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Abstract. This study presents an analysis of photovoltaic (PV) systems designed for a water supply utility located in the Lower Silesian
Voivodeship, Poland, focusing on system sizing, configurations, and residual load implications. The analysis has two key objectives: maximizing
the capacity factor and self-consumption and then comparing both cases using residual load. Using hourly electricity demand data from eight
locations, along with satellite-based solar irradiance and weather inputs, the research identifies optimal tilt and azimuth configurations under
both objectives. The findings reveal that capacity factor optimization yields annual capacity factor values ranging from 13.00% to 13.38%, but
results in lower self-consumption rates (ranging from 33.39% to 46.59%). In contrast, self-consumption optimization produces higher levels
(ranging from 35.11% to 47.39%) but leads to reduced capacity factor performance (ranging from 6.93% to 11.57%). A centralized PV system
configuration is also evaluated, achieving a capacity factor of 13.27% and self-consumption of 42.08% in the capacity factor optimized case,
and 6.93% capacity factor with 44.84% self-consumption in the self-consumption optimized case. The results highlight a trade-off between
maximizing energy yield and improving temporal matching of generation and demand, with each optimization strategy enhancing a different
aspect of PV system performance in electricity supply for the critical infrastructure operation.

Keywords: solar power systems; renewable energy; sustainable water supply systems; energy droughts; decentralized electricity supply; PV

orientation optimization.

1. INTRODUCTION

The rising costs of conventional energy sources have propelled
the integration of photovoltaic (PV) systems into water treat-
ment plants, as pointed out by Swiqtochowski et al. [1]. In
Chabour et al., it is stated that water and wastewater facilities
consume a substantial amount of electrical energy, accounting
for a significant portion of global energy consumption (4%),
with the energy footprint of the urban water cycle ranging from
0.21 to 4.07 kWh/m? [2]. According to benchmarking data from
the Polish Chamber of Waterworks and Sewerage, in 2017, the
average energy intensity of water supply processes was around
0.65 kWh/m? [3]. As environmental regulations and water qual-
ity standards are tightened, the implementation of advanced
treatment processes requiring significant energy inputs becomes
unavoidable, and consequently, the incorporation of PV systems
offers a compelling strategy for mitigating the rising energy ex-
penditures and lowering the environmental impact within water
treatment facilities, as stated by Douville & Macknick [4]. Zhao
et al. note that PV systems have emerged as a promising solu-
tion for reducing the reliance on traditional centralized energy
supplies, decreasing energy costs, and lowering greenhouse gas
emissions in water distribution systems [5].
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2. LITERATURE REVIEW

The operation of water distribution systems, which are essential
for delivering water to residential, commercial, industrial, and
agricultural consumers, demands substantial energy, requiring
power for various processes such as pumping, aeration, filtration,
and disinfection [5]. Pumping itself accounts for approximately
80% of the total energy consumption in water treatment facil-
ities [5]. As pointed out by Stawowy et al., this is especially
relevant for energy-intensive subsystems of water provision and
treatment, such as water treatment facilities, where operators
must consider both the cost and the sustainable, low-carbon-
emitting source of energy [6].

2.1. Photovoltaic systems in water treatment plants

To address the need for environmentally friendly operation, Col-
livignarelli et al. highlight that increasing attention has been
given to implementing processes that ensure the quality of
treated wastewater and protect the environment [7]. Bartecka
et al. state that hybrid energy systems based on renewable en-
ergy sources, such as PV systems and wind turbines, can play a
significant role in reducing greenhouse gas emissions [8]. The
integration of PV systems into water treatment plants presents
an opportunity to address critical environmental and economic
challenges, aligning with the global pursuit of sustainable de-
velopment and resource management [9, 10]. Since solar PV
technology may lead to reduced energy prices and greenhouse
gas emissions, it has emerged as the most appealing renew-
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able energy source option for powering water treatment plants,
according to Shao et al. [11]. Their analysis shows that, de-
pending on the weather, the electricity consumption of the plant
declined by 59.2%, 50.2%, and 33.8%, while carbon emissions
connected to electricity decreased by 47.5%, 37.3%, and 25.0%,
respectively [11]. These systems can be employed for both cen-
tral and decentralized water treatment, according to Szpak et
al. [12]. Cooperation with PV systems can benefit water stor-
age tanks and even entire water treatment plants by providing
electricity independent of external power sources during elec-
tricity shortages, showing the compatibility of renewable energy
technologies and water infrastructure [12].

2.2. Energy yield optimization

To maximize the benefits of PV systems implemented in wa-
ter treatment facilities, it is essential to optimize their energy
yield by adjusting installation parameters. Sreewirote et al. state
that optimizing the energy yield of PV systems involves careful
consideration of installation parameters, such as azimuth and
tilt angle, which directly influence the amount of solar radiation
captured by the panels and, consequently, the electricity gen-
erated [13]. Kazanecka & Olczak note that Poland’s latitudinal
position (49°00” to 54°50” N) affects seasonal solar irradiance
due to changes in solar elevation, causing fluctuations in PV
yield. Solar radiation peaks in the summer and drops in the
winter, requiring careful selection of the tilt angle to balance
seasonal variations. Single-sided PV systems achieve maximum
yield at tilt angles of 20°—45°, with lower angles favoring sum-
mer energy and steeper angles improving winter output, which
is particularly relevant in the Northern Hemisphere [14]. In ad-
dition to solar positioning, another key factor is the soiling of
PV modules. Steeper tilt angles reduce dirt accumulation and
facilitate natural cleaning by wind and rainfall, reducing per-
formance losses compared to flatter surfaces [15]. Jaszczur et
al. find that in most cases, the power output delivered by the
modules decreases due to dust accumulation [16]. Borah et al.
report that the highest PV energy loss occurred at a 0° tilt angle,
and that it decreased progressively with higher tilt angles [15].
Cano et al. state that modules set at low tilt angles (below 15°)
tend to retain water on their surfaces after rainfall, the water
combines with dust, forming a sticky substance that cannot be
removed by wind [17]. Finally, the azimuth angle, which defines
the orientation of the panel with respect to true north, also plays
a crucial role in energy yield optimization, with south-facing
orientations preferred in the Northern Hemisphere to capture
maximum sunlight throughout the day [1].

2.3. Capacity factor

A metric related to energy yield is the capacity factor (CF). CF
is calculated by dividing the actual energy output of the PV
system over a period, usually a year, by the energy it would have
produced if it had operated at its rated power output continu-
ously during the same period [18]. In this context, CF serves
as a performance indicator, allowing for comparison between
configurations.

2.4. Self-consumption considerations

In addition to maximizing total energy yield, increasing the
amount of electricity consumed directly on-site, known as
self-consumption (SC), is becoming an important aspect of PV
system design, as it reduces grid dependency. Gonzalez-Moran
et al. provide a definition of SC, or auto-consumption, and refer
to it as electricity generated by prosumers for their own use,
thereby lowering their reliance on the distribution network [19].
Nyholm et al. define SC as the portion of locally consumed
PV electricity that is not exported to the grid, calculated as
the lower value between electricity demand and the sum of PV
generation and battery discharge [20]. There is growing interest
among grid-connected PV system owners in enhancing their SC
rate [21]. For water treatment plants, aligning PV energy gener-
ation with on-site electricity demand is vital for maximizing SC.
A key factor positively affecting SC is the size (installed power
capacity) of the PV array [22]. Another aspect of SC is the
rapidly growing number of PV installations, and increasing the
SC value has become critical, as it helps mitigate the risk of over-
loading the distribution network [21]. A practical example of re-
newable energy use in a water utility is Wodociagi Chrzanowskie
(located in southern Poland, Lesser Poland Voivodeship), which
has achieved an SC rate of over 27% across all operations. One
of its sublocations is powered by a 19.58 kWp PV array that sup-
plies approximately 50% of its annual electricity demand [23].
SC is not the only necessary metric that should be considered
when designing PV systems; another aspect to consider is the
residual load (RL). In today’s changing climate, the possibility
of low PV generation events is another topic that should be in-
vestigated. RL is a relevant metric when assessing PV systems,
as it reflects the limitations of solar generation during low output
periods and indicates the potential role of complementary
energy sources in maintaining supply continuity.

2.5. Residual load implications
RL is defined as the difference between energy demand and to-
tal renewable energy production [24]. Positive RL (PRL) is the
share of electricity demand unmet by renewable energy sources
and supplied by conventional generation [25]. Minimizing PRL
is essential for ensuring grid stability and reducing the need for
conventional power resources [19]. Extreme PRL events occur
when demand exceeds renewable output, often during weather
events such as anticyclones that reduce wind and solar genera-
tion while coinciding with high loads [26]. Such events should be
considered when analyzing PV systems. Understanding the RL
profile is crucial for assessing the potential for energy droughts.
For the scope of this research, energy droughts are defined as
periods when electricity demand exceeds available supply, po-
tentially leading to power outages or disruptions in water treat-
ment operations. Literature about an RL analysis in the context
of energy droughts performed for a single facility is scarce, and
such an analysis has never been conducted for a water utility
in Poland. Based on the literature review above, the following
research questions have been formulated:
1. Does the orientation (azimuth and tilt angle settings) of a
PV installation, maximizing energy yield, also maximize
self-consumption in the analyzed water treatment facility?
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2. Can acentralized PV system effectively meet the aggregated
energy demand of a multi-site water treatment facility, and
how does it compare to decentralized configurations?

3. What are the implications of RL, and how do they relate to
a low-energy generation event?

3. METHODOLOGY

To investigate the research questions presented above, this study
analyzes a specific case involving a multi-site water treatment
facility located in a city within the Lower Silesian Voivodeship,
in the southwestern region of Poland. The analysis is based
on energy load data with an hourly resolution collected from
nine locations within the water utility network, consisting of
five pump stations and four water treatment plants. At Loca-
tion 3, one electricity meter supplies two subsystems consisting
of two pump stations; therefore, in this study, these two pump
stations are treated as a single location. Consequently, eight dis-
tinct locations form the basis of the analysis conducted. All the
sublocations of this facility and the distances between them are
shown in Fig. 1.

1 2 3 4 5 6 7 8

Distances between locat'yﬂns [km] |

9.93| 0
10.25/0.56 | 0
14.13|6.64|6.94| 0
10.86| 3.68 (4.13[3.45| 0
8.36(1.57|1.95|7.43|4.10| 0
10.59/0.70 [ 0.42 | 6.60 | 3.91 (2.24| 0
9.96 [ 0.36 | 0.87 | 6.31 | 3.32

o |N|(o|u|(s|lwNn|=

® Pump stations
Water treatment pla
@ Office building

Fig. 1. Locations of water supply system components and distances
between them (Location 8 functions as both an office facility and a
backup water treatment plant)

Locations 1-4, which are pump stations, account for more
than one-third of the annual water volume across all eight sites.
In the case of pump stations, water volume refers solely to the
volume of water pumped at those locations. The pumped water
volume at the pump stations is dominated by Location 3, which
accounts for more than 80% of the total volume of all pump
stations, whereas Locations 1, 2, and 4 each contribute only
single-digit percentages. As far as water treatment plants are
concerned, Location 5 accounts for approximately 37% of the
annual water volume, Locations 6 and 7 each contribute about
13%, while Location 8 provides only a marginal share (around
1%). Location 8 is a backup facility, which only supports the
rest of the water treatment plants. In the case of water treatment
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plants, the water volume refers to water pumped and treated,
ready to be delivered as potable water to the network. Figure 2
shows all the percentages and volumes of water at each location.

Location 8
(1.4%, 53.6:10° m?)

Location 7
(13.3%, 519.8:10° m?)

Location 5
(36.6%, 1435.5:10° m®)
Location 6
(13.4%, 526.1-10% m?)

Pump stations (Locations 1-4)
(35.3%, 1382.3:10° m?)

Pump stations (Locations 1-4)
Location 2
(6.8%, 94.0-10° m?)

Location 4
(2.3%, 31.6-10° m?)
Location 1
(7.3%, 100.6-10° m?)

Location 3

(83.6%, 1156.1-10° m?)

Fig. 2. Annual volume of treated and pumped water for a given
facility type

The Satellite Application Facility on Climate Monitoring Sur-
face Solar Radiation Data Set — Heliosat, Version 3.0 (CM SAF
SARAH-3.0) is used, with hourly resolution in watts per square
meter across all locations [27]. In addition, temperature data in
kelvin and wind data in meters per second are obtained from the
European Centre for Medium-Range Weather Forecasts Fifth
Generation of Atmospheric Reanalyzes (ECMWF ERAS), with
both datasets available at hourly resolution for all locations [28].
These meteorological inputs are processed using a MATLAB-
based PV generation model that simulates hourly PV energy
output for azimuth angles ranging from eastward to westward
orientation, and tilt angles from 10° to 90°. The PV generation
model assumes a 1 kilowatt-peak (kWp) PV array at each site.
A minimal tilt angle of 10° was introduced to avoid flat installed
modules, which are hard to model due to soiling effects [15]. Us-
ing this data and considering an annual energy constraint where
annual PV generation equals annual energy demand, the analysis
identifies the optimal tilt and azimuth angles for each location
under CF and SC optimization scenarios. In both scenarios, a
centralized PV system configuration is also considered, using
an aggregated load profile constructed by summing the hourly
demand across all locations. To evaluate the feasibility of a cen-
tralized PV, the correlation of PV generation across sites is ana-
lyzed using configurations calculated for CF and SC optimized
cases. Finally, an RL analysis at daily and hourly resolutions
is performed for both the CF and SC optimized cases, includ-
ing their centralized configurations. The whole methodology is
outlined in Fig. 3, which provides a schematic overview of the
workflow. It summarizes the key steps, starting from data input,
followed by PV generation modeling, output data collection, and
concluding with the assessment of CF, SC, and RL.
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Fig. 3. The methodology applied in this research

The MATLAB model developed for this study simulates the
hourly power output of PV systems using the previously men-
tioned meteorological inputs. These are paired with geographic
coordinates (latitude and longitude) for each location. For every
hour of the year, the model calculates the Sun’s position using
solar declination, hour angle, zenith angle, and azimuth angle,
followed by the angle of incidence on the tilted PV surface.
It then derives the beam, diffuse, and reflected radiation com-
ponents and uses them to compute the total irradiance on the
panel surface. Based on this irradiance, combined with ambient

conditions, the model estimates the PV module temperature and
corrects efficiency accordingly. It then calculates hourly power
output, accounting for temperature effects and system losses.
This process is repeated for all combinations of candidate tilt
angles (10-90°) and azimuth angles (—90° to +90°), where —90°
is east, 0° is south, and 90° is west. The increment for both tilt
and azimuth angles is 1°. Finally, the results are stored in 3D
matrices representing PV generation for each tilt and azimuth
configuration for a standardized 1 kWp PV system. The model
is described in detail in Fig. 4 [29-39].
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Parameters used in PV generation modeling
Parameter Symbol Value Ref.
Mount type - open rack [34]
Module type - glass/cell/polymer [34]
Back-to-cell temperature difference AT 3°C [34]
Reference efficiency Nref 15% [35, 39]
© Temperature coef. of efficiency Y -0.004 /°C [35, 39]
S System losses Lsys 14% 135
5 Reference irradiance lo 1000 W/m? [34]
_E‘ Ground reflectance P 0.16 [36]
CM SAF SARAH 3.0 solar radiation data for
2022 (hourly resolution): .
Latitude and longitude of location E(ZIM;M; EF;G\:ZW':CI alnd temlp(:rature
. Surface Incoming Solar Radiation (SIS) ata for (hourly resolution)
. Direct Normal Irradiance (DNI)
/ Calculate Solar Angles
(360 Determines the angle between the Sun’s rays
Solar Declination (5 §=123.45-sin (365 - (284 + dayOfYear) and the plane of the Earth's equator, which 129
Solar Declination (&) N
dayOfYear: The day number in the year (1-365/366) varies throughout the year.
H=15-(LST —12) Calculates the position of the Sun relative to 29, 30]
solar noon, expressed in degrees. '
Hour Angle (H) LST: Local Solar Time
cos(f:) = sin(g) - sin(9) + cos(¢) - cos(9) - cos(H) 1 solar zenith angle is the angle between the
Zeni Sun’s rays and the vertical direction. [29]
enith Angle (6.) ¢: Latitude
&: Solar declination
sin(H Dete the direction of thy long thy
Solar Azimuth Angle (Az2,,,) | A2y, = arctan # h;;:)mn‘”es @ direction of the sun along the | 29, 31)
cos(H) - sin(¢) — tan(d) - cos(¢) /
/ Calculate Irradiance Components and Total Irradiance \
08(hncident) = cos(6:) - cos(8) +
: w . -~ Calculates the angle of incidence between the
Incidence Angle (cden) +sin(6:) - sin(8) - cos(Azsun — Azpaner) Sun's rays and the tilted surface. [29]
: Tilt angle of the panel
Azt Azimuth of the PV panel
Diffuse Hori 1 This calculates the diffuse horizontal irradiance
Hfuse Horizonta DHI = SIS — (DNI - cos(6-)) by subtracting the direct horizontal component  |[32]
| Trradiance (DHI) (SID) from the total irradiance (SIS/GHI)
Beam Component (Gj,,) Gy = DNT - cos(Bincident) Irr_adiance Components on a Tilted Surface
3 (Liu and Jordan Model)
° 1+ cos! i
3 Diffuse Component (G,;) | Gas = DHI - (7(‘ ) ))IL‘,,U, — Gy + Gy + G, These calculate the total iradiance (i) on @ | (32, 33]
§ 2 tilted surface by summing the beam, diffuse, and
1 - cos(8) ground-reflected components.
de Component () | Gri=SIS-p- (72 ) j
/ Calculate Module Temperature and Efficiency \
3.56-0.075.V,,
Back surface module Thack = Ta + Ttotar - € ! Estimates the temperature of the back of the
temperature (Thuc) T,: Ambient temperature module [34, 37, 38]
Vi: Wind speed
Ttotal
Todute = Thack - —— - AT
PV module module ek Iy Estimates the temperature of the PV module <
temperature (Tiodue) I, : Reference solar irradiance on module, (1000 W/m”) under varying irradiance and wind conditions. [34, 37, 38]
AT: Temperature difference between the cell
and the module back (3°C)
Temperature-corrected PV | 07 = Tlres * (1 4+ + (Tmodute — 25)) Adjusts the efficiency of the PV module based | |,
@ielwy (nr) ~: Temperature coefficient of efficiency on temperature
f Calculate Power \
Poutput = Ttotar - A -1
PV Power Output A Bifective area of the PV installation Calculates the power output of the PV module. | [29]
Prinal = Poutput = (1 — Liys)
Final Power Output tem losses (DC losses, inverter efficiency. Calculates the final power output of the PV
3 wiring losses, mismatch losses) module
[
£
3 Output and Save
H
5 PV Generation 3D matrix (tilt, azimuth, power output)
o

Fig. 4. Methodological flowchart for the PV generation model encompassing: solar angle calculations (adapted from [29-31]), irradiance

components and total irradiance (adapted from [29,32,33]), module temperature and efficiency (adapted from [29,34,37,38]), power calculations

(adapted from [29]) and key physical and empirical parameters used in PV performance modeling (taken from [34-36, 39]). The reference

efficiency, temperature coeflicient of efficiency and system losses parameters used in this model were specifically chosen for the lower bound of
today’s standard ranges to ensure generality and applicability across a wide variety of PV module types
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3.1. Capacity factor calculations

The calculation aims to determine the optimal tilt and azimuth
angles for each location to achieve the highest CF and, addi-
tionally, the required installed power capacity of the PV system
(in kWp), to meet the annual energy demand, which is the sum
of all the hourly demands. The CF is calculated using the basic
formula shown in equation (1):

CF — ( Egen

e ) 100, 1
8760 X Praed ) % M

where E ., is the annual energy output in kilowatt-hours, P;.4;cd
is the installed power capacity of the rated system in kWp, and
8760 is the total number of hours in a year. In this approach, tilt
angles and azimuths are selected individually for each location
to maximize energy yield, as shown in equation (2):

(6°,¢") = argmax Egen (0.4) x 100, )

.6 \ 8760 X Prated

where 6* is the optimal tilt angle, ¢* is the optimal azimuth
angle, Eqcq(6,¢) is the annual energy output in kilowatt-hours
at tilt 8 and azimuth ¢, Praeq in this case is fixed at 1 kWp,
the CF is thus calculated for all orientations using a normalized
1 kWp PV system, and arg maxg_¢ is the operator that returns
the tilt and azimuth pair that maximizes the capacity factor.

The next step is to calculate the actual installed power ca-
pacity (Praeq(6,¢)) at the optimal tilt and azimuth to meet the
annual energy demand, which is achieved by using the formula
in equation (3):

E demand

Prated(9’¢) = m s
genU,

3)

where Egemand 1S the total annual energy demand in kilowatt-
hours and Egen (6, ¢) is the annual energy output from a 1 kWp
system at tilt # and azimuth ¢ also in kilowatt-hours.

3.2. Self-consumption calculations

The SC optimization is performed individually for each location.
In this approach, the tilt and azimuth angles of the PV system
are selected to maximize the SC ratio, based on the specific
load profile of each site. For every orientation, the PV system
is scaled so that the annual energy generation exactly matches
the annual energy demand. This ensures that all orientations are
evaluated under equal energy supply conditions. The optimal tilt
and azimuth are identified using the following criterion, shown
in equation (4):

(9*’¢*) =aIgmax(Eself(9’¢)), (4)

0.¢ Egen(g’(b)

where 6* and ¢* are the optimal tilt and azimuth angles, respec-
tively, Esif(6,¢) is the total annual energy in kilowatt-hours,
directly self-consumed at a given orientation, and Ege,(6,¢)
is the total annual energy generated by the scaled PV system
at the same orientation also in kilowatt-hours. The operator

argmaxg, ¢ selects the orientation that maximizes the SC ra-
tio. To ensure the requirement is fulfilled, the required installed
power capacity of the system, Praeq(6, ¢) at each orientation, is
calculated as in equation (3).

After scaling the system, self-consumed energy is com-
puted as:

8760

Ear (0,4) = —— " min (Ppy (1:0,6), Paemana(1)),  (5)
t=1

1000

where Ppy (;0, ¢) is the scaled PV output, and Pgemand (?) is the
hourly power demand, both in watts at hour ¢. The element-wise
minimum ensures that only the energy consumed directly by the
load is counted. The sum is taken over all hours in the year and
divided by 1000 to convert watt-hours to kilowatt-hours. The to-
tal generated energy at each orientation is computed analogously
to equation (6):

8760

1
> Pev (1:6,9), (©6)
t=1

E gen (6,9) = m
where Ppy (t;0, ¢) is the power output of the PV system in watts
at hour ¢, based on the specific tilt 8 and azimuth ¢.

The summation captures the total annual energy produced
by the PV system over the year. The result is divided by 1000
to convert from watt-hours to kilowatt-hours, yielding the total
annual energy generation Egen(6,¢) in kilowatt-hours for the
given orientation.

3.3. Centralized PV system for aggregated load

For both the CF and SC maximization approaches, a single
PV installation is considered to serve an aggregated load. The
aggregated-load PV system is adopted because of potential ad-
vantages in terms of economies of scale and simplified man-
agement. The aggregated load is calculated by summing the
whole energy demand in a year. The location for such a system
was selected based on a comprehensive evaluation of a range
of factors, including land availability for infrastructure and the
energy demands of individual sites. Figure 5 shows the distri-
bution of annual energy demand for each location. Location 5
was chosen as the site for the centralized PV system because
of the land availability and the large share of energy demand.
Energy demands of pump stations are much smaller than those
of the water treatment plants and are shown on the lower chart
of Fig. 5.

To evaluate the potential of an aggregated PV system, several
characteristics of PV systems must be considered. One relevant
feature is spatial smoothing, which describes how the combined
power output of separate plants becomes more stable as the dis-
tance between them increases. This can be analyzed by exam-
ining how the correlation between sites decreases with distance
(decorrelation/smoothing effect) [40]. The Pearson correlation
coefficient was calculated after omitting hours during which PV
generation was zero at all locations (night hours), and the cal-
culations were performed for both CF and SC optimized cases,
as shown in Table 1.
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(3.3%, 50.1 MWh) . .
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(12.3%, 186.1 MWh)
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Pump stations (Locations 1-4)
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(8.4%, 12.7 MWh)

Location 1
(12.6%, 19.1 MWh)
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(72.7%, 110.4 MWh)

Fig. 5. Distribution of total annual load across locations

Table 1
Pearson correlation coefficient for PV generation (upper triangle
for CF optimized case, lower triangle for SC optimized case)

[Locaton | 1 [ 2 | 3[4 |5 | 6] 7]3s]

1 - 1098|097 | 096|097 | 098 | 097 | 0.98
2 0.91 - 1.00 | 0.97 | 0.99 | 1.00 | 1.00 | 1.00
3 083068 | — |097 (099|100 | 1.00 | 1.00
4 0.81 [ 0.66 | 096 | — |[0.99 097|097 | 0.98
5 0.83 | 0.67 | 097 | 099 | — 1099|099 | 0.99
6 097 | 091 | 0.88 | 0.85 | 0.87 | - 1.00 | 1.00
7 0.83 | 0.68 | 1.00 | 0.96 | 097 | 0.88 | - 1.00
8 0.88 | 1.00 | 0.64 | 0.62 | 0.63 | 0.88 | 0.64 | —

The Pearson correlation coefficients exhibit extremely high
values for the CF optimized case, ranging from 0.96 to 1.00.
This indicates that as the geographic distance between locations
increases, the similarity in PV generation profiles decreases.
Although the correlation coefficients decrease with distance in
the CF optimized case, the PV correlation coefficients are still
high between all locations, showing the viability of a central-
ized PV system. In the SC optimized case, the results present a
broader range, from 0.62 to 1.00. This variation arises because
Locations 1, 2, 6, and 8 have different PV system orientation
results compared to the other locations, which will be discussed
later in Section 4.2. This also implies that spatial distance does
not meaningfully explain the variability in PV generation cor-
relation across sites. In this case, the viability of a centralized
PV system is worse than in the CF optimized case, primarily
because the correlation of PV generation is worse between lo-
cations with lower power demand (Pump stations and Location
8) and locations with high power demand, such as Locations 5,
6, and 7. The centralized PV system will be considered in later
calculations.
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3.4. Residual load calculations

The RL represents the difference between the power demanded
by the load and the power supplied by the PV system at each
hour. It indicates how much additional energy must be covered
by external sources, such as the electrical grid, when the PV gen-
eration is insufficient to meet the instantaneous demand [24]. For
each location, the RL is calculated on an hourly basis, consid-
ering the PV configurations for both the CF and SC optimized
cases. The RL for each location and optimization case is deter-
mined using the formula shown in equation (7):

RL(I):Pdem(t)_PPV(t)’ @)

where RL(¢) is the RL in watts at time #, Pgem(?) is the power
demand in watts at time ¢ and Ppy(¢) is the PV generation in
watts at time #. An analysis at daily and hourly resolution is
conducted.

Because the analysis is conducted for a water supply utility,
where certain locations experience periods of zero load (such as
Location 7 for multiple weeks), special considerations are made
in the RL calculations. If the power demand is zero and the PV
generation at the same time is also zero, the RL percentage is
defined as 100%, indicating that the full demand remains unmet.
This reflects the presence of unavoidable auxiliary and standby
electricity consumption (e.g., control systems, monitoring, and
metering equipment) that is not captured in the reported load
data. Conversely, if the power demand is zero while the PV
generation is greater than zero, the RL percentage is defined as
0%, reflecting that although energy was produced, there was no
significant demand to consume it. Those special considerations
are described in equation (8):

100, if Pgem =0A Ppy =0,
RL % = 0, if Pgem =0A Ppy >0, (8)
Piem — P
~Iem TPV 100 i Pem > 0.
Pgem

To evaluate the potential occurrence of energy droughts, the
RL is analyzed for each PV system configuration. This analy-
sis helps in identifying periods of heightened vulnerability, al-
lowing for an assessment of potential resilience against energy
drought events.

4. RESULTS

In this study, the results provide insight into the performance of
PV systems across multiple water treatment and pumping sites,
with particular focus on PV installed power capacity, CF, SC,
and RL under varying orientation configurations. The analysis
identifies optimal tilt and azimuth angles for both CF and SC
optimized cases at each site and evaluates both decentralized
and centralized PV scenarios.

4.1. CF optimized case

The results for the CF optimized case, including the optimal tilt
and azimuth angles, PV capacity, and corresponding SC rates
for each location, are presented in Table 2.
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Table 2
Results for the CF optimized case

Table 3

Results for the SC optimized case

Location ‘ Tilt ‘ Azimuth ‘ CF ‘ PV capacity ‘ SC ‘ ’ Location ‘ Tilt ‘ Azimuth ‘ CF ‘ PV capacity ‘ SC ‘
1 34° | —7° | 13.00% | 16.81kWp | 39.94% 1 38° | 90° | 10.16% | 21.5kWp | 41.99%
2 34° | —6° | 1335% | 8.14kWp | 40.53% 2 14° | 90° | 11.46% | 9.48kWp | 41.30%
3 34° | —6° | 1337% | 9429kWp | 40.26% 3 90° | 90° | 6.97% | 180.97 kWp | 43.04%
4 34° | —6° | 13.28% | 10.96 kWp | 43.82% 4 90° | 90° | 6.95% | 20.91kWp | 46.36%
5 34° | —6° | 13.27% | 483.52kWp | 43.41% 5 90° | 90° | 6.93% | 925.84kWp | 46.37%
6 34° | —6° | 1330% | 159.8 kWp | 33.39% 6 42° | 90° | 10.20% | 208.29 kWp | 35.11%
7 34° | —6° | 13.38% | 483.8kWp | 41.05% 7 90° | 90° | 6.97% | 928.09 kWp | 43.43%
8 34° | —6° | 1334% | 42.91kWp | 46.59% 8 10° | 90° | 11.57% | 49.45kWp | 47.39%

Ce“gi}iz"’d 34° | —6° | 13.27% | 1305.4kWp | 42.08% Ce“gi‘}iz"’d 90° | 90° | 6.93% | 2499.5kWp | 44.84%

All locations achieve maximum generation performance at
a consistent tilt angle of 34°, with minor azimuth variations
from —7° to —6° (relative to South), reflecting a south-facing
orientation with slight eastward adjustment. CF across sites is
uniform, ranging from 13.00% to 13.38%, indicating similar
solar resource availability and system performance.

The highest CF is at Location 7 (13.38%), and the lowest is at
Location 1 (13.00%). A comparable performance level was ob-
served by Gulkowski, who reported an average annual yield of
990.2 kWh/kWp (equivalent to a CF of approximately 13.4%)
for PV systems in south-eastern Poland [41]. PV system capaci-
ties vary significantly based on demand (Fig. 5), from 8.14 kWp
at Location 2 to 483.8 kWp at Location 7. SC rates range be-
tween 33.39% and 46.59%, the highest at Location 8 and the
lowest at Location 6. The centralized PV configuration, based on
an aggregated load, has a total capacity of 1305.4 kWp, a CF of
13.27%, and an SC of 42.08%. This performance is comparable
to the decentralized setup, suggesting that centralization does
not significantly compromise system efficiency and could offer
benefits in terms of management and scalability. This also im-
plies that centralization could simplify maintenance and reduce
installation costs without significant efficiency trade-offs.

4.2. SC optimized case

The results for optimizing PV configurations in the context of
maximizing SC across the analyzed locations are presented in
Table 3.

Compared to the CF optimized scenario, the tilt angles are
significantly steeper, in most cases being 90°. Only for locations
1,2, 6, and 8, the tilt angles are noticeably lower, while azimuth
angles (measured relative to South) are in all cases 90°, which
is west. This positioning shifts generation away from solar noon
towards the evening hours, improving overlap with demand pro-
files and enhancing SC. Despite lower CF across all sites, rang-
ing from 6.93% to 11.57%, the SC rates are higher than in the
CF optimized case. The reduced CF is an expected trade-off, as
the generation profile is skewed to better match load rather than
to maximize total energy production. System capacities range
from 9.48 kWp at Location 2 to 928.09 kWp at Location 7. The

centralized PV configuration for the aggregated load results in
a system rated at 2499.5 kWp, with a CF of 6.93% and an SC
of 44.84%. This supports the feasibility of centralization from
an SC perspective, albeit with a significant trade-off in CF.

4.3. Residual load results

For the CF optimized cases, PV generation peaks sharply around
solar noon, reflecting orientations aimed at maximizing daily en-
ergy output. While this maximizes yield, it often causes midday
overproduction and negative RL (NRL) during peak sunlight.
In contrast, the SC optimized cases shift generation toward the
afternoon, better aligning with typical demand and reducing
production-consumption mismatch. This shift is especially clear
at Locations 3, 4, 5, and 7, where afternoon RL peaks are more
pronounced than in CF cases. At Locations 2 and 8, lower tilt
angles in the SC optimized case yield an RL profile extremely
close to the one from the CF case. Figure 6 shows average daily
power profiles across all locations and a centralized PV setup,
highlighting afternoon-weighted generation of SC cases. For
this figure, hourly demand data and PV generation data were
used to calculate mean demand and RL values for every hour of
a day.

For further analysis of RL, an approach based on PV deploy-
ment levels is used. The PV deployment levels ranging from 75%
to 100% are selected to reflect the expected 25-year operational
lifespan of standard PV modules, incorporating a simulated 1%
annual decline in energy generation efficiency [42]. The analysis
of the daily RL for the CF optimized case, examined at a daily
resolution across varying PV deployment levels and days of the
year for each location and the centralized PV configuration, re-
veals a consistent trend. Specifically, during the high-irradiance
summer period (days 150-250), a marked overgeneration oc-
curs. At full PV deployment, all locations experience sustained
daily NRL, driven by high solar availability and system siz-
ing optimized for maximum annual yield. The most extreme
daily summer NRL occurs at Location 6 (—256.1%), Location 8
(-236.0%), and Location 2 (-160.7%), indicating substantial
oversupply relative to demand on peak days. Even at a reduced
PV level deployment of 75%, daily summer RL falls well be-
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Fig. 6. Comparison of average daily profiles for demand, PV generation,
and RL for the CF and SC optimized cases

low zero across most locations, with values such as —167.1%
at Location 6, —152.0% at Location 8, and —95.5% at Loca-
tion 2. Over the full year, RL remains negative, demonstrating
that the overgeneration extends beyond summer peaks. The daily
NRL values also often span multiple consecutive days, forming
prolonged periods of excess energy supply. These NRL values
often exceed 100% of the local energy demand, highlighting the
scale of surplus generation from the PV systems at each loca-
tion. The proposed centralized PV system serving an aggregated
load also exhibits substantial overgeneration. At full PV deploy-

ment, it reaches a minimum daily summer NRL 0f—108.9% and
a daily yearly minimum NRL of —128.9%. All the above find-
ings are illustrated in Fig. 7a, which also visually suggests that
PV deployment levels do not significantly alter the overall RL
dynamics in the CF optimized case for all the locations and the
centralized PV system for the aggregated load. In Fig. 7, hourly
demand, and PV generation data (with PV deployment ranging
from 75 to 100%) were used to calculate mean RL values for
every day in a year.

In the SC optimized case, the RL analysis at a daily resolution
reveals that overgeneration remains a consistent feature across
all locations, similar to the CF optimized case, particularly
during the high-irradiance summer period (days 150-250).
At full PV deployment, the most extreme daily summer NRL
values are recorded at Location 8 (-279.1%), Location 6
(-269.6%), and Location 2 (-201.0%), highlighting significant
oversupply relative to demand on peak days. Even at 75%
deployment, daily summer NRL still reaches —184.3% at
Location 8, —177.2% at Location 6, and —125.7% at Location 2.
These NRL values frequently span multiple consecutive
days, forming prolonged periods of surplus generation. The
centralized PV system serving an aggregated load also reflects
this pattern, with a minimum daily summer NRL of —147.1%
at full deployment and —85.3% at 75% deployment. When
comparing both the CF and SC optimized cases directly, the
SC optimized case results in even lower minimum daily NRL
at nearly all locations, suggesting that surplus generation is
not inherently reduced by aligning PV output more closely
with demand profiles. Instead, the optimization for SC may
shift peak production to slightly earlier or later hours without
significantly mitigating seasonal mismatches. Comparison of
the SC and CF optimized cases reveals that the three largest
changes in minimum daily NRL between configurations occur
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Fig. 7. Daily RL for the CF optimized case (a) and SC optimized case (b) across PV deployment levels for each location and the centralized PV
system (the values presented here follow a similar approach for showing RL and PV deployment levels presented in [25]). Daily RL values are
capped at —200% for readability
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Fig. 8. CF optimized case (a) and SC optimized case (b) hourly RL for each location and centralized system

at Locations 1, 8, and 2. At Location 1, summer NRL decreases
from —141.1% to —193.5%, at Location 8 drops from —236.0% to
—279.1%, and at Location 2, it drops from —160.7% to —201.0%.
These differences highlight how SC optimization can intensify
overgeneration during peak irradiance periods. The centralized
PV system shows a similar trend, with summer NRL decreasing
from —108.9% in the CF optimized case to —147.1% in the SC
optimized case. Figure 7b illustrates that RL dynamics in the
SC optimized case are structurally similar to the CF optimized
case, despite being optimized for a different objective.

An analysis at a deeper, hourly resolution across the entire
year, which considered only hours where there was PV genera-
tion, reveals that in the CF optimized case, most locations expe-
rience frequent and widespread overgeneration during midday
hours. This effect is especially pronounced in the summer period
(days 150-250) when solar irradiance is the highest. Overpro-
duction manifests as distinct bands of NRL, indicating that the
PV systems are generating significantly more energy than can
be consumed on-site during those hours. This pattern directly
reflects the nature of CF optimization, which prioritizes max-
imizing the total energy yield over the course of the year. In
doing so, it disregards the temporal alignment between genera-
tion and demand, resulting in surplus energy during periods of
peak production, as shown in Fig. 8a. In Fig. 8, hourly demand
and PV generation data were used to calculate RL for every hour
of the year.

The hourly RL profiles for the SC optimized case have a differ-
ent distribution compared to the CF optimized case, especially
for Locations 3, 4, 5, 7, and the centralized PV system, where
there is a pattern of NRL being closer to 0 at morning hours and
more pronounced NRL at afternoon hours. This is the result of
the PV system orientation to the west. For locations where the
tilts of the PV system are lower, this pattern is less pronounced
but still visible, as in the cases of Locations 1, 2, 6, and 8. At

10

all locations, there are reduced extremes in RL visible, which
were not visible in the daily resolution. These reduced extremes
highlight the effectiveness of SC-oriented optimization in im-
proving the temporal match between generation and demand.
By focusing on alignment rather than maximizing total output,
the SC case lowers energy shortfalls. The centralized PV setup
also benefits, showing a less pronounced NRL and PRL during
the entire year, as shown in Fig. 8b.

4.4. Positive residual load events

After the analysis of RL, the number of hours per year with
PRL was calculated across all locations and the centralized PV
system for both the CF and SC optimized cases. The differences
are most pronounced at Locations 3, 5, and 6, where the CF
optimized case has 162, 168, and 204 more PRL hours than the
SC optimized case, respectively. This suggests that optimizing
for capacity factor leads to longer periods of PV generation in-
sufficient to meet the load, whereas the SC case better aligns
production with consumption, reducing the frequency of sup-
ply deficits. Even the centralized PV system shows this pattern,
with 1531 hours of PRL in the SC case versus 1704 in the CF
case. Overall, the SC case offers improved self-sufficiency by
minimizing the hours requiring external supply. In this study,
resilience is considered in two distinct contexts: first, resilience
to meteorological energy droughts, characterized by prolonged
periods of low solar generation; and second, resilience to short-
term supply disruptions or grid outages, where local genera-
tion adequacy and temporal alignment with demand are critical.
The SC optimized case improves short-term supply adequacy by
enhancing the temporal alignment between PV generation and
demand, thereby reducing the frequency of PRL periods and
minimizing reliance on external electricity during operational
disruptions. This makes it particularly effective for maintaining
an off-grid power supply in critical situations. Those events in
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water supply systems can include [12]:

e Large-scale failures of electric power systems, which are
called power blackouts, such as the recent example of the
April 2025 blackout in Spain and Portugal.

e Extreme weather phenomena such as floods, for example,
the 2024 Central European floods affecting the area where
the analyzed water treatment facility is located.

e Cyberattack on IT systems, including automatic control of
the water treatment process.

e Military conflicts, which are a rising concern amid the war
crisis in the neighboring country, Ukraine.

o Failures of key water mains and pumping stations.
Conversely, the CF optimized case offers greater resilience
against meteorological low-generation events (energy droughts).
Although it results in a higher number of hours with PRL, the
CF optimized case concentrates PV generation independently of
the hourly demand shape. This is especially evident in Fig. 8a,
where values reach substantially lower levels than in the SC opti-
mized case for all hours when there is solar irradiance (Fig. 8b).
This surplus provides a safety margin, allowing a larger share of
the daytime electricity demand to be covered by PV generation
even when solar irradiance is significantly reduced.

We also note that the findings in this study indicate that CF
and SC optimization enhance different dimensions of system
resilience and should not be interpreted as universally better
strategies.

5. DISCUSSION AND CONCLUSIONS

In practical terms, the CF optimized case, which employs a tilt
of about 34° and an azimuth of —6°, is the optimal PV system
configuration for Locations 3, 4, 5, and 7 of the water treatment
facility. A centralized PV system is a valid solution in the CF
optimized case. For a centralized PV system installation in the
CF optimized case, Location 5 is recommended. A centralized
PV system in the CF optimized case maintains similar perfor-
mance to decentralized systems while potentially simplifying
operation and reducing costs. In the SC optimized centralized
PV system, an increase in the SC rate of 2.76% compared to
the CF-optimized case requires an increase in installed capacity
from about 1.3 MWp to around 2.5 MWp, which is an increase
of 1.2 MWp, illustrating the scale of the design trade-off. SC
optimization results in PV systems that are west facing with tilt
angles ranging from 10° to 90°. In the SC optimized case, loca-
tions that have a west-facing and steep-tilted PV system exhibit
a great trade-off in CF (around 50%) for a slight increase of SC
(around 2%). This trade-off is too great for practical implemen-
tation, as these PV system configurations require almost twice
the capacity compared to CF optimized systems. In the SC opti-
mized case, the centralized PV system faces the same issue, with
a CF of only 6.93%, compared to 13.27% in the CF optimized
case. After performing the RL analysis, the potential gain from
west-facing, steep-tilted PV systems is still insufficient to make
them a viable solution for Locations 3, 4, 5, and 7. However, for
locations 1, 2, 6, and 8, where the tilt angles are lower, the CF
values remain high enough (ranging from 10.16% to 11.57%)
to consider the PV system configurations viable. Considering
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the RL analysis for these locations, the SC optimized PV sys-
tem configuration is the preferred solution here. The analysis of
PV system optimization in the water treatment facility reveals
critical insights regarding the relationship between orientation
parameters (azimuth and tilt angles), CF, and SC. Results for
the CF optimized case from the MATLAB model agree with
data from real PV systems in similar locations, such as that re-
ported by Gulkowski [41]. The annual-scaling approach used in
this study in equation (4) is a well-established baseline in both
practice and literature [43—45]. The study highlights the trade-
off between maximizing energy yield, as in the CF optimized
case, and matching PV production to consumption patterns, as
in the SC optimized case. CF optimization yields higher total
energy but causes significant midday overgeneration and NRL.
The SC optimization, which involves positioning PV arrays to
better match the afternoon peak demand, reduces surplus gen-
eration at noon but shifts the overgeneration to afternoon hours
and often requires larger system capacities due to inherently
lower CF values. The lower yield in the SC optimized case for
some locations, of around 50% of the initial CF optimized case,
is consistent with what is stated by Fraunhofer ISE [46]. CF
optimization consistently exhibits higher CF, but lower SC rates
compared to the SC optimization scenario, which displays lower
CF but improved SC ratios. SC ratios calculated in this paper
are consistent with expected values. Bey et al. [9] state that a
PV system can cover 53% of the electrical load of a water treat-
ment plant, which is similar to the results reported in the present
analysis. An example of a water utility with a PV array that
supplies approximately 50% of its annual electricity demand,
provided earlier in this paper, also underscores the validity of
the results obtained in this study [23]. The Liu and Jordan model
used in the PV generation model has some shortcomings, espe-
cially for azimuths over 15 degrees (or —15 degrees), and also
for high PV module tilt angles [47]. Real-world data are scarce
for PV modules installed westward (or eastward) at a tilt of
90 degrees in Europe, with only some data being available for
building-integrated PV modules [48]. Experimental research for
azimuths pointing more northward is also highly limited [49].
The PV generation model was evaluated by comparing its results
with PVGIS data [50] for a 1 kWp system, applying identical
14% system losses. The Pearson correlation showed satisfactory
agreement, as indicated in Table 4.

The RL analysis underscores the necessity of carefully bal-
ancing production and consumption to mitigate energy droughts
and grid stress. These findings may inform future installations by
highlighting the relevance of context-specific orientation strate-
gies for improving environmental and economic performance
in water treatment facilities. Furthermore, the occurrence of en-
ergy drought situations is a key consideration, both regarding
localized energy shortages due to weather-related variability and
broader system-wide challenges [51], which may be increasing
in frequency, as suggested by recent studies [52]. Further re-
search could include the analysis of energy costs for both the
CF and SC optimized cases, such as the assessment of SC on
water treatment energy costs shown by Garcia-Lopez et al. [53].
Additionally, the use of other renewable energy sources, such as
wind turbines, is possible, as mentioned by Bartecka ef al. [8].
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Table 4
Pearson correlation coefficient of PV generation model data
and PVGIS data

Location CF optimized case SC optimized case
1 1.00 0.99
2 0.99 0.99
3 0.99 0.97
4 0.99 0.98
5 0.99 0.97
6 1.00 0.99
7 0.99 0.97
8 0.99 0.99

Another approach is the consideration of energy storage. Also,
an economic analysis considering energy spot prices is possi-
ble in this case. For PV modules with high tilt angles (90°)
facing west, bifacial modules can be considered because they
would capture both west- and eastward irradiation, as discussed
in Reker er al. [54]. Another approach is to consider multi-
oriented PV installations (split PV arrays), such as the east-west
configurations discussed by Adua et al. [55]. As far as experi-
mental research is concerned, more emphasis should be placed
on researching PV module installation at high tilt angles and
westward (or eastward) azimuths.
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