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Highlights
« Short cut for designers, engineers and others.
» Method based on MCDM and priority listing.
» A PV selection optimization from software updated list of relevant available systems.
* The highest electrical energy yield at the lowest unit cost.

AvrticleInfo Abstract

This paper briefly outlines part of the research work being carried out on the application of the
photovoltaic systems to cover universities’ electrical energy needs, with due consideration to the
technical, architectural, economic, social. and legal aspects and impacts of this application. The
paper considers optimizing the PV system selection objectives and methodology with a case study
application. at a university campus in Ankara, Turkey. The main objective here is to develop a
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possible in a certain period of one year, with the minimum specific energy cost per kWh, where
PV systems a multiple-variable multi-criteria decision-making making method is applied, to help designers
University Campus and system engineers in selecting the optimum system. The developed method is demonstrated
E)Apggnhl/lzatlon in the example of the typical case, where the recommended PV system was turned out to be at an

Azmuth angle of 0 degrees, the PV technology was monocrystelline Silicon, the annual electrical
energy yield per 100 m2 of PV modules surface area 22.4 MWH/Year, the specific electrical
energy cost was 0.15 Euos/Kwh, as a first merit option, making a difference of around 13% of
saving compared with the 10th last option. The work concludes that a viable PV application is
feasible, encouraging its application in various campuses provided that comprehensive planning
and careful considerations are given to the related aspects.

1. INTRODUCTION

One of the major issues threatening the earth’s environment, human health, and life is climate change. Air
pollution due to natural phenomena, and human activities results in harmful gas emissions (Carbon Oxides
COx, Sulphur oxides Sox, and Nitrogen oxides NOx) in addition to the particulates at energy conversion
operations in thermal electrical power plants, industries, and transportation sectors that burn fossil fuels.
This has encouraged the search for non-polluting, environment-friendly primary energy resources to replace
fossil fuel sources. Attention and work have shifted to renewable energy sources such as solar, and wind
energy, originating from the sun as a non-depleting energy source, available in different degrees
everywhere, giving energy and light that can be converted through thermal or photovoltaic technologies
into electrical power. Several researchers have dealt with energy sources selection, advantages and
disadvantages of each, and comparisons among them such as D. Streimikiene and others [1], where they
stated that economic, technological, social, and political developments stressed the need for shifts in the
energy mix. Therefore, it is important to provide a rationale for sustainable decision-making in energy
policy [2]. As factors influence the energy technology selection from one region to another, different studies
have been carried out to consider these factors and effects on this choice, for example, M. Amer and T. U.
Daim in their paper [3] explored some renewable energy options for electricity generation in Pakistan from
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multiple perspectives comprising technical, economic, social, environmental, and political aspects. Other
researchers have considered different aspects of energy source selection and renewable solar energy
applications [4-6].

The aim of this paper is to develop a multi-criteria decision support framework for choosing the most
sustainable electricity production technologies; renewable energy in particular, solar energy using
photovoltaic (PV) technology for its conversion to electrical power, with no GHG (greenhouse gas)
emissions. Where the PV system that gives the highest electrical energy yield in kwWh per year for a specific
PV module exposed area and the lowest specific energy produced cost in Euros per KW can be determined.It
is expected that using PV systems with their inherent advantages and applying the optimization method
will have a reasonable share of the electrical energy supply for university campuses and other educational
facilities in both rural and urban communities. In this paper, a simple optimization procedure is developed
to contribute to the ongoing work towards reducing the PV electric energy costs relative to that of the grid
energy, with the mentioned PV advantages, and its application to university campuses. The proposed
method will help the designers and engineers to select the most suitable PV system for their specific
conditions.

2. LITERATURE REVIEW
2.1.PV Systems Applications

Since its introduction, back in the late fifties of the last century, photovoltaic technology has found its
applications in various situations, making use of its advantages over conventional primary energy sources,
which include its being renewable, environment-friendly, providing energy security and self-dependence
[7,8]. However, its main problems are its relatively high primary capital costs as compared to the
conventional electrical energy systems, as well as its much lower overall system efficiency, its being a site
and weather variations dependent, and land-use [9,10]. The continuous worldwide research and
development through the last years, as well as the experience gained in its applications, have effectively
helped in overcoming most of the disadvantages of PV technology applications for producing electrical
power. These include the continuous decrease in the system capital costs and the rising system efficiency,
which have opened a wide range of applications and markets for PV systems [10].The PV system consists
mainly of the solar modules, storage batteries and their charging systems, DC to AC inverters, protection
and control systems and wirings as sketched in Figure 1, which shows the main system components, to be
sized and chosen to meet the system load, and the solar radiation level. The of modules solar cells convert
the incident solar radiation into direct current electricity, the wiring system collects the contribution of each
cell connected in series/parallel to give the required voltage and the terminals of the modules, and this
output charges the battery (for night and cloudy days supplies) and feeds the inverter which converts the
generated direct current into the commonly used alternating current, to feed the loads. The control system
controls the battery charging, and the flow of the current, while the protection system protects the system
from possible faults.
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Figure 1. Typical PV System Components

For further details about PV systems, reviews in many references such as in [11-17], which site some typical
useful samples of some of such material, may be consulted. The first five listed references deal with the
multiple-criteria application in this connection, [1-5], while a typical application is considered by Amer and
Daim [3], with Georgopoulou and Papagiannakis [18] giving a review of some PV systems applications at
university campuses. PV systems have been introduced both for new and old buildings innovation by
Aguacil and Rey in [11,8], with variable levels of social acceptance and adoption given by Attoyeet and
others [16].

2.2. Application of PV Systems at University Campuses

University campuses and other similar educational facilities are typical examples of PV system applications
for producing totally or partially the electrical power consumed by these institutions, which usually
constitute considerable energy consumption by their number and type. Campus load varies with the day’s
hours reflecting the user activities that need electrical energy for their load, which is mostly daytime load
with less consumption during the night. With the solar power available during the sunshine hours, this will
require smaller capacity energy storage devices such as batteries, for the usually smaller night loads, and
energy consumption on cloudy days.

Several publications, such as the National Renewable Energy Laboratory (NREL), USA report [6] and
others have given examples of the PV applications at universities and schools campuses, green campuses,
zero energy campuses and sustainable campuses worldwide, where PV systems, energy conservation, high
efficiency, load control and environmental protection measures are applied, such as in Butte college,
California, which in 2011, was the first college campus in the USA to become grid positive, where it
generates more electrical power than it needs. With 25,000 solar panels; saving since 2005 over $100m in
30 years. Arizona State University in 2016 had the most solar energy production among the USA
universities, with half of its daytime peak demand covered by solar energy. The University of Washington
has its life science building supplied by its own generated electrical power the rooftop PV panels producing
5,000 kWh/yr. and building integrated PV on its glass fins on the southern fagade producing 110,000
kWh/yr. Harvard University in the USA has PV solar panels system on 8 of its buildings and a wind turbine
on one of the others. They also purchase electrical energy from renewable primary sources to have around
17% their energy consumption from renewable energy sources and many others.Beside the technical and
economic considerations of the PV systems in these application, the environmental, architectural, social,
and legal aspects of the PV application have to be considered and handled for achieving successful projects.
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e Environmental Aspects

The replacement of grid electricity with PV generated one will result in avoiding the emitted harmful gases,
particularly CO,, which can be estimated in gm/kWh produced and can be converted to equivalent into
monetary units when referred to the carbon market. It is estimated that during fuel combusion, coal fired
power plants may produce around 900 g. CO; for each kwh it generates, while an electric power PV
generation system may produc only 100 — 200 g CO- once during its manufacturing [19]. In addition, the
PV system will not need fuel, its handling and storage, and maintenanance and repair works disturbing the
nearby environmentm togather with large water use. For land use, the PV system requires relatively large
modules exposed area, but for buildings, it is the case with university campuses, the roofs, and the facades
can be used for installing the solar modules. The PV system components and accessories, other than the
modules need much less land area than the equivalent conventional power plants. The PV system operation
is quite, with no noise pollution, as there are no moving parts.

e The Architectural Aspects

The PV building-mounted system may be designed as building attached (BAPV), where the PV has the
sole function of power production or, as building integrated (BIPV), where, in addition to Power generation
function, the solar PV modules form parts of the building structure. In both cases the modules may be
designed to suit the building architecture and enhance its aesthetics. PV modules sizes, forms and pieces
are available to help preserve and even enhance the building view, while providing the technical data
required in the total calculated effective solar cells exposed surface area and the system efficiency. Another
option is also available, where thermal space heating or cooling functions can be performed as well, through
the PV pannels, by selecting the (BIPV/T) option of these systems, at additional costs. All of these are open
options for the designer and owner to choose from to suit their needs and requirements.

e Social and Legal Aspects

The social aspects include the social acceptance of the application by the customers and their reactions
towards the same, as well as their cooperation together, and with the manufacturers, suppliers and
technicians, and their attitudes. Particularly, for the educational campuses, PV systems are one of the
learning/awareness areas of the renewable systems benefits for social acceptability.

The legal aspects concern the permissions, forms, transactions that may be required by the relevant
authorities to assure the legality of erecting and using the system, and to solve any rising dispute. These
processes need to be well defined and conveniently followed. Related regulations and energy laws should
determine the legal frame of the applications.

3. METHOD

The conducted study for this paper tries to optimize the selection of the most economically suitable PV
system variables, using Multi Criteria Decision Making (MCDM), outlined in Figure 2.This forms a multi-
variable system optimization through a direct and simple method that may be applied when choosing the
best system, among others. The variables concerned are as shown in Table 1.

Table 1. The Variables Concerned in the Study

Mono-crystalline, poly-crystalline or thin film PV modules

The angle the modules make with the horizontal Tilt angle
plane, usually manually adjusted

The horizontal angle measured clockwise froma | Azimuth angle
north line
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Figure 2. Multi Criteria Decision Making (MCDM) process of the study

Calculating through each case of the system energy yield in kWh per year, the system cost, the produced
energy cost per year, and the specific energy cost of the system in monetary unit per kWh, The constant
parameters are the area of PV system which is considered here as 100 square meters and the case site, which
is Ankara, Turkey, with its climatic conditions, including a yearly average solar radiation of 3.6 KWh/(m?
day)m) and, a total yearly insulation period of approximately 2460 hr. Yielding around 1825 KWh/m? [20].
It is assumed here that the university is considering using PV systems to supply the electrical power needs
of some of its campus buildings. At this stage of planning for such an undertaking, the university has several
options of choices of different PV systems. The method introduced here may be used to optimize the
university PV system selection. For determining the best option, on comparing the available ones, the same
site information and the typical 100 square meters PV surface exposed area will be used.

The optimization method is carried out in two stages, first the energy yield and the specific energy yield
cost are calculated for each possible case of the systems mentioned with all variables. From these
calculations, the highest energy yield is considered as a base, with all the other cases energy yields as
relative to this base in per unit. Next, the lowest specific energy cost in Euros per kWh is taken as a base,
with the rest cases costs as relative values in per unit. Each of these two merits; the annual energy yield and
the generated energy cost per kWh are considered of equal weight and each is hence multiplied by 0.5 as a
relative weight and are added together to give the total merit of each case, these are then arranged in
descending order to give a priority list of the best PV system selection.

The types of the available PV systems, batteries, inverters, protection and control systems and wirings with
their capital costs are given by the software used. from its updated stored data, as well as the annual
operation and maintenance costs, which are calculated by the software as a percentage of say 5% of the
capital costs. The software calculates the energy yield per year, using the solar radiation level at the site,
the total modules exposed surface area and the modules efficiency. The useful life of the systems, as well
as the annual interest rate (rate of return) in per cent per annum are also given for calculating the total
specific produced energy cost by adding the capital (constant) cost and the running (variable) costs, each
per year, and then calculating the energy produced costs as shown in Table 2. in Euros per Kwhs.

This gives the optimum system from the points of view of the highest energy yield and the lowest specific
energy cost, under the given conditions and information. In the typical case study conducted applying this
procedure, the site gives its average solar energy density in KWh per square meter per year. The calculations
are then carried out in steps using the help of software PVSYST selected here for its availability, simplicity
in operation, and, its giving of straightforward results.
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3.1. PVSYST Software

Calculation software is used in this case to save time in arriving at the required results in a very short time,
with the needed reasonable accuracy.Several PV application soft-wares have been developed through the
last few years. A search has been carried out here to obtain suitable software for this study’s calculations
purpose. The software availability was the most important factor in this selection, as well as its adequacy
to carry out the needed calculations, with flexibility, functionality, and ease of operation, upon this process,
the PVSYST software has been chosen. It was developed by the energy group (CUEPE) at the University
of Geneva, Switzerland, to be suitable for grid connected, stand alone, pumping and dc-grid public transport
system.

This software handles the calculations and helps in the design of the photovoltaic generation of electrical
power, particularly for building mounted PV systems, at the different stages of the projects, including the
assessment, planning, design phases calculation, and so on, through its stored design data base and tools.
The user has to specify the geographical location of the site to be served, and hence the meteorological data
of the same. Other details are to be worked, out such as the basic system variables, the orientation of the
PV system modules, as well as the required power or the allocated area and the rest of the system
components choice details, the battery, the inverter, the wiring system. With all of these details, the software
calculates and proposes a system configuration for the given and found data. The proposal given through
the software may be modified to care for the user requirements or conditions.Details of PVSYST and its
use are provided in its user manual and publications such as those in [21-26] of the references.

The site selected gives the solar energy intensity in KWh per square meter per year, as the input to the
software.

3.2. System Parameters

The calculations carried out here through the selected application software PVSYST are carried out using
a solar module area of 100 square meters at various relevant parameters, mainly the following:

e The tilt angle: is the angle of the solar PV module inclination from the horizontal axes. Here it is
taken as the main variable against the generation costs at different sets of the other parameters. The
angles considered are 0, 30, 45, 60, and 120 degrees, The modules inclination from the horizontal
at 90 degrees, is considered verticle and is represented by facad (building walls) mounted modules.

e The azimuth is the angle between the sun and the north direction measured clockwise at the
observation point level. It takes the values of 0, 45, 90, 120, and 180 degrees.

e The PV technology: refers to the way the PV cells are manufactured, depending on the number of
crystals on the cell; monocrystalline for one crystal per cell, polycrystalline with numerous crystals,
or thin film of crystals technology.

The outcome of the calculations is represented by the parameters listed below:

e The annual yield is the energy generated per year, in MWH/Year.

e The total yearly cost is the cost of the generated energy per year in Euros/year at the assumed cost
rates.

e The energy cost is the generated energy cost per year in Euros/KWH at the assumed rates.
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3.3. Mathematical Model

In this paper Multi-Criteria Decision Making (MCDM) method and SAW the weighted Sum Method have
been used:

SAW method requires a process of normalizing the decision matrix (X) to a scale that can be
compared with all the ratings of existing alternatives

Y Max (x;)) @
_ _ Min(xij)
rij =T = () (2

If j is an attribute benefit, then formula number one is used. If the attribute j is cost then, formula
number two is used:

1

=—— X 100%
w C1+"'+Cn 0 (3)

Vi =Xj-1 = 1wy, 4)

With the area assumed as 100 mz, for the sake of comparing the different available PV systems, the software
then calculates the electrical energy yield in kWh/year, its cost in Euros, and the specific electrical energy
cost in Euros / kWh for each available PV system selected at all possible tilt and azimuth angles. For
example, the total points of merit for the first option is 22.4 + 0.15 = 22.55 which is the base case here. The
next option scores 22.1 + 0.15 = 22.25, which is 22.25/22.55 = 0.99 as shown in the table and so on for
the other cases. The results for the selected typical case are summarized as shown in Table 2.

Table 2. Calculations and Results

Tilt Azimuth PV technology | Annual Energy score Rank

Yield cost

merit merit
30 0 Monocrystalline | 22.4 0.15 1 1
45 0 Monocrystalline | 22.1 0.15 0.99 2
30 0 polycrystalline | 21 0.15 0.97 3
30 45 Monocrystalline | 21.4 0.16 0.95 4
45 45 Monocrystalline | 21 0.16 0.94 5
45 0 polycrystalline | 20.7 0.16 0.93 6
60 0 Monocrystalline | 20.7 0.16 0.93 6
30 45 polycrystalline | 20 0.16 0.92 7
45 45 polycrystalline | 19.6 0.16 0.91 8
60 45 Monocrystalline | 19.6 0.17 0.88 9
0 0 Monocrystalline | 19.4 0.17 0.87 10

4. DISCUSSION

The case study results shown in Table 2, reflects a simple straight forward method for selecting the optimum
PV system for any application requirements. For each case, the site location, and the assumed costs are
entered into the software, which performs the calculations according to the described method, giving the
results as the optimum PV system with the highest electrical energy output and the lowest possible cost,
arranging the other systems options according to a descending order of merit based on the same said criteria.
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The developed method provides the largest possible energy production at the lowest possible cost, when
selecting the suggested system, under the used assumptions at the selected site, as indicated in the score
column of Table 2, with the shown set variable of the PV system selected. The reliability of the method
results depends on the reliabilities of the used data and assumptions, which implies that these have to be as
accurate as possible. For that purpose, and as they may change with time, they have to be checked and
updated with the most correct ones.

It may be noted from the table that:

e The first rank goes to the case where the tilt angle is 30 degrees, and the azimuth at zero, with the
monocrystalline type of PV, which generally agrees, as in the literature, with the results of other
studies at other locations, while the lowest score is for zero (flat position) tilt, with zero azimuth,
and with the same type of PV; the monocrystalline type.

o For the 10 ranks considered here, using the suggested method, the difference between the highest
score and the lowest one is 13%, which is worth consideration, as the variations take place among
three variables; the PV type, the tilt angle, and the azimuth, at the simple steps introduced by the
method.

e In comparing between the first and the second rank and between the fourth and the fifth rank; it is
noted that a change of 15 degrees of the tilt angle, keeping the other two variables; the azimuth
and the PV type the same in each of these two comparisons change the score by only 0.01 and the
rank by just one step.

¢ In going from the fifth to the eighth rank, that is changing from monocrystalline to polycrystalline
PV types, while keeping the other two variables the same, lowers the score from 0.94 to 0.91 and
hence the rank from 5 to 8. This emphasizes the large effect of varying the PV type.

e The above notes and similar ones that can be drawn from the table results, give the designer ample
room for selecting his choice based on the differences among the different cases according to his
desire.

5. CONCLUSION

The paper has dealt with introducing solar photovoltaic technology as a viable source of electrical power
supply for university campuses and has come up with a simple method for optimizing the selection of the
PV systems most suitable for such applications to help the designers and engineers in their planning to
apply such systems to best fit the local conditions, and to encourage applying PV systems with their
economical, technical architectural, environmental, and social advantages as energy supplies to these
educational institutions when compared with the conventional energy sources. The proposed method of
optimizing the PV system selection creteria, lies in selecting, among the available systems, the ones that
give the highest energy yield per unit exposed solar cells surface areas and, the least electrical energy cost
per Kwh. A typical case study was carried out here to illustrate how to select the best PV system for
supplying electrical power to a university campus, where a priority list of the considered systems was
generated, as indicated in Table 2. The best system is that which gives the largest electrical energy output
with the least specific unit cost.
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