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Abstract
This thesis aims to design and simulate a building integrated photovoltaic (BIPV) system for
three demo buildings in Ludvika, Sweden, which is part of the Energy-Matching’s project
under the European H2020 research scheme. A literature review was firstly conducted in
the area of energy scenarios, engineering tools, methodologies and the workflows in design
and building energy modelling. Then, this thesis developed the three-dimensional (3D)
building models of the demo site, based on the Revit – a building information modelling
(BIM) tool. Next, the PVSITES tool was considered as the main approach to simulate and
optimize the BIPV system. Results on the energy output of the dedicated BIPV system, as
well as financial costs, were finally obtained. It was found that the optimal location for the
BIPV system was on the three buildings south and east faced roofs, with a total area of
approximately 800 meters squared (m2) and a yearly irradiance potential between 1020
kilowatts hours per meter squared (kWh/m2) and 925 kWh/m2 respectively. The simulation
showed that this BIPV system of 615 m2 with a power of 36 kilowatts-peak (kWp) could
yield a maximum of 29,000 kilowatts hours per year (kWh), a 5% of the total yearly energy
demand of the building and over the summer, this percentage increases considerably. With
the estimated standards costs, the BIPV system have a 12 years payback period and 61%
investment ratio over a 20 years period, concluding that a BIPV system on the Ludvika demo
building is a feasible project, in terms of energy potential and as well as economically. This
thesis also concludes that performing the BIPV simulation on the BIM platform is both
reliable and flexible, and also has the potential to be reused, refined and scaled up.
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Architecture, Engineering and Construction
Building Information Model
Building Integrated Photovoltaic
Computer-Aided Designs
Computer-aided engineering
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Domestic Hot Water
Heating Ventilation and Air Conditioning
Industry Foundation Classes
Nearly Zero Energy Buildings
Renewable Energy Sources
Solar String Optimizers
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P
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Description
Irradiance
Temperature
Kilowatts-peak
Giga-Watt

Unit
kWh/m2
°C
kWp
GW

1 Introduction
Motivation and summary
In the context of architecture, building construction and energy efficiency, there seems to
exist an interoperability problem between the systems used to design the models and systems
used to simulate the models. This creates the necessity of a standardized workflow that
allows for the cooperation of the design teams, building construction engineers and the
energy efficiency experts working on a mutual platform that allow the collaboration,
conservation of the work and back and forth communication between the different
disciplines.
The main motivation for this work is to explore the potential of a Building information
modelling (BIM) platform as a bridge between design and solar energy simulation tools,
avoiding problems like incompatibility or tedious tasks like re-modelling the project on
different platforms. One advantage that the BIM model have compared with conventional
workflows, is the possibility to transfer or reuse these models between different tools.
In a relative short amount of time methodologies have moved forward from hand written
plans, to two dimensional (2D) Computer Aided Design plans up to three dimensional (3D)
models, with the possibility to include extra dimensions, like scheduling, estimating or
sustainability. At the present moment, energy consumption and production have a great
interest in the building construction industry, these dimensions seems to be the next
dimensions to be included in a BIM workflow. Solar energy and its integration with the
building environment through Building integrated photovoltaics (BIPV) technologies is
precisely the focus of these thesis work.

Background
The ever growing human population paired with the increasing energy demand in this
limited space called Earth, relying heavily on fossil fuels is a greatly discussed issue in the
scientific and political spheres for the past years. The great concerns are how much longer
this situation can continue before doing irreparable damage, and how to prevent and
minimise it. The hope is to find a more sustainable way where we can balance our ever
growing demands with what nature has to offer.
Climate change, pollution, famine, and the increasing energy demand have stressed the need
for a better and sustainable energy resilience. To tackle these issues the European Union
have made available a long-term plan, drafted by the European Commission in 2011. This
energy roadmap hope to reduce the greenhouse gas emissions by 80-95%, when compared
to 1990 levels, by the year 2050. To achieve this goal, which is a more sustainable,
competitive and resilient energy system, the EU propose four main routes: Energy
Efficiency, Renewable Energy, Nuclear Energy and Carbon capture and storage [1].
In the context of energy efficient and renewable energy, BIPV is a technology that aims to
replace conventional building envelops with a PV materials. One of the advantages is the
price, because it is cheaper than some conventional façades material. At the same time it has
the ability to harvest solar energy and therefore enables to pay for itself, in a short period of
time. With a total of 5.4 GW of installed systems between 2013 and 2019 worldwide, and a
compound annual growth rate of 18.7%, BIPV is one of the renewable energy resources
with a great potential to play a key role within the Nearly Zero Energy Buildings (NZEB)
scenario, integrating a photovoltaic system with the building environment [2].
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For these reasons and due to increasing demands in the legislation related to the energy
performance in buildings, BIPV is currently an expansive market; the EU Commission
perceive the large potential for energy savings and energy efficiency and hopes to adopt the
2010/31/EU Directive [3], with the objective that all new building are (NZEB) by 2020.
BIPV is a cost effective way to reduce the energy demand while generating renewable energy,
as proven by the deep retrofit to a passive house underwent by the Kollektivhuset Stacken
project in Göteborg, Sweden [4], Figure 1.

Figure 1 Kollektivhuset Stacken, Göteborg. Sweden, Photo by Annika Söderlund

Aim and objectives
The overall aim of this thesis is to design of a BIPV system on the Ludvika demo site,
optimizing the best position for the renewable energy source (RES) harvesting of the BIPV
panels and systems. Irradiance and potential energy production results over the typical year
will be obtained. The economic results regarding the investment costs and payback period
will also be investigated. To achieve this goal, the following objectives will be performed:
•

•

•
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Surveying and data gathering
Most of the data available dates from the year 1970, and is in most cases incomplete
or outdated. It will be required to visit the site to contrast the architectural plans and
construction details with reality. Literature review on the methodologies and
workflows
Development of 3D building models
The 3D models will be created on a BIM platform, this will enable the designs to be
transferable and reused by other disciplines like architecture, building construction
or energy efficiency simulation.
Exchanging information with Energy Matching partners
As this is a real project, part of a bigger European collaboration involving over
seventeen partners, each one of the partners of the Energy Matching project
provides a specific expertise. For example; ONYX will provide the BIPV cells,
Ferroamp will provide the inverter technology while LudvikaHem will provide
information about the current status of the building.

•

Simulation and optimization of the BIPV system
The building parametric data and the systems technical information is used in the
PVSITES tool that will visually analyse the 3D model and simulate the specific BIPV
cell and systems to obtain the results used to size the system.

The PVSITES is a tool that have been developed for the Energy Matching project funded
by the European Commission, to efficiently explore the potential of RES harvesting. This
tool allows to quickly visualize in 3D the irradiance, select the best location for PV panels
and estimate production and cost of the installation. This workflow allows for a fast iteration
and optimization of the BIPV systems in new buildings or renovation projects.
This thesis will explore the PVSITES workflow within a BIM platform on the Ludvika’s
demo site in Sunnansjö, which is one of the three sites selected by the Energy Matching
project to explore cost effective ways to implement innovations and technologies to
maximize RES harvesting and retrofitting old buildings into the new EU’s regulations.
This project work will give an overview on the existing workflows and methods in the design
and energy efficiency simulation in order to evaluate the potential of PVSITES on a BIM
platform. At the same time this project also aims to create a framework for the 3D BIM
modelling that could be reused by other disciplines in the building construction or energy
department, potentially saving of money and time. Another potential benefit in this
workflow is that allows for an effective cooperation between architectural, mechanical
systems and energy systems disciplines.

Thesis structure
This thesis will be divided into the following sections:
•

•

•
•
•
•
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Literature Review
To understand the current energy and population growth development in the world,
Europe and in Sweden specifically that have led to the current situation and an
overview of the initiatives, methods and legislations that tackles this issues.
Information and Methods
o Localizing and understanding the scope and boundaries of the thesis work,
that will be in the Ludvika demo site as part of a larger research project from
Energy Matching European research group.
o To understand the technical background and development in architecture,
CAD, BIM and specifically the engineering tool PVSITES, which will be
used in this thesis work.
o Structuring the project´s stages, gathering of information and creating a
workflow for the project tools.
Modelling, Testing and Calculations
In this stage the BIM models are created and the potential for RES harvesting on
different surfaces of the BIPV model is studied in PVSITE tool.
Results
The results from the simulation are analysed to understand the physical potential for
RES harvesting and also the economic feasibility of the BIPV system.
Discussion
This section includes an analysis of the limitations and/or applicability of the study,
recommendations for future work and for future research possibilities.
Conclusions
Lastly, the main conclusions will be summarized in this part.

2 Literature review
To understand the current situation in our time, today, we must first take a look at the past
circumstances and the developments that have led up to it. In a simplified overview, since
the industrial revolution the world have relied heavily on fossil fuels as the main source of
energy. Arguably this fossil fuel dependency and consumption have led to a series of issues
like global warming, air and water pollution, global crisis and even wars over the control of
these fossil fuel deposits. At present, those circumstances have created an increasing
consensus in the world with the intention to move towards a cleaner, and renewable future,
free from fossil fuel dependency and in balance with nature. At the same time the population
in the world continues to grow at an accelerated rate, firstly creating a high building demand
that the construction industry cannot match and secondly creating a high demand for
housing and energy. This become especially accentuated in certain periods, for example
when the economy and population thrive or there is an increased influx of immigration. One
of those periods took place in Sweden during the post war era and created the circumstances
for the fast development and construction of over a million dwellings. At the present, these
dwellings are over 50 years old and in a dire need of reforms to reach today’s energy and
comfort standards. One of such dwellings is the object of this research project, located in
Ludvika, Sweden. To respond to this global crisis, laws, incentives and regulations are being
drafted by local and global governments over the world. The European Union is one of the
organisations that have set a series of short and long term goals for all the members of the
union. The Energy Roadmap drafted by the European commission serves as the guideline
for the Energy Matching research project in the Ludvika demo buildings. The methodologies
and tools used to challenge the global energy crisis will be reviewed and discussed on this
paper as a way to understand the current approach to this situation and the development of
such methodologies and tools.

World energy and population growth development
2.1.1. Sweden’s Million Programme
The urban development scenario in Sweden is one factor to consider when trying to
understand the current situation. The construction process in Sweden is often a slow process
that require years of planning. This is due to the fact that it is an open discussion with the
citizens and therefore often subject to delays and modifications. This ultimately create a great
housing demand in all of Sweden, as the population in cities grows faster than the rate of
new buildings is being constructed.
“Sweden, few decades after the post-war era there was a quickly growing need for new
housing due rapid urbanization, growing prosperity and demands for higher housing
standards which led to years‐long housing queues. To end the housing shortage once and
for all, the Swedish parliament decided that a million new dwellings should be built in the
period 1965 to 1974. At the same time, criticism began to be heard about what some people
perceived as uniform and poor architecture” [5]. These dwellings built over that period are
about 50 years old and today present a great opportunity to rehabilitate, reform and
modernize to the new energy and living standards.
2.1.2. European Commission Energy Roadmap.
The European Commission created a report for the energy sector to adjust to the current
energy situation. This road aims to complete certain goals towards the year 2050. This report
is stating that people’s well-being, the industrial competitiveness and the overall functioning
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of society are dependent on safe, secure, sustainable and affordable energy. The energy
infrastructure which will power citizens’ homes, industry and services in 2050, is being
designed and built now. The EU is committed to reducing greenhouse gas emissions to 80–
95% below 1990 levels by 2050. In all Decarbonisation scenarios the share of renewable
energy (RES) rises substantially, achieving at least 55% in gross final energy consumption in
2050, up 45 percentage points from today's level at around 10%. The share of RES in
electricity consumption reaches 64% in a High Energy Efficiency scenario and 97% in a
High Renewables Scenario [6].

Research methodology
In the context of understanding the past and current trends in architecture, building
construction and energy efficiency the following articles and literature have been reviewed.
•

Computer modelling for sustainable urban design, physical principles, methods & applications,
Derren Robinson, 2011. [7]
This book describe the key mathematical models that have been developed to predict
radiation on an urban level.

•

PVSITES Documentation. [2]
o Formulation of architectural and aesthetical requirements for the BIPV
building elements to be demonstrated within the PVSITES project
o Survey : BIPV market and stakeholder survey

•

PVSITES Reports [8]
o Prototype of BIPV simulation tool
o European regulatory framework for BIPV
o Nearly zero-energy building concepts for the application of BIPV elements
o Templates for a technical description of the PVSITES BIPV products
portfolio
o Standardization needs for BIPV
o Energy audit of PVSITES demonstration buildings and identification of
BIPV possibilities
All the PVSITES documentation is available on the PVSITES website [2]. There is
extensive documentation about other Demo sites in the development of BIPV and
the PVSITES tool. This documentation helps understanding the development of the
renewable energies, the market and the tools available at the current time.
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•

Traditional Design versus BIM Based Design, XXIII R-S-P seminar, Theoretical Foundation of
Civil Engineering (23RSP) (TFoCE 2014), Ireneusz Czmocha, Adam Pekalaa [9]
This article is one of many studies that illustrates the advantages and disadvantages
of a BIM based design workflow versus a more traditional design approach.

•

Engineering Tools, PolySMART, Author: Energy research Centre of the Netherlands (ECN)
The aim of this report is to give an overview of the results of “Engineering Tools”.
In this work package numerical tools have been developed for all relevant CHCP
systems in the PolySMART demonstration projects.

•

A verification study for energy analysis of BIPV buildings with BIM
Hang-Jung Kuo (Ph.D.), Shang-Hsien Hsieh (Professor), Rong-Chin Guo (Chief
Executive Officer), Chi-Chang Chan (Project Manager)
Energy and Buildings 130 (2016) 676–691

“This paper investigates the energy analysis process of Building-Integrated
Photovoltaics (BIPV) buildings using a case study and explores its accuracy. Building
Information Modelling (BIM) software tools are used for modelling BIPV buildings
and carrying out energy analysis.” This study demonstrates that a BIM based energy
analysis is not only possible, but accurate and reliable. Also describes in detail
advantages of this workflow and some potential shortcomings in terms of
interoperability.
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3 Information and Methods
In this project, the program used to create the Building Information Models (BIM) will be
Revit from Autodesk. The program used to simulate the BIPV system models will be
PVSITES. The systems that will be used are selected by the Energy Matching partners, the
BIPV cell are selected by ONYX Solar and the inverter technology are provided by
Ferroamp.

Research project
3.1.1. Energy Matching
Energy Matching is a European Union’s Horizon 2020 research and innovation programme.
“The overall objective of the project is to maximize the RES harvesting in the built
environment by developing and demonstrating cost-effective active building skin solutions
as part of an optimised building energy system, being connected into local energy grid and
managed by a district energy hub implementing optimised control strategies within a
comprehensive economic rationale balancing objectives and performance targets of both
private and public stakeholders.” “Energy-Matching aims at developing adaptive and
adaptable envelope and building solutions for maximizing RES harvesting” [10].
Energy Matching is conformed of seventeen members from all over Europe, with a diverse
professional background, working together with the aim to develop technologies, tools and
framework to renovate three Demo sites in three different climate locations in Europe. The
result of the Demo Sites in Italy, France and Sweden are meant to be used to develop a
business model that allows for replicability of the project, also supported by cost effective
solutions. Reduced cost of manufacturing, installation and operation of the energy
harvesting technologies at a building and district scale while maximization the RES
generation, demand coverage and optimal integration of RES with the energy grids [10].
Two other members of this project are Högskolan Dalarna, who will assist with the research
and simulation of the energy performance of the buildings, and LudvikaHem AB, who is
the contractor responsible for these buildings.
3.1.2. Demo Sites
The Energy Matching project works to implement this framework in three sites, Saint Aubin
Sur Scie, France, Comune di Campi Bisenzio, Italy and Ludvika, Sweden. The Ludvika
Demo Site is located in Sunnansjö, which belongs to Ludvika Kommun. LudvikaHem AB
is a Kommun owned company that handle these apartment buildings, including rent,
maintenance and renovation. This Dome site is a multifamily dwelling unit made of three
buildings built in 1970/73. The complex (three buildings) includes 53 apartments over 2
floors and a basement.
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Figure 2 Aerial view of the Ludvika site

Table 1 Ludvika Demo Site general information:
General Information
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Year of construction

1970(A&B),1973(C)

Floors

3

Apartments

53 (A+B+C)

Housing form

Mostly 1-2 bedrooms
Rental property

Facade surface gross area

Rent includes Heating and DHW
Household electricity not included
2146 m²

Roof surface gross area

1750 m²

Gross floor area

4488 m²

Total lendable area

3.861m2

Energy consumption

165 kWh/m² year

These buildings will be the subject to study to a series of renovation plans performed by the
Energy Matching Group. The preliminary assessment suggest the following:
•
•
•

A BIPV Roof with a budget for around 500 m2. To be split over the roofs which
provide the most RES harvesting potential.
HVAC system composed of an exhaust air heat pumps in each building plus DHW
stores and an upgraded of control system.
DC-grid between buildings

At the same time, other renovation measures are expect to be performed by LudvikaHem
that would improve the overall energy performance of the building and complement on the
Energy Match proposals [11], the following are the renovation measures:
•
•
•
•

Replacing the radiator with an outdoor air preheating system and a two piping
heating distribution system
Insulating the roof attics
Replacement of double pane windows with triple panes windows
Replacement of poorly insulated wall sections of the staircases

This thesis work will only focus on the Ludvika Demo site with the purpose to find the best
location for the BIPV layouts, using the PVSITES tool developed by Energy Matching.

Technical background development
This part of the paper will deal with the technical development in design, technical drawing
and engineering tools in order to understand the evolution from hand drawing to
computerised simulations. In order to face the issues of a rapidly expanding human
population and aims about a more ecologically sustainable development, technologies has
advanced in different fields. One of these developments fields have been in architecture,
technical drawings, Computer Assisted Design, Computer Assisted Engineering
(CAD/CAE) and simulation software tools. A review of the current practices in the industry
today, can provide an understanding the gaps that exists and the direction towards it may
lead in the future.
3.2.1. Architecture
In the beginning everything was drawn by hand, pen and paper. This method made the
drawing process more of an art than a technical skill. A mistake could potentially destroy the
entire plan and throw away hours of work. There was hardly any room for errors,
modifications or replication of the original drawings.
3.2.2. CAD
With advances in technology, such as computers and CAD/CAE a big leap was made in
every industry that used technical drawings. CAD quickly became an industry standard
thanks to its precision and versatility. In CAD software lines and points have a parametric
definition and can connect accurately, no matter the scale used, drawings can be saved and
modified, copied and reused, plotted and printed. This was a clear improvement over hand
drawing methods.
Not all was good news, there were some disadvantages, making the transition to computers
was not a seamless shift, since it required a minimum of computer skills. The first’s iterations
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of the CAD software and the OSs in itself had problems on their own; stability issues that
lead to crashes, which could potentially corrupt a file and destroy all data. The limitations of
the hardware at the time, specifically considering RAM and processor speed, had trouble to
handle big amounts of data which lead to the same outcome. Hardware have become much
more powerful and stable since then. Software have also become more stable, easy and
intuitive to use, and at the same time able to maintain its core intact.
3.2.3. BIM
The next development came in the form of BIM software (Building Information Model),
this design platform carried on the bases of CAD software, while introducing many new
features. The advantages of BIM over a CAD design platform becomes evident for anyone
who experience it. This understanding can be considered common knowledge, but for
anyone outside this sphere the following literature will be discussed “Traditional Design
versus BIM Based Design” by Ireneusz Czmocha and Adam Pekalaa [9] summarising the
main advantages over CAD and traditional design.
Normally in CAD software every element is drawn independently, points, lines, surfaces and
levels have no intrinsic relationship with each other. Elements independently of each other
have the inconvenience that if the design change at some point, each drawing must be
updated individually, which can be an extremely tedious process and time consuming
process that prevents from iterating the design.
In a BIM platform a single line can define a wall, with all the information and parameters
that define it, length, height, layers, materials, structural properties and technical properties
like heat transfer coefficients or heat capacity. They contain intrinsic information about the
relationship with each other families, for example, doors and windows are hosted inside
walls, this automatically cuts a hole in the section of the wall where the element is, and
changing the door position updates the cut spaces in the wall. These relationship between
families allows for a coherent and systematic construction of a model, ultimately displaying
all the information in a 3D model.
Advantages
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•

A modification made in the model will automatically update on the whole project.
For example, changing a definition of a window or a door will update every instance
of that window or door on the entire project, sections of the drawing will not need
to be redrawn as the walls would update their definition and position automatically,
saving tedious work.

•

3D visualization provide detailed information on the model and environment, the
scene can be navigated and studied inside out. It creates the opportunity to use this
data to create photorealistic pictures and videos.

•

Collision detection, informs when two element occupies the same space. In general,
the collision identification is regarded as a major advantage of building information
modelling. It allows for saving significant costs both during design process and
during works at site.

•

BIM models can integrate different layers of information, architectural layers, like
wall, floors, door and windows, structural layer, for beams, columns and RC and
frames. The systems layer which includes pluming and piping, HVAC and electrical
systems.

•

Dimensions of BIM after 3D, refers to 4D to 7D, Scheduling, Estimating,
Sustainability and Facility management respectably. All of these levels of information
it may be integrated in the same BIM model.

The Influence of BIM on the Design Process
The use of BIM on the design process creates an opportunity to radically change and
improve the design process in several ways. While traditional 2D CAD-based design
approach focus on increasing the productivity of the construction document phase, a BIMbased design workflow enables the sharing and enhancement of design information through
all phases of the project. BIM modelling enables the designers to systematically asses and
evaluate the performance of the design even at the earliest stages of the project. This
workflow also provides a vehicle for sharing, allowing the member of the design team to
collaborate easily using a live version of the building model [9].
•

Revit is a fully parametric building design software from Autodesk, the makers of
products like AutoCAD, Civil 3D, Inventors, 3DS Max, Maya and many other
popular design programs. Revit stand as the foundation of the larger process of BIM.
This process revolves around the virtual information 3D model. All the mayor
building element are represented and contain information such as physical
properties, technical information, cost, model and many others. Once the model
have been developed n Revit, other applications or add-ins can be used to further
analyse the data, for example, cost estimation, energy analysis, structural analysis,
lighting, clash detection and so on. This thesis will use this software package to create
the 3D models of the demo buildings.

3.2.4. Engineering tools
Generally, engineering tools focus on the simulation of specific physical rules of reality, using
mathematical models of set elements and rules as close to reality as possible. Each specific
discipline or area of study require a specific tool to solve a specific problem, using a specific
mathematical model. Due to the complexity of every single mathematic model for a specific
problem, these engineering tools create their own systems, language, models or
methodology. Quite often this leave no room for interoperability with other software, and
the modelling interface is often very basic, as the focus of the package is very specific.
The amount of software are as varied as the different the fields of study, here is some of the
most commonly used packages for specific engineering purposes.
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•

Matlab Simulink is an environment for multi-domain simulation and Model-Based
Design for dynamic and embedded systems

•

Modelica: The object-oriented modelling language Modelica is designed to allow
convenient, component-oriented modelling of complex physical systems.

•

TRNSYS includes a graphical interface, a simulation engine, and a library of
components that range from various building models to standard HVAC equipment
to renewable energy and emerging technologies.

•

PVsyst software is a tool that allows its user to accurately analyse PV technology in
an optimal and reliable way, testing different configurations and to evaluate the
results and identify the best possible solution [12].

3.2.5. PVSITES
PVSITES is one of the tools developed for this project with the objective to drive BIPV
technology to a large market. The PVSITES software suite is based on the BIMsolar
platform developed by CADCAMation. It allows professional and academic users to easily
model and evaluate BIPV projects in terms of Architectural design, Energy production,
Thermal impact and Light transmission. It features a user-friendly interface that import 3D
building models from various formats, including BIM and guides you through iterative steps
of designing BIPV modules and configurations to maximize RES harvesting potential. [2]
“PVSITES is an international collaboration co-funded by the European Union under the
Horizon 2020 Research and Innovation program. It originated from the realisation that
although building-integrated photovoltaics (BIPV) should have a major role to play in the
ongoing transition towards nearly zero energy buildings (nZEBs) in Europe, the technology
in new constructions has not yet happened. The cause of this limited deployment can be
summarised as a mismatch between the BIPV products on offer and prevailing market
demands and regulations. The main objective of the PVSITES project is therefore to drive
BIPV technology to a large market deployment by demonstrating an ambitious portfolio of
building integrated solar technologies and systems, giving a forceful, reliable answer to the
market requirements identified by the industrial members of the consortium in their day-today activity.” [13].
This paper will be using the PVSITES tool to evaluate the potential RES harvesting in the
Ludvika Demo site. PVSITES it is not a platform to model the building, instead PVSITES
import the models from other CAD or BIM platforms like the following:
•

SketchUp native format (.skp) reader for 3D modelling

•

IFC openBIM format (.ifc) for 3D modelling interoperability (thus sourcing every
BIM CAD solutions)

•

gbXML greenBuilding format (.gbxml) for 3D modelling interoperability with
engineering solutions

This allows PVSITES to only focus on the BIPV systems, irradiance and energy production
simulation while allowing flexibility in terms of interoperability with other more robust
platforms for the creation of the model.

Project Stages
I.
II.
III.
IV.
V.
VI.
VII.
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Build up building 3D models on a BIM platform
Visualise irradiance on all surfaces of the 3D model
Creating or importing existing BIPV products into the software
Flexible layout of BIPV modules and surfaces in various configurations (on roofs,
facades, canopies)
Inverter selection and stringing of modules
Precise simulation of PV performance and including losses by shadowing and other
factors
Financial analysis to evaluate the project viability under different scenarios, including
net-metering and self-consumption of electricity

Information Gathering
In preparation for modelling the building using the Revit software (BIM platform) the first
step in the process is to gather all the plans and information on the building. It is required
to create a complete model, that all dimensions and material information are accurate. In
this specific case, for the Ludvika demo site buildings, only partial information was available,
only a handful of the original handmade plans dating from the year 1970 were recovered,
and no more recent information or plans on the building exist. The missing information was
critical to complete the project and had to be retrieved by surveying on site.

Figure 3 Facade and Section from Architectural plans 1970

Figure 4 Site plan from 1973
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PVSITES platform workflow
The following graph shows the workflow for the PVSITES tool.

Figure 5 PVSITES Workflow [8]
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i.

The first stage is to import the model, including the envelop geometry and other
information. Here is when the export of the BIM model into a format that the
PVSITES platform can support.

ii.

The second stage in the import of the model into the PVSITES platform, also the
weather data and location of the model is loaded. After this it is possible to visualize
the irradiance on all the surfaces of the building model to analyse the solar energy
potential.

iii.

Third stage is the selection of a proper layout of BIPV modules In order to obtain a
dynamic and interactive configuration for PV systems, different possibilities for the
definition of the best cells and modules arrangement are made possible, given that
BAPV, opaque BIPV or transparent BIPV are to be selected. The flexibility of the
layout starts from the cell design to module design and surface covering.

iv.

Fourth stage is the selection of the inverter element. This is done once the PV
systems have been set in the desired positions on the 3D model. In case the element
is not in the database, it is possible to design a new inverter from scratch.

v.

Fifth stage deals with the modules being wired. The PV system wiring is a really
important issue in the design and installation stages, as the energy yield and system
costs depend on it. Establishing a good wiring strategy does not only depend on the
number and position of the interconnected modules, but also depends on the
selected electrical architecture (central, string, power optimizer or micro inverters).

vi.

Sixth stage: Simulation, The PV simulation takes into account the different
phenomena affecting the energy yield of the photovoltaic system. A detailed analysis
on output losses related to different aspects of PV installations is important to know
in order to understand where the losses come from and how to overcome them.
Shadowing: quantifying the annual loss of each module in the installation due to
shadowing effects in a direct and visual way. Allowing the movement of the
installation to compare different shadowing effects would be useful. Mismatching
effect losses are due possible difference of irradiance when several modules on the
same wire receive different amounts of energy. Cable losses due to the wiring of the
PV installation. Different cross sections should be eligible and cable losses are
calculated directly. Inverter losses are due to the effect of temperature on efficiency.
Thermal losses are the difference between calculation of modules at an ideal
temperature and actual calculation.

vii.

Seventh stage: Financial analysis. This is essential to know the turnover expected
from the BIPV/BAPV system under study. This analysis is strongly dependent on
the legislation of the country in which the installation is performed. In this case
Swedish feed-in-tariffs, retail prices, taxes should be taken into account. Different
scenarios for the PV electricity commercialization will be considered, such as netmetering, other self-consumption strategies.
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4 Modelling, Testing and Calculations
4.1.1. BIM Models
A complete BIM model contains all the 2D plans of the building, every level, elevation,
sections, space and volumetric computations, and complete detail of the materials that each
elements are formed of.

Figure 6 Hus A Architectural plan space study
Space plans can be created to analyse the area and volumes of the rooms and common areas.
This can be used for quantification of materials, for example, façade surfaces area, bathroom
floor area to create schedules and list of the material needed. Volume quantification can also
be created, these are useful for calculation the air flows and amount of energy needed to
heat are cool certain rooms.

Figure 7 Hus C Architectural space study
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Figure 8 Wall and floor materials detailing
Every element in Revit is part of a family, families are defined by certain parameters, and for
example a wall section can be formed by different layers of materials. In this project all these
families were created in detail according to the information available. Every wall type has it
specific width, layers and materials, the same for the floors, roofs, windows and doors.
The models are an accurate representation of the real buildings, in terms of physical
dimensions and also technical and material properties. One of the great advantages of BIM
is that these properties could be changed and updated relatively easy, allowing for a fast
iteration process of finding the best alternative solutions.

Figure 9 Hus A 3D model
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Figure 10 Hus B 3D model

Figure 11 Hus C 3D Model

Figure 12 Hus C 3D Model
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After the models are completed, they need to be situated in the correct geographical location
in the world. This is important because the Sun orientation and angle greatly affect sunlight
hours. For this a new file is created and each building is linked together in this site plan, with
the correct orientation and location. Topographic mass is also added according to the
surveying points of the site plan. Other surrounding masses or features that may have an
impact with the shading are also included, like trees or other building for example. In this
project there is a line of trees that directly affect the Sun coming from the south direction,
possibly creating a shadow on the building roof in the winter, this feature will be analysed
further in the irradiation studies.

Figure 13 Render of building site, topography and trees included
This site model is ready to export, all buildings are placed in the accurate orientation, and
the topographic surface created from the site surveying points is added. Vegetation features
are integrated into the model as well.
4.1.2. RES harvesting potential study
To analyse the RES harvesting potential, the model is exported into PVSITES software
using one of many file formats available. IFC (Industry Foundation Classes) is one of the
most commonly used methods. This open format file type is a neutral platform developed
by buildingSMART. This facilitates interoperability in AEC (architecture, engineering and
construction industry). This model could potentially be used by any other software, CAD,
BIM or Energy simulation program that has adopted this interoperability format. PVSITES
software needs a 3D geometry input, a location and a weather file to be able to simulate the
irradiance and production values for this case.
•

Areas

To have a basic understanding of the optimal positions for the BIPV an irradiation study is
performed on the areas that present the greatest potential for RES harvesting. In this
concrete scenario the potential areas to study are the roof surfaces and the South facing
façade of Hus A and C. This information was extracted directly from the BIM model and in
case there are any changes or modifications, this information can be easily updated. This
geometry is visualized in the PVSITES program, as the orientation, areas and angles are
directly imported from the BIM file.
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Table 2 Areas
2

Roof Area (m )
South V. Area (m2)
•

Hus A
433.8
102.2

Hus B
577.5

Hus C
588.5
105.3

Weather and Location

An EPW file (EnergyPlus Weather) is a weather file used by EnergyPlus, which is an energy
simulation software is funded by the U.S. Department of Energy. This file format contains
all meteorological information of a typical year for a determined location.
For this study case the Borlänge location will be used. Borlänge is a close location to Ludvika,
where the Demo Site is located. When the models and the weather file are loaded a Sun path
diagram will appear, this allows to visualize the shading and lighting condition at any desired
time for this location.

Figure 14 Demo Site location and weather file loaded
•

Irradiation study

Next step is to visualize the irradiance. The software updates in real time all the surfaces of
the model giving a colour coded output on the irradiance in kWh/m2. With the mouse
pointer is possible to know the exact value at any desired point.

Figure 15 Irradiation on the surfaces of a building
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•

Summer/Winter analysis

In Sweden there is a drastic change with the seasons, climate can be extremely varied due
the Sun’s position over time. What could be the most optimal location to put BIPV on the
summer, may not be the best solution for the winter. On the figures below, Figure 12 & 13
it is possible to cover this difference for the six winter month and the six summer months.
For the winter months, due the low angle of the Sun, every South faced surface and a high
angle, present a great potential, in this case south facades from Hus A & C have more
potential than their relatives roof areas. In the summer months, every horizontal surface
present an opportunity.

Figure 16 Winter

Figure 17 Summer

The average daily irradiance for the winter and summer months given in Wh/m2. There is a
significant variation in the results of this two different cases, from a maximum of average
daily irradiance of 130 Wh/m2 in the winter to an average of 300 Wh/m2 of daily irradiance
in the studied areas in the summer. Around 270 Wh/m2 in the average daily irradiance
variance between winter and summer. This need to be taken into account when deciding
where to position the BIPV panels, since it is during the winter month’s energy consumption
peaks higher, due to increased heating demand. For an extra production during the winter
months, the south facades of Hus A & C could be considered as they have the greatest
irradiance potential for these months, rising up to 150 Wh/m2 of average daily irradiance.
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Figure 18 Trees in the winter season
It was expected that on the winter months, due the low altitude angle of the Sun, the trees
would create a great impact due to shading. Although they create a shade, it does not affect
greatly the roof of Hus B, which is the location with greatest RES harvesting potential. In
addition, they also lose their leaves in the autumn, which increases their shortwave radiation
transmissivity over the winter months when everything is covered by snow. In the spring
and summer, when they regrow their foliage, shadowing is not a problem anymore due to
increased solar altitude angles.

Figure 19 Trees in the autumn (left) and summer (right) season
•

Yearly Irradiance Data

Taking in consideration all the information gathered, a yearly irradiation study is made
to assess the maximum harvesting potential of the BIPV cells. Based on this results, a
table was created (Table 2). Three areas with the highest irradiance potential where
selected. These areas are the south faced roof of Hus B with around 280 m2 of usable
area, and a yearly irradiance potential of approximately 1020 kWh/m2. The other areas
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with the most irradiance potential are the west facing roofs of the building A and C, with
around 210 m2 and 290 m2 of area, respectively, and an approximated yearly irradiance
of 925 kWh/m2.

Figure 20 Yearly irradiation study
Table 3 Yearly Irradiation Potential
South-faced roof
North-faced roof
West-faced roof
West-faced roof
East-faced roof
East-faced roof
South facades
South facades
•

Hus B
Hus B
Hus A
Hus C
Hus A
Hus C
Hus A
Hus C

1020 kWh/m2
800-810 kWh/m2
920-930 kWh/m2
920-930 kWh/m2
900-910 kWh/m2
900-910 kWh/m2
860-910 kWh/m2
860-910 kWh/m2

288.75 m2
288.75 m2
216.9 m2
294.25 m2
216.9 m2
294.25 m2
102.2 m2
105.3 m2

BIPV location selection

The optimal locations for performing the BIPV energy harvesting study would be the southfaced roof of Hus B and west-faced roofs of Hus A & C with an approximate maximum
area of 800 m2. This project has an estimated budget for around 500 m2 of PV installations,
so the selected areas provide the flexibility needed for layout design and the best annual
output.
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Figure 21 BIPV module's location
•

BIPV module selection

The BIPV Cell used for this project is manufactured by ONYX Solar. ONYX Solar is an
international world’s leading manufacturer of transparent photovoltaic glass for buildings
[14] and a partner on the Energy Matching project. The selected module will be an opaque
BIPV, as there is no need for transparency on the roofs, using the more standard size of 635
x 1245 mm. the corresponding technical data is in the Figure 21 below. Further technical data
about ONYX Solar cells specification can be obtained on their site and in the appendix
section.

Figure 22 ONYX Cell data sheet
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•

BIPV Layout

The most optimal way to utilize the areas selected on the roofs to create the layout for the
BIPV panels would be to have 4 rows of 52, 70 and 72 modules for Hus A, B and C
respectively. Making a total of 776 modules with an area of 614.9 m2. It would be possible
to maximize the output with 1 extra row and 2 to 3 columns, but that would leave little space
for flexibility and it could exceed the budget stablished for this project. The total kilowatts
peak power is estimated to be 35.7 kWp with an estimated annual production of 31,453
kWh.

Figure 23 BIPV system estimated data
•

Inverter selection and wiring

It was decided that one of the partners of the Energy Matching project, Ferroamp, will be
providing the DC converters and an energy management unit to control the systems.
Ferroamp is an award winning company based in Sweden that has developed and patented
a complete solution for energy conversion, storage and monitoring. The DC/DC converters
are called SSOs (SolarStringOptimizers) and includes on MPPT with the following main
controlling parameters.

Max Vmpp: 720 V
Max Impp: 9.5 A
One Mppt per SSO
Figure 24 Inverter parameters
At least 3 SSOs, one per roof area, will be need and 1 EnergyHub XL converter with
approximately 17.5 kW capacity. The wall mount version can manage 14kW peak. All
panels/strings are connected in parallel via DC junction boxes (with fuses and DC breakers)
and routed via 760V to a central EnergyHub in one of the buildings.
If the buildings have individual meters/grid connections, we can install smaller EnergyHub
units in each grid connection and share the total PV production between buildings. Thin
film panels with lower current can be connected in parallel, as long as voltage is the same up
to max current.
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5 Simulation results
The set of results obtained from the PVSITES software can be visualized in the form of
graphs or data sheets. The following data are the output of the simulation.

Physical results
•
•
•
•
•
•

Irradiance
Irradiance loss by shadow
Production
Production loss by shadow
Production loss by temperature
Module temperature

This data can be displayed in kWh/total-area or kWh/m2, monthly, average day, daily, hourly
or in percentage, so there is room and flexibility depending of what kind of analysis is going
to be performed.
•

Irradiance
The first results to analyse are the irradiance on the surfaces. Direct, diffuse and indirect
irradiance total over the course of the year is critical to calculate the potential energy
production. The following graphs shows the total irradiance per month (Figure 25)
and the total irradiance per month per meter squared (Figure 26).

Figure 27 Monthly Total Irradiance
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Figure 28 Monthly Irradiance per meter squared
In the current project layout, as expected from the irradiance study performed before, due
the climate and location, there is a significant difference in the irradiance levels form the
winter months and the summer months. For the current layout and location of the project,
the total values as well as the percentages of irradiance, Direct, Diffuse and Indirect, are
shown in the following graph (Figure 29).

Figure 30 Direct, Diffuse and Indirect Irradiance
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•

Production

The total production over the year can be visualized by months, days or even hours (Figure
31). There is a great difference in the energy yield over the different season. In winter
months, the production drops below a 1000 kWh, while in the summer the production is
over 5000 kWh. In the current layout the losses due to shadowing are negligible, less than
1% (Figure 32).

Figure 33 Total Energy production, monthly

Figure 34 Total production and shadow losses, percentage
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The module temperature is another factor to consider when estimating the COP of the
systems, because high temperatures reduces the energy production of the cells. The monthly
total energy production over the course of the year, including heat losses is displayed in the
graph below (Figure 35), a total of 34,244 kWh over the year. The total loss attributed to the
heat is 2,792 kWh, approximately an 8% of the total estimated production (Figure 36).

Figure 37 Total production and heat losses, monthly

Figure 38 Production loss by temperature, percentage
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The modules temperature affect directly the efficiency of energy production, so is important
to know an approximation of the air temperature and an estimated module temperature over
the course of a year (Figure 39). This information can be valuable in case extreme
temperatures in a warm climate are nullifying the energy production. In such a case the cells
needs to be cooled by some system, water cooled or passive ventilation for example. It is
important to account for every detail as early as possible.

Figure 40 Modules and air temperature

Financial Results
To analyse the feasibility of the project the economic dimension need to be considered.
Some of the details are still under consideration by the Energy Matching partners, as the
modules are provided by one company, while the mounting structure is created by another.
Thus, the exact cost of the system will not be known until is done. Due the experimental
nature of the project, some standard cost have been assumed. The BIPV system installation
cost will be around 35,700 € with a maintenance cost of around 1,785 €. The energy tariff
will be the standard 0.2 €/kWh and a selling value of 0.15 €/kWh. The yearly total energy
consumption for the building complex is estimated from the total living area and energy
consumption per meter square provided by LudvikaHem, This amount is estimated to be
around 637,000 kWh over the course of a year (Figure 41).

30

These estimations are subjected to change, the buildings could undergo a set of extra
renovations planned by the LudvikaHem partner. These changes will drastically improve the
energy performance of the buildings as a whole.

Figure 42 Economic standards
The estimated monthly energy consumption over the course of the year considering the
possibility for selling energy back to the grid are displayed in the graph below (Figure 43). In
the given climate, high energy consumption is to be expected during the winter, especially
in the case of poorly insulated buildings. It is due the same reason—the lack of solar
radiation—that the energy production is very low as well. In the summer, the situation
reverses and there is almost no need for heating, except of domestic hot water. Hence, the
energy consumption is all time low, while the energy production is the highest due abundant
solar irradiance. The overproduction in the summer time could be sold back to the grid or
used to charge vehicles, this way it will not be wasted.

Figure 44 Energy consumption
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By taking a look at the daily energy consumption, it becomes clear that energy consumption
varies from day to day, and even from hour to hour. This is important to take into
consideration when designing for a robust and resilient energy grid system. Solutions like
smart grids, where energy consumption and demand are connected on a cluster level or even
an urban level should be studied (Figure 45).

Figure 46 Daily energy consumption
Overall the BIPV system could produce around 5% of the total energy consumption over
the year (Figure 47).

Figure 48 Energy consumption percentage
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Considering the high density of the living areas and the limited surfaces for the BIPV
modules, the system could produce around 26,400 kWh for self-consumption on the 800
m2 roof area. This could potentially save around 3,960 € in the energy bill. If selling energy
back to the grid is a possibility, it could produce around 700 € worth of electricity. Taking
this numbers into consideration, the total payback period for the BIPV system would be
around 12 years (Figure 49).

Figure 50 Key figures
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6 Discussion
There is two parallel perceptions to analyse in this paper: the results obtained for the Ludvika
demo site and the BIM-platform workflow impact in the energy simulation field. There is
also important to discuss the limitations and boundaries of the study, as well as the
possibilities for future applications of the study and further research.

BIM framework
In the world today trends are moving towards a cleaner future with the aims of being less
dependent on oil and more environmentally conscientious. At present, buildings makes up
for approximately 40% of the energy demand in the world which opens a window of
opportunity that can be worked with. One of these opportunities comes from the possibility
of harvesting clean energy from renewable resources. These systems can be integrated
effectively in the building envelop. From an energy performance point of view, technology
developments are allowing these systems to become more practical, as well as a cost effective
investment. Potentially this could allow the development of small grid communities or
clusters to be self-reliance and more resilient. Paired with a smart-grid technology, these
decentralised clusters could be the future of a sustainable communities, allowing energy to
be produced by the same actors that consume it, independently of where it is produced, and
being able to scale up or down in a modular manner, as more systems could easily be added
to the grid.
A BIPV system is a combination of different elements, and these elements need to be sized
accordantly. To size these elements, simulations must be performed. Here is where the
potential to implement these new technologies is dependent on the ability to accurately
simulate the energy production and size the system accordantly. For a more flexible and
resilient energy grid, smart-grids could be used. An energy grid is a multi-agent system that
require constant monitoring and optimization, for this reason it is important to have accurate
estimation on energy demand and production, otherwise misestimating could lead to power
outages or wasted energy production. To produce accurate results you need both an accurate
representation of the elements in the physical reality and an accurate representation of the
behaviour of such elements through an accurate mathematical model.
Here is where a BIM framework can prove useful, a BIM model contains all the physical
information of a model, including the technical and material properties. Such a model can
easily be exported into other platforms to perform different simulations on their own
mathematical models, but reusing an already available physical model. New simulation
models can be created using visual programing tools like Grasshopper for Rhinoceros or
Dynamo for Revit, or creating completely stand-alone platforms like PVSITES, this
flexibility allows for endless possibilities.
In comparison to other design tools workflows, for example the PVsyst tool, studies have
found that their workflow is not always easy or efficient, quoting directly:
“The existing PV design tools, e.g. PVsyst, always demand PV designers to reconstruct building models in
the initial design process. This task is not easy and always time consuming for PV designers considering the
fact that, in most cases, the exterior of buildings is complex. On the other hand, many buildings have already
been modelled with BIM authoring tools, in which the features of most building components, e.g. shape, size,
material, location as well as building’s environment, has been accurately described. BIM allows the
incorporation of third-party components…” [15]
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Another advantage of BIPV design on BIM platform it is that it could potentially allow for
the escalation of the simulation from a single building to a cluster, and potentially urban
scale models. Smart-grid energy systems are multi-agent systems that must optimise a large
number of elements, energy production and demand are in relation to climate, weather and
human behaviour to mention a few. AI could assist with the optimisation using a multiagent reinforced learning or multi-agent deep learning [16] [17]

Ludvika demo site findings
In this thesis results it was found that the optimal location for the BIPV system was on the
three buildings south and east faced roofs, with a total area of approximately 800 meters
squared (m2) and a yearly irradiance potential between 1020 kilowatts hours per meter
squared (kWh/m2) and 925 kWh/m2 respectively. The simulation showed that this BIPV
system of 615 m2 with a power of 36 kilowatts-peak (kWp) could yield a maximum of 29,000
kilowatts hours per year (kWh), a 5% of the total yearly energy demand of the building and
over the summer, this percentage increases considerably. With the estimated standards costs,
the BIPV system cost is 35,696 €, have a 12 years payback period and 61% investment ratio
over a 20 years period.
In a parallel evaluation in the following paper “Optimization of energy and economic benefits of
building integrated photovoltaic (BIPV) for building renovation in Ludvika, Sweden” [18] a similar study
using the same location and models were the irradiation was calculated using the radiance
based on the DaySIM software it was found that the system should be installed on the south
facing position of the roof as south is the most irradiated area. The optimal suggested
solution consists of 36.81 kWp and its expected value is around 39000 euros with the
payback time of the system expected to be 11 years 8 months and 26 days. These results are
very similar to the values found in this thesis regardless of the methodology used, providing
the study another layer of validation.

Limitations and/or Applicability of the Study
This study for the Ludvika demo site using PVSITES software on a BIM platform
encountered the following limitations:
•
•
•
•
•
•
•
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Information available about the buildings design and plans was limited, incomplete
or outdated. In some cases it was required to make approximations for the final
model.
The BIM model design was limited to only the architecture components of the
building. Structural and mechanical elements were outside of the scope of this
project.
The final cost for some elements were estimations, as some of the products are still
in development.
Some operations like the maintenance and installation costs were hard to establish
due the nature of the project and uncertainty about the companies that will carry out
the work. Therefore standard estimations were used.
The total energy consumption over the year was an estimation provided by
LudvikaHem. This value is for the current state of the buildings and is likely to
improve after some of the renovations that will be performed to the buildings.
The angle of the roof was not modified from the original state. It is probable that
after renovations the roof angle would increase to provide more space in the attic.
Limitations in the PVSITES software as it is currently in early stages of development.

This study could be beneficial because:
•
•
•
•

Could be replicated to study other demo sites.
Could be used to compare different workflow practices with other software.
Could be used to understand the limits and gaps of current workflows.
Could be used as a reference when establishing a foundation for future workflows
when developing new tools that could benefit from BIM model designs.

Recommendations for Future Work/Further Study/Avenues
for future research
This work has a potential to serve as a foundation to many future studies, some of which
are already in progress:
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•

Compare the PVSITES workflow to other workflows like PVsyst, TranSys or Rhino
grasshopper tools in order to ascertain a complete array of advantages and
disadvantages, contrast accuracy, time consumption and understand the limitation
of each system to have a clear picture on what need to be improved and further
developed.

•

To collaborate with other disciplines. Understanding that a BIPV system is not an
isolated element, but part of a bigger infrastructure that connect other building
systems like HVAC, heat pumps, DHW, radiators, all forming part of a dynamic grid
of energy demand and production. To truly achieve NZEB goals in the future, all
these systems must be studied and simulated as one big system because they are all
interrelated. A new framework must be created with the same foundation so each
discipline and systems can be simulated under the same assumptions and physical
model.

•

Optimize for cluster level. Just as a BIPV is an element of the building, a building is
an element of a cluster, and a cluster is a part of an urban environment. A workflow
like the one studied in this paper could be the foundation of a scalable workflow that
could reach urban proportions, maintaining a high fidelity of detail, allowing for the
collaboration of big teams working simultaneously on different disciplines. Smartgrid and other optimisation systems like AI control systems could benefit
enormously of accurate physical and mathematical models that resembles the reality.

•

Optimization of the BIPV for the yearly total energy consumption for the complex
of buildings is being simulated by a team of the Department of Energy, Forest and
Built Environment in Dalarna University, this data could help refine the BIPV
system further.

•

Optimization for energy and economics, a collaboration paper with Xinru Wang,
XingXing Zhang, Marco Lovati and myself using Marco’s algorithms [19] to find the
best location for the BIPV modules is already on the process of being completed.
This planned study could add another layer of verification to the already stablished
BIM workflow. A comparison study to further analyse results of different approach
when designing BIPV systems.

Conclusions
In conclusion, after obtaining the simulation results on the energy output of the dedicated
BIPV system, it was found that the optimal location for the BIPV system was on the three
buildings south and east faced roofs, with an available total area of approximately 800 m2
and a yearly irradiance potential between 1020 kWh/m2 and 925 kWh/m2 respectively. The
simulation results showed that this BIPV system of 615 m2, formed of 776 ONYX
manufactured BIPV cells, with a total power of 36 kilowatts-peak (kWp) and a yield of 837
kWh/kWp could yield a maximum of 29,000 kilowatts hours per year (kWh), a 5% of the
total yearly energy demand of the building and over the summer, this percentage increases
considerably. With the estimated standards costs of the BIPV installation of 35,700 € and
maintenance costs of 1785 €, the BIPV system have a 12 years payback period and 61%
investment ratio over a 20 years period, concluding that a BIPV system on the Ludvika demo
building is a feasible project, in terms of energy potential and economic investment.
This project’s work also establish that a BIM based workflow can be used effectivity and
accurately to perform BIPV simulation and design. This strong foundation paves down the
road to new interoperability opportunities. This is fundamental for the cooperation between
different disciplines in the AEC industry and energy and sustainability experts. Here is where
BIM standards has the potential to be the bridge connecting all the disciplines, laying the
groundwork for future development in energy optimization on the whole building
environment and up to a future urban level.
This works lays the foundation for future research work in the area of energy efficiency and
simulation, some of this work is already on their way and some still in planning stage in
collaboration with Dalarna university and Energy Matching project members.
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9 Appendices
Documentation from the manufactures on some of the elements that will be used on the
project.
http://onyxsolardownloads.com/docs/ALL-YOU-NEED/Technical_Guide.pdf
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