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Abstract: The current study aims to investigate and opti-
mize the photovoltaic systems currently in operation at the
University of Ibn Tofail in Kenitra, Morocco. The University
has started already since 2017 to integrate photovoltaic
systems in the form of carports with the objective to reduce
the invoices for electricity supplied from the utility grid by
at least around 40%. Until then, the University avoided
selling the energy surplus to the local electricity provider
due to complicated bureaucratic regulations. However,
due to the new law on renewable energy adopted by the
Moroccan government in November 2021, it will be possible
for private households and public service buildings to sell
the entire excess of energy produced by renewable energy
systems instead of only 20% of the surplus according to the
previous law 13-09. For this purpose, this research project
seeks to verify whether an expansion of the available
photovoltaic installations and the sale of the energy sur-
plus is worthwhile or not. This research work has been
done with the optimization software HOMER Pro and pre-
sents the obtained optimized results and proposals of two
new scenarios in comparison to already existing photo-
voltaic arrays.
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Introduction

Renewable energies are becoming more and more attrac-
tive to mankind in an attempt to reduce greenhouse gases
and realize energy independence (Brunet et al. 2022). In
2009, Morocco adopted an energy strategy based essen-
tially on renewable energies, the development of energy
efficiency and the strengthening of regional integration
(Cantoni and Rignall 2019).

This strategy, divided into programs with precise
objectives and accompanied by targeted legislative and
institutional reforms, has demonstrated its effectiveness
and relevance, enabling Morocco to become a country
that produces energy from renewable sources, while it
was entirely dependent on foreign countries to meet its
fossil fuel needs (Brunet et al. 2022; Chen et al. 2021a;
Komendantova 2021).

Renewable energy is an important component of
Morocco’s energy strategy, which has a large potential of
renewable energy, the use of which will allow it to meet a
significant part of its growing needs by replacing fossil
fuels; thus, the Moroccan strategy aims to increase the
share of renewable energy in installed electrical capacity to
over 52% by 2030.

Morocco has adopted a new approach by adopting an
additional program aimed at equipping all planned
seawater desalination plants with renewable energy gen-
eration units to give them autonomy and energy savings
(Cantoni and Rignall 2019).

This new strategy aims as well to explore new energy
sources, such as the conversion of waste (biomass) in the
major Moroccan metropolises and the use of renewable
energy wherever possible. This vision has begun to
bear results, since 111 renewable energy projects have
already been implemented or are in the development phase
(Cantoni and Rignall 2019; Komendantova 2021). Installed
renewable energy capacity reached 3950 MW, representing
about 37% of the electricity mix (750 MW from solar power,
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1430 MW from wind power and 1770 MW from hydro po-
wer). Renewable energy accounts for about 20% of elec-
tricity generation and the energy dependency ratio has
decreased from 97.5% in 2009 to 90.51% currently.

The new Law 82-21, modifying and completing law 13-09
on renewable energy, was prepared in consultation with
private operators, public entities and the ministries involved.
The objective of the law is to improve the legal and regulatory
framework for the implementation of renewable energy pro-
jects by private companies, while ensuring the security and
sustainability of the national electricity system and the bal-
ance of all its components (Chen et al. 2021a). In addition, the
new law allows private households and public service
buildings to sell the entire energy excess instead of only 20%
of the surplus in the previous law.

The University of Ibn Tofail including its different fa-
cilities in Kenitra has taken action to reduce energy con-
sumption already in 2017 with the installation of
photovoltaic (PV) system in the form of carport shown in
details in Table 1. However, the energy consumption still
remains too high. The annual consumption was until the
end of 2021 around 1553 MWh. The breakdown of electricity
demand across the facilities in the University Ibn Tofail is
shown in Figure 1.

Unfortunately, due to technical and procedural prob-
lems, the University is unable to sell the surplus energy
produced by the PV systems to the local grid operator.
Nevertheless, this has changed with the new law for
renewable energy, which requires the electricity suppliers
to take over the energy excess from private households and
public service buildings.

The objective of this work is mainly to assess if the
current PV installations are sufficient based on the Lev-
elized Cost of Energy (LCoE) or if it is worthwhile to expand
this PV systems in order to sell the energy excess to the
local grid provider. For this purpose, the trial version of the
software HOMER Pro (Hybrid Optimization of Multiple
Energy Resources) was used for the first time at the Uni-
versity Ibn Tofail to assess the existing PV systems. This
software, originally developed at the National Renewable
Energy Laboratory of the U.S. Department of Energy, and

Table 1: PV carports of Ibn Tofail University.
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Figure 1: Energy demand of the University facilities.

combines powerful tools so that engineering and eco-
nomics work side by side (Khalil et al. 2021; Singh, Baredar,
and Gupta 2015).

Research methodology
Solar PV model

The photovoltaic panel is an entity composed of several
cells (Boccalatte, Fossa, and Sacile 2021) as shown in
Figure 2. In fact, the cell can be described by an equivalent
electrical circuit, which contains a photocurrent source, a
diode and internal resistances connected (Zhang et al.
2022) as described in Figure 3.

The current obtained from the photovoltaic cell can be
expressed by Eq. (1) (Chen et al. 2021b; Shi et al. 2021;
Zhang et al. 2022):
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Where I, is the photocurrent of the photovoltaic cell, I, is
the reverse saturation current and I, is the diode current. K,
g, nand T denote the Boltzmann constant, electron charge,
diode ideality factor (Table 2) and cell temperature,

Name of carport Commissioning  Capacity [kW,]  Model of PV panels Converter model  Quantity Nominal

year output [kW]
Presidency 2017 21  JinkoSolarJKM270-60PP  Fronius Symo 20 1 20
Faculty of Science 2018 60 JinkoSolar)KM280-60PP  Fronius Symo 21 3 60
Center of further education 2019 35  Bisol BXU-330 XL Poly Delta RPI M30A 1 35
Faculty of Arts 2020 49  JAM60S01 300-320/PR Huawei 20KTL 2 40
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Figure 3: Solar cell equivalent circuit.

Table 2: Ideality factor for different materials.

Technology Ideality factor
Si-mono 1.2
Si-poly 1.3
a-Si-H 1.8
a-Si-H tandem 3.3
a-Si-H triple 5
CdTe 1.5
CTs 1.5
AsGa 1.3

respectively (Ghani, Duke, and Carson 2013; Yaman and
Arslan 2021). V is the voltage across the cell, I is the cell
current, R; and Ry, are the series and shunt resistances of
the cell (Ghani, Duke, and Carson 2013).

The I — V characteristic of a photovoltaic module is
represented by Egs. (2)-(4) (Chen et al. 2021b):
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Ln, I, Ns, V, I, T, n, G, Rs and Ry, are respectively, the
photocurrent, the reverse saturation current of the diode,
the number of cells in series, the voltage at terminals of the
module, the electric current of the module, the ambient
temperature in Kelvin, the ideality factor, the solar irradi-
ation in w/m? the series and shunt resistances of the
module (Chen et al. 2021b).

Therefore, the physical behavior of the photovoltaic
module is related to Iy, I, Rs and Rgp, on the one hand, and
on the other hand with two other environmental parame-
ters namely temperature and solar irradiation (Chen et al.
2021b; Ghani, Duke, and Carson 2013; Shi et al. 2021; Zhang
et al. 2022).

The results of modeling the JinkoSolar JKM270PP-60
module used in the carport of the University presidency are
shown in Figure 4. According to Figure 4a and b, the current
and power of the PV module depend strongly on the solar
irradiation (Al-Masri et al. 2016). However, the voltage re-
mains almost constant. On the other hand, the increase in
temperature affects the voltage and power of the PV module,
which decrease proportionally as shown in Figure 4c and d.
However, the short-circuit current remains unchanged.

Maximum Power Point Tracking (MPPT)
controller

The point on the I — V curve at which the solar module
operates at a given time is called the operating point (OP)
and corresponds a certain irradiance (G) and temperature
(T), which negatively affects the extracted power from the
module (Sousa et al. 2022). Without the use of external
electrical control, the module’s OP is mainly determined by
line and load changes applied to the module at its output
(Baba, Liu, and Chen 2020; Sousa et al. 2022). The I — V
curve represents the power generated and supplied to the
load at the terminals of the module. Hence, it is significant
to ensure this solar module is running at its maximum
power point (MPP). To achieve maximum power output, it
is necessary to force the module to operate at the OP
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Figure 4: Impact of irradiation (a, b) and temperature (c, d) on the current and power of the PV module.

corresponding to the point of maximum power. However,
as both G and T change, the I — V curve changes similarly,
resulting a new MPP as the previous MPP (OP) expires
(Moghassemi et al. 2022; Mo et al. 2022). Therefore, with a
view to always having an MPP, the I — V curve variations
need to be tracked to determine the new MPP, a process
referred the Maximum Power Point Tracking (MPPT) (Al-
Masri et al. 2016; Ahmed et al. 2022). This is achieved with
various algorithms, among them is the MPPT algorithm
with incremental conductance, known with its efficiency
and accuracy compared to the Perturb and Observe algo-
rithm (Sivakumar et al. 2015). The PV system voltage and
current are the inputs of the algorithm, and the pulses
provided through the algorithm are taken to control the
duty cycle D of the DC-DC boost converter. This algorithm is
unrelated to the characteristics of PV module, rather it
depends on the terminal voltage of the module according
toits value in relation to the maximum power point voltage

(Ahmed et al. 2022; Mo et al. 2022). Equations (5) and (6) as
well as Figure 5 illustrate the algorithm.

P=V-I 5)

P _dwv-n__ dIl
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Where P, V and I are the power, voltage and current,
respectively. dI/dV is the incremental conductance, and I/
V is the panel conductance. At the MPPT, dI/dV or dP/dV
have to be equal to zero (Ahmed et al. 2022; Sivakumar et al.
2015).

Levelized Cost of Energy (LCoE)

The determination of the specific costs per unit of pro-
duction of different power plants and electricity generation
facilities is generally based on the Levelized Cost of Energy
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Figure 5: MPPT procedure.

(LCoE). This method is commonly accepted and widely
used because it allows the specific energy production costs
of different technologies to be compared (Marzo et al. 2021;
Wang et al. 2021). The calculation is based on the following
general equation (Choukai et al. 2022):

IO+ ”L

LCOE= ——F—~ 7
n Mtel ( )

Where I, is the investment cost, A, is the annual cost, M; ¢;is
the annual produced amount of electricity, i is the discount
rate, n is the economic lifetime in years, and ¢ is the index
for each year (1, 2,..., n) (Choukai et al. 2022; Marzo et al.
2021; Wang et al. 2021). The annual expenses consist of
fixed and variable costs (e.g., operations and maintenance,
fuel costs, insurance). The discount rate is generally
calculated from the weighted average cost of capital.
HOMER Pro is a reliable tool, which is used to carry out
this work. This software can be used to determine the lowest
LCoE for each scenario. Furthermore, it can calculate the Net

Presidency PV Carport
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Present Cost (NPC) over the lifetime and the CO, emissions for
each year.

Site description

For the purpose of this study, the University of Ibn Tofail
located in the northwestern of Morocco at coordinates 34°
14’45.7”N and 6°35’07.3”W was investigated (Ait Errouhi
et al. 2022). The techno-economic analysis and environ-
mental impact assessment using HOMER Pro were based
on solar radiation, temperature and daily load demand of
each building. The meteorological data used in this
study were retrieved from the National Aeronautics and
Space Administration (NASA) satellite database, which is
included in the HOMER Pro Software by indicating the
latitude and longitude of the selected sites. Figure 6 shows
the University campus and the PV carport of the presi-
dency, which contains electric vehicle charging stations.

Meteorological resources

Temperature data for the location of the Ibn Tofail Uni-
versity is collected using HOMER Pro. It might look un-
reasonable; however, the performance of PV modules is
affected in the opposite way by increases in temperature.
PV panels are tested at Standard Test Conditions (STC) of a
temperature of 25 °C and depending on the area brought in,
heat can reduce yield effectiveness by 10-25%. As the
temperature of the PV panel increases, the yield current
increases exponentially while the voltage yield de-
creases directly. In fact, the voltage decrease is not sur-
prising that it is used regularly to accurately quantify
the temperature. Hence, warmth may seriously reduce
the power generation of the PV panel. Consequently, the

Figure 6: University campus and the
presidency PV carport.
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temperature is a very important parameter for the choice
of location and photovoltaic module.

Besides the ambient temperature (Figure 7), solar ra-
diation is a crucial factor in the energy production by the
PV modules and has likewise been taken into account in
the HOMER Pro software. Figure 8 shows the monthly
average solar Global Horizontal Irradiance (GHI) data of
the University location. The scaled annual average solar
irradiation is 5.31 kWh/m?/day.

Load analysis

In this study can the load of the different buildings within
the University as residential load considered. The load
profiles were computed based on realistic measured elec-
tricity consumption at each building containing a PV sys-
tem. The measurements were taken from a typical working
day considered as annual average consumption input for
the utilized optimization software. Figure 9 illustrate the
daily, monthly and yearly load profiles of the University
Presidency building. In particular, the energy consumption

304

Daily Temperature (°C)
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is very high between 10 am and 6 pm. The scaled annual
average demand of energy is approximately 387 kWh/day.
Figure 10 presents as well the daily, monthly and
annual load profiles of the Faculty of Science (Figure 10a),
the Faculty of Arts (Figure 10b) and the Center for further
education (Figure 10c), where the scaled annual average
energy demand for each of them is about 2228.70 kWh/day,
1259.60 kWh/day, and 380 kWh/day, respectively.

Scenarios and simulation

For the simulation with HOMER Pro, some input values are
absolutely mandatory, such as the prices of the main
components of a PV system, e.g. solar panels and con-
verters. The price of electricity from the local grid and the
price of selling back the energy unit are as well relevant.
The price of purchasing electricity from the local grid in the
city of Kenitra is 1.645 MAD/kWh, while the price for selling
it back is estimated at 0.5 MAD/kWh. In addition, the dis-
count rate and inflation rate are required for this study, a
discount rate of 7% and an inflation rate of 1.5% have been
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Figure 7: Monthly average air temperature over 30 years.
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Figure 9: Electricity consumption of the University Presidency Building.

taken into account. The investment period is set to 25 years
by default in the simulation software, which corresponds
the lifetime of most solar panels. Figure 11 demonstrates
the schematic of the simulation for the University presi-
dency, which is valid for the remaining facilities with
adaptation of the input values for the photovoltaic panels
and the converters used in each of them.

Three scenarios were taken into account for this study.
The first scenario reflects the present PV installation of
each facility, which actually are in place. The second sce-
nario involves the HOMER Optimizer to assess how the
University Ibn Tofail of Kenitra can optimize and expand
their PV installations, but with the constraint that a
maximum of 20% only of the excess generated energy
can be sold to the local electricity provider according to
the law 13-09. The third scenario similarly employs the
HOMER Optimizer, but this time instead of the previous
law’s constraint, the new renewable energy law in Morocco
82-21 was considered, where the University and generally
private households besides public service buildings are
allowed to sell the whole surplus of the produced energy.

Results and discussion

HOMER Pro stimulates and performs for each scenario or
grid configuration an energy balance computation based
on the available meteorological data of the localization
specified, for hourly intervals of the year. Besides the en-
ergy demand of the facilities purchased from the local
utility grid, HOMER Pro calculates the produced energy of
the PV installations into consideration and can therefore

determine if this configuration is plausible. After having
simulated the feasible configuration, HOMER Pro can
further estimate the Net Present Cost (NPC), the Operating
and Maintenance Cost then the Levelized Cost of Energy
(LCoE) over the lifetime of the project. As a result, the
software provides additionally the cashflow and the elec-
trical summary. Figure 12a shows the energy purchased
monthly from the utility grid and the produced energy from
the University presidency PV carport for the scenario 1.
The purchased energy represents around 73.5% from
the yearly energy demand of the presidency. By applying
the HOMER Optimizer for scenario 2 and 3, the proportion
of purchased energy was enhanced to 48.1% and 9.8%,
respectively. However, this means the PV capacity at
University presidency have to be extended to 47 kWp for
scenario 2 and to 306 kWp for scenario 3. The LCoE was
improved from 1,32 MAD/kWh to 0.967 MAD/kWh in sce-
nario 2 and 0.1653 MAD/kWh in scenario 3. The optimiza-
tion of the PV production of the presidency PV system is
shown in Figures 12b and c. Since there is no more need of
parking at the presidency building and the land is insuffi-
cient for such construction, the PV system can be extended
in the form of rooftop installation. The amount of energy
purchased from the local utility grid and sold to it for both
scenarios 2 and 3 is illustrated in Figures 13a and b,
respectively. In scenario 3, the energy sold is significantly
higher than in scenario 2. In scenario 1 the sell back of
energy was still not possible. With the new law on renew-
able energy in Morocco, taken into account in scenario 3,
can the University presidency and generally the facilities
with PV installations sell back all the energy excess pro-
duced instead of only 20% of the surplus in the previous
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Figure 10: Electricity consumption of the University Buildings connected to PV installations.

law 13-09. Hence, HOMER Pro estimated a return on invest

HOMER Pro can likewise predict the CO, balance, in

(ROI) of 9.6% in scenario 3, while for scenarios 1 and 2 the the case of the university presidency building moving from
ROI remains impossible.

Table 3 gives a detailed summary of the obtained re- 16,591 kg/year, while the transition from scenario 1 to 3
sults for the university facilities considered in this work. would avoid even 28,389 kg/year of CO, emissions.

scenario 1 to 2 would reduce the balance of CO, by
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Figure 11: Simulation schematic for the University presidency.

To achieve this environmental objective, the Univer-
sity have to increase the initial capital, this means expand
the existing PV system with rooftop installation which is
less expensive compared to carport installation. Figure 14
shows the cashflow of all scenarios. Despite the increase in
the capital investment, the switch to scenario 2 and 3 shows
an improvement in the expenses for operating and
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replacement of devices like the converter at the 15th year of
the project lifetime. In scenario 3, it is observable that the
excess energy sold to the local electricity grid can cover
most of the expenses during the lifespan of the project.

Likewise, can the PV system at the faculty of science
extended to meet the environmental objective and to
reduce the consumption of energy based on the local utility
grid. The optimization with HOMER Pro leads to an LCoE of
1,02 MAD/kWh in scenario 2 and 0.1741 MAD/kWh in sce-
nario 3 instead of 1,5 MAD/kWh for the existing configu-
ration. The avoided CO, emissions moving from scenario 1
to 3 is predicted by 203,276 kg/year. However, the PV ca-
pacity of this installation have to be expanded from 60 to
1857 kW,,, which can be investigated in a further study
whether it is feasible as rooftop installation on the avail-
able facility roof surface or not. Figure 15 shows the opti-
mized extension of the PV system of the Faculty of Science
from currently 12.5% in scenario 1 to 47.4% and 88.9% in
scenario 2 and 3, respectively.

Corresponding to this optimization proposals obtained
by HOMER Pro respecting the set constraints, the cashflow
for the Faculty of Science was improved despite the high
initial capital of investment as shown in Figure 16.

Monthly Electric Production

Jul Aug Sep Oct Nov Dec

Jun Jul Aug Sep Oct Nov Dec

Jun Jul Aug Sep Oct Nov Dec

Figure 12: PV production of the presidency carport a) scenario 1 b) scenario 2 c) scenario 3.
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Figure 13: Purchased and sold energy a) scenario 2 b) scenario 3.
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Figure 15: PV production in Faculty of Science a) scenario 1 b) scenario 2 c) scenario 3.

Nevertheless, during the lifetime of the project there is no
further investment for operating and maintenance in sce-
nario 3, which is covered by the income from selling back
the excess energy to the local electricity grid. Figure 17
shows the amount of purchased and sold energy to the grid
for scenario 2 (a) and scenario 3 (b).

Similarly, the PV installation of the Faculty of Arts can
be investigated for expansion, whereby the expansion to
952 kW, instead of 49 kW, leads to a reduction in CO,
emissions to around 98,000 kg/year. The PV system of the
Center for further education is approximately similar to the
one of the presidency building, for this reason the LCoOE
achieved is around 0.2954 MAD/kWh and the CO, emis-
sions are reduced by 17,147 kg/year.

Conclusions

Besides the instructions from the government to the
Moroccan universities to rationalize the energy costs since
2021, the University Ibn Tofail in Kenitra has previously set
an objective in 2017 to reduce the energy expenses by 40%

through the use of photovoltaic arrays. The University has
started building photovoltaic carport including charging
station for electric vehicles. However, this is far from
reaching the 40% target. Furthermore, in November 2021,
the Moroccan government passed a new law regarding
renewable energy, which allows private households and
public service buildings to sell their excess generated en-
ergy from renewable sources to the local grid. The previous
law 13-09 restricted the amount of surplus energy for sale to
a maximum of just 20%. This research work comes to
analyze the existing PV facilities and to study the possi-
bilities of upgrading these PV systems. The optimization
software HOMER Pro was brought into use, offering
excellent capacities. In addition to the simulation of the
present PV installations, further simulations can be per-
formed for optimization, taking into account the con-
straints according to the previous renewable law and the
latest one. This optimization software returns several
metrics for each scenario studied, for example, the Lev-
elized Cost of Energy, the Net Present Cost and the Return
on Invest in case of the optimal sized PV installation. Based
on the available meteorological data included in the
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software, the PV production and the sale of the generated
excess energy can as well be predicted and calculated.

In the case of the university facilities equipped with PV
systems, the LCoE has been optimized to an impressive 0.1653
MAD/kWh for the presidency building and to 0.2954 MAD/
kWh for the Center for Further Education through the use of
HOMER Pro. As a result of the optimization, in the case of PV
system expansion, CO, emissions can be significantly
reduced by 233,174 kg/year when moving from Scenario 1 to
scenario 2. In fact, adopting the proposal in scenario 3 would
further decrease the CO, emissions by 346,813 kg/year.
However, to reach this objective, the total installed PV ca-
pacity of 165 kW, has to be expanded up to 295% for scenario
2 and even to 2042% for scenario 3. For this purpose, to
overcome the high cost associated with the construction of PV
carports, the authors of this work propose PV rooftop in-
stallations, which will be further explored in another research
work involving the use of PVsyst.
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