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Fuzzy Model for Integration of Solar Systems into Nearly
Zero-Energy Buildings

Kosa Goli¢

Abstract—The general aspiration for a larger living space
over time along with the population growth prediction has
significant implications on future energy needs, underlining the
urgency for improving energy performance of buildings. In the
European Union (EU), building sector accounts for
approximately 40% of global energy consumption and for 36%
of CO, emissions. Taking into account that around 75% of the
total stock in the EU is energy inefficient, this part of building
sector represents a great potential for energy saving and
reduction of CO, emissions. Especially, this refers to the
buildings built in the period from 1950 to 1970, due to the
utilization of low-cost construction technologies. In order to
achieve nearly-zero energy level, various energy efficiency
measures and building-integrated renewable technologies need
to be implemented.Solar thermal systems and photovoltaic (PV)
systems may play a crucial role since they can provide
electricity, heating, and cooling of the buildings as well as hot
water supply. Towards this end, the main objective of this paper
is to propose a model for optimizing PV integration through
retrofitting of multi-family housing based on fuzzy sets type-2.
Building retrofitting is being considered as one of the main
strategies to contribute to the reduction of building energy
consumption and greenhouse gas emissions. The proposed
model employs fuzzy VIKOR method based on type-2 fuzzy sets
to create an effective decision-making platform for selection of
the optimal solution. Fuzzy set theory provides the possibility of
addressing complex problems when it is not possible to gather a
complete data set or/and when data accuracy is uncertain. The
variables involved can have both quantitative and qualitative
form contributing also to the flexibility of the model. The model
developed in this study can help both the investors and the
contractors in decision-making process regarding the
integration of PV system through retrofitting of the
multi-family residential buildings.

Index Terms—Building integrated photovoltaic system
(BIPV), Nearly Zero-Energy Building (nZEB), fuzzy VIKOR
method, fuzzy sets type-2.

I.  INTRODUCTION

According to the Energy Performance of Buildings
Directive (EPBD), a nearly zero energy building (nZEB) is a
building with very high energy performance where the
“nearly zero” or very low amount of energy required should
be largely covered by renewable sources produced on-site or
nearby [1], [2]. The European Union (EU) Renewable

Energy Directive 20/20/20 targets emphasizes not only a 20%

increase in energy efficiency and 20% reduction of CO,, but
also increase of participation of renewable energy sources in
energy production to 20% [3]. According to EPBD, from

2020, all new buildings in EU countries need to be nZEB
while the deadline set for public buildings is December 31,
2018 [2]. The International Energy Agency (IEA) defines a
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nZEB as a building with large photovoltaic (PV) cells and a
photo-voltage system [4] highlighting the role of PV systems.

Building integrated photovoltaic (BIPV) systems have an
important role in the electricity supply of buildings since they
have been proved to be feasible renewable energy generation
technology. In addition to BIPV, building integrated
photovoltaic/thermal systems (BIPV/T) have the additional
important potential of supplying both electrical and thermal
loads. A comprehensive review of the research on the BIPV
and BIPV/T systems in terms of energy generation amount,
nominal power, efficiency, type and performance assessment
approaches is provided in [5]. A detailed review and
evaluation of solar thermal facades in terms of the standard
collector types and their components, as well as the
evaluation of novel solar thermal systems available on the
market using standard methods (based on experimentally
determined parameters I1SO 9806) is provided in [6].
Comparison of the BIPV and BIPV/T technology regarding
the function, cost and aesthetics is presented in [7] while
recent advancement in BIPV product technologies for
rooftops, facades and windows along with their properties is
described in [8].

Building sector has an important role in the global
environmental scenario as it accounts for 40% of total energy
consumption, 55% of electricity consumption [9], more than
40% of total materials consumption worldwide and over
one-third of greenhouse gases emissions [10]. After the
building sector, transportation is the second highest sector
consuming almost 32% of total energy, while industrial and
agricultural sectors consume 26% and 2% of energy,
respectively [11]. The building sector continues to grow
across the world due to population growth, economic and
infrastructure development. Energy retrofitting of existing
buildings is one of the greatest challenges in urban
sustainability today since the existing buildings represent the
vast majority of the European building stock, approximately
75%, predominantly characterized by very poor energy
performances and therefore requiring energy improvements
[12]. By applying state-of-the-art technologies, a reported 30%
to 80% of energy consumption in buildings can be reduced
[13]. Therefore, rather than the construction of new buildings,
retrofitting and renovation of the existing buildings is
Europe’s largest resource for energy and greenhouse gases
emissions savings.

Similarly, in the United States (US) as well, buildings
consume 40% of primary energy and more than 70% of
electricity [14]. The US Department of Energy in
collaboration with the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) is
taking concrete actions towards making the nZEBs the
market-viable standard by 2030. They define nZEBs as
buildings that produce as much energy as they use [14]. In
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order to fulfill this target, the starting reference are the US
high performing buildings. The Energy Independence and
Security Act of 2007 defines a high performance building as
a building that integrates and optimizes on a life-cycle basis
all major high performance attributes: energy conservation,
environment, safety, cost-benefit, productivity, sustainability,
functionality, durability, accessibility and operational
considerations [15]. The high performance building can
therefore be considered as a prototype of the nZEB.
Furthermore, ASHRAE has developed Standard 189.1P for
high-performance green buildings and a certification
program to facilitate their design. In addition, High
Performance Buildings Database has also been developed by
the US Department of Energy in collaboration with the
National Renewable Energy Laboratory as a shared resource
for the building industry [16], [17].

However, most new renewable energy sources are
installed in the developing countries. In China, which is the
single largest developer of renewable power and heat over the
past eight years, the installation of renewable energy sources
is growing rapidly [4]. By 2040, 60% of total energy
consumption is planned to be provided through renewable
sources. An average solar PV project in China is already less
expensive than both the new and existing gas-fired power
plants, and it is projected to be less expensive than the new
coal-fired plants and onshore wind plants by 2030 [4].

Although the continuous growth and improvement of PV
technology have decreased its price allowing some countries
in the EU to reach a parity with the price of electricity
produced by conventional power plants [4], [5], several other
factors continue to limit their wide application. Among the
most important factors are the following: i) lack of
knowledge among building professionals regarding different
technologies, ii) an overall reluctance to use "new
technologies, iii) the constraints that arise from functional
and aesthetic factors related to the integration of solar
systems, iv) the lack of efficient tools to support the design
process [3].

II. DESCRIPTION OF THE METHODOLOGY

Integration of active solar systems into building envelope
has several advantages: a) it eliminates the need for use of
land, b) BIPV and BIPV/T can replace elements of the
building envelope (roof covering or fagade cladding), c) it
enables the consumption of energy at the production site, d)
BIPV and BIPV/T are ecologically sound, €) the building
appearance can be improved if the integration is
architecturally adequately applied on the building envelope,
etc. Solar panels can be applied both on new buildings and in
retrofitting or reconstruction of the existing buildings,
although the application on new buildings when the
implementation of a solar system is planned from initial
phase of the project planning has more impact on energy
production and economic savings as well as on functional and
aesthetic improvement of the building.

Since solar thermal collectors and photovoltaic panels are
multifunctional elements, their integration into buildings is a
complex process that takes into account a number of different,
often conflicting criteria, and usually requires a holistic
multidisciplinary approach. In order to obtain high-quality
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solar system integration solutions, it is necessary to consider
all relevant aspects (functional and aesthetic, energy,
economic, and ecological aspects) across all integration
stages: starting from the initial idea until the installation,
maintenance and monitoring of the system [18]. Due to the
complexity of the problem, the solar system integration
solution is usually a compromise between the functional and
aesthetic, energy, and economic aspects [19], [20]. Therefore,
a multi-criteria decision- making method — VIKOR based on
fuzzy sets type-2 is employed in order to select the optimal
variant solution in regard to the given set of criteria.

Since human thinking and knowledge can be expressed in
a more natural way through fuzzy sets, the fuzzy models are
therefore simplified [21]. Fuzzy set theory reflects the human
reasoning in interpreting approximate information and
uncertainty during the decision making process. It was
specially designed for mathematical representation of
uncertainty and imprecision [21]. In the following paragraphs,
some basic definitions of fuzzy sets type-2 are given.

A. Fuzzy Set Theory

Fuzzy set theory was introduced by L. A. Zadeh [22] in
order to address the vagueness and imprecision of human
thought and language. A fuzzy set, also called type-1 fuzzy
set (T1FS), represents a class of objects with continuum of
membership grades [22]. It is characterized by a membership
(characteristic) function assigning each object with a
membership grade in the range between zero and one. L. A.
Zadeh have also introduced fuzzy set type-2 (T2FS) as an
extension of T1FS [23]. The T2FS can convey more degrees
of uncertainty, thus providing more robust results
[21],[24]-[27]. General T2FSs are not commonly used in
real-life applications due to complexity of computational
operations [21]. Instead, a special type of general T2FS,
interval type-2 fuzzy set (IT2FS) is introduced, allowing
considerable simplification of computation, while conveying
higher degree of uncertainty than T1FS [24], thus providing
more accurate and robust results [26], [27]. Therefore,
IT2FSs are widely used in numerous applications [28]. A
systematic review of multi-criteria decision-making methods
based on IT2FS is presented in [28], and specifically for the
industrial applications of IT2FS and systems in [26].
Additionally, Castillo and Melin [29], [30] reviewed the
design and optimization of IT2FS controllers and IT2FS
optimization based on the bio-inspired methods.

The type-2 fuzzy sets are defined as follows [21],
[31]-[33]:

((x, u), uz(x, u)),Vx € X, )
Vu € J, €[0,1],0 < pz(x,u) <1

h>ll
Il

where ], denotes an interval in [0, 1]. Interval type-2 fuzzy
set with the trapezoidal form of membership function is
graphically represented in Fig. 1. The upper and the lower
membership functions of a trapezoidal fuzzy set are type-1
membership functions, Fig. 1, and are defined as follows:

Ay = (A9, &) =
( ailp ai]z' ai]s' aﬂi Hy (Af), H, (Alf)' )
(a%l' a%z' af3, ahi Hy (A%)’ H, (A%))

@)
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where AY and A are type-1 fuzzy sets, a9, a%,a%, a’,;
ah, ak, ak, at, are the reference points of the trapezoidal
fuzzy set A;; H;(AY) denotes the membership value of
the element aiU(jH) in the upper trapezoidal membership
function 4Y;1 <j <2; H;(A}) denotes membership
value of the element aiL(jH) in the lower trapezoidal
membership function A};1<j <2, H;(4}),H,(4Y) €
[0,1], H,(4Y) € [0,1], H,(4}) € [0,1], H,(AY) € [0,1]
and1<i<n.

A
H, (DY A
Hy (A
H, (&)} AL
Hy (D)
X
Qui A ay, Q2 apz Ayz apg Qug

Fig. 1. Graphical representation of trapezoidal INT2FS.

B. Fuzzy VICOR Method Based on IT2FS

S. Opricovi¢ [34]-[36], introduced VIKOR method, a
multi-criteria decision making (MCDM) method suitable to
solve decision-making problems involving
non-commensurable and conflicting criteria. The method
ranks alternatives and selects a “compromise solution” based
on the Lp metric - a measure of “closeness” to the “ideal
solution”, and provides maximum “overall utility” of the
majority of criteria and minimum “regret* of each individual
criterion [35]. In this context, the”compromise
solution” means a feasible solution which is closest to the
ideal solution while ”compromise® denotes an agreement
established by mutual concessions [36]. As many other
MCDM techniques, the VIKOR technique is also fuzzified
by incorporating interval type-2 fuzzy sets (IT2FSs) [37]. A
review of the application of VIKOR and its fuzzy extension
has been presented in [38]. This paper incorporates the
extended VIKOR method with IT2FSs (trapezoidal fuzzy
sets) to select the BIPV optimal variant. The model assumes
m criteria {C,, C,,..., Cy,}, n alternatives (n different variants
of BIPVs) designated as {A,, A,, ..., Ap}, and | experts {E,,
E,..... E}. The value of the criterion function i for the
alternative A is denoted with f;;. The application IT2FS

VIKOR method is described in the following section.

I1l. AFuzzy MoDEL BASED ON IT2FS VIKOR METHOD

This paper proposes a model based on IT2FS VIKOR
method as a decision-making platform for the BIPVs.
Graphical representation of the proposed model is given in
Fig. 2. It includes the following six phases: the 1" Phase:
Concept development, formulation of objectives and criteria
identification; the 2" Phase: Position selection of PV panels
on the building envelope, the 3" Phase: Design of BIPV

Variants; the 4th Phase: Optimization of BIPV Variants; the
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5" Phase: Ranking of the BIPV Variants and Selection of the
optimal one by applying IT2FS VIKOR method; the 6" Phase:
Construction and Installation of the BIPV Optimal Variant;
and the 7" Phase: Operation, monitoring and maintenance of
the installed BIPV Optimal Variant.

In the first phase, relevant set of criteria and design
requirements are identified in order to generate possible
solutions (i.e., set of alternatives). Thereafter, in the second
and the third phase, the solar panels position selection and
generation of the design variants with regard to the
requirements and adopted set of criteria are performed. In the
third phase, Fig. 3, the optimization process for variants
design in relation to the adopted set of criteria is carried out.
The importance of criteria weights is then determined and
variants performance evaluation in regard to the defined set
of criteria is accomplished under the interval type-2 fuzzy
sets environment. Thereupon, the IT2FS VIKOR method is
applied to calculate the variants ranking and select the
optimal solution as follows:

Step 1. The average IT2FS performance values of
alternatives are calculated using (9), i.e.,

l
l

k K *
|[ €11 C12 Clm]l
= * Tk *
C. = (Cl’j) =|C1 (2 sz} 9)
L I :
* x o
Cnl Cn2 Crlfm

k =3
where ),c{j is an IT2FS, 1<i<

m,1 <j<n 1<k <] andldenotes the number of experts.
Table 1 presents linguistic variables and corresponding
IT2FS used in this paper

Step 2: The weighted type-2 fuzzy decision matrix is
calculated as follows:

V=1[%],. (10)
where
Tij = Wiy @ &j =
<(fi11]'ﬁ'lzjffils{'filz{'); H1(Fiu)'H2(F'iU),) (11)
(. £ £, £ H(FE), Hy (FF)

TABLE I: LINGUISTIC TERMS FOR VARIANT EVALUATION [31]

Linguistic | Interval Type-2 Fuzzy Sets (IT2FSs)
terms

Very Low ((0;0;0;0.1;1;1),(0,0;0;0.05;0.9;0.9))

Low ((0;0.1;0.1;0.3.1;1;1),(0.05;0.1;0.1;0.2;0.9;0.9))
Medium ((0.1;0.3;0.3;0.5;1;1),(0.2;0.3;0.3;0.4;0.9;0.9))
low

Medium ((0.3;0.5;0.5;0.7;1;1),(0.4;0.5;0.5;0.6;0.9;0.9))
Medium ((0.5;0.7;0.7;0.9;1;1),(0.6;0.7;0.7;0.8;0.9;0.9))
high

High ((0.7;0.9;0.9;1;1;1),(0.8;0.9;0.9;0.95;0.9;0.9))
Very high ((0.9;1;1;1;1;1), ( 0.95;1;1;1;0.9;0.9))
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Step 3: Positive ideal solution (P**,P'*) and negative ideal interval type-2 fuzzy numbers are calculated by using

solution (N*") for upper and lower reference points of the (12)-(14) as follows [39]:
START
> 1St Phase: Concept development, . -
formulation of objectives and criteria Requirements and Participants
identification
} - PARTICIPANTS
l Site and -Investors
" - context -Users
= 2" Phase: Position selection of PV <T characteristics I
panels on the building envelope -Institutions .
- relevant for permits
l Requirements and certificates
. -Constructors
§ Buﬂdmg. . -Architects
3" Phase: Design of the BIPV Variants characteristics - Civil engineers
| relevant to PV - Mechanical
_system . engineers
i integration - Electrical
engineers
»| 4™ Phase Optimization of the BIPV Market offer - Building
Variants of PV system physicists
) < technology Manufacturers
- Installers
No | |
Authentication of the v
design parameters < DESIGN CRITERIA and CODES for PVS
INTEGRATION INTO RESIDENTIAL
BUILDINGS

5" Phase: Ranking of BIPV Variants and Selection of the optimal one by applying
IT2FS VIKOR method

K\
Evaluation of the BIPV Variants for each criterion and Transformation of Expert
Judgments into analog IT2FSs

N
Determination of the IT2FS Decision Matrix and weighted IT2FS Decision
Matrix
A
Calculation of the Fuzzy Ideal Solution and the degree of closeness for each BIPV
Variant
No
Authentication of Design Elimination
Criteria
No

Selection of the optimal
Design Varian

J( Yes

6™ Phase: Construction & Installation of the selected BIPV Optimal Variant

\!

7" Phase: Operation, monitoring & maintenance of the installed BIPV Optimal
Variant

Fig. 2. Graphical representation of the fuzzy model for BIPV system in retrofitting of residential buildings.
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3" Phase: Procedure for BIPV variants design

PV System Technology Type Selection
1. Crystalline Silicon (wafer based)

- Poly-crystalline

- Mono-crystalline

2. Thin Film

- Amorphous-Si (a-Si)

- CIGS (Copper Indium Gallium Selenide)
- CdTe (Cadmium Telluride)
- Organic Photovoltaic (OPV)

1t

4 b

PV Panels positioning on the building envelope
1. Roof

- Main roof area /pitched, flat roofs/

- Roof canopy

Building and site context
- Climate of the location

- Shading effect from
buildings, land, vegetation
- Architectural /Cultural
values of the location and
surrounding buildings

Building characteristics
relevant for PVS integration
- Orientation

- Geometry, inclination of

Integration of Photovoltaic Optimal Variant
into bluildinq

l Yes

Fig. 3. Design of BIPV Variants
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2.Facade building envelope surfaces
- Walls ) - Shading effects of the
- Balconies building itself
- Parapets - Functional characteristics
- Solar shading devices - Aesthetic aspect
-=1p 4------ ) - Ease of mounting
' - Electricity consumption/Hot
! water/Thermal energy
1 consumption
: - Age of Building
2 K==~ User characteristics and
! preferences
|
Definition of Photovoltaic panel structure '
1
Selection of Photovoltaic panels orientation < :
-
' Market supply of PV
1
Selection of Photovoltaic panels tilted angle l products
1
I | - Characteristics of the
1| products in the local market
! - Capability of local
Sizing of Photovoltaic system: ! producer/suppliers/contractors
- Selection of Photovoltaic panels area /m?/ ' to produce/provide different
. | standard and custom made
- Selection of Photovoltaic Balance-of-System (inverters, ' products
cables/wires, switches, etc.) |
1
i
1
Definition of Photovoltaic panels’ dimensions &3 PV panel_s characteristics
' - Shape/Size
<+--' - Colour
. - I - Texture
Definition of Photovoltaic panels types ! - Pattern
— - - - ! - Transparenc
Definition of Photovoltaic panels mounting option ' -Jointin%/Frarrxlles
Generation of Photovoltaic structure geometry |
1
B 1
('_l
:
3 |
) I
1
| !
1
v 1
1
No Authentication of Design No '
—————————— — — — — — — — .»
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P = (&, &, .., & } = {max; &;| i € Benefit} (12)

pee = (cg*, cor, e clrsmaxHy (CY), maxHZ(CU))>
(ke el ck); maxHy (CF), maxH,(CF)

P ={¥}, ¥}, ... 7 } = {max; §;j| i € Benefit}  (13)

po+ — ( S fS RS i maxH, (FY), maxHZ(FU))>
(fL 12 Lé*' i4 );male (FiL)' maXHZ(FiL)

and

Ne¢ ={§;,&j,..,6; } ={min; &;| i € Benefit}, (14)

{é5
( o 13_,ci4 ;minH, (CY), mmHz(C-U))
(ctr el ¢l iy ); minH, (CE), minH,(CF)

(i )

Thereupon, the average (S;) and the worst (R;) group scores
for each integrated BIPV variant are calculated as follows:

(5”+5L) vji=12,..,n (15)
R;- max; ( (S +5sh ),Vj =12,..,n (16)
where S}/ and S/; is calculated as follows:

N R R Rl an

1 > )

T Pt ol oy e (et B

35k (i rh) 4l -rh) (s -rh) (-t

Sk = {"1J [ | (18)

L=
i3

L
i1

)
Jimo(etimet) (el -ch) " +(clg—ch ) s(cli-<h)’|

forvj=12,..,n

Step 4: The Q; is calculated by using S;and R; as follows:

(Rj-R")
(R™R")

(sj=5")
(§7=-5%

+(1-v) (19)

Q; =

where S* =min;S;, S =max; S;, R" =min;R;, R™ =
max; R;, and v € [0,1] represents the decision-making
strategy weight of the “maximum group utility”. Then the
smallest Q; is determined as a compromise solution if the
following two conditions are acceptable.

Condition 1: The acceptable advantage measure is defined as
follows:

Qu, — Qu, 2 DQ,whereDQ =1/(n—1) (20)
Condition 2: Acceptable stability in decision-making: Qu;
alternative must also be the best ranked regarding the S
and/or R measures. Both the acceptable advantage measure
and the stability measure are determined in order to test the
suitability of derived solution.

IV. CONCLUSION

Recent technology advances as well as decreasing prices
place solar systems as highly reliable sustainable technology
with great potential for building integration. This paper
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proposes a fuzzy model for optimizing building integrated
photovoltaic system in retrofitting of multi-family residential
buildings, by incorporating VIKOR method based on interval
type-2 fuzzy sets for multi-criteria decision-making process.
In order to design all Pareto-optimal solutions the following
relevant factors are considered: a) site characteristics (solar
irradiance, shape and size of the land, topographic parameters,
etc.); b) building characteristics (geometry, inclination of
building envelope surfaces, functional characteristics, etc.,
Fig. 3.); ¢) solar systems characteristics (shape and size, color,
texture, transparency, etc., Fig. 3.); d) user requirements and
criteria relevant for the integration of the solar systems into
residential buildings. In the proposed model, all necessary
calculations and simulations for positioning of the solar
panels on the building envelope as well as generation of
BIPV variant solutions along with their individual
optimization processes in regard to the set of established
criteria are defined, and graphically presented in Fig. 2.
Selection of the optimal BIPV variant in regard to the defined
set of criteria: functional, energy, economic, aesthetic and
ecological, is performed by applying VIKOR method in
fuzzy type-2 environment in order to better incorporate
uncertainties regarding the climatic conditions, user
preferences, building and site characteristics.

Future advancement of the proposed model could be
achieved by forming an appropriate computer software for
calculation and simulation of all relevant energy, functional
and other important parameters, and connecting them with
appropriate “smart” tools in situ, installed for monitoring and
gathering real-time data. In that way, all needed information
regarding the energy load, maintenance, operation, users and
other important parameters concerning the state of the art of
the BIPV system can be obtained in real time, thus forming
an useful “smart” system for planning, design, construction,
operation and maintenance of the BIPV system.
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