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Optimum tilt and azimuth of fixed grid-connected photovoltaic system for 
peak load shaving: a multi-scale model
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A B S T R A C T

Peak load shaving is a practical alternative to over-designing the power system to meet maximum demand. In 
this context, grid-connected photovoltaic system (GCPVS) is an effective solution across regional and national 
scales. The tilt (β) and azimuth (ψ) angles of fixed-structure GCPVS are conventionally optimized to ensure 
maximum annual yield or minimum electricity costs. This highlights a gap that no existing study has optimized 
the orientation of PV modules from a peak load shaving perspective. To address this gap, for the first time, this 
paper proposes a multi-scale, search-based optimization methodology to determine the tilt and azimuth angles 
for maximizing peak load shaving. The proposed approach is applied to a 10 kW GCPVS at two commercial 
buildings in Delft, Netherlands, and Mashhad, Iran. The method finds β = 24◦ and ψ = 45◦ as an optimum so
lution in Delft with a heating-dominated load during cold afternoons. For Mashhad, the GCPVS shaves summer 
noon air conditioning-based peak load with β = 12◦ and ψ = − 10◦. The results highlight that the proposed 
method ensures maximum peak load shaving of the GCPVS, even with a non-optimized annual energy yield. Also, 
the substantial dependency of the optimal angles on the local load profile, GCPVS characteristics, and the site’s 
solar potential is demonstrated. Although the effectiveness of this method is shown on two commercial buildings, 
it can be applied to any geographical scope from regional to national scales, making it a multi-scale model. The 
proposed model is markedly practical to the policymakers, who can design policies to incentivize GCPVS owners 
to operate their system for maximum peak load shaving, thereby increasing the overall economic efficiency of the 
power system.

1. Introduction

The historic 2015 Paris climate agreement aims to limit average 
global temperature rise to well below 2 ◦C compared to pre-industrial 
levels. The decarbonization of the power system will play a major role 
in achieving this goal as it is a significant source of greenhouse gas 
(GHG) emissions. To decarbonize the power system, it is widely 
accepted that a transition from a traditional fossil fuel-based electricity 
generation system to one based on renewable energy generation is 
needed [1]. Renewable energy sources such as wind and solar offer 
abundant and GHG-emission free alternatives to fossil fuels. Among 
these, solar energy has gained particular attention due to its vast po
tential [2]. One such technology to harness this vast solar potential is 
photovoltaic cells, which can be connected to the grid through an 
inverter, hence referred to as grid-connected photovoltaic systems 
(GCPVS) [3]. The deployment of GCPVS has been phenomenal in recent 
years [4,5] due to its various benefits for users and distribution system 

operators [6,7]. These benefits, among others, include simple installa
tion and use [8], low maintenance and repair costs [9], capacity to 
reduce peak loads during hot summer noon [10], reduced losses in 
transmission and distribution systems [11], and contribution to clean 
energy production [12,13].

Power generation from photovoltaics (PV) is by nature intermittent 
due to fluctuations in weather conditions. Also, the orientation of PV 
modules directly impacts the output power of a GCPVS. Tilt and azimuth 
angles determine this orientation, which is crucial to the efficiency of PV 
generation [14]. Varying tilt angle (β) can shift the production from 
summer months to winter months, while the variation of the azimuth (ψ) 
from east to west can partly shift daily production between the morning 
or afternoon hours [15]. Generally, there are two main design archi
tectures for PV installation depending on whether the tilt and/or azi
muth can be dynamically adjusted during operation: fixed and movable 
structures. In fixed structures, as the name implies, PV modules are 
installed in a fixed and static orientation. These structures are generally 
positioned to maximize annual electricity generation (i.e., the maximum 
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yield), as shown in Fig. 1 (a). However, such structures are inflexible in 
operation and if not optimally oriented during installation, the full po
tential yield and economic value will be underexploited. On the other 
hand, movable structures are more dynamic, allowing for variations in 
the orientation of PV modules by changing the tilt and azimuth angles 
with respect to fluctuations in solar irradiance. Depending on which 
plane the PV module can move (i.e., vertical and/or horizontal), three 
types of configurations exist as shown in Fig. 1 (b), (c), and (d): vertical 
single-axis tracker, horizontal single-axis tracker, and dual-axis tracker, 
respectively [16]. In a vertical tracker, the azimuth angle of a PV module 
is varied with respect to the sun’s azimuth. This configuration maxi
mizes short-term production by taking advantage of diurnal and syn
optic fluctuations. In a horizontal single-axis tracker, the tilt angle of the 
PV module varies concerning the sun’s elevation. This shifts production 
between summer and winter, to absorb seasonal fluctuations. Finally, in 
the dual-axis tracker configuration, the PV module follows the sun’s 
daily and seasonal trajectory, ensuring maximum energy production at 
all times throughout the year.

Due to the importance of PV orientation in its power production, a 
vast number of studies have been conducted to determine the optimal 
orientation (tilt and azimuth angles) of PV modules for both fixed and 
movable structures. The authors in Ref. [2] experimentally studied how 
varying tilt and azimuth angles affect PV panel performance, measuring 
solar radiation, power output, voltage, and current. They found that for 
Konya, Türkiye, the optimal tilt angle is 32.08◦ with an azimuth of 0◦, 
highlighting the strong influence of panel positioning on energy gener
ation. For sun trackers, Bahrami et al., [17] focused on optimizing the 
tilt and azimuth angles of vertical, horizontal, and dual-axis structures 
for maximum annual received radiation in Europe and Africa. The au
thors found that the tracking performance closely depends on the lo
cations. Also, the full tracking leads to at most 31.2% and 23.4% more 
energy, compared with fixed installation with optimum orientation and 
single-axis tracker, respectively. Note that most movable structures 
cannot fully track the sun due to mechanical constraints. Mansour et al., 
[18] developed a mathematical model to optimize the tilt angle of a 
horizontal-axis tracker for maximum energy yield in Saudi Arabia. The 
authors concluded that for monthly variations in tilt angles between 20◦

and 33◦, a 4.2% gain in energy yield is achieved compared to a yearly 
adjustment. Similarly, Soulayman and Hammoud [19] optimized the tilt 
of a horizontal vertical-axis movable structure for maximum energy 
yield in mid-latitude areas. The outputs imply that the average energy 
gain for daily, monthly, seasonally, and half-yearly adjustments is 
approximately constant. A plethora of similar studies that optimize tilt 
and/or azimuth for movable structures under different objectives can be 
found in the literature, such as profit maximization from the wholesale 
market [15], cost minimization under electricity and grid tariffs [20], 
minimum loss of load probability [21], and minimum levelized cost of 
electricity with investment in GCPVS capacity [22]. Interestingly, the 
authors in Ref. [23] proposed an alternative approach to boost energy 
yield by optimizing tilt and solar reflector orientation. They found that 
annual energy gains could reach 28–31% across 20◦–30◦N latitudes, 
with optimal PV tilts between 32◦ and 40◦ and reflector tilts between 19◦

and 13◦, recommending just two tilt adjustments per year for practical 
operation. The authors refer the readers to Ref. [24] for a comprehensive 
review of such studies and their findings.

Despite the greater potential of energy generation, movable struc
tures require high operational and maintenance costs [16]. Also, these 
structures suffer from several limitations, such as aesthetics, more 
shading with the same distance between rows, and a limited range of 
tracking for constantly adjusting the PV modules to the ideal orientation 
[25,26]. Moreover, Lv Yuexia et al. suggest that from a practical point of 
view, it is not advisable to constantly adjust the orientation of PV 
modules because there is no significance change in total solar energy 
gains during the sunny season [26]. In such cases, from an economic 
standpoint, the extra gains in solar generation might not offset the 
additional operational and maintenance costs incurred in constantly 
adjusting movable structures. Therefore, some studies have proposed 
different methods and models to determine the optimal tilt and azimuth 
angles for fixed structures. For example, an empirical method has been 
adopted to optimize the tilt angle in Abu Dhabi to maximize annual 
energy yield [25]. The authors found the yearly optimum tilt to be 20◦

and suggested that PV modules should be fixed to the latitude of Abu 
Dhabi. In Ref. [27], Le Roux used measured data from nine solar 
measuring stations across South Africa to calculate the annual solar 

Nomenclature

Abbreviations
BESS Battery energy storage system
FiT Feed-in tariff
GCPVS Grid-connected photovoltaic system
GHG Greenhouse Gas
IP Intellectual property
MPP Maximum power point
NOCT Nominal operating cell temperature
NREL National Renewable Energy Laboratory
PV Photovoltaic
STC Standard test condition

Parameters and variables
Ch Cost of load energy at hth hour
G PV module’s received irradiance
GNOCT PV module’s received irradiance at NOCT
GSTC PV module’s received irradiance at STC
i Sun incident angle
ISC PV module’s short-circuit current
ISC,NOCT ISC at NOCT
ISC,STC ISC at STC
Losscab Cable losses
Pmax Maximum power, aimed to be shaved

PMPP PV module’s MPP power
h Hour number over a year
hi Hours with peak load
Losscab DC and AC cables’ losses
Pinv,ac AC output power of grid-tie inverter
Pinv,loss Grid-tie inverter losses
Ph

PV GCPVS generated power at hth
Ph

L Load power at hth
Sh

d Direct solar radiation on a PV surface at hth
Sh

PV,d PV module received direct irradiance at hth
TA Ambient temperature
TC Cell temperature
TC,NOCT Cell temperature at NOCT
TC,STC Cell temperature at STC
VOC PV module’s open-circuit voltage
VOC,NOCT VOC at NOCT
VOC,STC VOC at STC
α Sun elevation angle
β PV module’s tilt angle
θ Sun azimuth angle
ψ PV module’s azimuth angle
μISC

Temperate coefficient of ISC
γMPP Temperate coefficient of PMPP
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insolation on fixed collectors at all possible installation angles. The 
author found that the optimum fixed β is similar to the location’s lati
tude and the optimum fixed ψ is a function of the longitude angle minus 
the absolute latitude angle. At this angle, a fixed installation can on 
average, collect 10% more annual solar insolation than a 
horizontally-fixed collector. In Ref. [28], the authors used multi-year 
ERA5 solar radiation data to optimize fixed tilt angles for PV systems 
across China, finding that optimized angles can vary by up to 10◦

depending on the time period and that latitude-based schemes could 
lead to over 1 TWh/year in PV power losses. Their results emphasize the 
need for long-term, region-specific, and data-driven optimization to 
maximize solar yields. In Ref. [10], the authors optimized tilt and azi
muth for maximum self-consumption in 90 buildings in the Netherlands. 
The outputs indicate that maximum self-consumption can be achieved 
for a fixed structure with ψ = 212◦ and β = 26◦. In Ref. [29], Shekar et al. 
analyzed the impact of PV azimuth angle on maximum energy yield and 
the economic value in terms of levelized cost of energy. Their results 
showed optimal azimuth ranges of 70◦–270◦ at a 3% discount rate and 
120◦–200◦ at a 5% discount rate, with an economic optimum at 156◦. 
Rhodes et al. optimized the orientation of a fixed structure in the USA 
under multiple objectives, such as maximum annual yield and the eco
nomic value of electricity in the wholesale market [30]. They found that 
a few degrees towards the horizontal (from the rule of thumb 30◦) might 
be a better tilt for energy production, and the optimal azimuth was 
pushed further west (20◦–51◦) based on the wholesale market value of 
electricity. In Ref. [31], the authors determined the optimum orientation 
for maximizing revenues from electricity sales in Canada. The results 
indicate that the optimal tilt angle is between 32◦ and 38◦ while the 
optimum azimuth is in the range of 1◦W–6◦E. Many similar studies that 
optimized the tilt and azimuth of fixed structures can be found in the 
literature under various objectives such as costs/revenues mini
mization/maximization from electricity consumption/generation [32], 
cost minimization under different feed-in-tariff (FiT) [33], and the 
minimization of levelized cost of electricity considering investment in 
the power capacity of the GCPVS [34].

Another important, perhaps most crucial application of GCPVS from 
a system-wide perspective is to operate them for peak load shaving in 
the power system. Reducing the demand for electrical power in peak 
periods economically benefits both the system operator and customers. 
Reduction in peak power flows mitigates the need for investment in 
network upgrades for the system operator and eliminates the need to 
dispatch expensive marginal generators, increasing the economic effi
ciency of the power system. Therefore, another category of studies has 
focused on optimizing GCPVS capacity (sometimes coupled with BESS) 
or their operation management strategies for maximum peak load 
shaving. For instance, Ceran et al., [35] developed a mathematical 

model to analyze the impact of national peak load shaving with GCPVS 
installed in office buildings in Poland. They found that the highest peak 
load shaving at the country level is 200 MW, with an aggregated office 
building PV capacity of 273.75 MWp (with a southeast orientation). 
Yanxue et al. developed a simulation model to investigate the impact of 
different management strategies on the peak load shaving potential of 
GCPVS in Japan [36]. They concluded that if the PV-battery system of all 
homes accounts for only 2% of the grid load, then such a system can 
reduce peak load by 1.1%, demonstrating its potential to provide 
grid-supporting services. Similar studies have been conducted at 
different scales and geographical regions, including Costa Rica [37], 
Iran [38], and the Netherlands [39].

A summary of our comprehensive literature review is provided in 
Table 1. As can be seen, several gaps still exist in the current literature. 
First, several papers have optimized tilt and azimuth angles to maximize 
either annual received radiation and energy yield (self-consumption) 
and/or minimize the electricity costs, while a few studies have opti
mized GCPVS capacity (in combination with BESS) for peak load 
shaving. However, none of these studies optimized the tilt and azimuth 
angles of fixed structure GCPVS for maximum peak load shaving. As 
mentioned earlier, this optimization reduces the need to over-design the 
power system and accordingly, the required investment in grid up
grades. Since the whole/partial costs of grid upgrades would be passed 
to the end users, the proposed optimization leads to a higher cost effi
ciency. Second, most peak load shaving and optimization of the PV 
orientation have been formulated for a specific project and geographical 
location, limiting their application range. Last but not least, the outputs 
of such studies rely highly on the precise modeling of the components. 
As another research gap, several works lack accuracy for the employed 
model, e.g., disregarding the efficiency model for the components or 
considering the fixed efficiency for PV module/inverter/etc. irrespective 
of the GCPVS’s operating points. To fill the aforementioned gaps, this 
paper proposes a multi-scale search-based optimization algorithm to 
determine the tilt and azimuth angles of a fixed structure for maximum 
peak load shaving. The method is built upon eminently precise modeling 
for GCPVS’s components to ensure the reliability of the results. Also, the 
proposed work is a multi-scale model (from household to regional and 
national scales) and can be adopted for any PV technologies and 
geographical sites. In sum, the main contributions of the proposed work 
include:

• To our best knowledge, tilt and azimuth angles of the fixed structure 
are optimally determined for the first time to reach the maximum 
peak load shaving, reducing the costs of the grid upgrades which 
enhances the cost efficiency for end users.

Fig. 1. PV module structures in a northern hemisphere: a) Fixed, b) Vertical single-axis tracker, c) Horizontal single-axis tracker, d) Dual-axis tracker.
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• The proposed methodology is structured for all GCPVS technologies 
and ratings and does not depend on the site and load profile. Thus, it 
covers all peak load shaving applications of GCPVS, from household 
and commercial buildings to regional and national scales.

• The conversion of solar irradiance to AC power is performed with 
accurate physics models, ensuring the reliability of the results.

• Findings are valuable to policymakers to revise the incentive policies 
toward ensuring the GCPVS owner’s profit with optimum peak load 
shaving installation, e.g., multi-level FiT.

The remainder of this article is organized as follows. Section 2 pro
vides a detailed description of the methodology, including the mathe
matical optimization model and energy determination process. Then, 
Section 3 presents the simulation and optimization results for two case 
studies in Delft and Mashhad. Section 4 discusses the proposed method 
and lays the foundation for future research. Finally, the concluding re
marks are elucidated on Section 5.

2. Methodology description

This section describes the mathematical formulation of the optimum 
peak load shaving problem, the PV output calculation model, and the 
implementation of the proposed solution algorithm.

2.1. Optimum peak load shaving formulation

This paper optimizes the tilt and azimuth angles of a fixed structure 
for maximum peak load shaving. In literature, tilt and azimuth angles 
have been optimized for different techno-economic objectives, such as 
maximum annual generated energy, maximum profit in FiT scheme, and 
minimum load support from the grid. These goals can be formulated as 
follows: 

Max f(β,ψ)=
∑

h

Ph
PV (1) 

Max f(β,ψ)=
∑

h

FiThPh
PV (2) 

Max f(β,ψ)=
∑

h

Ch( Ph
PV − Ph

L
)

(3) 

where, Ph
PV and Ph

L are the power of GCPVS and load within hth hour, 

respectively. Also, Ch and FiTh represent the electricity cost and FiT at hth 

hour, respectively. Note that under a fixed FiT policy (FiTh = FiT), the 
results of Eqs. (2) and (3) would be the same. Also, the first two objective 
functions do not rely on local load profile, while it affects the optimi
zation in Eq. (3), minimizing the electricity bills.

This paper introduces the peak load shaving objective function for 
the first time, aiming to maximize supporting the load within the peak 
hours (hi): 

Max f(β,ψ)=
∑

h∈hi

(
Ph

PV − Ph
L
)

where hi : Phi
L ≥Pmax (4) 

Above equations can be combined in a single objective function as 
follows: 

Max f(β,ψ)=
(

x1

∑

h
Ph

PV

)

+

(

x2

∑

h
FiThPh

PV

)

+

(

x3

∑

h
Ch( Ph

PV − Ph
L
)
)

+

(

x4

∑

h∈hi

(
Ph

PV − Ph
L

))
where hi

: Phi
L ≥Pmax

(5) 

In the recent expression, x1, x2, x3, and x4 are binary parameters 
subject to the constraint: x1+x2+x3+x4=1. This constraint allows the 
designer to choose the right objective function regarding the tilt and 
azimuth optimization goal and existing incentive (if any). As explained, 
the first term (x1 = 1) leads to an optimization for maximum annual 
yield of GCPVS. The second and third terms find optimum angles under 
the existing FiT scheme and net metering policies, i.e., x2 = 1 and x3 = 1, 
respectively. The last term, the new objective function introduced in this 
paper, determines the optimum tilt and azimuth for maximum peak load 
shaving (x4 = 1). Thus, the focus is to shave the peak load within the 
time intervals (hi) where demand is greater than a maximum level 
(Pmax), i.e., the algorithm finds the optimal values for β and ψ to limit PL 
to Pmax as much as possible.

2.2. PV output calculation model

The PV output and energy calculation model show the effect of β and 
ψ in the maximum peak load shaving formulation. According to Fig. 2, 
the received direct irradiance of the fixed structure (Sh

PV,d) can be 
quantified in the zenith vs. horizontal plane based on the extraterrestrial 

Table 1 
Summary of relevant literature investigating GCPVS structure/size optimization.

Reference Studied system GCPVS structure Type Objective for optimizing GCPVS orientation and inclination angles Application scope Model’s accuracy?

[15] GCPVS Movable structure Maximize annual energy yield Large scale Lowb

[17] GCPVS Movable structure Maximize annual received radiation Multi-scale N/Aa

[26] GCPVS Fixed structure Maximize self-consumption Multi-scale Lowb

[25] GCPVS Fixed structure Maximize annual received radiation Multi-scale N/A
[18] GCPVS Movable structure Maximize annual energy yield Residential Moderateb

[27] GCPVS Fixed structure Maximize annual yield Buildings’ rooftop High
[31] GCPVS Fixed structure Minimize electricity cost Small scale High
[30] GCPVS Fixed structure Minimize electricity cost Large scale Moderatec

[33] GCPVS Fixed structure Maximize electricity revenues Large scale Lowb

[32] GCPVS Fixed structure Maximize electricity revenues Large scale Lowb

[22] GCPVS Movable structure Minimize electricity cost Large scale Lowc

[34] GCPVS-BESS Fixed structure Minimize electricity cost Small scale Lowc

[35] GCPVS-BESS Fixed structure ⨯ Large scale Moderateb

[37] GCPVS-BESS Fixed structure ⨯ Small scale Lowb,c

[38] GCPVS-BESS Fixed structure ⨯ Small scale High
[39] GCPVS-BESS Fixed structure ⨯ Small scale High
[19] GCPVS Movable structure Maximize annual received radiation Multi-scale N/A
[40] GCPVS Fixed structure ⨯ Small scale High
Proposed work GCPVS Fixed structure Maximize peak load shaving Multi-scale High

a Study focuses on radiation modeling and not the GCPVS energy generation.
b Neglecting the precise model for PV module, inverter, etc. in the methodology.
c Considering fixed efficiencies for some/all components in the anaylsis.
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direct solar radiation on a PV module (Sd): 

Sh
PV,d = Sh

d × cos(i) = Sh
d × [cos α sin β cos(ψ − θ)+ cos β sin α] (6) 

where, i is the incident angle as shown in Fig. 2 (a). Also, θ and α 
represent sun azimuth and elevation angles, respectively. According to 
the reflection of the incident on the PV vector, β and ψ determine the 
received solar irradiance (Fig. 2 (b)). This can be explained for different 
structures; the sun’s east-to-west trajectory (reflected by β) and south-to- 
north trajectory (reflected by ψ) are tracked in vertical and horizontal 
single-axis structures, respectively. The dual-axis structure tracks the 
sun in both directions, i.e., β and ψ are dynamically changed over time. 
Finally, β and ψ are both constant in a fixed structure. This paper pro
poses finding these angles for the first time to reach maximum peak 
shaving, i.e., Eq. (5) under x1 = x2 = x3 = 0 and x4 = 1. To this end, a 
high-fidelity model for GCPVS components is used to calculate the 
annual energy yield, as detailed in Fig. 3. The method involves 

meteorological measurement as well as PV module’s and inverter’s 
datasheet in the energy calculation process. Among various meteoro
logical factors that affect the GCPVS output, received irradiance and cell 
temperature are two main ones. Thus, the performance of PV module 
under various cell temperatures and irradiance levels is given by all 
manufacturers.

The GCPVS energy calculation process initiates by transforming the 
field measurement of the irradiance into the received one at PV module 
surface. To this end, a 1-h extraterrestrial direct solar irradiance is taken 
from existing resources, e.g., the National Renewable Energy Laboratory 
[41], PVGIS [42], and Solcast databases [43]. Then, Eq. (6) determines 
the received solar irradiance of the fixed structure for various β and ψ, 
considering α and θ of the site.

As noted earlier, another important variable in determining the 
power output of GCPVS is the cell temperature (TC). Since ambient 
temperature (TA) is mainly recorded instead of TC, following expression 
is used. This term finds TC from TA, considering G which is the received 
solar incident (W/m2): 

TC =TA +

(
TC,NOCT − 20

0.8

)
G

GSTC
(7) 

where, TC,NOCT stands for the cell temperature (◦C) at nominal operating 
cell temperature (NOCT) condition with 20 ◦C and 800 W/m2 [44]. Also, 
GSTC is the received irradiance in standard test condition (STC) and 
equals 1000 W/m2. In STC, the cell temperature (TC,STC) and air mass are 
25 ◦C and 1.5, respectively.

The current, voltage, and power of the PV module at maximum 
power point (MPP) operation can be computed accordingly through the 
estimated radiation and temperature based on the following model [45]: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

IMPP = IMPP,STC ×
[
1 + μISC

(
TC − TC,STC

)]
(

G
GSTC

)k1

VMPP =
VMPP,STC

1 + k2 ln
(

G
GSTC

)

(
TC,STC

TC

)k3

PMPP = PMPP,ref
G

Gref

[
1 + γMPP

(
TC − Tref

)]

(8) 

Fig. 2. Solar radiation formulation: a) Schematic illustration of a PV module 
and solar irradiance angles, b) Incident reflection on PV vector.

Fig. 3. Detailed flowchart of the proposed optimization approach.
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where, μISC 
and γMPP are the temperature coefficient of the PV module’s 

short-circuit current (ISC) and MPP power (PMPP), respectively. These 
data are available in the PV module’s datasheet, presented by the 
manufacturer. Furthermore, k1 to k3 are the model coefficients that 
should be defined through the following equations, using two arbitrary 
operating points, e.g., NOCT and STC. It is worth mentioning that the 
vendor presents these voltage and current data in the PV module’s 
datasheet. 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k1 =
ln
(
ISCSTC − μISC

(TSTC − TNOCT)
/
ISCNOCT

)

ln(GSTC/GNOCT)

k2 =

(
VOCNOCT

/
VOCSTC

)
− 1

ln(GNOCT/GSTC)

k3 =
ln
(
VOCNOCT

/
VOCSTC

)

ln(TSTC/TNOCT)

(9) 

where, VOC is the PV module’s open-circuit voltage. Also, subscripts 
“STC” and “NOCT” denote the variables at STC and NOCT operations, 
respectively. Note that although this paper formulates the equations for 
mono-facial solar modules, the presented methodology/equations can 
be simply reformulated to bi-facial ones.

The grid-tie inverter losses are calculated after computing the PV 
module output power. For a high-fidelity precise model, Rampinellia 
et al. proposed the following polynomial expression to estimate the 
inverter losses (Pinv, loss) [46]: 

Pinv,loss =m0 + m1Pinv,ac + m2P2
inv,ac (10) 

where, m0, m1, and m2 are defined through the curve fitting approach, 
using several levels of the AC output power of the inverter (Pinv,ac). 
Similarly, these data are given by the inverter manufacturer.

Finally, the output power can be precisely determined by considering 
the cable losses (Losscab) as follows: 

PPV =PMPP ×
(
1 − Pinv,loss

)
× (1 − Losscab) (11) 

According to Eqs. (6)–(11), PPV relies on both field measurement (to 
determine G and TC) and GCPVS characteristics (to quantify the output 
power and exiting losses). High resolution of the first data is available in 
several resources, while for the latter, this paper exploits high accurate 
models for PV module and inverter.

The PPV variable in Eq. (5) can be replaced by the expression in Eq. 
(11) to determine the peak load shaving for various azimuth and tilt 
angles. In this work, the analysis is performed over a year. In our pro
posed search-based optimization algorithm, the β and ψ with the 
greatest fitness function under x4 = 1 are chosen as the optimum 
solution.

2.3. Solution algorithm

The flowchart of the proposed search-based solution algorithm is 
depicted in Fig. 4. From the realization perspective, the algorithm in
cludes two main stages: the initialization and optimum result(s) search. 
In the initialization stage, the GCPVS characteristics and site data are 
imported into the model. The system configuration and size, compo
nents, and electrical design are set to their assumed predefined values at 
this stage. The inputs of the initialization procedure include: 

• Site meteo data over a year, including solar irradiance and 
temperature.

• The system details, including components’ characteristics, numbers, 
and electrical design. It is assumed that the number of PV modules in 
series and parallel strings is defined respecting the electrical design 
limitations [3].

• Local load profile over a year, aimed to be shaved optimally.

• Details of the site’s electricity rate and incentive policy (if any), i.e., 
FiTh and Ch in Eq. (5).

As shown in Fig. 3, the first two data sets are used to determine the 
GCPVS’s hourly energy generation over a year. Disregarding the 
selected objective function, the GCPVS’s power should be computed. 
The load profile can be used to maximize the peak load shaving or 
minimize the electricity bills. The last data is solely used for additional 
analysis, evaluating the peak load shaving for β and ψ corresponding to 
the optimum solution under existing policies. The summary of the used 
data for each objective function is tabulated in Table 2.

After computing Ph
PV , the optimal values of β and ψ can be found using 

the selected objective function, e.g., by setting x4 = 1 in Eq. (5) for 
maximum peak load shaving. The load profile of the studied case is 
exploited to determine the objective function for each selected set of 
solution. Therefore, it markedly influences the optimum solutions as 
shown later for two different case studies. The β and ψ with the highest 
fitness function value are chosen as the optimum solution. These vari
ables are searched over the feasible range, i.e., β = [0◦, 90◦] and ψ =
[− 90◦, 90◦] in the northern hemisphere. Hence, the number of scenarios 
depends on the chosen step for β and ψ . This step should be defined as a 
trade-off between computational requirements and the result’s accuracy, 
i.e., a larger step reduces the computational time and the accuracy/ 
optimality of the solution. In this paper, a 1◦ step is chosen, resulting in 90 
× 180 = 16,200 cases. Since this computational process is still heavy, 
several suggestions are provided later to mitigate the computational time.

Fig. 4. Flowchart of the proposed search-based optimization methodology.
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It is worth mentioning that a practical application of this work is 
policymakers such as distribution and transmission system operators. As 
shown later, they can use the output of such optimization to design 
policy incentives that maximize economic benefits for the investors 
when they operate their systems to align with peak load reduction. Also, 
the formulations above can be applied to all GCPVS (rooftop and 
ground-mounted at all scales) and loads (household and industrial), 
covering a wide range of applications.

3. Simulation results

3.1. Case studies description

The proposed optimization is performed for two commercial build
ings in Delft, the Netherlands (52.0116◦ N, 4.3571◦ E) and Mashhad, 
Iran (36.2972◦ N, 59.6067◦ E). The peak load is challenging in Iran at 
noon during the summer due to the deployment of air conditioning 
systems. The Ministry of Energy established a FiT framework for private 
and government-based individuals, detailed in Ref. [47]. The FiT relies 
on the GCPVS nominal power, e.g., 0.039 €/kWh for all GCPVSs smaller 
than 20 kW. In the Netherlands, however, the peak load occurs in cold 
afternoons as heating systems are used. The Dutch government legalized 
the net metering policy for buildings to reduce electricity bills. The 
electricity price varies in peak (7 a.m.–9 p.m.) and non-peak hours every 
season. The rates in peak hours are 0.424, 0.377, 0.396 and 0.395 
€/kWh, and 0.420, 0.376, 0.390 and 0.392 €/kWh during non-peak 
hours of spring, summer, autumn, and winter. These values will be 
used later to optimize the tilt and azimuth angles under net metering 
policy.

According to the method’s flowchart, the optimization starts with 
importing the data, i.e., the initialization. The sites’ data and one-year 
hourly load profile are imported for Mashhad [48] and Delft [49]. As 
explained later, the existing data have been re-scaled according to the 
solar potential of the sites. Also, Pmax in Eq. (5) is set at 5 kW; thus, hi 
includes the hours that PL exceeds 5 kW.

The optimization is conducted in both cities for a 10 kW GCPVS, 
shown in Fig. 5. This GCPVS includes two strings connected to the in
verter’s MPPs to ensure the electrical design limitations [47]. The PV 
strings and inverter are protected against overcurrent and abnormal 
voltage through DC and AC enclosures, respectively. According to the 
existing policy, the GCPVS owner can benefit from net metering and FiT, 
displayed by orange and blue paths in Fig. 5.

3.2. Optimization results for delft

The site, GCPVS, and load data are imported based on the proposed 
methodology structure. The hourly load data in 2023 are obtained from 
Ref. [49], category E1A, representing the Dutch demand for household 
and commercial buildings in a low-voltage distribution grid. This 
normalized load is modified so that the peak load equals 8 kW. The 
GCPVS attempts to shave the load greater than 5 kW (Pmax = 5 kW). 
Solar irradiance and temperature data are also taken from Refs. [42,50]. 
In addition, solar module and inverter are modeled using their datasheet 

information. Finally, Losscab is considered 2%, similar to Ref. [3]. The 
details of the GCPVS model and supportive policy are listed in Table 3.

Figs. 6 and 7 present the simulation results for Delft. The tilt and 
azimuth angles are initially modified to find the optimum ones for 
maximum annual generated energy. The energy is at most 10,893 kW/ 
year for β = 41◦ and ψ = 0◦. This confirms the results obtained in the 
literature, i.e., maximum yield can be fulfilled when β is close to the 
location’s latitude and PV is facing the south for the northern hemi
sphere [25,27]. Also, Fig. 6 (a) shows the effect of tilt and azimuth on the 
annual generated energy. The areas encompassed by the red, blue, and 
black lines imply β and ψ with, respectively, 2%, 5%, and 10% energy 
drop compared to the optimum solution. When β = 60◦, for example, the 
annual energy is 90% of the maximum level for − 41.5◦ ≤ ψ ≤ 41.5◦.

When the goal is to reduce the electricity bills (x3 = 1 in Eq. (5)), the 
GCPVS power should align with the costly load. However, the electricity 
cost of peak loads barely affects the annual electricity bill minimization 
due to two reasons: the electricity rates in peak and off-peak hours are 
almost the same, and peak hours are defined as 7 a.m. to 9 p.m. for all 
days in the Netherlands, i.e., GCPVS generation coincides with the peak 
hours. The simulation results are presented for several tilt and azimuth 
angles in Fig. 6 (b). The outputs reveal that the electricity bills are 
minimum (8277.36 €) for β = 40◦ and ψ = 0◦. Since the GCPVS produces 
mainly within the peak hours, the result is close to the maximum annual 
yield. Also, the electricity bills are low for a wide range of − 30◦ ≤ ψ ≤
30◦ and 30◦ ≤ β ≤ 50◦.

The optimum tilt and azimuth angles are also determined through 
the proposed optimization method. Fig. 7 (a) and (b) illustrate the level 
of peak load shaving for various tilt and azimuth angles. The maximum 
peak load shaving is achieved by orienting the PV array to the southwest 
(ψ = 45◦) and β = 24◦, i.e., aligning with the peak loads in the after
noons. Further, the amount of energy during peak hours (PL ≥ 5 kW) 
reduces from 8769 kWh (last gray column in Fig. 7 (c)) to 6801.2 kWh 
(last orange column in Fig. 7 (c)), indicating 22.4% peak load shaving by 
GCPVS.

The effect of the proposed method on peak load shaving can be 
further analyzed by Fig. 7 (d)–(f), illustrating the demand distribution 
for the Dutch household and commercial buildings without and with 
GCPVS (for optimum shaving and maximum energy yield cases). In this 
figure, negative energy demand indicates the cases wherein the GCPVS 
generated energy is greater than the load consumption for that partic
ular timeframe, which will be considered in the next bills. It is observed 
that the load is effectively shifted from higher levels to lower ones 
during the day. This peak shaving occurs especially in the afternoons of 
winter, orange chart in Fig. 7 (d)–(f). For example, energy demand 
before GCPVS installation is 5661.4 kWh during 12–15 h. This load is 
reduced to 884.9 kWh and 449.2 kWh when GCPVS is installed ac
cording to the maximum energy yield and maximum peak load shaving, 
respectively. These results corroborate that although the GCPVS gen
erates less energy with the found optimum orientation than the one with 
the maximum annual yield, the greatest peak load shaving is achieved.

3.3. Optimization results for mashhad

The methodology is also implemented in Mashhad City, with a semi- 
arid climate. Since the solar potential is significantly higher in Mashhad 
than in Delft, one year of real data for a commercial building is scaled so 
that the maximum power is 15 kW. The optimization solutions for 
maximum profit in the existing FiT policy and peak load shaving are also 
computed.

Initially, the optimum solution under the FiT scheme (x2 = 1 in Eq. 
(5)) is found. Since the FiT rate is fixed at 0.039 €/kWh for the 10 kW 
GCPVS in Iran, Eq. (5) can be simplified as follows: 

Max f(β,ψ)=
∑

h

FiThPh
PV = 0.039

∑

h

Ph
PV (12) 

Therefore, it can be considered as a maximum annual energy yield 

Table 2 
Inputs and implementation of the algorithm for different objective functions.

Optimization target Implementation in 
Eq. (5)

Data used

x1 x2 x3 x4 Site’s 
data

Load 
profile

Incentive  
(if any)

Max. annual yield 1 0 0 0 ✓ ⨯ ⨯
Max. profit under 

FiT
0 1 0 0 ✓ ⨯ ✓

Min. electricity bills 0 0 1 0 ✓ ✓ ⨯
Max. peak load 

shaving
0 0 0 1 ✓ ✓ ✓
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optimization. Similar to the Delft case, the results in Fig. 8 indicate that 
the annual energy is maximum (16,612 kWh) for 32◦ ≤ β ≤ 35◦ and ψ =
0◦ (orienting to the South). In this figure, the tilt and azimuth 

corresponding to 2%, 5%, and 10% annual yield drop compared to the 
maximum one are displayed through areas encompassed by black, blue, 
and red lines. Thus, when installation with the optimum solution is not 
feasible, e.g., due to shading objectives, it can be mounted within the 
presented ranges.

Fig. 9 shows the outputs of the peak load shaving optimization for 
Pmax = 5 kW. The effect of tilt and azimuth on peak load shaving is 
depicted in Fig. 9 (a), where tilt angles with low peak shaving are 
excluded. According to Fig. 9 (a) and (b), the optimum solution is β =
12◦ and ψ = − 10◦ wherein 4727.4 kWh of the peak load is shaved by 
GCPVS. This is evident from the last gray and orange columns in Fig. 9 
(c); the 10346.9 kWh peak demand is mitigated to 1989.1 kWh. Also, the 
load distribution in Fig. 9 (d)–(f) corroborates the optimization findings, 
i.e., the GCPVS effectively supports the load during the day, especially 
during 8–15 h of summer noon due to the GCPVS’s small tilt angle. This 
shaving is demonstrated by green and red charts in Fig. 9 (d)–(f).

From the analysis, it is concluded that the proposed method can 
maximize the level of peak load shaving under x4 = 1 in Eq. (5). Even 
with reduced annual yield (comparing with x1 = 1 in Eq. (5)), this 
performance is achieved by aligning further the generated energy with 
the peak load profile. Orienting the solar structure to the optimum so
lution needs an economic motivation, which is elaborated on later.

4. Discussions and comparison with literature

This section initially compares the outputs of this work with litera
ture and then discusses its practicability (for future implementation), 
limitations, and potential improvements in future works.

Fig. 5. Layout of the studied 10 kW GCPVS layout.

Table 3 
Required data for initialization of the proposed method.

GCPVS

JAM72S30 550 MR PV module 
at STC [51]

MPP power 550 W
MPP voltage 41.96 V
MPP current 13.11 A
Open-circuit voltage 49.90 V
Short-circuit current 14.00 A
μISC 0.045%/◦C
γMPP − 0.35%/◦C
Model parameter k1, k2, 
and k3

1.0113, 0.2892, and 
0.1135

Inverter [52] No of MPPTs and inputs MPPT A: 2; MPPT B: 1
Max input voltage 1000 V
Max input current MPPT A: 30 A; MPPT 

B: 18 A
MPP voltage range 320–800 V
Model parameter m0, 
m1, and m2

0.0035, 0.0069, and 
0.0070

Cable losses Losscab 2%

Location Renewable energy policy

Delft Net metering (2024 rates in €/kWh) 
Peak hours (spring, summer, fall, winter): 0.424, 0.377, 0.396, 0.395 
Off-peak hours (spring, summer, fall, winter): 0.420, 0.376, 0.390, 0.392

Mashhad FiT (2024 rate in €/kWh) 
0.039 €/kWh for GCPVSs ≤20 kW 
0.034 €/kWh for GCPVSs <200 kW and >20 kW

Fig. 6. Simulation results for various tilt and azimuth in Delft City: a) Annual generated energy, b) Annual electricity bills.
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4.1. Comparsion with literature

This part includes the existing works with only GCPVS and excludes 
the GCPVS-BESS studies. The logic behind this selection is that the 
objective function and constraints of GCPVS-BESS are fully different 
from the current work. In such hybrid applications, the goal is to charge 
BESS in off-peak and discharge it during peak durations. Similar to Refs. 
[34–39], the constraints of the optimization include technical limita
tions of BESS to ensure its long life operation, e.g., keeping the state of 
charge within a predefined range. From the objective function 
perspective, the main goal would be to orient the PV module to have 
maximum generation during off-peak hours. As noted, this is fully 
different from the objective of the current work, aiming to orient PV 
modules to have maximum generation during peak load durations.

According to Eq. (5), the optimization of tilt and azimuth of the fixed 
solar system can be performed for maximum annual yield (x1 = 1), 
maximum profit under FiT (x2 = 1), minimum electricity bills under net 
metering (x3 = 1), and peak load shaving (x4 = 1). This paper introduces 
the last one for the first time and cannot be compared with literature. 

Fig. 7. Simulation results for Delft: a) Peak load shaving for various tilt and azimuth, b) Detailed peak shaving results, c) Load distribution regarding the demand 
level, d) Load distribution vs. time (without GCPVS), e) Load distribution vs. time (with GCPVS, having max annual yield), f) Load distribution vs. time (with GCPVS, 
having max peak load shaving).

Fig. 8. Simulation results for various tilt and azimuth in Mashhad City.
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However, other objective functions can be compared with the results 
obtained in this work, as summarized in Table 4.

The studies in Refs. [25,27] found that the optimum orientation for 
maximum annual yield can be fulfilled when tilt is close to the location’s 
latitude and azimuth is a function of the longitude angle minus the ab
solute latitude angle (i.e., ψ ⁓ 0◦ for the northern hemisphere). The 
obtained results in Fig. 6 (a) and 8 corroborate these findings. In 
Mashhad with 36.2972 ◦N, 59.6067 ◦E, the optimization finds 32◦ ≤ β ≤
35◦ and ψ = 0◦ as the optimum orientation for maximum annual energy. 
In Delft with 52.0116 ◦N, 4.3571 ◦E, the optimum solution is also β =
41◦ and ψ = 0◦. It is worth noting that not only the optimum solution is 
found for the two above cities in this paper, but also Fig. 6 (a) and 8
define different ranges of the annual energy yield, e.g., 98%, 95%, and 
90% of the optimum solution. The system owner/designer/installer can 
exploit this practical information in cases where not all orientations are 
feasible. To this end, the feasible solution(s) with the maximum annual 
yield is chosen.

The optimum orientation of the fixed solar system for minimum 
electricity bills depends on the system’s location and load profile. This 
has been demonstrated in Refs. [30,31] and the results presented in this 

paper. As a rule of thumb, when the majority of costly load happens in 
summer, the tilt should be small. Thus, the PV array can harvest the 
radiation of the elevated sun in summer. The opposite can be concluded 
for heating-dominated loads in winter. For azimuth, the daily load 
profile is considered. The PV array should be faced more to the east 
when costly load occurs mainly before noon. The same can be concluded 
when maximum profit is searched wherein the GCPVS owner can benefit 
from the revenues from the energy sold. The optimum orientation relies 
on the supportive policy, i.e., the PV array should be oriented to ensure 
high energy generation over the great FiT rate.

Finally, the novel analysis of this paper is given in Figs. 7 and 9 when 
optimization is conducted to find the maximum peak load shaving. 
Under this orientation, although GCPVS generates less energy than the 
one with the maximum yield, it shaves more of the peak load. This is 
highlighted in Fig. 7 (e) and (f) for Delft and Fig. 9 (e) and (f) for 
Mashhad. The results of this analysis can be wisely exploited for policy 
regulation. Fig. 10 shows an example of modifying fixed FiT into the 
two-level FiT to motivate system owners to orient their GCPVS into the 
optimum solution with maximum peak load shaving. These daily data 
are extracted from Mashhad, analyzed in Section 3, and slightly 

Fig. 9. Analysis for Mashhad City: a) Outputs for maximum peak load shaving, b) Detailed search for maximum peak load shaving, c) Load profile distribution 
(without/with GCPVS deployment), d) Results for maximum FiT (max energy yield), d) Load distribution regarding the time (without GCPVS), e) Load distribution 
vs. time (with GCPVS, having max annual yield), f) Load distribution vs. time (with GCPVS, having max peak load shaving).
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manipulated. Fig. 10 (a) depicts a daily-unshaved load (141.5 kWh) and 
GCPVS generation. The peak load (PL ≥ 5 kW) is 77.5 kWh, which can be 
shaved by 60.5 kWh when the GCPVS is oriented to have the maximum 
annual yield (it is the same as maximum profit under fixed FiT). To 
ensure maximum peak load shaving, the GCPVS generation should 
coincide with the peak load. When the FiT would be greater for such 
duration (e.g., 0.030 €/kWh for non-peak and 0.042 €/kWh for peak 
hours), orienting PV array to the southeast is economically feasible. In 
this case, the GCPVS shaves 69.7 kWh of the peak load. Note that the 
two-level FiT is designed so that the paid incentive would be the same 
for both cases, i.e., 3.2 € for the considered day (Table 5). It is worth 
noting that the same analysis can be performed over a longer timeframe 
such as a year.

4.2. Limitations and potential improvements

The proposed optimization method needs meteorological measure
ment, characteristics of the PV module and inverter (already presented 
by manufacturers), and load profile. Despite the advantages described 
above, this work has a few technical and practical limitations: 

• The tilt and azimuth might be restricted in some applications, such as 
rooftop systems in the Netherlands with limited space. Thus, ori
enting the PV modules to the optimum solution might not be feasible. 
In the proposed work, the solutions are sorted considering the fitness 
function, i.e., Fig. 7 (a) and (b) for Delft and Fig. 9 (a) and (b) for 
Mashhad. Hence, among the feasible solutions (i.e., the ones in 
which the PV module can be oriented), the designer/installer can 
choose the tilt and azimuth with the greatest peak load shaving. 
Thus, the approach is still beneficial, even if the optimum solution 
cannot be chosen.

• The terms in Section 2.2 are based on non-partial shading scenarios; 
hence, the method suffers from errors when the studied GCPVS 
frequently experiences partial shading, e.g., caused by a tree, nearby 
building, and chimney. As a future work, an improved PV module 
model can be used so that such applications would also be supported.

• The method needs a load profile of the studied case over a year. In 
some applications, household and commercial buildings connected 

to distribution voltage levels, access to such data might be restricted 
due to the intellectual properties (IP). However, such data are usu
ally supported at regional and national scales, e.g., Refs. [53,54] in 
France and the Netherlands, both with 15-min resolution.

Future work can enhance this research in multiple directions. First, 
although the solution time of the proposed algorithm is not long since 
the search is not exhaustive, the search region can be reduced to further 
speed up the solution method. In this context, the load profile can be pre- 
analyzed to restrict the β and ψ search limits. For the studied Iranian 
household case, for example, the maximum peak load occurs at summer 
noon, implying a small level for tilt angle and near 0◦ for azimuth (facing 

Table 4 
Comparison of this paper with existing literature.

Optimization 
target

Main conclusion of the 
literature

Obtained results in this work

Maximum annual 
yield [25,27]

• β = close to the location’s 
latitude

• ψ = a function of the 
longitude angle minus the 
absolute latitude angle (i. 
e., ψ ⁓ 0◦ for northern 
hemisphere).

• 32◦ ≤ β ≤ 35◦ and ψ =
0◦ for Mashhad with 
36.2972◦ N, 59.6067◦ E

• β = 41◦ and ψ = 0◦ for 
Delft with 52.0116◦ N, 
4.3571◦ E

• Fig. 6 (a) and 8 for cases 
that all orientations are not 
viable

Minimum 
electricity bills 
[30,31]

• Optimum solution depends 
on load profile and 
GCPVS’s site

• Not applicable to Mashhad 
since no net metering 
policy exists

• 30◦ ≤ β ≤ 50◦ and − 30◦ ≤

ψ ≤ 30◦ for Delft

Maximum profit 
(revenues) [32,
33]

• Results mainly depends on 
the policy and GCPVS’s site

• 32◦ ≤ β ≤ 35◦ and ψ =
0◦ for Mashhad

• Not applicable to Delft 
since no FiT policy exists

Maximum peak 
load shaving

• No studies has been 
conducted

• 32◦ ≤ β ≤ 35◦ and ψ =
0◦ for Mashhad (since 
electricity rate is fixed over 
the time, result is the same 
of max. annual yield)

• 30◦ ≤ β ≤ 50◦ and − 30◦ ≤

ψ ≤ 30◦ for Delft

Fig. 10. Results for fixed and dynamic FiT schemes: a) Daily GCPVS generation 
and load profile with maximum annual yield, b) Daily GCPVS generation and 
load profile with maximum peak load shaving, c) Daily rates for fixed and 
dynamic FiT.
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South). Hence, the search area can be chosen as 0◦ ≤ β ≤ 30◦ and − 20◦

≤ ψ ≤+20◦, significantly reducing the search area. In addition, the 
method can be re-structured as a two-stage decision process: the first 
stage with a large step change for β and ψ to find the candidate ranges, 
and the second stage with a small step change to seek the optimum so
lution(s) within those ranges. This can also reduce the search region, 
boosting the efficiency of the method without losing accuracy.

Second, the application range of the proposed method can be 
extended. Here, the optimization is performed for a predefined GCPVS 
and load profile. As a direction for future research, the size and electrical 
design of GCPVS can also be considered as decision variables. Hence, the 
size and design of GCPVS affect its annual generated energy in Eq. (5). 
Also, electrical limitations in GCPVS design should be considered as 
constraints. According to the equations in Section 2.2, the PV module’s 
output power is computed considering the uniform received irradiance, 
making the method prone to errors under partial shading condition. This 
can be addressed in future research by modeling the site’s shading ob
jects (e.g., trees, a chimney, and nearby buildings) in the energy 
calculation process so that all pivotal variables affecting the peak load 
shaving level can be considered within the optimization.

Finally, although the outputs are computed for either maximizing the 
peak load shaving or maximizing the benefit from the incentive, the 
combination of these goals can be considered in the objective function in 
Eq. (5). That is, x1, x2, x3, and x4 can be non-binary, e.g., x3 = 0.5 and x4 
= 0.5 for the studied Dutch building to optimize the peak load and 
electricity bills simultaneously. Moreover, installing the PV array with 
the optimum solution may not be feasible due to the site’s shading ob
jects since such modeling is excluded in this work. Nonetheless, the best 
answers can be sorted, similar to Figs. 7 and 9. For example, the solu
tions with a 5% deviation from the maximum peak load shaving can be 
defined, and the feasible one in this range can be chosen.

5. Conclusions

Effective peak load shaving can be adopted to address the technical 
and economic challenges of the electrical power system over-design, 
ensuring a reliable electricity supply. Deploying residential and power 
plant GCPVSs is a solid approach; however, this technology should be 
designed optimally to match its supply (generation) with local demand. 
This paper tackles this problem by optimizing the tilt and azimuth angles 
of the fixed GCPVS to achieve the maximum peak load shaving. The 
methodology searches for the optimum solution within the feasible 
ranges, considering an accurate GCPVS energy estimation model.

The methodology is implemented in two cities, Delft and Mashhad, 
with a moderate marine climate (peak load in cold afternoons) and semi- 
arid climate (peak load in summer noon), respectively. The simulation 
outputs demonstrate that the studied GCPVS does not generate the 
maximum annual energy by the found optimum solution; however, the 
level and duration of the peak load are reduced the most under these 

selections. The outputs provide valuable insights to the power system 
owners and policymakers to foster such installations. This necessitates 
collecting the load data (at the selected scale) and conducting the 
optimization. One example of future incentives would be considering 
multi-level FiT depending on the time instead of a fixed FiT. The FiT 
should be greater at durations of the peak load so that the GCPVSs are 
pushed to have high generated energy in these time intervals. Such high 
energy generation can be fulfilled by choosing PV tilt and azimuth at the 
optimum one, determined by the proposed method.

The calculation process can be further sped up by pre-analyzing the 
studied load (reducing the search region) and re-arranging a two-stage 
approach (with a larger step in the first stage to quickly find the 
candidate ranges). More variables, such as PV size, can be engaged in the 
formulation to extend the application range. The presented methodol
ogy requires minimal input data, all available in several databases/ 
vendors’ datasheet. This method can also be applied to all GCPVS sizes 
and load profiles. Due to the wide application range of the proposed 
work, from residential to regional and national scales, it can be 
considered as an efficient multi-scale approach for maximizing peak 
load shaving.
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