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Abstract: This paper presents the energy balance, architectural design features and cost aspects of 24
building integrated photovoltaic (BIPV) projects in three different contexts, namely BIPV in residential,
office and historical buildings. These BIPV projects have been modelled and evaluated for different
geographic locations because the European Energy Performance of Buildings Directive (2018/844/EU)
has resulted in country-specific regulations and situations aimed towards the reduction in energy
consumption, and hence the CO, emissions of built environments. Moreover, the geographical
variation of irradiation affects the performance of different BIPV projects on different locations.
The results of our study show that the return of investment of BIPV projects across 12 countries
took (on average) 13.3 years. Furthermore, the residential projects —as compared to non-residential
buildings—were mostly energy plus buildings with an average self-sufficiency of 110% due to their
low energy consumption. In conclusion, most BIPV projects resulted in realistic energy performances
(on average: 761 kWh/kWp.year), low payback times (10 years for residential and office buildings),
and modelled unique design features.

Keywords: building-integrated photovoltaics; energy consumption; architecture; design; cost

1. Introduction

In 2017, according to [1], the building sector accounted for 39% of global energy-related carbon
dioxide (CO;) emissions. In order to reduce both these emissions and our societal dependency on fossil
fuel-based energy sources, the European Energy Performance of Buildings Directive (2018/844/EU) has
declared that all new buildings should be nearly zero energy buildings (NZEB) by 2021 [2]. According
to this directive, an NZEB is defined as “a building that has a very high energy performance”,
which “ ... shall be expressed by a numeric indicator of primary energy use in kWh/m?-year” [2].
Due to country-specific climate conditions, member states are allowed to describe their methodology
of the quantification according to the framework [2]. The following five ISO standards describe
steps in the assessment of the energy performance of buildings; namely 52000-1, 52003-1, 52010-1,
52016-1, and 52018-1 [3-6]. As each country applies its own methods to label building as NZEBs,
the minimum values of primary energy use for NZEB range between 20 and 117 kWh/m?-year for
residential buildings, and between 25 and 255 kWh/m?-year for non-residential buildings [7].
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Within the EU, the average residential energy demand of regular homes is currently estimated
at 180 kWh/m? year, and 250 kWh/m?-year for non-residential buildings [8]. Because of their annual
electricity yield, which is in the range of 800 kWh/kW/,.year for Northern European countries and up
to 1800 kWh/kW/p,.year in Mediterranean countries [9], photovoltaic (PV) systems can significantly
contribute to the realisation of NZEBs [10,11].

A specific category of PV systems is building-integrated PV (BIPV). BIPV is defined as the
essential elements in the building envelope that contain at least one additional construction material
function besides generating electricity (e.g., insulation, sound barrier, shading, etc.). While currently
replacing conventional building materials, BIPV could play an essential role in generating the local
energy demands of buildings [12]. BIPV may improve comfort and energy resilience, providing extra
insulation, even preheating, such as reported in [13], which is a remarkable addition while aiming for
NZEB. Compared with an ordinary roof-mounted installation (standoff systems), which is placed on
top of a conventional roof, part of the basic concept of a true BIPV installation is to share the cost of the
building envelope because the installation has a double function [14]. Building integrated PV modules
can be treated as an envelope or as a finishing layer of the envelope and therefore they provide thermal,
acoustic, wind, and humidity insulation, and sometimes fire and security protection, while producing
electric energy and in some cases also thermal energy [15].

Despite an estimate annual growth rate of 18.7% of the global BIPV market between 2009 and
2019 [16], the use and application of BIPV has remained relatively limited. With average costs of BIPV
of 600 EUR/m?, a figure that is even lower compared to certain insulation materials [17], BIPV’s market
share in the EU’s PV sector is only 2% [18].

Numerous commercially available PV technologies offer various design features, as defined in [19].
Beyond energy balance and costs, integrating photovoltaic systems into the building envelope strongly
affects the appearance of buildings, but also the appearance of urban structures. Architectural design
features of BIPV can be considered from two points of view: in terms of the shape of the building,
i.e., the geometry of surfaces on which the PV modules are placed, and in terms of the required aesthetic
expression, which all together influences the appearance of the building envelope [12,20]. The design
decisions regarding the architectural design features of BIPV such as; appearance (dimension, form [21],
colour [15], transparency [22]), inclination, location, not only reflect on the visual experience, but can
also affect the energy efficiency and the energy label of the building. Among non-residential buildings,
offices have a tendency to generally promote a greener and futuristic image with distinguishable BIPV
systems. Nevertheless, historical buildings, i.e., buildings under protection or heritage buildings,
require unique design features and distinct regulations. As the requirements diverged, the buildings
in this study were clustered into three separate categories: residential, office and historical.

Although the first application project dates back to 1991 [23], BIPV systems are relatively
under-researched, which is evidenced by approximately 1500 publications as compared to more than
100,000 on the subject of PV, according to a search in Scopus. As field data for BIPV projects are rarely
available, there exists a lack of practical insights. Simulation tools and modelling approaches are
therefore required to generate information about the energy production, architectural design features
and cost aspects of BIPV systems.

Several simulation tools exist with which to assess the energy production of BIPV systems [24,25],
yet none of them fully take into account all variables relevant for “good design”, such as (beside energy
performance) technical design features, financial aspects, CO;, emission reduction potential, aesthetics,
user perception and appreciation, and the effects of regulations and laws. Moreover, architects often
qualify those tools as “difficult to use”, “complex”, and “cumbersome” [26], and hence they require
expertise from energy researchers and engineers during the assessment. To enable clear communication
between the various stakeholders and to optimise the different features involved in BIPV applications,
multicriteria optimisation as a building information modelling (BIM) approach and modelling tools
are needed to facilitate collaboration and gather more insights.
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Given the context sketched above, the energy balance, architectural design features and cost
aspects of 24 BIPV projects will be determined and evaluated for three different building categories,
namely; residential, office and historical buildings. In this study, we used BIMsolar together with
Sketchup, as well as our own written MatLab algorithms to quantify energy and cost-related aspects,
so as to evaluate various types of buildings on different locations in order to:

e  Map the feasibility of BIPV projects: how do investment costs, electricity prices, incentives, type of
buildings, their geometry, and their geographic location impact feasibility in terms of the energy,
cost and design features of a BIPV project?

e Energy balance of BIPV: what potential exists regarding increased self-consumption and
self-sufficiency of BIPV systems in NZEBs in different geographic locations?

e  Design features: how could design features of the buildings be respected or even enhanced by
BIPV projects?

This paper is structured as follows. Section 2 will present the method applied to the evaluation of
24 selected BIPV projects, with a focus on their description. Section 3 will report the cumulated data of
24 BIPV projects and compare them with each other. Finally, in Section 4, a discussion about the results
will take place and conclusions will be drawn.

2. Method Applied to BIPV Project Evaluations

The methodological approach in this paper includes: presentation of buildings selected by a group
of students to create BIPV projects, which are residential, business and historical building projects,
discussion of modelling results for 24 BIPV projects, taking into account project specifications and
numerical results in terms of energy and financial aspects.

Selected BIPV projects in the aforementioned three categories were analysed in an educational
research framework provided by the course ‘Building Integrated Photovoltaics” given at the University
of Twente, the Netherlands, between April and June of 2019. Sixteen students attended this course
and contributed to an engineering assignment which will be executed as a project by a small team
of 2 to 3 students. To provide framing and prior knowledge, 6 lectures with 4 workshops with BIM
Solar for 3D irradiance analysis and MatLab for further energy data and economic analysis were given.
Visual aspects and design features, markets, PV technology and performance, energy balance, data
monitoring and BIPV software skills were some of the main topics of the lectures.

The assignment was executed by 7 teams. The final result of the project reported and included
an analysis of a BIPV case study on a realized project, at least three or more new BIPV designs,
and a description of a future perspective on a BIPV project. Three groups did an additional project,
which gives 24 BIPV modelling projects in total. Representative figures are presented in Table 1,
excluding bonus projects, although their specifications and results are still mentioned in the following
figures and tables.

Figure 1 summarizes the methodology of the BIPV projects’ modelling and analysis. A BIM-friendly
BIPV software, BIMSolar was used for 3D modelling, which is the result of a Horizon 2020 project
(PVsites), described in [50,51]. Based on 3D solar irradiation data, including sun position on the
horizon, the software delivers surface-specific and custom-made module-specific 3D analysis. It takes
into account surrounding shadings and heat losses, PV module locations and the system losses such as
cabling, inverter, mismatch losses, albedo reflections, and light transmission, etc. [52]. The results were
extracted for further analysis in MatLab for data analysis and further investigations. The details of the
modelling and analysis will be described in the following sub-sections.
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Table 1. Buildings selected per group of students for building integrated photovoltaic (BIPV) projects (image references, respectively: [27-49]).

Case Investigation Residential Buildings Office Buildings Landmark, Historical or Diverse Buildings

Infinity Building, Amsterdam Spiegel, University of Twente

Frodeparken, Uppsala, Sweden Historical canal house, Amsterdam

Copenhagen international school Household in Silverton, UK Edison plaza, Texas, USA Secondary School, Hong Kong
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Figure 1. Summary of the modelling steps, data analysis, and evaluation of the projects.
2.1. Selected BIPV Projects for Evaluation

Twenty-four BIPV projects were selected (see Table 1) for evaluation by the project teams according
to the following criteria:

1.  Data availability
Design features
3. Cost Incentives

The most important selection criteria of the building were the availability of the 3D geometry and
appearance of the building and design features that could allow for relatively easy BIPV integration.
In addition, building fame, annual energy consumption data at an hourly resolution, and interesting
subventions and incentives were of course parameters to consider when choosing between different
buildings. Some buildings were generic rather location-specific, and their location decision was mostly
based on climate and incentives including attractiveness for most of the cases. All the buildings
were represented in their real/chosen neighbourhood, with the buildings and objects surrounding the
studied building. The location had a tremendous effect on the three aspects studied below.

2.2. Architectural Design Features

Integration of PV into buildings challenges architects and construct designers. While some of
them are afraid of the possible “solar look” of their designed buildings, others respond to the challenge
with innovative, advanced architectural solutions. The architects and PV professionals nowadays
need to understand the need for the integration of PV systems, and to predict its architectural design
implications. It is very important for contemporary architects to be informed of exceptional examples
of BIPV around the world. A significant contribution for BIPV promotion comes from the most
renowned architects, awarded the Pritzker prize for architecture, who applied BIPV on their recent
designs (for example, Taiwan National Stadium, Table 1).

For BIPYV, different performance data can be required regarding location possibilities, function
possibilities, dimensions and forms, colour and appearance of modules, light permeability and
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construction possibilities [12,21]. As for the location on the building, BIPV can be applied on facades
and roofs, fences, skylights, and canopies. In the end, the system yield is strongly influenced by the
orientation and inclination of PV modules.

With regard to the geometry of the surfaces on which the BIPV modules are placed, there are
flat, saw tooth, accordion, stepped, and curved surfaces and their combinations, called free forms,
which can be placed as vertical, horizontal and inclined planes (angle < 90°) [18].

Various light permeability and interesting light effects inside a building can be produced through
the use of light-permeable solar cells or the variation of the arrangements and distances between the
cells. In general, building surfaces with BIPV can be “opaque” or “semi-transparent”, and lately, thanks
to new technologies, also transparent. The appearance of the facade and roof with BIPV is influenced
by the PV module’s colour, which depends on the material of solar cells and antireflection coating.
Using double-layer antireflection coatings, a broad range of colours of PV modules can be obtained [20]
(gold, steel blue, dark blue, pink, green), allowing architects flexibility for the integration of PV cells into
building facades and providing a good match to the environment. Regarding construction possibilities,
photovoltaic facades usually represent a type of glazed, suspended facade, while roof integrated PV
systems can appear as integral roof modules (appear as a glazed structure) and roofing tiles and
shingles (appear as a roof) [19].

The mentioned architectural design features of BIPV indicate that the integration of PV into the
building envelope affects its structure, requiring solving the necessary installations, although in terms
of the application of PV modules, the mainly available technologies for constructing the final layers of
facades and roofs are represented.

Design features such as glazing, transparency, module or cell dimensions and spacing, and colours
could be taken into account during the modelling in BIMsolar© to modify the design features to
express them more easily [50,52]. The software could cover the impacts of those aspects on energy
generation, by creating modules and cells with their own characteristics and technology, respecting
manufacturers’ details and the 3D surroundings, including frames. The position, the data input and
the electricity generation details are mentioned in Section 2.4. Simulating the integration of specific
PV systems in chosen buildings, it was essential not to impact their basic geometry and external
appearance. This was especially important with historic and landmark buildings.

2.3. Cost

The selected BIPV projects were financially evaluated by means of levelized cost of electricity
(LCOE), and return on investment (ROI) according to Equations (1) and (2):

(CAPEX + Ziiigtime OPEX + (1—(;;)—;(;4PEX d * H)
LCOE = "
Egipy
ROI (%) = CAPEX/ (Inself-consumption+ Infeed-in — OPEX) @)

where CAPEX is the capital expenditure (in EUR), OPEX is the operational expenditure or maintenance
(2.5-5% of the CAPEX, in EUR), t is time, d is the depreciation rate (%), u is the tax rate and r is the
discount rate (%). Egpy is the amount of electricity (kWh) produced by BIPV throughout its lifespan
(usually taken as 25 years). Insefconsumption indicates how much import and cost is avoided and
INnfeed-in indicates the economic value of the BIPV energy sold to the grid, both resulting as income (€),
as yearly energy production values derivate (as described in the following section).

In this study, the country regulations and electricity end-user prices, as well as a market analysis
and the potential stakeholders of the project, were investigated. The cost of the panels and inverters
were acquired from manufacturers. Hourly resolution annual energy consumption and PV production,
self-consumption, and electricity fed into the grid were investigated further to establish a more precise
levelized cost of electricity (LCOE) and incomes of the PV system, compare it with the incentives given,
and obtain the return on investment (ROI).
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2.4. Energy Balance

In this project, the energy balance was determined by comparing the energy production with energy
consumption at different timescales and by calculating different indicators such as self-consumption
ratio (SCR) and self-sufficiency ratio (SSR). Equations (3)-(6) show how the energy balance for each
building was determined:

E flow = Econsumtion-EBIpv 3)
Egipv= Eself-consumption *Efeedin “)
SCR = Egelf-consumption/EBIPY ®)
SSR = Ep1pv/Econsumption (6)

where Egqqy, is the energy flow including all imports and exports to the grid (net-meter, in kWh),
and Egelf-consumption 1 the BIPV energy production consumed by the household (kWh). Efecdin is the
energy that could not be consumed and was fed into the grid (kWh).

Econsumption data of the building were either recorded data (ex: energy provider’s public data [53])
or estimated with similar consumption profiles. In the latter case, the similar profile found in
the time series was scaled proportionally to the building studied according to annual/monthly
consumption, found in government websites (e.g., OpenEl of the US Department of Energy [54]).
Econsumption Varied at an hourly to 15 min resolution. This allowed for greater accuracy regarding the
self-consumption, and therefore provided better precision of the energy neutrality code of a building.
Furthermore, this helped to tailor the location and the nominal power of the PV modules to increase
the self-consumption.

The solar irradiance on the outside geometry of a building was modelled at an hourly basis
over the year for the specific location by using meteorological data and BIMsolar. The Sketchup©
Warehouse 3D building model was the basis of a building’s geometry; additional modifications were
added if required, notably for existing shading objects in surroundings. Once the satellite-based typical
meteorological year (TMY3) data were imputed [9], the yearly average solar yield could be assessed,
therefore allowing the mapping of suitable locations to install PV on the geometry itself. Depending on
the local climate, certain PV technologies were chosen. For BIPV options, some specific cell technologies,
including glazing, transparent, or opaque modules over the 3D geometry, were selected, and BIMsolar
was used to estimate the energy production for every hour in a year based on TMY3. The choice
of PV or inverters proposed from the photon database could be even further extended by creating
their own cells, modules, and inverters, etc. Once the software indicated the wiring and PV modules,
the estimated solar energy at an hourly resolution could be given to include losses, as in Equation (7):

Epipy = (EPVproduction = Eosses) Neff @)

where Epyproduction iS the production obtained with maximum power point tracking in ideal conditions
without losses. Ejogses integrates heat, shading, mismatch, and wiring losses up to the inverter.
We applied the EU efficiency (neff) in order to get the final results of the energy yield Egjpy. These results
were matched with energy load profiles.

3. Results

This section presents the buildings chosen by the study participants, a case investigation [55],
and the model-based design of the project (Table 1). Photos of the buildings are also shown for
further clarification. As we were unable to present each individual building assessment in this
paper, an example will be shown in Section 3.1. (similar approaches were taken for other buildings).
The results of all 24 projects will be shown in Tables 2—4.
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Table 2. Residential projects—design specifications and numerical results in terms of energy and financial aspects.

9 of 20

RESIDENTIAL

Design Features

BIPV Energy Aspects Financial Aspects
Location Name e Special Features
Application
& B -
£ S T g E_ &
= City, Country, (o) opaque & 5 = ~ 5 X4 gz s = =
B GPS coordinates (t) transparent = = < < e 2 % EZ FZ2 m2
5 = £ 2 2 x 5 8 &% X O
z mE & &2 8 & =2 2§ EE £% H¥
. (o) facade and Battery (6 kWh),
Silverton, UK; A common
1 50°48'N, 3°29’ W household in UK r.oof Generatgd load 1200 10 9.8 40 98 46 20 14 6
(t) windows profile
Amsterdam, NL; . (o) facade (t) Scaled load
2 52°37'N, 4°90 E Mansion windows profile 980 122 5.78 26 97 29 40 23 23
Florida, US;
3 28°08'N, 82°63' W Waterchase (o) all 2000 10 16.8 14 110 8 21 11 16 7
Rotterdam, NL;
4 51°92'N, 4949 E Cube House (o) all 1150 5 3 10 34
Amsterdam, NL; (o) facade and
5 52°00'N, 4°53' E Common house roof (t) windows 980 9.6 7.6 10 180 18 12
Malaga, ES; Typical summer (o) facade and
6 36°72'N, 4°42’ W house roof (tyjwindows 1700 8.3 10 6 1 6.1 23 20 7
Amsterdam NL Dutch average (o)facade and Original load
7 52°37’'N, 4°90" E terrace house roof (tywindows profile 980 3 2 20 8.5 3.3 2 2 73
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Table 3.

Office building projects—design specifications and numerical results in terms of energy and financial aspects.

10 of 20

OFFICE

Design Features

BIPV Energy Aspects Financial Aspects
Location Name e Special Features
Application
£l =
g City, Cou.ntry, (o) opaque NE 5 R < ~ s < g = po = =
2 GPS coordinates (t) transparent = ~ < < > > % 52 A2 m=
2 S £ .Z & ~ = & &% BZ 0¥
z Tz £ &2 8 8 2 0§ EZ g% H%
Scaled load
Baumont, US . (o) facade and . 970
30°09'N, 94°10" W Edison Plaza roof profﬂerl;;zised on 2000 580 700 98 10 13.6 kS 10c$ 8c$
Esopus, New York . Military base flat 1470
9 41°83'N, 73°97" W Military base (o) roof load 1440 827 1000 83 25 8 K$
London, UK . (o) facade and Scaled load
10 51°51N, 0°08’ W The Gherkin roof () windows profile 800 485 203 99 3 >20 485 15 53 26
Gateshead, UK
11 54°97'N, 1°60' W Sage Gateshead (t) all 980 670 510 41 23 892 163 163
Rottterdam NL (o) facade and Residential and
12 51°90’N, 4°46’ W STC lloystraat roof (t) windows  office mix profile 980 360 266 9 12 18 1462
Amsterdam, NL Infinity (ING (o) facade and . .
13 52°00'N, 4°51’ W house) roof (t) windows Triple glazing 980 180 121 99 15 7 175 23 23 9,5
14 Hengelo, NL Typical Office (0) facade and 980 63 48 65 68 23 12 11

51°14'N, 6°51’ E

roof (t) windows
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Table 4. Historical building and diverse projects—design specifications and numerical results in terms of energy and financial aspects.

11 of 20

HISTORICAL AND DIVERSE
Design Features
BIPV Energy Aspects Financial Aspects
Location Name e Special Features
Application
£l =
.%D ES § 2 o ué qé
s ) (0) opaque o = —_ 54 < E= =2 =
§ GPS coordinate (t) transparent % i;’ < < e 2 %5 5 E _E E 5 E
: g g E Z 6 o~ 5 % Q= O~ 8 =
4 T2 o ae g A & S E¥ g¥ 1%
Hongkong; King George V Multiple
15 23°32'N. 114°18' E School (o) facade, roof buildings 1500 770 1000 95 15 13 1400 13 34
Amsterdam, NL; Central train (t) skylight (o) .
16 52°38'N, 4°90’ E station canopy Special modules 980 5800 3700 99.9 3 15.4 10000
17 33§ggge31‘5‘£§f . Sydney Opera (o) roof (t) facade ~ White modules 1780 225 307 85 3 7 25 17 27 10
18 51}605}2"‘5’035‘/\] Tottenham Hotspur (0) roof 980 3225 2500 12 2924 163 6
Amsterdam, NL; .
19 51°51'N, 0°08' W Johan Cruijff Arena (o) fagade, roof 980 3000 1440 100 18 3124 6
Amsterdam, NL; (o) fagade, roof
20 52°22'N, 4°53' W Canal House (Hwindows 980 15 8 33 138 16.6 224 23 23 17
London, UK; (o) facade and .
21 51°56'N, 0°28' W Wembley roof Special modules 800 1260 827 99.3 3 14 15 3
Enschede, NL; Spiegel, Univ. of
22 52°24'N, 6°85' E Toente (o) fagade, roof 980 243 134 73 43 9.9 245 23 23 10
Manchester, UK; Old Trafford (o) fagade, roof
23 53°46'N, 2°29' W Stadium (t) windows 1000 5777 3700 34 100 46 5.9 6
Amsterdam, NL; Symphony (o) fagade and . .
24 50°04'N 6°85' E Residential roof Residen-tial load 1500 1000 95 15 13 1400 13 34
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3.1. Case Description of a Historical Building

A typical historical canal house model is investigated in this subsection, respecting the building’s
historical appeal (Figure 2a). Custom-made BIPV modules of monocrystalline silicon with typical wall
bricks dimensions (210 mm X 100 mm x 50 mm) and colour were proposed (Figure 2b) [56]. Similarly,
BIPV roof tiles were used to provide a non-intrusive appearance (Figure 1c) [57].

(b)

(a)
(c)

Figure 2. Amsterdam canal house (a), the subject is the highest building (middle), the brick-form BIPV
panels (b) and tiles representative of the roof tiles (c). The curved structure of conventional tiles is
ignored for the computational purposes.

As the chosen BIPV modules could be considered aesthetically non-intrusive, the modules were
mainly placed based on average irradiance assessment. The monocrystalline silicon cells provide
150 Wp/m? depending on the colours [56]. Figure 3 shows the average irradiance and transparent
BIPV windows applied in the south fagade. The western side is also used due to the absence of any
obstacles. To ensure that the building becomes an energy-plus building, 15 kWp is installed as the
limit of net metering in the Netherlands [58], resulting in 8 MWh annually. The installations, including
transparent windows, are shown in Figure 3. The load profile of an average Dutch family with three
children was used and upscaled to 6 MWh, considering the house’s size. Hourly based average Dutch
load profiles were used [30]. Although the self-consumption was 33%, the building achieved high
self-sufficiency (136%). The electricity tariff for import and feed-in was 23 cents/kWh [50] and CAPEX
22 KEUR, respectively. This resulted in an energy-plus building with a payback time of 16 years.

Although a residential building, this example might belong to a protected historic neighbourhood
and therefore some of its design features need to be highlighted. The first feature is the geometry and
layout of the front fagade that is entirely preserved. The second feature is glazing of the front fagade
windows that could be affected by the proposed PV integration. In this context, it is important to find a
transparent PV glazing solution that would be entirely non-intrusive, preferably invisible.

As with the front facade, the geometry of the building is not affected by the integration of the PV
system on the roof. Since the building roof parts equipped with the PV system are hardly visible from
the street, and since the BIPV roof tiles have been selected, the architectural design features have not
been intruded upon.
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()

Figure 3. Average irradiance over the group of buildings (a), transparent BIPV windows (b) wiring of
the BIPV cells and modules (c).

From an architectural point of view, the most critical factor is the integration of PV brick-form BIPV
tiles that affect the original specific materialization of the building and are visible in the neighbourhood
context. This BIPV solution might be expected to become an issue for discussion with the institutions
that protect historical buildings.

3.2. Modeling Results for 24 BIPV Projects

Tables 2—4 present results for 24 selected BIPV projects, focusing on the findings of the energy and
financial modelling and the design features. The quantitative modelling results for each case could be
consulted from those tables. To provide an overview for each type of building, Figures 4-6 summarize
the annual energy production per nominal capacity installed, self-sufficiency and self-consumption,
return on investment (ROI) and capital expenditure (CAPEX), respectively.

Residential projects were mostly designed to be energy-plus buildings or NZEB. They have the
highest kWh/kWp.year in some cases, as the roof/facade proportion was the highest. There were also
relatively low values due to shading, which resulted in a similar performance with office buildings
regarding the mean value (Figure 4). Although PV systems were often modelled on the highest
irradiation spot (south roof and facade for ex.), the building’s height also limits precautions against
shading. The initial investments (as the nominal capacity) were low, as residential buildings were
restrained to 10-15 kWp, mostly by the net metering limits. The fastest ROI was found to be 6.1 years
(building 6, Table 2), in Spain, thanks to a combination of the feed-in tariff and exceptional irradiation
(as well as highest yield per kWp). Self-sufficiency ratios were high for residential buildings (even more
than %100), yet the self-consumption ratios were difficult to achieve (6-50%). The self-consumption
could be improved thanks to a 6 kWh battery, from 50% to 75%, according to the modelling in DEMKIT
software. The battery also reduced the original ROI of 20% for the case inspected.
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Figure 4. Annual BIPV production per photovoltaic (PV) nominal capacity installed for three types
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Regarding office buildings, Table 3 and the figures show a similar payback time for offices as
for residential buildings. High self-sufficiency ratios (+95%) compensate for the lower feed-in tariffs.
Due to a greater coverage area, or special subventions, the building and energy costs could make office
buildings attractive for investors. Almost all office modellings had a payback time under 14 years,
except for two (building 3 and 12), due to high installation cost assumptions. However, the desired
self-sufficiency levels are hard to reach as the demands for office buildings are high. More transparent
BIPVs were used during those projects to respect design requirements.

Historical buildings were the most diverse, as they included various building types (historical,
landmarks, or other). The self-sufficiency and self-consumption ratios varied significantly depending
on both the building’s and BIPV installation’s size. For these buildings, examples were predominantly
taken from London, Sydney, Amsterdam, and Rotterdam—big cities and iconic places—except for two
buildings, Enschede and Hong-Kong. The CAPEX is closely related to special module requirements
and the project size. In general, the historical or iconic buildings and stadiums had larger surfaces
than other types of buildings. It should be noted that the installation costs were difficult to estimate
due to the special requirements of the building element. Therefore, the initial costs and payback times
were slightly higher—between 10 and 18 years—except for buildings 17 and building 23, which used
more transparent panels and dealt with many functional, and thereby appearance, aspects; as such,
the kWh/kWp.year is significantly less for most of the cases investigated.

4. Discussion

This study has encapsulated 24 BIPV modelling projects in terms of design features, energy
consumption, and cost aspects. Three typical building types are analyzed: residential, office, and historical
BIPV projects. Model-based design and analysis enabled estimations of costs and energy balance benefits,
along with their compliance with regulations. The 24 analyses related to the 12 separate countries by
indicating incentives, electricity tariffs for production and consumption, as well as specific regulations.
More modeling and synthesis were required to make an overview of BIPV projects, which was the
study attempt.

The data availability was one of the primary concerns in building selection, such as their 3D
sketches and their consumption profiles and other characteristics. Country-specific incentives and
the fame of the building also played a role. Consequently, the majority of the projects investigated
were located in the EU or other developed countries due to data availability (20-55° N, except one in
Sydney, Austria).

Some outliers appeared, as the feed-in tariffs were too low or employed expensive modules.
After excluding outliers (5/24), the payback time ranged between 6 and 18 years, with a mean value
of 13 years overall, and 10 years for residential and office buildings. Many residential building
cases obtained high levels of self-sufficiency (110%). Out of seven residential buildings, the majority
(five) were NZEB from the perspective of electrical demand. However, none of the office buildings,
and only two of historical buildings, were able to attain NZEB and 100% (or above) self-sufficiency.
This could be argued to be due to offices” high energy demands—greater even than residential buildings.
For historical buildings, the design features to be respected led to occasional non-optimized energy
yields on BIPV. These two types of buildings could become more energy efficient in the near future
through the use of isolation materials of BIPV that could contribute to air conditioning or heating of
the building, and light management of the interior—all of which were outside the scope of our study.
Another solution to increase self-sufficiency would be to install more capacity over more areas, such as
parking spots, etc.

Certain technical aspects, such as degradation of the PV modules or cables, are typically assumed
to be included in the maintenance cost, yet a yearly degradation output of 0.5% could be applied—a
figure which will not significantly affect the results.

The ROI was based on the LCOE approach, Capex and Opex, as described in Section 2. Assuming
that the Capex would already be possessed, loan rates were therefore ignored. Net present value
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was also investigated for some cases, reaching 8-10 years for a return on investment. In favorable
conditions, subventions and government incentives could be used to decrease the projects’ initial costs.
For certain projects, the costs were very high, even with mild assumptions.

Additionally, the projects calculated the module installations themselves, and do not consider
the avoided material costs of replacing building materials. However, the cost per kWp was typically
assumed to be low (300 €/m?), hence BIPVs are likely to be less expensive in the near future when the
niche market moves to the mass market [59].

Limitations concerning the software tools for round geometries also restrained certain designs.
Figure 7 shows how the students would have liked to create BIPV modules to be installed and that
those visually specific modules demanded too much computational power or were not supported
by BIMsolar.

Figure 7. “The Gherkin” London, UK [46] and the BIPV modules designed for this building [45].

Since the present study was done on existing architectural objects, it is important to stress a need
for every solution to be examined from an architectural perspective. Despite the fact that buildings’
south facades could be fully equipped with BIPV, one can expect additional interventions in terms
of architectural design (BIPV material choice, color, geometry on roof/facade, etc.). Although this
is characteristic for all the three kinds of buildings, i.e., residential, office, and historic (landmark),
the last group of buildings is the most sensitive to any changes, including the BIPV additions. This is
especially evident for the buildings such as Sydney Opera or “The Gherkin” in London (Figure 7),
which represent the major landmark objects of their cities. For such sensitive objects, some innovative
BIPV technological solutions and products might be expected (see the example of the Copenhagen
International School). Therefore, it is useful to understand that the elaborated examples are not the
design solutions but rather BIPV proposals that need to be further discussed by multidisciplinary
teams consisting of architects, authors, BIPV producers, representatives of local communities, investors,
and others.

5. Conclusions

Twenty-four BIPV projects reported their multicriteria modelling analysis for buildings in 12
countries. Most of the residential projects attained NZEB, while non-residential projects provided
an attractive investment return while having specific design features. The cases offered detailed
energy modelling, including real or realistic consumption profiles and PV system losses due to heat,
shading, cables, mismatch losses, and inverters, etc. Different geographic locations in urban and rural
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areas were investigated to provide energy balances, such as self-sufficiency and self-consumption
ratios. These energy inputs were translated into economic outputs with respect to the country’s
incentives and regulations, mapping the feasibility in different countries. Moreover, the BIPV modules
employed specific technologies or design features to respect or enhance the environment and facilitate
the integration to the building architecture.

It is important to stress that every case considered in the study needs to be negotiated with
an architect, be it the author of the architectural design or a representative of the city government,
heritage protection body or other relevant institution. In an ideal situation, the BIPV professionals
will work together with the architects during the whole process of BIPV design and implementation.
The architect’s role would be to protect the appearance characteristics of the BIPV-implemented
buildings and prevent functional and visual degradation of a building.

Finally, the modelling approach and the designs take into account aesthetics and were found to
be more collaborative amongst architects. Our approach could help accelerate the BIPV project in
conceptual phases while increasing its quality regarding the three key aspects, namely energy, cost,
and design features.
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