7 AM to 4 PM
Office Lighting - 6 AM to 11FM
Residential Lighting - All Day
Retail Lighting - 7 AM to 8 PM
School Lighting - 7 AM to § PM
Warehouse Lighting - 7 AM to 4 PM
Retail Facility Occupancy - 7 Am to B Pm
School Occupancy - 8 AM to 9 Pm
12 - Gym

Factor
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
40.00%
40.00%

Factor
0.00%
0.00%
0.00%
0.00%
40.00%
40.00%
40.00%
70.00%
70.00%
70.00%
0.00%

Time
12:00
13:00
14:00
13:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00

¢ Assign a Condition type and if it's occupiabl

nergy Analysis
Zone

e.

Reflected Ceiling Plan: ROOF LAYOU
loer Plan

Default

|
 Cooled)

Heated

Plenum

: BUILDING APEX

Floor Plan: FIRST FLOOR LAYQUT
Floor Plan: GROUND FLOOR LAYOU
: GROUND FLOOR LAYOUT
: PENT FLOOR LAYOUT

: ROOF LAYOUT

: SITE

: SITE LAYOUT

: UPPER ROOF LAYOUT

~Floor Plan

Occupiable

=

Condition Type
Space Type

= - Fleer Plan
Cooled

B=Es

Heated and cooled
Unconditioned

ented
MNaturally vented only

TULTS

-Floor Plan
Floor Plan:
Floor Plan;

Informati.
Qutdoor Air per Person

- Floer Plan:

« Floor Plan:
SERIES

Gutdoor Air per Area

Air Changes per Hour

by People and by Area
Not Computed
0.00W

Mot Computed
0.00W

Outdoor Air Method
Calculated Heating Lo..
Design Heating Load

3D View
- 3D View:
3D View
3D View
- 3D View:
- 3D View:
3D View

:3DAXO1
:3DAXO2
:3DAXO3
:3DAXO 4

: Analytical Spaces
: STRUCT 3D

Calculated Cooling Lo...
Design Ceoling Load

~

]

'roperties help B

1:115
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o Assign a Mechanical Ventilation system (Zone Equipment and/or Air System)

ke b0 . 1 M e s g 4 ) -

o Assign a mode for the Energy analytical model and other settings related to the analytical model.

Energy Settings X
Parameter Value

Energy Analytical Model 2
Mode Use Rooms or Spaces

Ground Plane NGL

Project Phase New Construction

Analytical Space Resolution 457.2

Analytical Surface Resolution 3048

Perimeter Zone Depth 3657.6

Perimeter Zone Division

Average Vertical Void Height Threshold 1828.8

Horizontal Void/Chase Area Threshold 0.003 m*

Reports Folder Path \<ProjectName>_Reports

Advanced A
Other Options ! Edit...

How do these settings affect energy analysis?

o« ==l

o Create an Energy model.

B e ([ [ [0 5] % B

5;5 Pipe Legend . )
k Show . Pathof Reveal Multiple OneWay People Spatial Results
ts Disconnects a— CelerFill Legend L. Travel Obstacles Paths Indicator Content Grid Manager

Color Fill Energy Optimization Route Analysis u Structural Ar

Create Energy Model

Creates the energy analytical model. _ Quz.rvt
Press F1 for more help rstems E ﬂ &
2D Analytical Systems

& Water Loop
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¢ Run Annual BES Analysis.

Systems Analysis >

Select analysis workflow:

+ Annual Building Energy Simulation
HWVAC Systems Loads and Sizing

Report name: | Energy Analysis |

Reports Folder Path:
AMM.Sc EEBD\Courses\Masters Thesis\CaseStudies\Q12_Reports

| whatis an analysis workflow? | Run Analysis | | Cancel |

s BN LM E o BT T
S

Detailed workflow of the ClimateStudio Thermal Analysis tool using the Rhino GUI.

e First, Rhino is opened,
e The geometry is modelled
¢ Load a climate file and set the building orientation

6 cs wordlows

5 Therma! Anslyss

[@ sos-GowonarpLtiGA

& zones 38 ;

o]
o @ °

B3] woa.pios-cowen apssTss0TRY 2072021
North Offset () 0 non

] Show Compass Disploy Szx 100

NGA_PL_Jos Gowon.AP.651340_TMYx.2007.2021
Camate Zone
Koppen clmatezone:  Tropical Savanna. Ory Winter
ASHRAE chate zove.  Hot (2)
Average annusl temperstu 22 °C
Annal total solar aciaton 2138 kWhim2
Average annual wind spee 25
Heating Design Canditions
‘Coldest monthc Jonusey
Coldest weeke ve-ym
Typical winter week:
Annusl HODfor 18 *Ca7
Design temperature .04 % 112°C.
Cooling Design Conditions
Mottest month: March
Hottest week: -1
Typical summe week
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e Zones are assigned from available templates, or a template is created.

a - 8 x
Fie £ Vew Cune Sulsce SbD Sobd Meh Drmemson Tanmdorm Toch Anshae Fandee Sunch Hob

o CinargyCmandemafromemgias ]
o —— i
(]

b Toch  BderTos  Dwhng N\

St | e tavew Diply et Vewportiapon Vel Tamfors G et S Took b oot _ R0k
DeESFXR0~0 + 20 N2 T H= 550090000 18580,

APLRPOF LS ™

SSIIIITATICIILIIANNNANY
FEEYTVYTFyITRYIbYIRYYRYOYY
SESSSESSFEEREEEESEEEE SRS

Porpactie) Top Font. Wghe © <>
Bitnd E3Near (A 0sire (Iid (] Com ot [ Pwrp B Tom E3Quadt (Kt [ Vet ot Dbl
R e : e oo GedSmp O Panur Osmap Smartiack Geiol Pecord Mstory e Mrutes om it save 0

¢ Windows, the ground boundary, adiabatic, and shading surfaces are assigned from the geometry.
o Open a zone setting to edit the inputs
o Define the loads' inputs and schedules

& Zone Settings *
& Loads @r jitionir \' Envelope \{ﬁ Settings. &
| LivingRoom Program -
| singleFamilytome “ | UseType
v i People on
[o0s | people Density /2]
|1 ‘ Metabolic Rate [met]
[ Living roomQ12 | oecupaney schesule
[ AirSpeed 0 || Airspeed schedule ]
Dynamic Clothing Model ASHRAESS Clothing [clo]
v @ Equipment on
|527 ‘ Equipment Power Density [W/m2]
[ Living roomQ12 || equipment Availabiity schedule
v 9 Lighting on
| 513 ‘ Lighting Pewer Density [W/m2]
[ Living roomQ12 || ights Avalatilty Schedule
|2m ‘ Tluminance Target [Lux]
[ * oimmingType
‘ OK

¢ Define the Heating and Cooling inputs and schedules

& Zone Settings X
(@ toads & condi ~{® Envelope % settings o

v @ Heating on

|20 [ constant | Hestingsetpoint (]

[ Living roomQ12 | Heatingschedule [scheduie name]

[5 || Maxtieatsupplyairtemp (€]

| NoLimit V‘ HeatingLimitType [enum]

[200 || MaxtieatingCapacity (wima)

[ 200 | MaxHeatflon (m3/s/m2]

[x | Heatingcor

v ¥ cooling on

E Constant_| CoolingSetpaint []

[ Living roomQ12 || coslingschedule [schedule name]

[ || Mincoolsupplyirtemp (]

| NoLimit V‘ CoolingLimitType [enum]

[200 || Maxcoolingcapacity fwim2)

[ 200 || Maxcooltiow tmas/ma]

[372 | coolingcor

> @ Humidity Control on .
‘ ok
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& Schedules

Bn1

g
i |
o
01 2 3 4 5 6 7 8 s W L LB W L U 1 B m A 2 5%
P Time of sy
B
52
1
Jan Feb Mar Apr May Jun Jul Aug Sep oct Nov. Dec
Day of Year
Name caegoy pe Hous  DataSource
@ Living room Fraction  Fraction 1679 £ DefaultLibrary
® BaseCase Fraction Fraction 5256 £ SIA Merkblatt 2024
@ BaseCase Heating Fraction  Fraction 3331 £ SIA Merkblatt 2024
@ BaseCase Cooling Fraction  Fraction 1546 £ SIA Merkblatt 2024
Fraction Fractien 239 £ based on SIA Merkblatt 2024 Occ Schedule
Fraction Fraction 109 £ based on SIA Merkblatt 2024 Occ Schedule
Fraction  Fraction 1221 2 DefaultLibrary
Fraction Fraction 1002 £ based on SIA Merkblatt 2024 Occ Schedule
Fraction  Fraction 4810 £ DefaukLibrary
Fraction  Fraction 2117 £ DefaultLibrary

Fraction

Fraction

1643 DefaultLibrary

ok

¢ Define the Humidity control and Mechanical Ventilation inputs

05

1

InfiltrationAch [ACH]
InfiltrationConstantCoefficient

InfiltrationTemperatureCoefficient

&5 Zone Settings X
& Loads | & Conditioning & Envelope | $% Settings
NeLmit | CoolingLimitType [enum] =
100 MaxCoolingCapacity [W/m2]
100 MaxCoolFlow [m3/s/m2]
374 CoolingCOP
> @ Humidity Control on
v & Mechanical ventilation on
7 MinFreshAirPersen [L/s/p]
035 MinFreshAirArea [L/s/m2]
Living reomQ12 MechventSchedule [Schedule name]
Sensible ~ | HeatRecoveryType [enum]
o8 HeatRecoveryEfficiencySensible [0-1]
065 HeatRecoveryEfficiencyLatent [0-1]
NoEconomizer | EconemizerType [enum]
O EMSFanEnergylson
1000 FanPressureRise [Pa
> M windand Stack Natural Ventilation off
> [ scheduled Natural Ventilation off
‘ oK
¢ Define the zone construction and Air infiltration inputs.
&b Zone Settings X
& Loads | () conditioning ™ B Envelope 3 Settings
v B Constructions
Roof: Q12 Roof N
VWK =037 | Hest Capsiy{naK) = 5878 -
Facade: Q12 Walll D
U WinZK] = 2185 | Hosk CopchyilaK] = 62864 )
Partition: Q12 Wall2 I
LBl WinaK] = 2713 | Hest Capaeiyficm2K] = 281.52
slab: Q12 Floor 2 a
USR] = L3 | sk Cope ] - 46751 —
External Floor: Q12 Floor 2
AW - L83 | et ] - 40752 -
Ground Slab: Q12 Floor 1
LBWinK] = 1505 | Heat Capaeiyfio)2K] = 942.391
—
Ground Wall: defaultConstruction
U] 3558 | st Copey ] = 04 i
> @ additional Intenal Mass off
v ) nfiltration on

oK

o After the zones are defined and all inputs set, a BES is conducted.
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o First, IDA ICE is opened,

¢ Load a climate file and set a geographic location

9 IDAICYjos2 - I0A Indoor Climste and Energy @ A\M.S¢ EEBON Courses\ Masters Thesis\CaseStudy T,
File f84 View e Tock Optiens Window Help

Detailed workflow of the IDA ICE Energy Simulation tool.

O-@F-WH-& :a@ 9c DS % /m@-0 BpGw OBRaD

General Fioorpian 3D Smulation Dayight Outine Summary Defails
Project £ IDAICYjos2 | @ Proact data
iobsl Data HYAC Systems.
B Location & Defauits it Fandiing Unil
Y Dsesestan | |07
 Climate =l Thermal brisges
& NGA_PL_Jos Gowon AP 651340_TMYx 2007-2021 > @ Giound propenies
Suburban (ASHRAE 1993 ~r
! BB ¢ g
a —— Beglace
not set> FIv n System parameters e
[<salue not set> |
[
@ Zones () Zonetomis () Zone setpomts () Surfaces () Windows () Opemings () Leaks () [} o} () Materiais () Room units. () Ene
— Foor | Room | Fioor | et | cool | L Lignts, | Equipme | BV | Exwin | oocup. | Liom | Ex
o | 5B | neight m | neight, m| area, m2 | seta, i | setp e | A, KWNE | i, Wie2 area, o2 | scheaule | schadule | scl
Batwoomz  Batwo. 42 26 7 200
[E gamneoom 3 Bamro.. 42 26 3646 200 250
[El 8atheoom 4 Bathro.. 42 28 4564 200 250
Eeescomz  Gedo. 42 265 2008 200 250 o
Eseaoomz Bero, 42 285 1538 200 250 0
[Eloedoomea  Bedo. 42 25 1882 200 250 20
Ecinema Cnema 42 26 1868 200 250 o
Hetewator Elevator 09 31 2434 200 250 0
[ElerancsFoer  Enwan. 03 285 1374 200 250 o
[ElFamay Lounge  Famiy .. a2 26 M4 200 250 o
[El carage Garage 08 31 4589 200 250 o
Elcuestbath  Guest. 03 28 3430 200 260 o
!oumanmnm Guest o8 28 1384 200 250 40
Eom Gm b 26 2021 20 250 75
Bl wucnen Wichen 09 26 2es 200 250 100
[E witchenette Kitche . 75 328 8T 200 250 0
Eurz URz 42 31 24M 200 250 o
Eluneea URPest 75 325 244 200 350 o
Euving ang 09 265 9865 200 250 o Living
B Lobby Lobby 75 27 2488 200 250 1] Lobby &
and desaription nto @ | || Eioberz lboy2 42 27 AT 200 250 20 Lobby . Kl

o Import geometry via IFC

@ a2

File Edt View Inset Took Optioms

Window Help
D-&F-H-8 ) wB|2¢c DS %1 /@@-0 B> av OBaD

T _poete
=~ — 1| General Fioorpian 30  Simuation Dayight Outine Summary Detats
‘avalable

| Newzzne | ) Qudnanzooe

oponigs 1 umcemncd bierao! e ar et ot s
i s 1 s it w0 e Lo Gy 5 Bemop
v 3 1 unconnected rersal wals are | dm—___ld
4

w;:ﬁomum - Lo ~
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o Define the Zone setpoints

<
Fle Edt View Inset Tooh Option
| 2

Window Hep.
c D8 %r/im®

Er av ao@acs

Projct |5 IDAICYjs2 [
ot vata *
B Location Detusts A Hsnaiing Unt
=P @ © Pt
» Ciimate. < Theemal boiges.
6 NGA_PL_Jos Gowon AP 651340_TWYx 20072021 =
"Wing Profls 8 bfimion
| Suburban (ASHRAE 1993) ®
Du«um-mmm @ Holidays ¢
b Retum i temoeatus | | [evaig ot se> = i 5ytem paramstors ey Sats.
3 Retum air humidity cof = |
S Elsctic heating col |

enaporatre co
Rl [ [t |
y a -]
D:;:cumrm Batvoom2  Batwo_ flocalfor zone]
contraler Heamcons  Bano. flocalorzone]
[ Exaust ar wieh i ||| | | EJestvooms  Babeo.  focaiterzone]
" Elseoroomz  Beoro.  flcalorzone)
kaﬂ:"m Elsetroom3  Becro_  flocaiforzone]
ok - EleesoomBa  Bearo.  ocalforzone]
Gt foatfCodl Elcinema Cinema  Jlocalfor zone] 200 250 035 10 200 800 7000 11000 1000 100000 200 100  <aly
S Beator focalor zone) 20 250 035 70 200 80 700  TI00 1000 100000 200 100 <k
. Aoronies Forer  Envan..flocalforzone) 20 250 03 70 200 800 7000 11000 1000 100000 200 100  =ak
® Graphical scrgt EJramyLounge  Famby... flocalforz0ne) 200 250 038 70 200 80 7000 11000 1000 100000 200 100 <k
Garage. Garage  flocalfor zone) 20 20 03 70 200 800 7000 1000 1000 100000 200 100  <al
[EJcuestean Guest . [local for zone] 20 250 03 70 200 800 7000 11000 1000 100000 200 -100 <@k
[EJ GuestBedroom  Guest . flocalfor zone] 200 250 038 10 200 800 7000 11000 1000 100000 200 100  <al
Gm Gm  ocalforzone] 0 20 03 70 200 80 700  1I00 1000 100000 200 100 <k
Kichen  flocalor zone] 20 250 0% 70 200 800 700 100 1000 100000 200 100 el
Kiche...focalfor zone] 20 20 03 70 200 80 700 100 1000 10000 200 100 Wi
2

‘Select summary tate

e Define the Zone constructions

General Floorplan 3D  Simulation Daylight Outine Summary Details

Project | [E8 IDAICYjos2 | @Project data
HVAC Systems
& Defaults 9% Air Handling Unit
[FSite shading and orientation ® Plant

=5 Thermal bridges
@ Ground properties

[e NGA_PL_tos-Gowon AP 651340_ThYx 2007-2021

¥ Wind Profile # Infitration
o Suburban (ASHRAE 1993) (S Pressure coefficients e
3 Holidays 4 Extra energy and losses “Reploce
[<value not set> B System parameters ‘Supenison control
[2value not set>
Details

Ozones O Zonetotals O Zone seipoints (@ Surfaces O Windows O Openings O Leaks O Internal gains O Wall constructions (O Time schedules O Materials O Room units () Enen

Layer Layer Layer Layer
Layer Layer Layer Layer
Name. Canstruction material [ickness| 05 |inickness) P (tnickness,| SR (inicknes
m m m m
athroom 2 Floor Bathro. efault] © 1stand 2n em. on.
[ Bathroom 2 Floor Bathi [Defaui® 1stand 2nd F. 001 ©Cs 005  ©C

[ Bathroom 2.Cei... Bathro. Geiling -@12 0012
£ Bathroom 2WVa.. Bathro.., 0015 Sandcr
M Bathroom 2Wa... Bathro. 0015 Sandcr
& Bathroom 2Wa... Bathro. 0015 Sandor
& Bathroom 2Wa... Bathro. 0015 Sander
[ Bathroom 3 Floor Bathro. 001 ©Cem.
[ Bathroom 3.Cei... Bathro.
%% Bathroom 3 Wa... Bathro.
M Bathroom 3Wa... Bathro.
& Bathroom 3Wa... Bathro. 0015 Sandor
& Bathroom 3Wa... Bathro. 0015 Sandor

[ Bathroom 4 Floor Bathro. 12192 (021 ©Woo.. 001 ©Cem.. 005

0015 Sandor.
0015 Sandcr.

[] Bathroom 4.Cei.. Bathro. 4289 (0012 Plaster. 0012

& Bathroom 4 Wa..._Bathro.
&% Bathroom 4WVa... Bathro..
I Bathroom 4 Wa... Bathro.
& Bathroom 4 Wa... Bathro.
[ Bedroom 2 Floor  Bedro.
[ Bedroom 2 Ceil... Bedro.

0015 Sandcr.

0015 Sander. 045 Ceme.. 0015
0015 Sander. 023 Ceme. 0.015
Sander.

General Fioorpan 3D  Simulation Daylight Outine Summary Detais

Project B IDAICYjos2 D Prject data.
Globai Oatn AC systems.
B Locgton & Defauts o i Uni
5D [FiSte shading snd onentation Prast
= Climate <A Themai brdees
& NGA_PL_los Gowen AP 651340_TMIYx 2007-2021 M @ Giround properies
¥ ind Profile
o Suburban (ASHRAE 1393) =D

D Hobays
foe et &0

—

(O Materiais ) Room units () Energy meters ) Air handling

iGlazing ] Frame |Frameu, | VM 108l | g ooy
@| 2 [vamzio] v 1) wtmio) ) cepmym
o m

=3 %
orz 4B 01 a0
' .

speBepEBLEEOEEREEERE
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¢ Define the Internal loads inputs and schedules

General Fioorplan 30  Simulaon Daylight Outine Summary Details
Project | EY IDAICYjos2 ) Broject data
Global Data HVAC Systems
& Location &b Defaulls !lrnamlngunn
o3 ] 7] Site shading and orisntati
' Climate . < Tharmal bridges
{© NGA_PL_Jos-Gowon AP6S1340_TMYx 20072021 Be @ Ground proparties
f* Wind Profie  nfilrstion
& Suburban (ASHRAE 1983) v & o
Exira ensrgy and losses
[ Holidays. . #
[cvaiue not set> =BG M System patameters
[In_m» o] ‘
Dotaila
(Ozones (OZonetotsls () Zonesetpoints () Surfaces () Windows () Openings ()Lesks (8 internsigains (O Wallconstructions () Time schedules () Materisls () Room units () En
Name Type J N”"""“‘1 Pawer, w‘ = | Control | Schedule Ensrgy meter J w
| Batwoom 20c.. @ Occupant Bediooms.
oBBatuoom 260, ©Equipment 00 750 ©Aways ot [Defauif] Equipment tenant
@ Batvoom 2Light @ Light 1000 Schedule Bedrooms: [Defaulf] Lighting, facility
b Batwoom 3.0¢.. ® Decupant 0 Bedrooms:
#BBathioom 3Eq. @ Equipment 750 ©Aways off [Defaulf] Equipment tenant
@ Bathioom 3Light © Light 1000 Schedule Bediooms [Detaulf Lighting, facility
| Bamioom 4.0¢.. ©Occupant 10 Bearooms
o Bathoom 4Eq,. @ Equipment 750 ©Atways off [Defaur] Equipment tenant
Q Battwoom dLight @ Light 1000 Schedule Bedrooms [Defauf Lighting, facilty
by Bedroom 2.0¢c.. @ Occupant 10 Badrooms
oBBedioom 2Equ.. ©Equipment 750 ©Ahways o [Defau] Equipment tenant
Qm;ugm ©Light 1000 Schedule Bedrooms. [Detaul] Lighting, facility
| Badroom 3.0¢t.. © Ocoupant 10 Bediooms.
ol Bearoom 3 Equ.. ©Equipment 750 Bearooms [Defaul] Equipment tenant
@ Bearoom 3Light @ Light 1000 Schedule Bedarcoms [Oetaul Lignting, faciity
Iy Bedroom BQ.O.. @ Ocoupant 10 Bedrooms
aBBedroomBOE.. ©Equipment 750 Bedrooms [Defaull Equipment tenant
@ BearoomBaLl. ©ugnt 1000 Seneaule Beaooms [Oetaun) Lignting, facility
by Cinema Occup.. @ Oceupant 10 Cinema 012
sBCinama Equin..  ©Equipment 750 Cinema 012 [Defauf] Equipment tenant
@ Cinemalight @ Lioht 1000 Schedule Cinema 012 [Defaul Lighting, facilty
| Elevator Occup.. @ Occupant 10 Lifts

il L4} W IIUUNU PIUDETLIES | ‘ I
€29 Schedule X
Name [Bedrooms
Monday-Friday 0.7 [7-9, 18-19], 0.2 [9-10], 0.0 [10-18, 20-22], 0.4 [19-20], 1 otherwise
1.0.
0s -
0.0 E
0 3 & 9 12 15 18 21 24
Is
Saturday 0.7 [7-9,18-19], 0.2 [9-10], 0.0 [10-18, 20-22], 0.4 [19-20], 1 otherwise —
= . ;.
0.5
[]same as Mon-Fri
o 3 (] 9 12 15 18 e} 24
319 Sunday & holidays 10
1.0
0.5
[]Same as Saturday
n'nﬂ 3 & 9 12 15 18 21 24

¢ Define the Room Cooling and Heating Units

General Fioor plan 3D

Simulation Dayight Ouline Summary Details

Projct | B IDAICYjos3 O et data
Global Data  HVAC Systems
Location & Defauts i Handing Uni
p“ vlb (7} Site shading and orientation Plant
*# Climate o Thermal bridges.
& NGA_PL_Jos-Gawon AP 651340_TWIYx 2007-2021 v @ Ground properties
o [ em
Suburban [ASHRAE 1993 ~]r (5 Preseur i
[} J P
2 Holidays. e Ritiaa
[<value nat set> BD B Sysiem paramaters B
[<value not set>
Detaits
(O zanes () Zone totais. () Zone setpoints os.m.m (OWindows () Openings () Leaks () Internal gains () Wall constructions () Time schedules () Materisls @ Roo
Hulng
Hame Tiwe | U | povwer. Costes ] Controller Ensrgy meter Description |
. Bedroom 2VAV .. @ Fan coll Fan call
. Bedroom 3VAY . ©Fan coil Fan coil
2. Bedioom BQVA.. © Fan coil Fan coil
F Cinema ViV co.. ®Fan coil Fan coil
& Enrance Foyer . ©Fan coil Fan cail
& Family Lounge... ©Fan coil Fan coil
5. Guest Bedroom._. © Fan coil Fan coil
2. GymaY coolin_.. © Fan coil Fan coil
. Kichen Vi coo... @ Fan coil Fan coll
F Kidchenstie V& _ & Fan coil Fan cail
&, Living VA cooli_ & Fan coil Fan coil
& MasterBedroo . ©Fan coll Fan cail
. Master Walk-in-.. © Fan coil Fan cail
. Private Lounge... © Fan coil Fan coil
. Spa AV cooling... @ Fan coil Fan coll
&, Study'VAW coolin_ © Fan coil Fan cail
.40ia 02 VAN 00 Fan coil Fan coil
5. Bearoom 4MAY . © Fan coll Fan cail
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¢ Define the Mechanical Ventilation system.

H IDAIC Yjos3: A4M S EEBD\CoursestMasters Thesist CaseStudy TWDAICYjos3.idm

General Fioorplan 3D  Simulation Daylight Outine Summary Details

Project 8 IDAICYjos3 O Prject data
Giobal Data HVAC Systems

b Location & Defaults r Handiing Unit

pos v {F1Site shading and orentation @ Fiant

 Climate =l Themsl bridges

[© NGA_PL_Jos Gawon AP6S1340_TMYx 20072021 | @ Ground proparties

% Wind Profile  lofiiaton

[ Suburban (AsHRAE 1993) | & gefficient:

‘A0da
(@ Holidays # Extra snergy and losses P
[evalue not set> v M System parameters
BE= ]

Detaita

Ozones (O Zone totals () Zone setpoints () Surfaces () Windows.

O oponings O Leaks (O internalgains () Wallconstructions () Time scheduies (O Materials (0 Ro

Mame ‘f;""::| Area,m?[ :.:"W"Eg Min_Sa | Max_Sa [”‘U"'L',:"“"’"-I Min_Ra | Mar_Ra
@ ArHandling Unit @0 &1 2020 CET) 0398 2020 [T

e Run BES and load calculations.

i IDAICYjos3: A'\M.S¢ EEBD\Courses\Masters Thesis\CaseStudy T\IDAICYjos3.idm

Simulation Daylight Outline Summary Defails

General Floor plan 3D

Project name  IDAICYjos3

Modified: 12/08/2022 7:44:24 am
Saved: 12/05/2022 7:44:36 am

General
[E/Reauested outout
E&' Simulation data
Simulation
Heating load [ Setup
Cooling load £ Setup
Energy # Setup
Overheating W Setup
All (above)
Custom oL Setup

{Jaopen cases

b Run

#bRun

B Run

» Run

Simulated: date, time, [duration (s)]
[E7 Report + 02/05/2022 9:24:49 pm [61]

5

[EF Report - 02/05/2022 9:27-01 pm [105]

5

[E7 Report - 02/05/2022 11:67:13 pm [2398]
[E7 Report - 02/05/2022 10:09:15 pm [106]

C=

06/05/2022 2:21-49 pm [2864]

Advanced Level

[t Build model B9 Edit

G Run
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Comparative Analysis of the studied BPS tools.

BPS Tools ClimateStudio IDA ICE Revit Energy Analysis Tool
Simulation EnergyPlus Uses several models based on EnergyPlus
Engine mathematical equations.
Software Requires basic modelling skills in Rhinoceros Requires good knowledge of building Requires basic modelling skills
Requirements 3D. energy simulation. in Revit.
Inputs v' Climate file v" Geographic location / Climate file v' Geographic location
v' Orientation v/ Orientation (Internet-based)
v Geometry (modelled in Rhino) v Geometry (import via IFC/CAD) v Orientation
v Internal loads (People, equipment, v Internal loads (People, equipment, v Geometry
Lighting, Hot water) Lighting, Hot water) v Internal loads (People,
v Cond_itioning system (Heating and v Cond_itioning system (Heating and equipment, Lighting, Hot
Cc_)olmg) _ C(_)ollng) ) water)
x lefe_ren_t types of Mechanical v lefe_ren_t types of Mechanical v Conditioning system
Ventllatlo_n systems Ventllatlo.n systems (Heating and Cooling)
v' Construction U-Values v' Construction U-Values v .
v' Air Leakage v' Air Leakage leferen.t types OT .
v Natural Ventilation v Natural Ventilation Mechanical Ventilation
% Thermal Bridges v Thermal Bridges systems (limited
customizable inputs)
v' Construction U-Values
x Air Leakage
x Natural Ventilation
x Thermal Bridges
Outputs v' Energy Use v" Delivered energy and systems v' Energy Use
v Energy Balance energy 4 Load Analysis (Heating
v' Thermal comfort Analysis v' AHU energy and Cooling)
v' Carbon Emissions v' Load Analysis (Heating and v/ Carbon Emissions
v" Regulatory Compliance Cooling) v' Renewables
v Energy Balance x Regulatory Compliance
v' Thermal comfort details
v" Regulatory Compliance
Software Complexity Low to Medium Medium to High Medium
Performance Flexibility Useful for all Design stages (modelling can be Useful for all Design stages (specifying Useful for all Design stages
time-consuming) detailed HVAC inputs at EDP might (specifying detailed HVAC
prove undecisive) inputs at EDP might prove
undecisive)
Calculation Fast Slow (Speed could be increased by Slow (Dependent on Internet
Speed adjusting the tolerance and max timestep) speed most times)
Auvailability Worldwide Sweden, Denmark, Finland, Norway, Worldwide
Germany, Switzerland, Austria,
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