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Abstract: Hybrid renewable energy systems are an optimal solution for small energy communities’
energy supply. One of the critical issues is the strong correlation of these systems with outdoor
climatic conditions. The goal is to make local communities increasingly energy independent. To this
end, an in-depth analysis of the behaviour of hybrid photovoltaic (PV)-wind systems powering small
office communities in 48 locations around the world characterized by widely varying climates was
conducted. System sizes, assumed to be stand-alone or grid-connected, were varied, for a total of
343 system power configurations. Highest satisfied load fraction (SLF) values are obtained with a
significant predominance of PV over wind; the trend is more pronounced in dry and continental
climates (zones B and D according to the Képpen climate classification). The utilization factor (UF)
values of 1 are rarely reached and never in the wind-only or PV-only configurations. In all climates,
the grid energy interaction factor (GEIF) values of zero are never reached but come very close. The
benefit-cost ratio (BCR) of grid-connected systems is significantly higher than stand-alone systems.

Keywords: district; hybrid renewable systems; battery; electric vehicle charging; offices; benefit—cost
ratio; photovoltaic-wind; Képpen climate classification; satisfied load fraction; utilization factor

1. Introduction

Extreme and sudden events are increasingly occurring in cities, which are hotspots
for climate impacts. The analysis of cities involves many variables, making such analysis
very complex [1,2]. Urban resilience refers to the ability of cities to cope with disasters
and sudden events [3,4], protecting infrastructure, economic structures, and technical
systems [5]. Cities cannot completely avoid unforeseen dangers, but they can become more
resilient to them. Cities can be virtuous forces in managing change. In this case, the threat
is not purely negative but can be a catalyst for change, innovation, and development [6].

Planners, policymakers, and researchers have begun to use the term resilience in
discussions of urban regeneration, redevelopment, and planning. This makes it a crucial
concept for urban design and planning [7]. The concept of resilience is closely related
to sustainable development. Cities” sustainability and resilience can be assessed by con-
sidering a wide range of subsystems, including the economy, environment, population,
resources, science, and technology [8]. Natural disasters and extreme weather conditions
are unavoidable and can negatively affect socioeconomic activities, energy security, and
quality of life. A resilient power grid is critical to reducing disaster impacts [9]. Security
measures must ensure that the power system can withstand the most severe damage and
operate without interruption or with minimal interruption. The study [10] showed that
security can reduce total costs when catastrophic events occur. Threats to electrical system
security can be short-term or long-term [11]. The short-term threat to an electrical system

Energies 2023, 16, 3974. https:/ /doi.org/10.3390/en16103974

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


https://doi.org/10.3390/en16103974
https://doi.org/10.3390/en16103974
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/0000-0001-8191-6552
https://orcid.org/0000-0001-7253-2506
https://orcid.org/0000-0001-9553-6382
https://orcid.org/0000-0002-7271-8586
https://doi.org/10.3390/en16103974
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16103974?type=check_update&version=1

Energies 2023, 16, 3974

20f15

can be caused by sudden disturbances that occur unexpectedly at a given time [12]. Envi-
ronmental load, fuel depletion, or increased energy consumption can all contribute to the
long-term threat to the energy system [13].

The depletion of fossil fuels and increasing worries about global warming have spurred
the adoption of renewable energy sources [14], not only in urban settings but also in rural
communities [15]. Buildings are expected to suffer from rising temperatures in the years to
come, especially in hot and torrid climates [16].

Renewable energies offer a viable alternative to conventional energy [17-19]. An
important issue to address is the intermittency and unpredictability of these systems due to
their strong dependence on weather and climate conditions [20]. For example, stand-alone
photovoltaic (PV) or wind systems meet load demand only as long as solar radiation or
adequate wind speed is available [21]. As a result, when renewable energy systems are
used, a backup energy source and/or storage system is generally needed to provide energy
when renewable sources are not available [22]. Therefore, hybrid systems are developed to
complement different alternative energy sources. In this direction, optimal sizing of hybrid
systems ensures high quality and better reliability than a system powered by a single energy
source. Hybrid systems are crucial for electrifying remote areas [23], particularly because
reports from the World Bank and IEA [24,25] reveal that approximately 22 percent of the
world’s population does not have access to the national power grid. Economic studies have
shown that these technologies are particularly advantageous for developing countries [26].

Building energy independence increases with hybrid systems consisting of photo-
voltaics and storage [27]. Khan et al. [28] addressed the problem of remote rural electrifica-
tion with the goal of achieving continuous power supply to meet variable load demand
under different weather conditions. They identified the optimal hybrid renewable energy
system (HRES) configuration from an economical and high-reliability point of view. El-
Sattar [29] analyzed hybrid systems based on the integration of biomass with PV, wind,
and battery. They conducted optimizations in order to minimize the cost of energy by
improving the energy supply, focusing on rural areas.

In the literature, reliability assessments place more emphasis on static conditions than
dynamic responses to sudden disturbances. For autonomous renewable hybrid systems,
an assessment of resilience after an unexpected interruption is essential.

In the work [30], the impact of storage capacity on the resilience of an independent
hybrid renewable system during unexpected breakdowns was investigated. The study
found that the system’s resilience decreased in a nonlinear manner as the frequency and
duration of failures increased.

This study investigates the resilience of PV-wind hybrid plants designed for a small
office community. It is assumed that plants are to be located in several locations evenly
distributed around the world. This goal is pursued through hourly and annual dy-
namic analyses of the hybrid system. Sustainability is assessed through technical and
economic indicators.

2. Materials and Methods

This section outlines the main steps covered in this study, which can be summarized
as follows:

e  Selection of cities homogeneously distributed throughout the world across the Képpen
climate classification (Section 2.1)

Definition of a reference office district (Section 2.2)

Characterization of the hybrid system (Section 2.3)

Numerical modelling of the hybrid system in TRNSYS (Section 2.4)

Technical and economic analysis (Section 2.5)

Parametric analysis (Section 2.6).
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2.1. Selection of Cities

Figure 1 presents the 48 selected localities characterized by different latitudes and alti-
tudes. The locations are listed in accordance with their Képpen climate classification [31,32].
Kano is the sunniest location, with upper-middle wind speed. Tromsg is very low sunny.
Milan, Moscow, and Oymyakon have low solar radiation and wind speed. Lihue, Nairobi,
Mombasa, and Recife have high solar radiation and wind speed. Auckland and Wellington
are the windiest. Recife is the warmest city and Oymyakon the coldest.

Koppen Group Locality Country
Toamasina Madagascar
Singapore Singapore
Recife (Pernambuco) Brazil
A, Miami (Florida) USA
Tropical Lihue (Hawaii) USA
Megathermal climates
Mombasa Kenya
Aw Caracas Venezuela
Tropical wet or savanna climate Kano Nigeria
BWh Baghdad Iraq
B Desert climate Cairo Egypt
Dry (desert and semi-arid) Kabul Afgham's.tan
climates Baku Azerbaijan
Odessa (Texas) USA
Maracaibo Venezuela
Buenos Aires Argentine
Milan Italy
Berlin Germany
London UK
Vancouver (British Columbia) Canada
Melbourne (Victoria) Australia
Bogota (Cundinamarca) Colombia
Wellington New Zeland
Tem;(J:erute Reykjavik Islands
. Auckland New Zeland
Mesothermal climates
Rome Ttaly
Adelaide Australia
Csb Porto Portugal
Mediterranean climates, warm summer La Coruna Spain
New Delhi India
Hong Kong China
Johannesburg South Africa
Nairobi Kenya
Bucharest Romania
Toronto (Ontario) Canada
Moskva Russia
Ottawa (Ontario) Canada
Tromse Norway
Anchorage (Alaska) USA
Oymyakon (Sakha Republic) Russia
]_) Verhojansk (Sakha Republic) Russia
Continental Hakiari Turkey
Microthermal climates -
Cambridge (Nunavut) Canada
Dsb Dras India
Warm summer continental climates, dry summer Flagstaff (Arizona) USA
Dwa Beijing Cina
Hot summer continental climates, dry winter Seoul South Korea
Pyongyang North Korea
Vladivostok Russia

Figure 1. List of locations with their climates.
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2.2. Definition of the Reference Office District

The hybrid system is investigated to serve a small district consisting of five identical
office buildings. The choice of office use allows for standardized building occupancy
profiles in all selected cities. The buildings are composed of two 100 m? floors with large
windows. Each building consists of eight thermal zones, i.e., eight rooms with different
orientations and occupant profiles. During all working days: six zones are occupied both in
the morning and afternoon, while two zones are occupied only in the morning. The energy
required by the district comes from lighting, office equipment, and electric vehicle charging
stations. Hybrid systems do not meet the energy needs of heating, cooling, and domestic
hot water systems as these systems do not run on electricity.

Each thermal zone has its weekly load profile; with occupants, each zone needs 75 W
to power two computers and a printer. The LED lighting system requires 125 W. The lights
turn on when users occupy rooms and solar radiation levels fall below a set value. As the
assumed district is sited in locations with very different climates, the load varies according
to solar radiation. A differential controller enables intelligent on/off management.

Each building in the district provides four electric vehicle charging stations, for a
total of 20 charging stations throughout the district. Forty Nissan Leaf electric vehicles
are provided, each vehicle needing a charging time of two hours to replenish its daily
power consumption of 5.14 kWh, resulting from an average daily mileage of 26.8 km and
a charging efficiency of 0.1714 kWh/km [33]. The charging stations used to charge these
vehicles have a power rating of 2.3 kW. Therefore, 20 cars will be recharged from 9 a.m.
to 11 a.m. and the other 20 from 11 a.m. to 1 p.m. Electric vehicle charging is the largest
contributor to the districts” annual load [34].

2.3. The Hybrid System

This section will detail the primary characteristics of the photovoltaic, wind, and
battery elements that comprise the hybrid system. It should be noted that both grid-
connected (GC) and stand-alone (SA) hybrid systems are analyzed in this study.

The PV module used in this study is the Mitsubishi Electric PV-MLU250HC [35], which
is composed of polycrystalline silicon cells and has a rated power of 250 W, an operating
efficiency of 15.3%, a nominal operating temperature (NOCT) of 46 °C, and a surface area
of 1.6236 m?.

The wind microgenerator [36] installed on the rooftop of the building (14.5 m above
the ground) has a rated power of 2500 W, and its starting, rated, and stopping speeds are
3m/s, 10 m/s, and 18 m/s, respectively.

The battery considered is a lithium-ion battery of the SonnenBatterie type [37], with a
capacity equal to 10 kWh and an efficiency of 0.98.

The efficiencies of the inverter FRONIUS IG PLUS V DC/AC [38], DC/DC converter,
AC/DC rectifier, and regulator are 0.97, 0.94, 0.90, and 0.98, respectively.

The methodology permits consideration of the real storage capacity during its use, as
well as the PV degradation with time. In particular, for each scenario, the dynamic power
simulation of the system would be performed each year with the new PV efficiency (or
power at the maximum power point) and the new storage capacity. So, for example, if the
lifespan of the investment is 30 years, for each scenario, 30 energy simulations are required.
Consequently, 30 yearly economic and environmental analyses are required. Usually, a
linear trend to take into account these degradations is used.

For this research, the photovoltaic system’s average efficiencies, specifically the maxi-
mum power point, and the storage battery’s capacities were considered throughout the
investment’s entire lifespan [34].

Excess energy is stored in the storage system. Later, the excess is sent to the grid for
GC and lost in SA systems.

When the hybrid system generates energy in excess, compared to that required by the
district, it is sent to the battery. The excess is dissipated for the SA system and sent to the
grid for the GC system.
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When the hybrid system cannot meet the demands of the district, it is taken from the
battery. For the SA system, energy can be supplemented with a diesel generator; for the GC
system, it can be drawn from the grid.

An in-depth study of the costs of the different components of the hybrid system was
carried out in a previous paper [34]. The annual system-specific purchase costs of the
hybrid system components are expressed in €/kW and are calculated as a function of
installed rated power. Empirical equations were derived by adjusting specific purchase
costs for different power ratings. Different power ratings of the same type of system were
considered for photovoltaic, battery, and inverter systems. Different types of micro-wind
generators were considered since Tulipower is only available in the market for 2.5 kW.

A comprehensive study of national electricity systems was conducted to capture the
average annual price of electricity for non-domestic use for all selected countries.

2.4. Numerical Modeling of the Hybrid System in TRNSYS

TRNSYS 17 [39] was used to model the hybrid system with all its components and
evaluate its hourly and annual behaviour. Type 94a allows photovoltaic electrical perfor-
mance to be determined with a five-parameter model [40]. Type 90 calculates wind turbine
power output as a function of wind speed, using the Quinlan equations [41]. Type 47
allows the modelling of lithium-ion batteries and calculating the state of charge (SOC) as
a function of time, known charge, and discharge rates. Type 48 is used for regulator and
inverter simulations, Type 2 for differential lighting controllers, and Type 15 for tm2 climate
data import. The procedure used to characterize the behaviour of the PV module, wind
generator, and storage battery is extensively explained in the paper [42]. Figure 2 presents
a synthetic scheme for the PV-wind hybrid system.

o
O

«——— OFF-GRID ON-GRID

Etg
Eu T [ '
Eg
INVERTER
- s REGULATOR e
‘ Epv - Ew
— Etb Ew CONVERTER RECTIFIER
— - DC/DC AC/DC
~ BATTERY 4
| STORAGE T S

-Z¢I-§ | ‘

PV

|

WIND

i ‘

Figure 2. Scheme of the PV-wind hybrid system.

2.5. Technical and Economic Parametric Analysis

The parameters for the technical and economic analysis of the hybrid system are
presented in this section.

Equation (1) reports the load-satisfied fraction (SLF), calculated as the ratio between
the yearly produced energy sent to the load (Ey;) and the yearly energy required by the load
(E;). When SLF is equal to 1, the annual energy required by the load is fully supplied by

the hybrid system.
_ Ea
SLF = B, (1)
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Equation (2) presents the utilization factor (UF), calculated as the ratio between the
yearly produced energy sent to the load (Ey) and the yearly energy produced by the
generators (Eg). When UF is equal to 1, the annual energy generated is entirely used to
meet the load.

Ey

UF = — 2

E, @

Equation (3) reports the grid energy interaction factor (GEIF). This value indicates the

interaction of the system with the grid; for example, when GEIF is equal to 0 there is no

interaction with the grid, i.e., the load does not draw energy from the grid and does not
supply energy to the grid when there is an excess of energy.

Eg

GEIF = (1~ SLF) + (1 - UF) ®)

1
For the economic aspect, the non-discount benefit-cost ratio (BCR) was calculated,
which is a dimensionless index used to identify optimal system configurations.

B
BCR = C 4)

The capital cost (C) is the sum of the initial cost and replacement cost of system
components. This study considers economies of scale, which allow for the correlation of
increasing system size with decreasing system unit cost. In this way, the purchase cost of a
system component in €/kW varies with the installed power of the system.

As for benefit (B), this varies depending on whether the system is stand-alone or
grid-connected. Specifically, for stand-alone hybrid systems, the economic value is related
to the energy produced and sent to the load.

For grid-connected hybrid systems, the benefit is the combination of costs related
to the electricity generated by the hybrid system and supplied to the load, as well as
revenue earned from selling surplus solar and wind power to the grid through the Feed-in-
Tariff (FiT). The economic assessment was carried out at the start of the investment, hence
operational expenses, system maintenance costs, discount rate, and inflation rate were not
taken into account.

We carried out an economic analysis of the hybrid system on a global scale, which
involved conducting an economic assessment for each of the 48 different locations examined
in this study. The aim was to determine the optimal power configuration for the hybrid
system in each location and identify the most economically feasible location for either a
stand-alone or a grid-connected hybrid system. To achieve this, we gathered all the relevant
information on electricity purchasing tariffs and feed-in-tariffs for selling excess energy, as
well as specific costs for purchasing system components, and evaluated economies of scale
based on market trends on a country-by-country basis.

In summary, the analysis can be summarized as follows:

e  Empirical equations were used to determine the annual specific costs, expressed in
€/kW, for purchasing PV, wind, battery, and inverter systems, based on the installed
nominal power. These equations were obtained by fitting specific purchase costs for
various nominal powers obtained from the market. Reference [34] provides additional
data and references related to this market analysis.

e  To determine the yearly average electricity price for non-household use in the countries
examined in this study, a comprehensive analysis of each nation’s electrical systems
was conducted. The data collection process, along with additional information and
references, is thoroughly documented in [34].

o Likewise, a thorough research effort was undertaken to gather global data on Feed-in
Tariff (FiT) electricity policies. These policies involve compensating renewable energy
producers for the excess energy they sell to the national grid, based on the cost of
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production. Additional details and references related to this data collection can be
found in reference [34].

2.6. Parametric Analysis

Parametric analysis was developed for all selected cities. A total of seven configu-
rations were chosen for each of the main components (PV, wind, battery) of the hybrid
system. The total power of each component varied from 10 kW to 130 kW in 20 kW steps.
The PV system consists of 40 panels of 250 W for a total of 10 kW. As mentioned above,
they have varied their total power from 10 kW to 130 kW with a step of 20 kW. This results
in1,3,5,7,9,11, and 13 strings in parallel. Similarly, the single wind turbine being 2.5 kW,
the seven configurations involve 4, 12, 20, 28, 36, 44, and 52 wind turbines. The batteries
are 10 kW each, so the seven configurations are 1, 3, 5,7, 9, 11, and 13.

This results in a total of 343 system configurations for each location, consisting of
7 PV configurations, 7 wind configurations, and 7 battery configurations. In total, for all
48 selected locations, the configurations become 16,464.

Using TRNSYS, the hourly power values of each system component were computed.
These values were then used to determine the annual energy contributions for both the
stand-alone and grid-connected systems’ energy balances.

For all localities, an energy optimization was conducted, by following the energy-
constrained reliability methods [42].

In the case of stand-alone power plants (SA), the focus is on meeting the energy
demands of the load while minimizing any excess energy production. The optimal location
for a stand-alone power plant is determined by the highest UF value.

In the case of grid-connected power plants (GC), it is necessary to limit both the energy
drawn from the grid and the excess energy produced. This can be achieved by minimizing
the GEIF value. The optimal location for a grid-connected power plant is determined by
the lowest GEIF value, which is an indicator of the site’s suitability for this purpose.

3. Results

The outcome of the parametric analysis was presented in relation to three key indica-
tors: the satisfied load fraction (SLF), utilization factor (UF), and grid energy interaction
factor (GEIF). In addition, the benefit-cost ratio (BCR) is shown for all configurations.

Figures 37 show the parametric analysis results by plotting the PV energy fraction
(epvg) on the x-axes. It is a dimensionless power parameter calculated as the ratio between
PV power and the sum of PV and wind power.

Within each graph, the total number of configurations represented is equal to 343 en-
ergy system configurations for the number of cities within that climate zone.

Figure 3 shows the SLF of 343 system power configurations. Each quadrant represents
a Koppen—Geiger area.

The aim is to determine the configurations that achieve high SLF values, as this ensures
that the hybrid system can provide maximum energy production to meet the load demand.

It can be seen that the highest SLF values are obtained with a significant prevalence of
PV over wind power, the trend being more pronounced for climate zones B and D. Climate
A and climate C achieve an SLF value of 1 from PV energy fraction of 0.2, while climates
B and D from PV energy fraction of 0.5. For all climate zones, there is evidence of the
impracticality of reaching very high SLF values with a low PV fraction while simultaneously
reducing the oscillation by maintaining high average values. In conclusion:

e  Group A is characterized by satisfied load fractions variable between 0.4 and 0.9 for
epv,g < 0.1 and between 0.5 and 1 for epyg ~ 1
Group B variable between 0.3 and 0.9 for epy,¢ < 0.1 and between 0.9 and 1 for epyg ~ 1
Group C variable between 0.3 and 0.9 for epyg < 0.1 and between 0.3 and 1 for epyg &~ 1
Group D variable between 0.2 and 0.9 for epy,g < 0.1 and between 0.3 and 1 for epy g ~ 1.
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Figure 3. Satisfied load fraction of 343 system power configurations across Képpen-Geiger climates.

Figure 4 shows the UF of all system power configurations. When UF = 1, the yearly
energy generated is entirely used to satisfy the load. The range of variation in these
parameters grows with an increasing PV energy fraction. Quantitatively, Group B points
are concentrated in lower utilization factors than the other groups, denoting high energy
excess. For Groups A, C, and D, a strong concentration is evident for high values of PV
energy fraction and tendentially lower values of utilization fraction.

Values of UF equal to 1 are rarely achieved and never by extreme values of PV energy
fraction (and thus considering only wind or only PV contributions). In detail, in climate
zone A, a UF value of 1 is reached for some configurations between 0.7 and 0.9 PV energy
fractions. In climate B, the UF value of 1 is never reached. In climate C, the UF value of
1 is achieved with PV energy fraction values between 0.85 and 0.95. The UF value of 1 is
achieved in climate D for PV energy fraction between 0.7 and 0.9. The UF value of 1 is
achieved in climate D with PV energy fraction values between 0.7 and 0.9. UF values below
0.1 are not achieved, for any climate.
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Figure 4. Utilization factor of 343 system power configurations across Képpen-Geiger climates.

As regards the GEIF of Figure 5, its range of variation decreases with increasing the
PV energy fraction. A GEIF value of 0 indicates that there is zero interaction with the
grid, indicating that meeting the load demand does not require any energy from the grid.
Additionally, the energy transfer to the grid is zero, as any excess energy produced is fully
managed by the battery system.

Quantitatively, the points of Group C and D vary in a wider range compared to Groups
A and B with greater maximum values. In all climates, GEIF values of 0 are never reached,
but they come very close. The highest GEIF value is about 10 and is reached in climate C,
followed by climate zones D, A, and B. When the PV energy fraction is between 0.9 and 1,
the GEIF is between 1 and 3. When the PV energy fraction is between 0 and 0.1, the GEIF is
between 1 and 6 for climates A and B, and between 1 and 8 for climates C and D.
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Figure 5. Grid energy interaction factor of 343 system power configurations across Képpen-—

Geiger climates.

Figures 6 and 7 illustrate the values obtained from the benefit-cost ratio (BCR) for SA
and GC HRES, respectively, as a function of the PV energy fraction, represented by Képpen
climate groups and sub-groups.

For SA HRES, no dependence of the BCR values on the PV energy fraction is high-
lighted. Only at the highest values of the PV energy fraction, a slight increase in BCR can
be observed. Two localities belonging to As and Dsa appear to have very high values
compared to the other localities. Except for these localities, Group C is characterized by a
greater range of BCR variation until 0.05.
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Figure 6. Benefit-cost ratio of 343 stand-alone (SA) system power configurations across Képpen—

Geiger climates.

The BCR of GC HRES is significantly higher than SA HRES. The effect of FiT policies
worldwide can be appreciated especially in Group A, where an increase in the PV energy
fraction leads to a reduction in the BCR. The same trend can be observed for Group C,
while Group D shows a trend with a minimum value around PV energy fraction values of
0.5. Contrarily to Group A, Group B is characterized by the lowest increase in BCR owing
to the absence of economic FiT subsidy or the presence of underdeveloped countries. The
independence of PV energy fraction is already highlighted for BCR, as previously revealed

by the SA HRES.
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Figure 7. Benefit-cost ratio of 343 grid-connected (GC) system power configurations across Képpen—

Geiger climates.

4. Conclusions

This study investigates the resilience of renewable PV-wind hybrid systems to dif-
ferent climate conditions. To this end, an extensive analysis of hybrid renewable systems
behaviour is conducted to serve a small office community. It is necessary to operate electric
lighting, electric office equipment, and charging stations for electric vehicles located in
the parking lots of office buildings. Forty-eight locations are carefully selected across the
Koppen climate classification to cover different latitudes, altitudes, and climatic conditions.

Using TRNSYS, the hourly power values of every component in the hybrid system
were computed. These values were then employed to determine the annual energy con-
tributions for the energy balances of both stand-alone and grid-connected systems. A
parametric analysis was carried out for all of the chosen cities. The power outputs of the PV,
wind, and battery systems ranged from 10 kW to 130 kW, with 20 kW increments, resulting

in a total of 343 possible system power configurations.

This objective is pursued through hourly and annual dynamic analysis of the hybrid
system and plant sustainability is assessed through technical and economic indicators.

The outcomes are summarized in the form of satisfied load fraction (SLF), utilization
factor (UF), grid energy interaction factor (GEIF), and benefit-cost ratio (BCR). After ana-
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lyzing the data, it was determined that it is difficult to achieve a high satisfied load fraction
with a low proportion of PV.

The highest SLF values are obtained with a significant prevalence of PV over wind
power, the trend being more pronounced for climate zones B and D. Climate A and climate
C achieve an SLF value of 1 already from a PV energy fraction of 0.2, while climates B and
D from a PV energy fraction of 0.5.

Solar or wind energy alone cannot fully meet the load at all locations. Group B shows
lower utilization factors than the other groups, denoting high energy excess. For groups
A, C, and D, a strong concentration is evident for high values of PV energy fraction and
tendentially lower values of utilization fraction. Values of UF equal to 1 are rarely reached
and never by extreme values of PV energy fraction (and thus considering only wind or
only PV contributions).

In all climates, it is evident that the GEIF values of zero are never reached, but they
come very close.

For stand-alone, no dependence of BCR on PV energy fraction is shown. Only for high
values of the PV fraction is a slight increase in BCR observed.

The benefit-cost ratio (BCR) is higher for grid-connected systems than stand-alone
ones. The impact of FiT policies around the world is particularly evident in tropical climates
(Group A), where increasing the PV energy fraction results in a decrease in BCR. This trend
is also observed in temperate climates (Group C), while continental climates (Group D)
exhibit a trend with a minimum value around PV fraction values of 0.5.
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Nomenclature

B Yearly benefit €/yr
C Overall system cost €
BCR Benefit-cost ratio

Eg Yearly energy produced by the generators Wh
E; Yearly energy required by the load Wh
epvg PV energy fraction

Ey Yearly produced energy sent to the load Wh
FiT Feed-in-Tariff

GC Grid-connected

GEIF Grid energy interaction factor
HRES  Hybrid renewable energy system
IEA International Energy Agency

NOCT Nominal operating temperature °C
1Y% Photovoltaic
SA Stand-alone

SLF Satisfied load fraction
UF Utilization factor
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