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Abstract: In this manuscript, a novel topology is proposed to integrate on-grid and off-grid PV
systems supplying the same load premises. The load side is investigated and analyzed, and critical
and non-critical loads are separated in terms of power supply. Critical and seasonal loads usually
place stress on the grid’s point of common coupling (PCC). In the proposed topology, they are
supplied by a novel topology for an off-grid solar pump PV system that lacks energy storage
integration. The lack of energy storage batteries requires a novel design and sizing scheme for the
off-grid PV system, and a methodology is proposed in this manuscript. The on-grid PV system
is conventionally designed and coupled with the storage-less off-grid PV system to maintain load
supply. The proposed methodology minimizes the ratings of the PCC and hence relieves stress
on congested grids with renewable energy penetration, especially in condensed urban areas. The
proposed structure enables the operation of microgrids with high penetration levels of renewable
energy resources and minimizes dependance on storage batteries for off-grid systems. A case study
is presented and thoroughly analyzed with the proposed methodology. The outcomes of the design
process are evaluated economically and were found to be feasible, as is detailed and supported with
simulation results.

Keywords: DC microgrid; load sharing; off-grid PV system; on-grid PV system; power flow manage-
ment; renewable energy

1. Introduction

Global demand and consumption of energy are increasing rapidly as a consequence of
population and economic growth. At this time, a huge portion of power is being generated
using fossil fuels. However, fossil fuels are expensive and are known to have harmful
impacts on the environment due to the greenhouse gasses (GHG) they release, which play
a major role in global warming. In addition, conventional fuel resources are being overused
and are not anticipated to meet the rising demand. Consequently, an added barrier that has
arisen is that over one billion people worldwide are still left with no access to electricity [1].
These problems have created an opportunity for more investments in the non-conventional
and renewable energy sources (RES) [2]. Thus, the quest is ongoing to find and utilize
greener, reliable, and cheaper alternatives to these conventional fuel sources.

Currently, continuous efforts are being made to develop and utilize RES, resulting in
increases of their share of the energy mix each year [3]. One type of these renewables is
solar energy, which is available to the ultimate extent, clean, sustainable, and endless [4].
Photovoltaic (PV) systems are one of the most promising and continuously evolving
technologies, since their levelized cost of electricity (LCOE) is dropping below the cost of
the government’s electricity tariffs from conventional power generation units, especially for

Energies 2022, 15, 1279. https:/ /doi.org/10.3390/en15041279

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15041279
https://doi.org/10.3390/en15041279
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7550-480X
https://orcid.org/0000-0001-8344-902X
https://orcid.org/0000-0002-8231-5545
https://orcid.org/0000-0001-6963-9062
https://orcid.org/0000-0002-5116-0720
https://doi.org/10.3390/en15041279
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15041279?type=check_update&version=1

Energies 2022, 15, 1279

20f18

customers with high consumption. In fact, they are now the cheapest source of electricity in
most countries as a result of low-cost financing. Their capacity is also expected to triple by
2030 under the existing and proposed worldwide policies [2]. They are usually deployed in
the field as on-grid or off-grid energy systems.

On-grid systems are one type of PV systems where the system is connected to the utility
grid, which enables the consumption of energy from the grid. Thus, the energy produced
by the system does not necessarily need to meet the entire demand, since shortages can
be supplied from the utility grid and surplus can be exported back to the grid [5]. These
systems cause disturbances to power systems and have an unpredictable output that
is affected by the weather conditions such as morning fog and wind speed. Several
studies have investigated irregular power generation from PV systems caused by the
environmental conditions, such as [6,7], where a 2 MW PV system was examined and its
generated power was measured and documented every 5 minutes. The results showed
severe power fluctuations, which are one of the main factors responsible for causing some
major operational troubles for the utility grid. The authors of [8,9] acknowledged that
these fluctuations may also result in severe frequency variations in the electrical network,
causing voltage fluctuations that in return may lead to voltage variations outside the
regulation limits.

The second type of PV systems installation is the off-grid system, which is indepen-
dent of the utility grid and must deliver sufficient energy to meet the demand of the
load [5]. However, off-grid systems are incapable of providing constant energy supply
and may cause an unbalance between generation and demand, particularly during the
on-peak and off-peak periods, when the PV generation is either less than or greater than
the actual demand, respectively. Therefore, energy storage is mandatory to match the gen-
eration and load profiles, as well as to address the intermittency behavior of RESs [10,11].
Energy-storing devices face some technological and economical obstacles. The process of
developing energy storage elements is a detailed and complex process due to the high
standards required. Moreover, high efficiency accompanied by maintaining a low cost
and having a long lifespan are all design concerns [12]. Another problem associated with
energy storing devices is their negative impact on the environment due to the toxicity of
their waste, yet another major concern the researchers are considering [13].

Due to the unpredictable and rapid changes in electricity generation and sudden loss
of power production, the idea of hybrid systems arisen and became one of the most used
solutions. Hybrid systems are also useful in remote areas with weak power grids, as they
can enhance the quality and consistency of their power supply [14,15]. Hybrid systems can
have one or more RESs, conventional power generation units, with or without an energy
storage component. Hybrid systems incorporating storage devices along with the RE supply
enable consistent power dispatch and increase the reliability of these power sources [16].
However, for urban installations, the utilization of hybridized systems with storage devices
is not common and grid regulations usually hinder such integration. Microgrids were
introduced as a solution in [17]. Since electrical grids are usually operating near their critical
capacity, any small problem in a small part of the system can lead to more serious problems,
which can take down the whole electrical grid. Therefore, the usage of microgrids is
important, since it can effectively incorporate renewable energy generation in a local energy
supply system. In addition, microgrids can reduce risk by dividing the grid into smaller
efficient sections that can be islanded and work independently. Islanding can sometimes
occur due to disturbances, such as faults or preplanned switching events. A microgrid
should be able to operate independently even after islanding has occurred in order to meet
the subsequent load demands. In general, there are three types of microgrids: DC, AC, and
a combination of both (hybrid). DC microgrids are cheaper than AC microgrids in the case
when all the loads are DC loads, and vice versa [18,19], and currently they are receiving
substantial attention due to their merits over AC microgrids [20,21]. In the case of hybrid
microgrids, conversion losses are minimal [22].
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To enable DC microgrid operation, intervention at the DC link is necessary where
it interfaces with variable sources and loads. The concept of the DC microgrid has been
utilized recently to develop more independent solutions to supply loads from intermittent
RESs with minimum support of the available grid; solar-powered water pumping is an
active example in literature [23,24]. Contrary to standalone powered loads, the microgrid-
based solutions involve a connection with the grid as complimentary source, while not fully
exploiting the point of common coupling. The basic idea is to couple the output of the solar
PV system at the common DC link with the rectified grid input. Both sources interactively
supply the load demand without the need for an energy storage element to stabilize
the solar profile, and at the same time minimize the interaction with the grid, thereby
minimizing grid power consumption and preventing grid disturbances from propagating
to the load side. A common design approach for PV-supported DC microgrids is to have
a bidirectional power converter interfacing with the grid, which allows reverse power
flow in case the PV generation exceeds the load demand, thereby fully utilizing the PV
potential [25-27].

Grid-connected PV systems, while very intuitive and desirable from an energy con-
sumption point of view, are designed to cover the load demand while engaging the solar
PV generation as a current source in order to limit the energy consumed from the grid,
but not the power. Full power exchange is allowed between the grid and the PV system
or load under extreme loading conditions (null to full). The possibility of full reverse
power flow to the grid requires the capability of the utility network to handle this power
exchange, which, if maximized, will compromise the grid power quality and stress the
point of common coupling (PCC). This has led utility operators to limit the penetration of
RES as grid-connected systems to preserve essential functionalities of the network under
extreme conditions. Due to this, many on-grid PV systems are being denied approval due
to localized limitations of the network, such as limited distribution transformer ratings,
reactive power demand limitations, infrastructure-related limitations (cables, connection
points, thermal stresses, etc.), and power quality issues (total harmonic distortion (THD)
levels) [28-30]. All of this has curbed the deployment of this technology, especially in
condensed urban areas where high power demand density is contradicted by limited RESs
penetration, despite these areas needing it the most.

To enhance the market share of renewables and address the limiting factors of in-
tegrating RESs with the grid, novel design and integration approaches are subjects of
intensive research. In this manuscript, a new design strategy is proposed to alleviate the
induced limitations of integrating RESs with the grid. The shortcomings of energy storage
systems are avoided by proposing an energy-storageless topology. The basic idea behind
the proposed strategy is to classify the load shares at certain point of common coupling
(PCC) as critical and non-critical loads, in which the critical load indicates energy intensive
loads such as heating, ventilation, and air conditioning (HVAC) systems. Non-critical loads
indicate distributed loads with small shares of energy consumption, such as lighting, small
appliances, low power chargers, etc. The non-critical loads are supplied by the conventional
on-grid PV system. In this case, the dynamic exchange of power with the grid ensures
time-independent continuous power supply to the load, and reverse power flow from the
PV plant to the grid is allowed. This component contributes to the stress on the grid and
the PCC; however, the stress is minimized due to the removal of the bulk load (critical
load) from the power exchange dynamics. The critical load is managed through a sepa-
rate PV-supported power supply system such as a solar pump, but uses a unidirectional
grid front-end converter to prevent reverse power flow to the grid and to remove any
contribution to the PCC limitations. The critical load PV-system (referred to as solar pump
hereafter) does not include energy storage and hence, energy generated from the PV may be
wasted if light load conditions persist, and grid contribution is needed in case of heavy load
operation. In these two scenarios, the energy management is not optimized to minimize
the electricity bill and hence, the system size is optimized to minimize the energy wasted.
The novel system structure compromises energy harvesting potential to enable semi-micro
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grid operation and to minimize the interaction with the grid. If the critical load profiles are
daytime-type, it will be perfectly suited in the proposed topology. Thus, business buildings
in urban areas are targeted by this study. A case study load was selected and analyzed, and
classification of critical and non-critical loads was carried out. The conventional on-grid
PV system was designed to cover the energy needs of the non-critical load, and the solar
pump system coupled with the grid is assumed to cover the critical load. Energy analysis
of the solar pump was carried out to optimize the size of the PV system while minimizing
the energy losses. Environmental and financial impact analysis was carried out for the
optimized system design.

2. Proposed System Layout and Control Methodology

The proposed PV system layout is shown in Figure 1. The load side depicts a residen-
tial, business, or small-scale normal load. The load is classified into critical and non-critical
loads. The critical loads are energy intensive loads such as HVAC systems, which are the
most demanding loads in business buildings in urban areas (the focus of this study). The
non-critical loads are light ones with no intensive power demand, such as lighting and
small appliances.
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Figure 1. Proposed system layout.

The conventional topology for integrating PV systems into the supply chain of the
load is shown in the bottom part of Figure 1 and is referred to as the grid connected load.
The PV array generates the energy and the converter/inverter interface injects the power
into the PCC connection. The net load demand (actual demand minus the PV generated
power) is directly compensated for by the grid connection. This part of the RES system
is designed conventionally to meet the annual energy demand of the load and uses the
grid connection to export and import energy as needed by the load. The DC/DC converter
of the grid-connected system is controlled under maximum power point (MPPT) mode,
and the inverter is controlled to maintain the DC link at the rated value, thus delivering
maximum power to the PCC. The inverter interfacing with this DC link (bottom part of
Figure 1) is responsible for fixing this DC link to a certain voltage (usually 450V for single
phase), and any excess power will be delivered to the load side (PCC in this case). The
action of the inverter is always buck in this case.
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Critical loads with high power density are supplied from a separately designed PV
system, with the grid connected to the DC side (not at the PCC) through a rectifier stage
such that the grid utilization is reduced by the instantaneous available energy from the
PV system. When the PV does not supply energy (during winter days or nighttime for
example), the load is completely supplied by the grid. When the load is not consuming
power, the available PV energy is not exported to the grid, which limits the utilization of
the available PV energy, but minimizes the grid interaction. The DC/DC converter in the
solar pump is controlled under MPPT mode such that the DC link voltage does go over a
certain maximum value. The rectifier interfacing the grid with the DC link is controlled to
fix the DC link voltage at the rated value. The load inverter is controlled to always meet
the load demand. When the load demands more power than what the PV can supply, the
rectifier compensates the deficit from the grid; the DC link voltage loop control governs
the energy injection in this case. When light load conditions exist, the DC/DC converter
control shifts away from the MPPT to keep the DC link voltage under the rated maximum,
while the rectifier is turned off in this scenario. In this case, the PV is the only source of
energy for the load and does not fully supply maximum power, which gives the system
enough margin of stability under fast varying generation conditions such as partial shading
and cloudy environments.

The non-critical load is still supplied through the PCC where the G59 is in place, and
thus undergoes normal operation. The critical loads are supplied through the common
DC link that receives energy from both the PV solar pump and the grid; however the
interfacing inverter decouples any disturbances and none are transferred to the load side,
no matter the condition of operation.

The proposed strategy achieves two main targets. The first one is minimizing the
ratings of the PCC, which limits the peak reverse power flow to the grid during peak power
generation from PV and accordingly allows the operator to permit more grid-connected
systems with lower ratings without compromising the grid operation. The second target is
utilizing RESs to supply critical and high power-density loads, which contributes to the
increased penetration of RES in the network operation with minimal downsides.

The design and sizing for the on-grid component of the PV system is conventional
and based on the total energy consumed annually versus the total energy generated by the
PV system. Specific energy yield for the PV system in a specific geographical area was used
to properly size the system. PVsyst simulations were also utilized to generate exact design
specifications for specific load information, as will be detailed in the design section below.

The off-grid component or solar pump PV system does not follow conventional design
assumptions in this manuscript; rather, a novel design strategy is proposed based on the
total energy wasted as a result of adopting this strategy. Figure 2 shows typical daily PV
generation and load profiles of a day-time business office, where it clearly shows that the
peak load is not concurrent with the peak PV generation, making them non-complementary
and creating a need for a grid connection or energy storage element in the on-grid and
off-grid cases, respectively.

In the proposed solar pump component in Figure 1, the PV system is not coupled with
the grid or energy storage for excess energy recovery. This entails the waste of potential
energy in areas A and C in Figure 2, and the need for energy supply from the grid to
cover area B. In the proposed design, all mismatched areas (A, B, and C) are considered
as energy losses (whether it is potential energy wasted or energy paid for from the grid).
In this context, the solar pump PV subsystem cannot be oversized as that will enlarge the
mismatch areas A and C. On the other hand, undersizing causes a larger mismatch in area
B. Thus, optimum PV size should be considered to alleviate the impact of both scenarios.
The objective function for this optimization problem is to minimize the sum or mismatch
areas A, B, and C, subject to specific load and PV generation profiles. No energy storage
elements are considered in the design process.
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Figure 2. Typical daily PV generation and load profiles of a day-time business office.

The proposed topology is converted to a non-conventional design problem that does
not follow the standard procedure of sizing. Thus, performing optimization on energy
utilization is not intuitive in this case. Alternatively, non-useful energy is quantified and
defined as potential energy from the PV generator and not utilized directly, energy is
imported from the grid in case the PV generator does not satisfying the load demand. The
design objective is to minimize this non-useful energy as clarified with the aid of Figure 2.

3. Load Profile and PV System Design

The energy demand of buildings is non-linear and varies with time due to the variation
of occupants’ activities. It is very difficult to predict energy consumption with accuracy,
which itself has become a popular research area. In terms of building category, non-
residential buildings such as education buildings, commercial buildings, and business
facilities make up a large portion of building stock. On the other side, a PV system’s output
changes with variations of weather conditions such as irradiation, temperature, and cloud
shading during the daytime. PV system output is zero at nighttime and early morning due
to zero or low-level sun insolation. The evaluation of building consumption and PV system
generation is important for the development of this work.

This study focuses on a commercial building in Jordan that has considerable energy
consumption due to the installation of large heating, ventilation, and air conditioning
(HVAC) units. For the investigation of electric load demand, this study utilizes year-round
collected electricity bills for a governmental building for a more reliable and meaningful
evaluation. Due to the absence of preinstalled smart meters, some assumptions were
made for daily and hourly consumption. Moreover, the work in this section used software
simulations to evaluate the variation of PV system output and yearly data on weather
conditions, thereby creating a daily solar generation simulation [31].

3.1. Load and Solar PV Profiles

To conduct this research, a daytime consumption load must be considered with the
purpose of minimizing daily net-metering between the day and night. Such loads can be
found in the governmental sector, educational institutes, and most 8:00 a.m. to 5:00 p.m.
office buildings. Therefore, the chosen subject building consists of six stories and an area of
2400 m?, with 80 employees working daily from Sunday to Thursday, opening at 8:00 a.m.
and closing at 3:00 p.m.

Figure 3 shows the monthly energy consumption of the building for one full year. The
load demand varies considerably depending on the season due to varying temperatures
and the scattered need for the HVAC systems in winter and summer seasons. This seasonal
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distinction makes it more difficult to plan an optimal PV system in terms of balancing
between the variation in consumption and the PV generation over the year with minimum
losses and reverse power flow to the grid.

6000
5000
4000

3000

Energy (kWh)

2000

1000

=]

Figure 3. Building’s consumption over 2021.

With a total size of 35.5 tons of DC inverters and conventional AC units, HVAC
systems consume 76% of the building’s overall consumption. Small electrical appliances
in commercial buildings including lighting, computers, servers, and small appliances
account for a small constant portion of the building’s total consumption over the year.
Variable weather conditions impact is significant for load demand size, especially with
varying temperatures as the current case is shown in Table 1 [32]. Significant changes in
the temperatures are partly due to the location of the country within the solar belt [33].
For non-residential buildings, weather conditions have a much lower influence on load
demand profile than the occupants’ activity inside the building [34]. Nonetheless, it is
essential to study the seasonal changes in weather as illustrated in Table 1 and their impact
on the consumption of air conditioning units. The weather data in Amman was collected
using the Photovoltaic Geographical Information System (PVGIS) website [35]. Jordan’s
climate is hot and dry, with long, hot, dry summers and short, cool winters. The coldest
month is January, with temperatures ranging from 5 °C to 10 °C, and the hottest month is
August, with temperatures ranging from 20 °C to 35 °C, with some days reaching 40 °C
or higher peak temperatures [36]. Furthermore, Jordan has incredibly huge solar energy
potential because it is located within the world’s solar belt; it has one of the highest annual
daily average solar radiations in the world, ranging from 4 to 8 kWh/m? as shown in
Figure 4, which makes the country a strategic location for PV projects [37].

Table 1. Temperature data in Amman, 2021 [32].

Month High Temperature (°C) Low Temperature (°C)
January 12 3
February 14 4
March 17 6
April 23 10
May 27 14
June 30 17
July 32 19
August 32 19
September 30 17
October 26 14
November 19 9

December 14 5
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Figure 4. Jordan’s solar map (kWh/m?/day) [33].

In office buildings, the working routine is the same during weekdays, which means
that the working conditions and occupants’ behavior that affect electricity consumption
are constant. Nevertheless, to simplify the process, the standby electricity consumption of
the small appliances is neglected. Importantly, for the purpose of creating the daily load
profiles, two critical assumptions were made. First, the weather conditions were assumed
to be the same over each month separately over the year to simplify the generation and
thus, the sizing modeling. Second, the AC unit demand varies over the day depending on
several variables including the ambient temperature; however, they are operated constantly
in winter and summer months, but not the case in the spring and autumn seasons. The
daytime loads in the sample building case study were classified as critical and non-critical
loads. Critical loads are defined as loads that account for most of the building’s energy
consumption; in this case, these are the air conditioning units (ACs). According to the
building’s load classification, the months are also separated into critical and non-critical
months based on the peak usage of critical loads. The consumption of critical loads is
calculated by assuming that they operate from 5 to 6 hours daily depending on the month,
excluding weekends, and that consumption varies between heating and cooling because
heating consumes more energy than cooling. The breakdown of load energy consumption
per month is shown in Table 2 and the critical load energy profile is depicted separately
in Figure 5. The monthly consumption analysis is broad in scope and lacks specificity
because it does not provide an accurate indication of the building’s behavior and energy
consumption, necessitating a more accurate representation since there are some factors that
should be taken into consideration. An hourly load profile provides the closest indicator
of the building’s behavior. The hourly consumption is visualized in January and August
as shown in Figures 6 and 7, respectively. Generally, the critical loads are the ones with
high-energy consumption with power demand profiles correlated with PV generation
(during the day), while the non-critical loads are the small loads with continuous and
semi-fixed power consumption behavior, such that their profile is predictable and does not
present critical interaction with the grid.

3.2. Photovoltaic System Design

As mentioned previously, the AC units’ demand is separated from the other loads and
are called “critical loads”. These cause significant differences in the building’s consumption
throughout the year as discussed in the load profile section. This variation makes it
more difficult to plan an optimum PV system. Since the target is to minimize PV power
penetration into the grid, a semi-on grid topology was developed. Its sizing objective is
not based on full demand coverage as in conventional on-grid systems, because it will
necessitate the presence of net metering or an energy storage system to supply the AC
units when the generation is not enough. Therefore, the PV system is undersized to use
all the available power from the PV arrays, and the deficit between the demand and the
PV supply will be covered from the utility grid simultaneously. This operation is known
as load sharing. However, in practice, it is not as simple. By comparing the load demand
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and PV generation profiles, it may be noted that there are two types of losses. First, during
the day, the generation profile may start from 6-5 pm and the loads are turned on from
8-5 pm; the mismatch between these two profiles is called “mismatch losses”. Second, the
generation on weekends, holidays, and during non-critical months where the AC units
demand is zero will not be used anywhere in the DC microgrid, since the critical and
non-critical loads do not interfere with each other. These losses are known as “generation

without consumption losses”.

Table 2. Monthly consumption of the building’s loads (2021).

Critical Load Non-Critical Load

Critical Load

Month Energy (KWh)  Consumption Consumption Working Days Operating
(KWh) (kWh) Hours
January 6028 5070.87 957 22 6
February 4934 4024.5 910 19 5
March 1037 0 1037 23 0
April 993 0 993 22 0
May 957 0 957 21 0
June 4915 3922.05 993 22 5
July 5703 4706.46 997 23 6
August 5703 4706.46 997 22 6
September 4915 3922.05 993 22 5
October 957 0 957 21 0
November 993 0 993 22 5
December 5420 4426.95 993 23 5
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Figure 5. Critical loads annual consumption.
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For the non-critical loads, a conventional grid-tied PV system was designed. Equation (1)
gives the system’s power capacity in kilowatt peak (kWp) [34].

Daily consumption x safety factor
Peak sun hours

PV system power capacity =

M

Peak sun hours (PSH), are identified as the hours of the day when the incident solar
radiation is 1000 W/m?2, as seen in Figure 8.

Peak Sun Hours
1 KW/ m’

Radiation

/\ Level
Solar Radiation
KwW/m?

Figure 8. Peak sun hours.

Additionally, PV modules work more effectively during the PSH. The PSH in Amman,
Jordan were obtained using the PVWatts calculator software [38], developed by the National
Renewable Energy Laboratory. As shown in Table 3, the average number of daily peak
sun hours in Jordan is 6 h. This are amongst the highest in the world; therefore Jordan is a
strategic location where many large-scale PV projects are now being introduced.

Table 3. Peak sun hours in Jordan.

Month 1 2 3 4 5 6 7 8 9 10 11 12 Avg.

PSH 3.69 4.50 5.96 6.48 7.34 7.94 7.96 7.70 7.09 5.87 4.25 3.65 6.04

Finally, the PV output power value will not be equal to the rated output power due
to many variables that influence the output [39]. These operational losses are represented
by a factor known as the “safety factor” (SF). They include the following: disparity due
to not working under standard test conditions (STCs), but rather under normal operating
conditions (NOCs); dirt and dust accumulation [40], mismatch and wiring losses, and
DC to AC conversion losses. Also, some previous research indicated that change in the
PV modules output might be due to unforeseen microcracks or physical conditions and
impairments of the installation [41]. The SF value was taken as 1.25. In Jordan, it is common
to simply divide the average monthly consumption over the year and divide it by 130; this
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value covers the sun peak hours and the losses for each month; it represents the average
energy produced per PV peak installed capacity and has been proven by many designs in
the area [42]. Consequently, the sizes for each load category and the whole building are

calculated as below:
3435.9

PVWhole—building = W = 26.42 kWp (2)
2325.7
PVgemi on—gridw = 17.89 kWp (3)
1108.9
onnfgridw = 8.53 kWp (4)

The PVsyst software offers a comprehensive contextual menu that is employed in
modeling and simulating PV systems. There is the option to simulate either grid-tied sys-
tems or standalone systems. The semi-on grid proposed topology (solar pump component)
is simply a grid-tied system with unidirectional flow from the grid. PVsyst does not have
the flexibility to eliminate reverse power flow to the grid. The only way to do so is to use
an off-grid system simulation with very small (almost none) energy storage capacity. In
Jordan, the tilt angle is fixed at 30° and the azimuth angle is 0° [43]. In addition, PVsyst
imports metrological location data, including the radiation data shown in Table 4, thus
making the simulation more realistic. The PV modules selected were Jinko solar, model
JKM 370M-72, China, and the DC-AC inverter from the ABB company, Italy, with different
ratings that will be mentioned later.

Table 4. Radiation data in Jordan.

Irradiation on Irradiation on Direct Irradiation
Month Horizontal Plane Optimally Inclined (KWh/m2)
(KWh/m?) Plane (KkWh/m?)

January 084.96 121.91 110.61
February 119.15 155.97 144.94
March 159.73 184.44 156.80
April 205.42 214.19 206.76
May 229.00 219.14 209.71
June 251.73 229.19 268.92
July 255.91 237.60 278.24
August 228.45 230.07 239.47
September 190.42 213.53 214.22
October 158.21 202.22 198.55
November 112.09 159.67 154.09
December 078.74 113.13 098.86

The design of the PV system for the solar pump component does not follow same
procedure and the sizing is the main challenge. The optimum PV size satisfies the
objective function:

min) . 4 5, c Area; Constraints : PVogrgriq € (16.65kWp,, 27.38kWp,) )

where the areas A, B, and C represent the value of the power mismatch as explained in
Figure 2. The constraints of the function include the size of the proposed off-grid PV system
and the specific energy yield at the location of implementation, which was conservatively
assumed to be 130 kWh/kWp for the case of Jordan.

As a consequence, different sizes of PV systems were configured from 16.65 kWp to
27.38 kWp (the range is scanned to locate the optimum solar pump size), and their hourly
generation was then extracted over the whole year and compared with the hourly load
profile as illustrated in Figure 9 & Figure 10, for example. In addition, areas of mismatch
and areas of losses were calculated from the interruption of the hourly load profile with the
hourly PV generation. The yearly cumulative losses were then found, which implies the
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summation of areas of mismatch and areas of losses. The losses are shown in Table 5 for
the entire year.

40 — P/
35 Generation
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Figure 9. Hourly profile of 2 January (assumed PV system size of 25.9 kWp).
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Figure 10. Hourly profile of 1 August (assumed PV system size of 25.9 kWp).

Table 5. Losses analysis.

Size (kWp) g:;‘:;:;?o‘:l(r&f) MlSIn(Ell(t;\l]lhI;OSSQS Total Losses (kWh)

16.65 22,349 24 588 46,937

17.76 23,847 24,050 47,897

19.98 26,488 22,784 49,272

22.2 30,002 21,781 51,783

24.42 33,014 20,683 53,697

25.9 34,982 19,946 54,928
27.38 36,920 19,234 56,154

Table 5 shows that the size 16.65 kWp has the minimum losses and the maximum
mismatch areas, while the size 27.38 has maximum losses and minimum mismatch areas,
and this trend stays fixed for larger or smaller PV sizes as depicted in Figures 11 and 12.
Figure 11 shows the potential energy generation from the PV system, but without utilization
from the load side due to seasonal behavior. The larger the PV system is, the more the
wasted energy potential will be. Contrary to this, Figure 12 shows the energy requirements
from the grid to support the load during times of PV power shortage, and apparently, as the
designed system grows larger in size, less contribution from the grid is needed. Figure 13
shows the total system-defined energy losses against the designed PV system size. The
total losses include data from both Figures 11 and 12, cumulatively. Clearly, the figure
shows multiple convexities that can be utilized for optimum design choice. Applying the
optimization relation in (5) for the selection of the proper size and plotting the total system
losses (areas A, B, and C) in Figure 13 shows that the optimum PV system size that satisfies
(5) is 17.76 kW
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Figure 11. Generation without consumption losses.
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Figure 12. Mismatch losses.
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Figure 13. Total losses vs. size with coupling.

As illustrated in Table 6, the losses vary over the year due to variations in consumption
because the consumption of critical loads in non-critical months is almost zero, resulting in
zero mismatch losses and an increase in the generation without consumption losses. As
the non-critical loads follow conventional design strategy, the needed on-grid PV system
size was designed and simulated using PVsyst (developed by the University of Geneva,
Switzerland); a PV system of 5.18 kWp is needed to cover the estimated energy demand of
these loads. Table 7 shows the monthly flow of energy with the on-grid system in place to
support the non-critical loads only.
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Table 6. 17.76 kWp solar pump PVsystem loss analysis.

Generation without

Month . Mismatch Losses Total Losses
Consumption

January 844 3906 4751
February 1167 3074 4241
March 2947 0 2947
April 2969 0 2969
May 3202 0 3202
June 1753 2714 4467
July 1701 3399 5101
August 1699 3396 5095
September 1749 2677 4426
October 2825 0 2825
November 2469 0 2469
December 864 3392 4256

Total 24,190 22,559 46,749

Table 7. Energy flow analysis for the 5.18 kWp grid-connected system.

Month Load Consumption PV Generation Grid Energy Flow
(kWh) (kWh) (kWh)
January 957 656 46
February 910 662 —274
March 1037 898 —68
April 993 894 56
May 957 967 43
June 993 949 —666
July 997 976 —750
August 997 983 319
September 993 920 180.19
October 957 861 239
November 993 743 910
December 993 643 338
Total 10,525.19 10,152 373.19

4. Economic Analysis

To evaluate the economic impact of the proposed topology as opposed to conventional
design strategies of on-grid and off-grid solutions, the levelized cost of energy (LCOE)
was utilized. The LCOE, also referred to as the levelized cost of electricity or the levelized
energy cost (LEC), is a measurement used to assess and compare alternative methods of
energy production. The LCOE of an energy generating asset can be thought of as the
average total cost of building and operating the asset per unit of total electricity generated
over an assumed lifetime, and can be calculated as in (6) and (7) [42,44].

LCEO — Su@ of costs over liftime _ ©)
sum of electrical enegy produced over lifetime

Zl’l Li+Mi+F
=1 (1) 7
n Er ( )

t=1 (147!

LCOE =

where [;—investment expenditures in the year ¢, M;—operations and maintenance expen-
ditures in the year ¢, F;—fuel expenditures in the year ¢, E;—electrical energy generated in
year t, r—discount rate, n—expected lifetime of the system.

For the case of Jordan, the discount rate is equal to 8%. For the case of a renewable
energy system, the expected lifetime of the system is equal to 25 years. The investment
cost of the on-grid system was found by calculating the yearly average bill of the system.
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Manual calculations were made for the purpose of separating the targeted non-critical load
yearly average bill from the total bill including the critical load obtained for the case study.
The net energy was found by subtracting the energy generated from the PV system from
the energy consumed from the utility grid, this is known as a net metering system. The
on-grid system part equal to 5.18 kWp is considered a small industry system, since it is
smaller than 10 kWp; according to the Jordanian electric company [45], small industry
systems have the following consumption tariffs in Table 8:

Table 8. Tariffs for small industry.

Consumption Cost in JODs
1-2000 kWh per month 0.071
More than 2000 kWh per month 0.081

The annual bill is calculated as follows:
Annual bill = 1969 kWh x 0.071JOD x 1.41$ /JOD = 197.11 $ per year (8)

Since the off-grid system does not consume energy from the grid, its investment
expenditure was found by calculating the cost of the initial installation divided by the life
expectancy, which is equal to 25 years. Starting from 2021 [46], the cost of each one-watt
peak of a PV system in the Jordanian market became equal to USD 3.01, with an investment
tax credit of 26%. In the case of this project, the size of the PV system was equal to
17.76 kWp; the following calculations were made to calculate the investment expenditure:

Initial installation cost = (3.01 $ x 17.76 KWp) — 0.26 x (3.01 $ x 17.76 KWp) ©)
= 39558.62 $ per year

Investment expenditures = 39558.62 $ 25 years = 1582.345 § per year (10)

Maintenance costs were calculated by multiplying the cost of the component by the
probability that a failure will occur at that specific year. This probability is mostly calculated
using a Weibull distribution and log-normal distribution. The annual maintenance cost
varies from one country to another due to different pricing and market values. According
to a previous study in [47], the annual maintenance cost in Jordan was found to be equal
to 24 $ per kWp rating. For the on-grid system, the total maintenance cost is calculated
as follows:

Maintanance cost = 24% x 5.18 kWp = 124.32 $ per year (11)

For the second off-grid system, the total cost is calculated as:

Maintanance cost = 24$ x 17.76 kWp = 426.24 $ per year (12)

The levelized cost of energy for the on-grid part of the system was found to be equal to
0.0348 $/kWHh; for the solar pump PV system of size 17.76 kWp, the LCOE is 0.0628 $/kWh.
Similarly, the levelized cost of energy was calculated for different off-grid system sizes
within a defined range in the interest of deciding which off-grid system rating has the
lowest LCOE; the results are tabulated in Table 9.

The LCOE is also a common tool to evaluate the feasibility of different options for the
sizing of the solar pump PV system. As indicated in Table 9, the LCOE is minimum for the
25.9 kWp system. Since there is no storage proposed utilizing the grid or energy storage
batteries, the definition of optimum size for the solar pump component does not follow
conventional sizing options. In this work, two alternative methods are proposed, the first
based on minimizing the losses and the second one based on utilizing the LCOE. How-
ever, if environmental impact is taken into account, the LCOE method is counterintuitive
and the minimum loss design method prevails, especially as the variations in the LCOE
are marginal.
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Table 9. Values of kWh generated per year for each off-grid system size.

System Size (kWp) kWh Generated per Year Levelized Cost of Energy
16.65 30,373 0.0633
17.76 32,410 0.0628
19.98 36,316 0.0622
22.20 40,834 0.0637
2442 44,943 0.0629
25.90 47,649 0.0617
27.38 50,298 0.0629

5. Conclusions

In highly congested grids with RESs, the penetration of additional RE plants is limited
by the capacity of the grid in the region of deployment. This leads to limiting the penetration
of RESs. On the other hand, off-grid PV systems are usually not preferred in urban areas due
to the added cost and hazards of the storage batteries needed. In this manuscript, a tradeoff
design methodology is presented for a novel PV system structure comprising on-grid and
off-grid components. The off-grid solar pump component does not utilize storage batteries,
but rather utilizes integration with the grid to compensate for low energy yield periods
and does not inject reverse current into the grid during high energy generation times. This
mechanism helps to mask the PV source from the grid and enables RE harvesting towards
the load demand. Due to the absence of energy storage batteries, the off-grid PV system
design does not follow conventional design procedures. A new design methodology is
proposed based on minimizing energy losses, where energy losses include the potential
energy lost due to the lack of storage devices and grid imported energy. The non-critical
load component was assumed to be fed by a conventional on-grid PV system. The proposed
strategy was verified and tested on a case study for an urban business building with realistic
loading conditions in which energy balance was ensured and technical feasibility was
proven. Economic impact analysis was carried out on the new design and the LCOE was
calculated, representing another metric for the evaluation of design sizing. The minimum
energy losses method rendered a different sizing option than the LCOE-based method,
which gives the designer two aspects to take into consideration. The first is environmental,
where the minimum energy loss option is preferred and the second is economic, where
the LCOE is preferred. The manuscript presents a novel methodology for taking design
parameters into consideration compared to conventional design procedures for on-grid
and off-grid systems.
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