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Abstract: The energy sector is nowadays facing new challenges, mainly in the form of a massive
shifting towards renewable energy sources as an alternative to fossil fuels and a diffusion of the
distributed generation paradigm, which involves the application of small-scale energy generation
systems. In this scenario, systems adopting one or more renewable energy sources and capable
of producing several forms of energy along with some useful substances, such as fresh water and
hydrogen, are a particularly interesting solution. A hybrid polygeneration system based on renewable
energy sources can overcome operation problems regarding energy systems where only one energy
source is used (solar, wind, biomass) and allows one to use an all-in-one integrated systems in order
to match the different loads of a utility. From the point of view of scientific literature, medium-
and large-scale systems are the most investigated; nevertheless, more and more attention has also
started to be given to small-scale layouts and applications. The growing diffusion of distributed
generation applications along with the interest in multipurpose energy systems based on renewables
and capable of matching different energy demands create the necessity of developing an overview
on the topic of small-scale hybrid and polygeneration systems. Therefore, this paper provides a
comprehensive review of the technology, operation, performance, and economical aspects of hybrid
and polygeneration renewable energy systems in small-scale applications. In particular, the review
presents the technologies used for energy generation from renewables and the ones that may be
adopted for energy storage. A significant focus is also given to the adoption of renewable energy
sources in hybrid and polygeneration systems, designs/modeling approaches and tools, and main
methodologies of assessment. The review shows that investigations on the proposed topic have
significant potential for expansion from the point of view of system configuration, hybridization,
and applications.

Keywords: solar; wind; biomass; energy storage; energy system; renewables; polygeneration; hybrid;
systems analysis

1. Introduction

Among the greatest challenges of the modern world, the goal of reducing greenhouse
gas emissions produced by anthropogenic activity stands out the most. One of the tasks set
for all countries in the world is to achieve zero-carbon energy generation by 2050 [1]. For
many years, international and national organizations have been persuading the private
and public sector to switch to renewable energy sources (RES), increase the efficiency of
energy generation from conventional sources, or phase them out altogether. Unfortunately,
this is a very difficult goal to achieve.

Getting energy from unconventional sources is not only a modern idea. Large hy-
droelectric power plants have been popular around the world since the beginning of the
last century [2], and the conversion of wind energy into mechanical power, for example,
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in windmills, has been known for hundreds of years [3]. Today, solar power plants and
wind farms are commonplace, and the first part of the 21st century has seen a big focus
on distributed energy [4]. Nowadays, many homes are equipped with small photovoltaic
power plants or wind turbines, and this fact is primarily influenced by development and
ongoing RES application and research. One of the main directions of development is to
increase the efficiency of energy generation or search for new solutions. In particular, this
can involve the conversion of renewable energy itself [5,6] or individual components of the
installation [7–9]. Despite its great popularity, energy generation from renewable sources is
characterized by several disadvantages compared to conventional sources [10]. The most
significant of these are the instability of operation [11] and the economic unprofitability of
individual solutions [12].

The efficiency of most ways of producing energy from RES is closely related to weather
conditions. As a result, the exact duration of their operation cannot be accurately predicted,
as occurs in the case of photovoltaic plants [13,14], where during operation, a peak in
energy production is observed during the sunny hours, while there is almost null or no
generation in the evenings or at night. In addition, it is necessary to take into account the
period of the year and the weather of each day. These facts would translate into significant
limits and disadvantages if the energy mixes of entire countries were based mainly on
PV. We live in a time when even a temporary blackout would cause huge disservices to
systems and property damage or could lead to dangerous situations that put lives and
health at risk. However, there are various ways to solve this problem. The first is to
introduce a technology characterized by stable operation into the power system based on
RES. This could be, for example, a system based on biomass combustion [15] or nuclear
power [16]. The second way can be to secure against a possible drop in production by
creating a system [17] based on different RES technologies, whose projected production
hours during the day are complementary. This way can also be further improved by using
energy storage technologies [18,19]. Despite such possibilities, adapting such a system to
the national power grid is not an easy operation from the technical and grid management
points of view. However, thanks to recent technological advances and research, they are
finding very high potential in the application of distributed energy.

A system that produces energy from at least two different renewable sources is called
a hybrid renewable energy system (HRES) [20–22]. It can be based on the simultaneous
generation of useful energy from solar, wind, hydro, or geothermal energy sources. A
biomass energy conversion system can also be used for this purpose. Obviously, energy
taken from storage can be considered a source of renewable energy as well, once the storage
component has been charged using RES. As mentioned earlier, HRES has a number of
advantages including the most important one, which is the stabilization of the operation
of the entire system. An example is a photovoltaic (PV) system operating simultaneously
with a wind turbine [23,24].

When using renewable energy sources in distributed power generation, it is very
important to match the system to the user’s needs. To show that, two parameters should be
highlighted: the self-consumption rate [25] and the ratio of energy demand coverage [26].
As for the first parameter, it should be understood as the ratio of energy directly used by the
user to the total energy produced from RES. The values of this indicator depend on several
parameters, including the location of the installation, the energy demand of the user, the
output of the system itself, or weather conditions. An example would be a photovoltaic
system installed on a typical single-family house. For example, a value of this indicator at
25% means that of all the energy produced by the PV, only 25% was used directly by the
user, while the rest was wasted or supplied to the electric grid. The second parameter can
be calculated as the ratio of energy extracted from RES to the total demand for this type
of energy. These values are usually given for a longer period of time. For example, if user
has an annual demand for electricity equal to 5000 kWh and a photovoltaic installation
from which is possible to self-consume 2000 kWh directly, this means that energy demand
coverage in this case will be 40%.
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An ideal HRES system should be characterized by 100% self-consumption and 100%
energy demand coverage. This would result in zero losses of generated energy and a
negligible risk of running out of energy, only due to the failure of system components.
Unfortunately, this ideal scenario is practically impossible to achieve due to the technical
constraints of the devices, variability of user demand, and economic limits of the potential
investments. The focus, however, should be on analyses showing the possibilities of better
and better systems, which are as close as possible to the ideal ones.

When generating one type of energy, there is always some loss in the system. This
can be seen in the case of electricity generation with a biomass or coal boiler Rankine cycle
system. In this case, energy is lost through a pipe, mainly due to the dissipation of heat
by the condenser. In the early 19th century, it was realized that after leaving the turbine,
water still has a lot of useful energy that can be recovered [27]. It can be used, for example,
to heat domestic hot water. A plant that simultaneously generates electricity and useful
heat is called a combined heat and power (CHP) plant, and the process itself is called
cogeneration [28–30]. Simultaneous generation of two types of energy is very economical
and increases the efficiency of the entire plant compared to a separated production of
energies. Chill generators in the form of sorption chillers can also be included in CHP
systems [31,32]. In this case, the process that allows the simultaneous generation of three
types of energy is called trigeneration. Furthermore, when the generation of energy is also
coupled with the production of useful by-products, we are referring to polygeneration [33–35].
Passing from cogeneration to polygeneration, it is possible to observe that the grade of
energy utilization significantly increases, and this may also have significant effects on the
effectiveness of the energy systems adopted.

Each of the aforementioned methods of increasing the efficiency of plant operation can
be used in distributed power generation. Maximization of energy yield and achievement
of the highest possible efficiency rates are essential aspects of small hybrid RES-based
polygeneration systems. Currently, great attention is paid to the optimization of such
systems. It is necessary to select energy sources appropriately, and if necessary, to select
energy storage technologies. The most important features of such a system should be
maximum autonomy and efficiency, and thus cost-effectiveness. It is the second feature
that is usually the biggest problem to be solved.

The present review aims to provide a comprehensive overview of recent advances
regarding small-scale hybrid renewable energy systems. In particular, the review is focused
on the technical aspects of the different energy generation and storage technologies, their
use in HRES, and approaches and tools used in the design of integrated HRES. The review
is organized as follows. Firstly, the available technologies for the production of energy are
presented, and after that, the possibilities of energy storage are introduced. The review
continues with a description of the different configurations of HRES technologies and
concludes with the presentation of methods to investigate HRES. In the end, some general
conclusions regarding small-scale HRES are given in order to summarize the review.

2. Available Renewable Energy Technologies

Several technologies are used to generate energy in HRES depending on the type
of energy to be generated—electrical or thermal—or on the availability of renewable
energy sources to be used by the system. The presented technologies are the ones that are
conventionally used in HRES to produce energy from the specific renewable energy source
and are commercially available on the market. The technologies are:

- photovoltaic modules;
- solar collectors;
- wind turbines;
- water turbines;
- biomass units;
- heat pumps.
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2.1. Photovoltaic Systems

When considering the world’s energy production in 2021 from renewable energy
sources, photovoltaic installations rank third in terms of installed capacity [36]. Recent
reports show that this value has increased sevenfold between 2010 and 2020 indicating
very dynamic growth and suggesting ever-increasing installed capacity in the future. The
very high popularity and affordability of this technology are contributing to its continuous
development and thus increasing its efficiency. Photovoltaic installations are very often
used as a key energy source in small HRES [37]. The basic solution is to use standard first-
generation modules and place them on the available surfaces of the utility being powered.
When planning even the most basic photovoltaic installation, it is important to keep in mind
several factors that affect its operation. This directly includes the geographic location of the
facility being powered, and thus the angle of the modules from the floor [13]. The efficiency
of an installation located in Scandinavian countries will be different from one in the vicinity
of the equator. The difference is primarily due to the different values of average horizontal
irradiation in these locations, but also the average annual air temperature. The higher it
is, the lower the efficiency of PV cells [38]. This problem is being addressed by the latest
research on module cooling systems to enhance their performance. Praveenkumar et al. [39]
showed that it is possible to integrate a PV module with a heat pipe. The research indicated
that this decreased the module’s surface temperature by an average of 6.72 ◦C on a sunny
day. The temperature reduction resulted in an increase in cell efficiency of about 2.98%
over the comparison module. A different approach was followed by Sornek et al. [40] in
designing a system to cool a PV module by spraying its surface with water. Their research
showed that this procedure allowed an increase in the maximum instantaneous power of
the modules by about 10% compared to the comparative system.

A PV system can be placed not only on the roof or ground—a very popular approach
in Asia [41] is floating PV systems. This solution not only saves space for the installation by
using a body of water but also increases energy production by cooling the PV panels [42].
Studies [43] show that a floating installation has a lower average surface temperature
of the modules by 2–4% compared to an installation placed on the ground. In addition,
the authors pointed out that this method of installation reduces the intensity of water
evaporation in the water tank used. In recent years, an increasing emphasis on research on
photovoltaic cells of the second, third, or fourth generation can be observed [44]. However,
from the point of view of commercial applications, they are characterized in most cases by
lower efficiency than first-generation solutions except for multijunction cells, the cost of
which prevents their cost-effective use for most small-scale polygeneration systems.

Attention should also be paid to technology using focused solar radiation. Using
mirrors or lenses, it is possible to increase the efficiency of electricity production from a
photovoltaic cell. This technology is called concentrated photovoltaics (CPV). However,
a review of this technology [45] indicates that this solution is not valid for receiving only
electricity, due to the occurrence of excessive temperatures. It is advisable to additionally
dissipate effectively or use the heat produced.

When considering the operation of a statistical PV system, the largest energy yield
losses are associated with the shading or fouling of individual PV cells [46]. This is due to
the characteristics of connecting modules in series with each other in a classical solution.
This results in small values of current with voltage increase, which positively affects the
safety of the installation and limits the ohmic losses on the solar cables. In order to make
the entire photovoltaic circuit operate at uniform current parameters, a DC/DC voltage
converter is present at each PV installation. It is designed to track the maximum power
point of the circuit and adjust the installation voltage to achieve it. This component is called
a maximum power point tracker (MPPT). With this configuration, partial shading of the
installation or even of a few cells of one module negatively affects the performance of the
entire installation. To cope with this problem, more and more research is being dedicated
to the proper configuration of MPPT control. There are many options for tracking the
point of maximum power [47,48], including: traditional—based on direct measurements
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of voltage and current; mathematical modeling—showing the locations of the point of
maximum power; and intelligent algorithms—allowing the creation of a neural network
that is taught to look for the right parameters to obtain the best results. Photovoltaic
installations have plenty of advantages that demonstrate their versatility of use in small-
scale polygeneration systems. These include, first and foremost, the relative stability of
operation under conditions of adequate insolation and low price.

2.2. Solar Collectors

The abovementioned photovoltaic modules are not the only way to use solar energy.
Thermal solar collectors are also used for this purpose. The most common are classic
flat-plate collectors, which have a layer that absorbs solar energy and a piping in which
the working medium is heated. The heat is then transferred usually to a domestic water
circuit. In addition to flat-plate collectors, tubular vacuum variants, which use heat pipes
that allow the heating medium to move, are also popular. The adoption of a vacuum allows
the absorber surface to be well insulated, resulting in less heat loss to the environment.

It is possible to integrate a solar collector with a photovoltaic module, creating a
photovoltaic–thermal (PV/T) hybrid system [49], which allows not only the supply of
electricity but also heat. The hybrid cogeneration approach to energy production increases
the efficiency of the entire system. However, this solution requires suitable climatic condi-
tions for profitable operation. Tracking the performance of existing installations [50] shows
that, depending on the latitude, the thermal or photovoltaic part of the hybrid module has
better performance. In addition, using such a system to heat water provides temperatures
ranging from 40 ◦C to 60 ◦C, which typically limits the possibilities of its use in relatively
low-temperature applications [51].

In the case of photovoltaic cells, the concentration of solar radiation is associated
with large losses due to excessive temperature. For solar power systems, however, the
possibility of achieving relatively high temperatures is key. Several types of collectors using
concentrated solar radiation can be distinguished [52]: compound parabolic collectors [53],
trough parabolic collectors [54], parabolic dishes [55,56], Fresnel lenses [57], and power
towers [58]. Each of these differs in a number of factors, but comparisons should mainly be
made on the basis of operating temperature, from which the appropriate solution can be
selected to meet needs. Collectors operating on concentrated solar radiation are not often
used with small-scale systems, so can be observed as large-scale solar farms.

In order to improve the performance of a collector system, there is a lot of research
involving the proper adjustment of the water circulation system. This can be carried out
in a direct way, i.e., the heating medium in the collector is water, which when heated
flows directly into the building pipelines. The second option is a system in which a
separate heating medium is present, flowing in a separate circuit near the collector and
transferring energy to a second circuit with domestic water. The movement of the medium
is typically assisted by circulating pumps and is rarely achieved by natural convection,
taking advantage of the difference in fluid density at different temperatures. Optimization
of the system can also involve selecting the most efficient heating medium [59,60] or locating
heat storage. In most solar collector systems, tanks can be observed inside the building;
however, especially on a small scale, external tanks sometimes integrated into the collector
itself are popular. In countries with high temperatures, this can allow additional reheating
of the water in such a tank [61].

Collector systems can serve as the main source of hot water in a hybrid system, but
they are increasingly encountered at the same time as auxiliaries, which are mainly intended
to reheat the circulating medium to improve the performance of the entire system [62].
These are not the most popular methods of obtaining thermal energy; however, under the
right environmental circumstances, they can be a very good source of energy for small-scale
polygeneration systems or as the main source of heat in large-scale systems [63].
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2.3. Wind Turbines

Wind energy is the second-largest RES in the world [64]. Wind turbines are mainly
used to generate energy from this source, and when considering this technology, the first
classification points to turbines with vertical (VAWT) and horizontal (HAWT) axes of
rotation. The first group can be divided into two basic types [65]. The first is the thrust
type [66], which includes the Savonius rotor [5] and Sistan rotor [67], where blades are
usually bowl-shaped. The rotation of turbines of this type is caused directly by the force
of wind pressure. They are characterized by the lowest rotational speed and therefore
the lowest power yield. The second type consists of turbines based on lift force, which
requires the use of blades in the shape of airfoils, and this group can include the Darrieus
turbine [68] or H-rotor [69]. They are characterized by a higher rotational speed, which is
able to match or even exceed turbines with a horizontal rotation axis. Unfortunately, the
big problem of this solution is the relatively high wind speed required to start operation.
Nevertheless, it is possible to combine both types to reduce its value [70]. Due to their
design, VAWTs always generate negative torque, which reduces their efficiency. One way
to deal with negative torques is to use augmentation methods, which allow changing the
direction, to a certain extent, of the wind flowing through the turbine [71].

The scientific literature indicates that it is possible to improve the efficiency of turbines
with a vertical axis of rotation using elements that increase wind speed [65]. These could be
a deflector plane or a diffuser using the Venturi effect. Also very promising are the results of
studies of the usage of methods such as air currents near buildings [72] or suitably shaped
terrain [73]. These methods allow wind turbines to be placed in urban centers or next to
individual homes, demonstrating the possibilities of their usage in distributed energy. The
possibilities are supported by the fact that VAWTs take up less space than HAWTs.

As concerns VAWT design details, Qiang Gao et al. [74] showed a novel approach to
controlling the blade arrangement in a Darrieus turbine, which can also positively affect
its operation. In the case of lift-based types, it is very important to choose the right shape
of airfoils for the blades [75], which is also a vital aspect of designing turbines with a
horizontal axis of rotation [74].

Because of their higher efficiency, HAWTs are the most popular among commercial
applications. A significant number of wind farms are based on this technology. In addition
to dimensions, they can differ in the number of rotor blades. The best choice turns out
to be a three-blade turbine. It allows very high efficiency while minimizing noise and
manufacturing costs. Considering a different number of blades, the performance of the
turbines is close [76], with the single-blade rotor, which by shifting the center of gravity
falls into a strong vibration, the most distant. As with VAWTs, the operation of this type of
turbine can be improved with the use of diffusers, but one of the most prosperous ideas is
to equip the rotors with systems designed to adjust the rotor blade arrangement according
to wind parameters [77]. Changing the angle of attack is also important for safety reasons,
such as in situations where the turbine must be stopped.

Both groups of wind turbines (VAWTs and HAWTs) can be installed on land or water.
The second way may allow them to work better due to the absence of any obstacles and
high wind speeds. For this purpose, turbines with a horizontal axis of rotation are best
suited, as they can withstand higher overloads. There are studies [78] testifying to the
possibility of creating floating wind farms. This would allow the use of waters too deep to
place a foundation and could also minimize costs.

For all types of turbines, it is very important to choose the right material to create their
blades. It must be light enough, but also strong enough to achieve the best performance.
Most often composite materials (carbon and glass fibers) are used. However, this is one
of the biggest problems for wind turbines because these materials are difficult to recycle.
Initial research shows the possibility of using used rotor blades to make composite plates,
which can be used to make structural components for bridges or buildings. Researchers [79]
have shown that proper processing allows even higher strength than analogous plates
created for this purpose.
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2.4. Water Turbines

The use of the potential or kinetic energy of water to produce energy is the main RES
worldwide [36]. From the point of view of technologies, the types of hydropower plants
adopted are dammed [80] and pumped storage [81]. The first type involves restricting the
flow of a river by damming the water, creating an artificial basin, and at the same time
increasing the possibility of utilizing the high head to produce electricity. For this purpose,
Francis [82] or Pelton [83] water turbines are used, depending on the available head of the
water. The second type uses mainly the potential energy of water.

Hydropower plants may be used as a type of energy storage. In fact, when there is
a peak of power production on the electrical grid coupled with a relatively low price of
electrical energy, i.e., excess energy is produced and the energy is cheap, water from the
lower reservoir can be pumped into the upper one, while when there is a peak of demand
of energy in the grid and the price is relatively high, the water can be released into the
lower reservoir, giving back the energy stored.

These types of turbines are rarely used for small hydropower plants [84]. For this
purpose, a large proportion of other means of energy production, consisting of flow or
tidal power plants, can be used. The first of these are located in rivers, where they use the
kinetic energy of water to produce mechanical energy and then electricity. Historically,
river mill wheels were used for these purposes. As of today, the best universal system
cannot be directly selected. Depending on the case, it could be, for example, an Archimedes
screw [85] or a Kaplan turbine [86]. Properly fitting a small hydropower plant into a given
landscape is a very difficult task. One should keep in mind the relatively negative impact of
such an installation on the environment. The construction of such a power plant can cause
problems in fish migration, disturb the biological balance of the river or pollute the water
itself. However, studies indicate that if a number of guidelines are followed and particular
attention is paid to the development of the plant, these problems can be minimized [87,88].

2.5. Biomass Technologies

In the era of transitioning away from conventional energy sources, there is an increased
search for zero-carbon alternatives. One possible method of clean energy generation is
the combustion of biomass. Biomass can be defined as any organic substance of biological
origin (vegetable or animal) available in the world. When using biomass processing
technology, the most chosen biomasses are municipal waste, agricultural waste, vegetables,
and energy crops [89], as well as wood in unprocessed form or pellet form. In addition,
these biomass types can be converted into biogas or biofuels, which can have much better
energy conversion parameters compared to the raw/origin material [90].

In addition to the type of fuel, different ways of burning biomass can be distinguished,
depending on the scale of customer needs. For high-capacity units, fluidized beds [91]
and grate boilers [92] are commonly used devices. The former has the highest efficiency,
which derives from the characteristics of the combustion itself. Fuel is pulverized in the
combustion chamber to form a slurry, with sand or ash particles adopted as inert material.
For residential customers, the most popular way to obtain heat from biomass is by a
fireplace. The installation can be adapted to transfer energy around the building, as well as
to heat domestic water by burning wood in the fireplace [93,94].

Commercial biomass boilers are based on the use of wood or pellets, while in the case
of using straw, batch boilers are often used. These boilers can be characterized by very high
output (up to 1 MW), but there are also smaller units for a single household.

Multistage biomass combustion shows promising results [95]. This consists of drying,
pyrolysis, oxidation, and reduction stages. By converting solid fuel into a gaseous state,
higher efficiencies are achieved throughout the process. Recent studies indicate that despite
the inclusion of biomass as a renewable energy source, emphasis should be placed on
the development of cogeneration technologies that allow obtaining not only heat but also
electricity or cooling from combustion [96].
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Biomass combustion is one of the most popular methods of heat generation in dis-
tributed renewable energy applications. Households without access to district heating or
the natural gas infrastructure most often use units that burn wood or pellets. It is worth
noting that suitably adapted systems can be used to generate electricity. The heat generated
by a biomass combustion unit is transferred to a substance that changes the state of matter
or, in general, to the working fluid of a power cycle. It then drives a steam or gas turbine,
which, connected by a shaft to a generator, produces electricity. However, this way of
biomass use can be more efficient when it is coupled with a combined heat and power
(CHP) approach. In such a CHP system, components that take off excess heat allow one to
supply thermal energy to the user. Such a solution works well in large central CHP plants,
but also in distributed power generation [97].

2.6. Heat Pumps

Currently, there are relatively few methods of heating buildings that are not connected
to a district heating network. Focusing on the use of renewable energy sources, in addition
to the solar or biomass conversion systems already discussed, heat pumps are becoming
increasingly popular. The use of these devices, particularly in the distributed energy sector,
is considered a critical method for decarbonizing heat production worldwide [98].

Their operation is based on extracting energy from a low-temperature source to a
higher-temperature source. The whole process must be assisted by supplying external
energy, such as electricity. Heat transfer is carried out by means of a working medium
consisting typically of an organic fluid, which must have appropriate operating thermo-
dynamic parameters depending on the temperature of the lower source [99]. The most
important of these is the boiling point. The medium is supposed to receive heat in the
evaporator, from a medium with a relatively low temperature.

The lower heat source can be a variety of different media. Often, it is the air surround-
ing the building [100]. Pump systems developed for this purpose have fans that allow heat
transfer from the air to the working medium. The great popularity of this solution is directly
due to its relative versatility. An air heat pump can be installed on a building in a variety
of climatic conditions. The most stable operation of these devices is observed for ambient
temperatures in the range of −3 ◦C–10 ◦C [101]; however, after appropriate adjustment of
the operation of the units, optimal operation is observed even at temperatures down to
−30 ◦C [102].

The lower source of the heat pump can also be the ground. Direct energy extraction
from globally available deposits is often uneconomical and requires specific conditions [103].
Most often, small geothermal deposits have too low a temperature to heat domestic water
and supply heating directly or generate electricity. This energy stored in the ground
can easily be used in heat pump systems. The main advantage of these solutions is the
relatively stable temperature of the lower source, which translates into better heating
efficiency. Ground-source heat pump applications can be divided into two types: vertical
or horizontal heat exchangers. The first [104] are based on drilling a borehole reaching
typically from 30 to 100 m deep or more. This procedure is designed to ensure a lower heat
source with the highest possible constant temperature. With depth, the temperature of the
ground tends to be more constant over the year; however, at the same time the investment
costs associated not only with digging the borehole itself but also with the circulating pump
with the required head increase. As regards the horizontal ground heat exchangers, they
involve laying a ground collector with a large area at a depth of 50–120 cm [105], making
them more susceptible to ground temperature variation at shallow depths.

In addition to extracting energy from the ground, heat pumps can also extract thermal
energy from surface water [106] or groundwater [107] on a similar basis to ground pumps.

Also worth mentioning are the possibilities of integrating heat pumps with solar [108]
or photovoltaic [109] systems. In the first case, solar collectors can act as a lower heat
source, reducing the temperature difference between the evaporator and condenser, and
increasing the efficiency ratio of the system. A photovoltaic system very often goes hand in
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hand with heat pumps, since the electricity produced by PV can easily be used to power a
circulating pump.

The use of electric compressor heat pumps is not the only way to transfer heat energy
from a medium with a lower temperature to a higher one. It is also possible to distinguish
systems that base their functionality on the process of absorption [110] or adsorption [111].
Unlike compressor pumps, these require the application of energy in the form of heat to
the system. The main part of the absorption-based system is the circulation of usually a
solution of water and lithium bromide (LiBr) salt. It is also possible to use other substances
with similar sorption characteristics. During the operation of the system, when heat is
supplied to the mixture, the absorbent material separates from the water and becomes the
energy carrier. After giving up the heat, it reunites with water, and the process repeats
itself. If it comes to adsorption processes, a mixture of two substances is not observed in
it. Water in this process is deposited on the adsorbent material, often silica gel [112]. In
this activity, the system gives up heat, and conversely, in the case of heating the sorbent,
water is released. This type of heat pump requires an external heat source, most often a
gas burner or hot water in traditional applications or thermal energy from renewables. For
the latter, it is possible to use a number of heat sources, such as solar collectors [113] or a
biomass burning unit [114].

The described heat pump systems are assumed to have the process of heating domestic
water or indoor air. However, it is possible to change the operation mode of the device
from heating to cooling, shifting the role of the condenser to one of an evaporator, and
vice versa, by means of a valve system. This allows you to receive energy from the utility.
Apart from reversible vapor compressor heat pumps, a common application consists of the
use of the previously mentioned sorption heat pumps as a chiller. This is a very common
approach in hybrid renewable polygeneration systems in order to produce cooling through
the use of heat.

In order to give a good idea of the approaches taken by the authors of the various works
to improve the performance of the cited technologies, Table 1 was created. It describes how
the researchers dealt with the problems of the various RES technologies and shows what
results they obtained.

Table 1 shows that there are many ways to improve the operation of RES technologies.
However, it is worth mentioning that not all the methods shown above carry only positive
aspects. An example is the idea of concentrated PV cells [21]. This idea, despite the
theoretical increase in efficiency, also translates into a significant increase in the surface
temperature of the cell, which results in a decrease in efficiency. Similarly, the idea of
creating hybrid PV/T [26] modules can be problematic. The issue with this solution is the
requirement of specific weather conditions to take full advantage of this system, which
directly translates into its cost-effectiveness. An analogy can be made with the creation of
diffusers for wind turbines [41], which can increase their efficiency, but depending on the
situation, may or may not be useful. The problem here may be the space utilized by this
component. Instead of a diffuser, the turbine itself could have larger dimensions, which
would translate into better performance.

The ideas described above show that in most cases, there is not a universal way to
improve the performance of RES technology, since several ways require specific conditions.
This shows how much emphasis should be given to the proper selection of components of
a classic or hybrid installation.

2.7. RES Technologies in Literature

Selected examples of systems based on renewable energy sources from the literature
were collected and are summarized in Table 2. In order to denote the climate zone of the
specified location, a symbol has been added next to the location of a given solution. The
choice of symbols was guided by Köppen’s classification [115]. In the present paper, it was
decided to use the first level of classification, which was described on the basis of average
annual precipitation, average monthly precipitation, and average monthly temperature.
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The adopted classification includes the tropical humid (A), dry (B), mild midlatitude (C),
severe midlatitude (D), polar (E), and highland (H) climate zones. It is important to note
that this classification is also adopted for other tables in the paper.

Table 1. Summary of methods on improving the performance of the listed technologies.

Technology Problem Solution Result Reference

PV

PV module surface
temperature too high

Integration with a system
that uses excess heat

Decreased cell temperature,
increased cell efficiency [39]

Integration with a system
spraying surface

with water

Decreased cell temperature,
increased cell efficiency [40]

PV module efficiency or
annual irradiation too low

Focusing solar irradiation
with lens or mirrors

Increased efficiency, very
high surface temperature [45]

High influence of shading
on efficiency of PV module

New approaches in
MPPT optimization

Lowered sensitivity of PV
modules to changing
external conditions

[48]

Solar thermal

Possible higher efficiency of
whole system

Creation of hybrid
PV/T module

Increased system efficiency,
relatively low temperature

of heated water
[49]

Possible higher
collector efficiency

Focusing solar irradiation
with lens or mirrors

Increased temperature and
efficiency of collector [52]

VAWT

Negative torques of WT
while operating

Integration with an
augmentation system Increased WT efficiency but

waste of space which could
be used for bigger rotor

[71]

Possible higher
WT efficiency

Integration with wind
accelerating construction

(diffuser, building)
[65]

Relatively high needed
starting wind velocity

Introduction of system
controlling arrangement

of blades
Increased WT efficiency [77]

HAWT

Requiring large tracts of
land, high sensitivity of
wind conditions to land
shapes, hard to place on

deep waters

Building floating
wind farms

Increased efficiency,
space saving [78]

WT Hard to recycle components Usage WT elements for
other purposes

Positive impact
on environment [79]

Water turbine Difficult to implement as a
small system

Possible places (near
rivers) in-depth analysis,
creation of guideline for

such investments

Possibility of creating
modern small hydropower
plants in a greater number

of locations

[87]

Biomass Possible higher efficiency of
the system

Introduction of
multistage combustion Increased efficiency

of system

[95]

Introduction of
CHP components [97]

Heat pumps Possibility of lower source
temperatures being too low

Introduction of different
working media Improved system reliability [102]
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Table 2. Selected research on small-scale RES systems.

Technology Power Installed Energy Demand Location
Energy
Storage Evaluation Method

Economic Review
Experiment Reference

Indicator Value

PV

5.6 kW 5.7 MWh/year Lublin, Poland (D) No PVSYST ROI 8.9 y No
[116]

48 kW 383 MWh/year Lublin, Poland (D) No PVSYST ROI 5.7 y No

36 kW - Sverdlovsk, Russia (D) No PVSYST - - No [117]

270 W 159.42 kWh/m2/year Kumasi, Ghana (A) Yes TRNSYS LCOE Yes [118]

13.5 kW 93.8 kWh/month Beijing, China (C) Yes Energy balance equations LCR 0.95 No [119]

WT

3 kW 3600 kWh (heat demand) Edinburgh, Scotland (C) Yes DesignBuilder, TRNSYS Comprehensive score 0.407–0.594 No

[120]5 kW 3600 kWh (heat demand) Edinburgh, Scotland (C) Yes DesignBuilder, TRNSYS Comprehensive score 0.473–0.638 No

10 kW 3600 kWh (heat demand) Edinburgh, Scotland (C) Yes DesignBuilder, TRNSYS Comprehensive score 0.455–0.524 No

1 kW - Forlì, Italy (C) No Mathematical
analysis—Weibull LCOE 0.61 €/kWh Yes [121]

3 kW 2330 kWh Ankara, Turkey (B) No MATLAB—Weibull - - No [122]

Hydrokinetic
Turbines

5 kW 10,715 kWh Baton Rouge, USA (C) No CFD ROI 4–5 years No

[123]
5 kW 2620 kWh Itacoatiara, Brazil (A) No CFD ROI 6–7 years No

3 kW 10,715 kWh Baton Rouge, USA (C) No CFD ROI 7–8 years No

3 kW 2620 kWh Itacoatiara, Brazil (A) No CFD ROI 15–16 years No
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When considering photovoltaic (PV) technologies, studies showing the operation of
such systems in various locations around the world were collected. In this regard, it is a
fairly universal technology. However, it should be noted that in locations characterized by
low average irradiation, it will be less effective. Cieślak [116] pointed out that in the case of
creating a basic system without an energy storage system, it is more cost-effective to install
one that does not cover all the energy demand. In this case, an off-grid system would not
be reasonable. The authors in [117] proposed a system with a solar tracer. They pointed
out that such a solution is more efficient than a classic system facing in one direction. In
addition, Agyekum et al. [118] analyzed the effect of high temperature on the energy loss
of the system. The paper was based on a comparison of the economics and efficiency of
PV and PVT systems in Ghana. The results indicated that a stand-alone PV system had
higher cost-effectiveness than a stand-alone hybrid system. It is worth mentioning that
this situation becomes reversed when energy storage is added to the system. Li et al. [119]
proposed an off-grid PV system with energy storage. The authors compared different
system configurations and identified the most cost-effective approach. It consisted of 66%
building demand energy storage and 1.4 energy penetration of the PV system.

When analyzing stand-alone PV systems, the authors of publications are most often
supported by software based on meteorological data and basic PV models (PVsyst) [116,117].
Such methodology allows one to analyze the performance of the systems depending on the
geographic location and to analyze the efficiency of the system operation accounting for
several design factors. In the case of a more complicated polygeneration system [118], one
should turn to more complex software (such as TRNSYS).

Most of the works available in the literature include an economic analysis. The
most commonly used indicators are return on investment (ROI) [116] or levelized cost
of electricity (LCOE) [118]. These approaches allow an assessment of the profitability of
proposed solutions.

Wind turbines (WTs) seemingly can perform well in a wider range of locations around
the world. However, it should be noted that stand-alone wind turbines are not the most
cost-effective solution in most cases. A suggestion from numerous studies is to create a
hybrid system incorporating other systems in addition to the turbine. The authors of [120]
indicated that a cost-effective approach would be to add an energy storage system to WT
installation. The purpose of this system was to power a heat pump to cover the entire
heat demand of the building. The authors undertook a comparison of such systems with
different WT capacities and battery capacities at different locations in Scotland. Based on
the comprehensive score method, they compared the investigated options. The results
presented indicated that such systems could not qualify as the most profitable. However,
the authors suggested that their use in Scotland would be possible with the assumption of
subsidies from the government. The authors of [121] came to interesting conclusions. The
study was based on a comparison between the actual production of a wind turbine and
an estimated value based on weather data. The study showed the difference between the
two situations and allowed for their economic analysis. The authors noted that the studied
installation was not characterized by high profitability, and they concluded the analysis
under the assumption of better wind conditions allowed satisfactory results. In general,
the work showed that stand-alone wind systems are usually not economically efficient and
that they could play a greater role in hybrid systems.

Location is very important for wind power plants. Bilir et al. [122] undertook an
analysis of the feasibility of an area in the vicinity of Ankara, Turkey for WT siting. The
study indicated that the area does not have sufficient wind for large-capacity wind turbines,
so the authors chose an alternative solution of three smaller WTs. The results showed
that such an installation can produce enough energy to cover the electricity needs of small
housing. It is worth noting that no energy storage system was assumed in this case, and
thus most of the energy yield would be lost or transferred to the grid.

Distributed hydropower is also worth mentioning. Puertas-Frías et al. [123] indicates
that it is possible to use medium- and high-flow rivers for this purpose. Two locations were
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selected for analysis: Baton Rouge, USA on the Mississippi River, and Itacoatiara, Brazil on
the Amazon River. The first step in the study was to select a suitable hydroturbine for the
task of power production. A number of different profiles were considered to create a rotor
with a horizontal axis of rotation. The selected parameters then made it possible to calculate
their efficiency and also the cost-effectiveness of this solution. The systems studied were
intended to be on-grid, and this fact showed that the economic viability of the investment
is directly affected by a country’s policy regarding support for renewable energy sources.
Without possible additional subsidies, the installation would not be profitable. ROI was
used for the economic analysis, and the whole simulation was carried out in CFD software.

It is worth noting that in the modern literature, it is difficult to find works based on
the analysis of a small system entirely based on biomass. Common knowledge shows that
while heating a household with biomass is profitable, in terms of electricity generation, it
should go hand in hand with the production of other types of energy [124].

As devices characterized by relatively high electricity consumption, heat pumps
should be used in tandem with systems that obtain energy from renewable sources. The
use of grid energy in most cases is not among the most economical treatments [125].

2.8. Summary

Considering all the RES technologies mentioned above, it is hard to point out uncondi-
tionally the best one. Each has many advantages as well as disadvantages. However, it is
possible to notice certain trends when it comes to the popularity of using a given system
in scientific studies and also in practice. Biomass-based technologies can be considered
the most popular. Although the data presented in Section 2.7 show that systems based
exclusively on these technologies are no longer being developed to any great extent, it
should be remembered that they are among one of the most popular sources of energy in
the thermal sector in distributed and central [126] power generation. This is supported
primarily by the fact that these technologies have existed for decades while the massive
use of other RES is relatively new. These systems, in distributed power generation, are
characterized by relatively low investment and operating costs. However, it should be
noted that solar systems, which are becoming increasingly popular despite their relatively
high investment costs, are a cheaper solution with a longer operating period [127]. It is
worth noting that these days, there is a very strong emphasis on replacing fossil fuels. One
of the solutions is the creation of biogas plants and biomass-based combined heat and
power plants, thus covering the electricity and heat needs of small towns and villages [128].
The idea is to simultaneously produce energy and use the excess organic matter available
in such agglomerations.

Solar energy systems seem to take second place in terms of popularity. This is sup-
ported primarily by a certain versatility of this solution, the low complexity of basic
installations, or the very large government support worldwide [129]. However, they have
major drawbacks related to the stability of operation, which is also characteristic of wind
energy-based technologies [130]. For this reason, the authors of several studies suggest the
development of hybrid systems or the use of energy storage to improve the efficiency of
the entire system when using this technology.

Hydropower technologies account for a significant share of the RES mix in the world.
However, these are large run-of-river, dam or pumped storage power plants. The use of
water power in small systems is not a very difficult undertaking in terms of technology.
However, it requires specific conditions, in particular the presence of flowing watercourses
and the possibility to use natural or artificial basins. This fact translates into their lower
accessibility and low popularity.

Heat pumps are considered the future of the thermal sector. However, it is worth not-
ing that for their operation they require the application of electricity, the price of which has
been rising rapidly in recent years (2020–2022) [98]. This fact translates into an obligatory
parallel use of renewable energy sources with heat pump systems in order for such an
investment to be profitable.
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The technologies presented in Section 2 were brought together to show the feasibility
of their use in small-scale hybrid polygeneration RES-based systems. It should be noted
that the authors here were not looking for novel approaches that may work only in a narrow
range of solutions, but were guided by research showing improvements in their properties
in the abovementioned systems. It is very important, especially from an economic perspec-
tive, to use well-studied, reliable ways to improve efficiency in such systems. However,
this does not mean that there is no room for innovative approaches. An example is the
previously described approach [39,40] showing ways to extract heat from PV cells. Such or
similar technologies, however, need to be properly optimized and improved to find their
place in small-scale hybrid polygeneration RES-based systems.

3. Storage Technologies

To respond the climate change and minimize its impact, energy storage technologies
have become a priority in many countries around the world [131]. This has led to a major
increase in the number of technologies using renewable energy sources [132].

The disadvantage of this direction of development is the presence of devices charac-
terized by intermittent power generation, which leads to a decrease in system reliability
and feasibility. This situation requires the use of compensation elements to avoid potential
power shortages or store surpluses [133]. An energy storage unit is exactly this type of
compensation element. However, storage technologies are met with some skepticism due
to the high initial cost of the system and the associated transformation losses [134]. Recently,
a significant price drop was observed for some energy storage technologies, e.g., lithium
ion batteries [135], but the price of a novel manufacturing methods may offset any cost
savings until economies of scale take over. This is the difficulty in bringing new technology
to market; however, suitable energy storage has a significant role in improving the energy
efficiency of renewable-based systems, which leads to savings [136].

Energy storage methods can be divided according to a number of criteria. The most
important of them are presented in the following subchapters. Due to the variety of values
describing the characteristic sizes of each energy storage, the most important ones are listed
in Table 3.

Table 3. Technical characteristics of the systems.

Storage Type Energy
Efficiency

Volumetric
Energy Density Lifetime Storage Period Cost Small-Scale

Applicability

[-] [%] [kWh/m3] [year or cycles] [time] Euro/kWh [-]

Thermal Energy Storage

Sensible storage 50–90 93 10–30 years days/months 0.1–10 +

Latent storage 75–90 50–3210 10–20 years hours/months 10–50 ?

Thermochemical storage 75–100 200–500 15–30 years hours/days 8–100 +

Electrical Energy Storage

Supercapacitors 90–95 1.5–15 Wh/kg 1 million seconds/
minutes 300–2000 +

SMES 90–95 0.5–10 >1 million minutes/
hours 13 k–76 k -

Electrochemical Energy Storage

Lead–acid batteries 74–95 50–80 203–1500 days/
months 100–830 +

Lithium batteries 90–97 200–500 3500–20,000 days/
months 500–2000 +

Nickel batteries 71 60–150 350–2000 days 450–1800 +

Sodium sulfur batteries 75–85 156–255 2500–8250 days/
months 280–700 +/-
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Table 3. Cont.

Storage Type Energy
Efficiency

Volumetric
Energy Density Lifetime Storage Period Cost Small-Scale

Applicability

Redox flow batteries 60–80 16–60 7000–15,000 days/
months 110–1000 ?

Chemical Energy Storage

Methane 49–79 1200 -

Hydrogen 54–84 400 - days/
months 2–15 +

Mechanical Energy Storage

Solid media (flywheel) 85–95% 80–200 10,000–100,000 hours 650–2625 +

Liquid media (PHES) 65–87% 0.01–0.12 - days/
months 500–1700 -

Gaseous media (CAES) 30–50% 0.04–10 20–40 years days 2–140 -

References [137–142]

“-” no, “+” yes, “?” experiential applications.

3.1. Thermal Energy Storage

Thermal energy storage (TES) allows excess heat energy to be stored and used after
hours, days or months. It can be stored on a scale from a single process to a region [143].
Depending on the temperature range of the storage medium, we can distinguish between
low-temperature storage (up to 120 ◦C), medium-temperature storage (120–500 ◦C), and
high-temperature storage (>500 ◦C) [137]. TES storage systems are commonly integrated
with concentrated solar power (CSP) plants: 80% of power plants rely on this type of
energy storage, increasing efficiency by smoothening out fluctuations in energy demand
throughout the day [144]. CSPs use all three basic types of TES: sensible, latent and
thermochemical. The classification of main thermal energy storage technologies is presented
in Figure 1.
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3.1.1. Sensible Heat Storage (SHS)

In this method, thermal energy is stored in a material, leading to a change in its
temperature. The change in the temperature of a body and its heat capacity is used to carry
out the charging and discharging processes [145]. The amount of heat stored depends on
the temperature difference between the initial and final states of the substance, its mass,
and specific heat. Water is most commonly used as the storage medium [146], although a
water–glycol mixture, concrete, and rock are also used [146]. The technology is most often
integrated with heat pumps, solar thermal systems [147] and heating systems as buffer
storage [148]. Compared to latent or thermochemical thermal, sensible thermal storage has
a lower energy density when we consider a limited temperature range. However, sensitive
thermal storage technology is standardized and has a much lower price than other types of
storage [149].

Commonly used components for SHS are packed-bed storage tanks (PBSS), which
store thermal energy by heating and cooling the solids with a heat transfer fluid (usual
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air) flowing through the beds [150]. The most widely cited advantages of these storage
media are a broad operating temperature range, reduced corrosion, and low cost of storage
material [151]. Detailed studies for different solids and their parameters to evaluate the
thermal performance of a sensible heat storage bed with air as the heat transfer fluid have
been discussed by A. Elouali et al. [152].

For long-term storage, underground heat storage is used [153]. This method has
been considered by Recep Yumrutaş et al. [154]. They presented a mathematical analysis
to determine the long-term performance of solar-assisted home heating systems using
a heat pump and underground thermal energy storage (UTES). The temperature of the
TES reservoir increases with the years, resulting in a reduction in the annual requirement
for heat pump operation. After the fifth year of operation, the annual periodic operating
conditions have been reached. A TES reservoir is a viable energy storage solution, as long
as it is located sufficiently deep underground. Researchers noted that the efficiency of
mentioned systems increases with the volume of the reservoir.

An interesting new technique with promising results in the test phase is the combina-
tion of sensible and latent heat storage [155]. In [156], the authors proposed an installation
including the storage of thermal energy in quartz, with part of the energy stored in phase-
change material (PCM). A simulation-based analysis showed that the implementation
of energy recycling from the compressor and heat storage led to an increase in system
efficiency from 34.4% to 60.6%.

SHS can be also a valid solution for extreme conditions. G. Hailu et al. [157] presented
an installation for a building designed for net zero energy. The house additionally uses high-
performance building techniques, e.g., Arctic walls combined with photovoltaic panels,
collectors and sand-bed storage. The work shows that thermal storage systems made of
readily available materials (e.g., sand) can be a cost-effective way of storing energy.

3.1.2. Latent Heat Storage (LHS)

Latent heat storage systems adopt the phenomenon of energy storage during phase
change. Materials that enable LHS storage are known as phase-change materials (PCMs). The
primary field of application is residential and industrial heating and air conditioning [158].

Storage of large amounts of energy with small temperature differences is the main
advantage of storage systems using PCMs. Because adding energy to the system does not
increase the temperature difference with the environment, exergy losses are lower than
with SHS [159]. However, this system is technically difficult to implement due to leakage
that occurs during the phase transition with conventional phase-change materials [61].
PCM must be characterized by high specific heat, thermal conductivity, and density. The
material should also have a melting point in a suitable temperature range [160]. All of the
properties mentioned are associated with an increase in the price of the system.

There is a group of materials suitable for phase-change heat storage [161]. The criteria
they must meet and examples of substances are given in Table 4. The following table is
based on information from [162,163].

The evaporation process, despite its high enthalpy, involves a volume change that is
difficult to control [164]. For this reason, it is rarely used. Materials such as salt hydrate
and paraffin have found practical use in LHS systems [165]. Despite its high storage
density and good thermal properties, salt hydrate is characterized by inconsistent melting.
This results in a decrease in capacity with the number of cycles [166]. A solution to this
problem has been investigated by Tyagi et al. [167]. In their work, they observed that
the intensity of phase separation increased at lower mass flow rates. They showed that
measurements on smaller samples help to verify that the PCM composition is not degraded
due to incongruent melting. Paraffins, on the other hand, allow their melting temperature
to be controlled by changing the length of the alkane chain [168]. They present high melt
compatibility and cyclic stability, and they are environmentally safe and noncorrosive.
Problems with their use are their flammability and high price [169].
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Table 4. Latent heat storage materials.

Substance Examples

Class Material Melting
Point [◦C]

Density
[kg/m3]

Thermal
Conductivity

[W/m·K]

Latent Heat of
Fusion [kJ/kg]

Organic Paraffin wax 64 916 (solid, 33.6 ◦C)
769 (liquid, 65 ◦C)

0.346 (solid, 33.6 ◦C)
0.167 (liquid, 63.5 ◦C) 173.6

Fatty acids Palmitic acid 64 850 (at 65 ◦C) 0.162 (at 68.4 ◦C) 185.4

Salt hydrate CaCl2·6H2O 29 1562 (at 32 ◦C)
1802 (at 24 ◦C)

0.540 (at 38.7 ◦C)
1.008 (at 23 ◦C) 190.8

Metallics Bi-in eutectic 72 - - 25.0

Desirable characteristics

Thermal Properties Physical Properties Kinetic Properties Chemical Properties Economics

Melting temperature in
desired operating range

Small vapor pressure at
operating temperatures

Little or no super-cooling
during freezing Chemical stability Abundant

High latent heat of fusion
per unit volume

Small volume variation on
phase change

High nucleation rate to
avoid supercooling

Complete reversible
freezing/melting cycle

Large-scale
availabilities

High specific heat High density Adequate rate of
crystallization

Compatibility with
container materials Effective cost

High thermal conductivity
of both phases

No toxic, flammable, or
explosive material

An interesting study was conducted by Johansen et al. [170]. They presented the
results of a study of a solar system combined with a sodium acetate trihydrate (SAT) heat
storage tank used to heat up a water tank. During a 6-month test period, the SAT was
heated 53 times by the solar collectors above 80 ◦C. During the test period, it supplied 135
kWh of heat to the water buffer tank. The research shows the core concepts of supercooling
and the discharge of heat from the PCM. Additionally, in [171], Englmairab et al. introduced
a numerical simulation of the previously mentioned system [170]. Validation results of the
component models showed a high degree of similarity to the measured data. Numerical
simulation was used to optimize components of a system, which showed very promising
results. A full charge of a single 200 L PCM unit and a 2.8 m3 water tank enabled the supply
of heat for 18 days in January. As a result, the building’s heating needs can be covered by
almost 100% renewable energy sources.

At present, the search for phase-change materials focuses on finding materials with
high enthalpy at different temperatures [172]. For conventional solid–liquid phase-change
materials, solutions are being explored to eliminate phase-change leakage. To solve this
problem, Yao Menga et al. proposed the use of a composite [173], while Ali Usman et al. have
seen an opportunity for the development of solid–solid phase-transition materials [174].

3.1.3. Thermochemical Heat Storage (THS)

This type uses reaction energy from reversible chemical processes or physical surface
reactions. The absence of thermal losses is a consequence of storing energy in the form
of reaction energy rather than heat [175]. Despite their particularly high energy density
and technically possible long energy storage times [176], these systems are rarely used
for economic reasons [177]. THS systems can be divided into three categories: chemically
reversable processes, adsorption storage systems and absorption storage systems [178]. For
chemically reversable processes, the thermodynamic equilibrium temperature is decisive.
Discharge of the system occurs at a temperature lower than the equilibrium temperature.
Charging, on the other hand, occurs at a lower temperature.

K. Kant et al. [179] presented a study of long-term energy storage via an absorption
process for heating buildings. The heat storage was based on an aqueous solution of
LiBr (lithium bromide). The authors designed and built a prototype, which they tested
under static and dynamic operating conditions compatible with domestic solar and heating
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systems. The tests showed that the absorption process could allow the house to be heated.
However, the absorber design used by the authors prevented heat recovery in the charging–
discharge processes. They thus suggested using a two-piece absorber or a pool absorber.

The authors of [180] pointed out that despite the potential high energy storage density
and low losses, poor heat and mass transport significantly hinders the commercialization
and implementation of THS systems. Above all, the development of this technology
requires fundamental innovation in the development and discovery of new materials.

3.1.4. Thermal Energy Storage: Summary

The main difference between the three mentioned types of TES is the range of operating
temperatures. Most SHS storage systems have the broadest operating temperature range,
as the temperature increases through the whole charging process, in some cases reaching
500 ◦C and above. However, high temperatures cause energy loss due to limitation on
insulation and heat creep of materials. When only a limited range of operating temperatures
is possible, this type of TES has on average lower energy density compared to other types of
TES. On the other hand, LHS and THS storages avoid the downsides of high temperatures
by containing the energy in state change and chemical processes subsequently. LHS has the
potential of a very long-lasting energy storage, as long as it is kept at constant temperature
in order to avoid spontaneous phase change. From a practical point of view, the melting
phase is the most commonly used. The evaporation process, despite its high enthalpy,
involves a volume change that is difficult to control.

From an economical point of view, SHS systems use the cheapest and most easily
available energy storage medium and are also safe. Media used in LHS must meet specific
criteria and come with their drawbacks. Similarly, THS systems require media that can
improve their heat and mass transport, which would make them more economically viable.

In terms of applicability, SHS systems are widely used, starting with household buffers
with a few kWh capacity through seasonal storage systems up to district heating with
capacity in the range of GWh. On the contrary, SHS and THS systems are generally
integrated in niche applications, such as thermal management in dishwashers or air-
conditioning of a room.

3.2. Electrical Energy Storage

The major advantage of direct electrical energy storage is the absence of energy
conversion, which translates directly into reduced losses. However, due to its high costs
and very low energy density, this solution is currently not widely used [149]. Classification
of technologies for direct electrical storage is presented in Figure 2.
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3.2.1. Supercapacitors

A supercapacitor is a capacitor of high capacity, frequently much higher than other
types of capacitors used in electronic devices, but with lower voltage limits. In terms of en-
ergy storage, they are transitional devices between electrolytic capacitors and rechargeable
batteries [181], storing even 100 times more energy per volume than standard capaci-
tors [182]. Additionally, supercapacitors can charge and discharge with higher power than
any type of battery, and can repeat this cycle many more times. However, they are not
suitable for long-term energy storage due to their tendency to self-discharge.

Due to their nature, supercapacitors are a frequent choice in applications that require
fast energy absorption or delivery. This capability is required to match demand and control
the ramping up or down of the energy supplied by renewable technologies. Shifting cloud
cover, rapid change in wind direction, or changing power loads results in large real-time
variation in power surplus or deficit. Supercapacitors can absorb these surpluses or supply
energy during energy deficits, in turn smoothening the power output of renewable energy
sources [183].

However, in small-scale applications, minute-by-minute variation in energy generation
has a much smaller amplitude and is less impactful on energy installation. This way,
supercapacitors are currently applied only in large-scale renewable energy plants [184].

3.2.2. Superconducting Electromagnetic Energy Storage (SMES) Systems

Superconducting magnetic energy storage (SMES) systems use cryogenically cooled
superconducting coil. Direct current flowing through the coil creates a magnetic field, which
is used for the purposes of storing energy [185]. Typically, an SMES system is composed of
three parts: a superconducting coil, power conditioning system, and cryogenically cooled
isolated refrigerator. All of them are stationary components, making them extremely stable.
Once the superconducting coil is charged, the current will not decay and the magnetic
energy can be stored almost indefinitely. The stored energy can be retrieved by discharging
the coil.

Originally, SMES was developed for large-scale load leveling; however, with its rapid-
discharge capabilities, it has been deployed on electric power systems for pulsed-power
and system-stability applications [186]. Another advantage of SMES is the ability to almost
instantly shift between charging and discharging the storage. Furthermore, similarly to
supercapacitors, SMES systems can be used in conjunction with renewable energy sources
in order to smoothen its energy output. The most important advantage of SMES is that the
time delay during charge and discharge is quite short.

Padimiti et al. [187] researched the applicability of SMES technology as a power quality
device and for damping power system oscillations. The conclusion was that the system is
capable of rapid discharge of large amounts of energy, which is a necessary factor in the
improvement of the dynamic performance of the power system.

The potential application of SMES systems on a small scale is limited by their large
economic costs of implementation coupled with the high prices of superconductors. Addi-
tionally, keeping cryogenic conditions in an SMES system is a power-consuming process
justifiable only on a large scale.

3.2.3. Electrical Energy Storage: Summary

Storage systems based on supercapacitors and SMES have much in common. They
can absorb a large amount of electrical energy in a very short time and discharge it equally
fast. Additionally, their charging process can be repeated multiple times. Both systems are
applied in situations where a quick switch between absorbing and discharging of electrical
energy is required, i.e., renewable power plants.

However, supercapacitors are not suitable for holding charge over long periods of time,
while SMES systems can contain their charge almost indefinitely as long as they are kept in
suitable conditions. Compared to supercapacitors, SMES systems require much larger and
more advanced infrastructure, which greatly increases their cost of implementation.
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3.3. Electrochemical Energy Storage Systems

Electrochemical energy storage has high efficiency, a fast response rate, and a relatively
low price [149]. These systems use electrodes connected by an ion-conducting electrolyte
phase, and chemical reactions are used to transfer the electrical charge. The battery param-
eter most often taken for comparison is the capacity, which represents the ability of the
battery to store an electrical charge. The possible technologies of electrochemical energy
storage are classified in Figure 3.
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3.3.1. Lead–Acid Batteries

A lead–acid battery consists of a negative electrode made of porous lead that facilitates
the formation and dissolution of lead. The positive electrode consists of lead oxide. Both
are immersed in an electrolytic solution of sulfuric acid and water. The technology of the
production of lead–acid batteries is very mature, which lowers their price, making them
a popular and economical choice. Due to their long lifetime, they are frequently used in
renewable energy systems. On the other hand, they have relatively low energy density,
only moderate efficiency, and high maintenance requirements.

The efficiency of this type of battery is assumed to be between 90% and 97% and
depends on its application [187]. These batteries are particularly well suited as a backup
power source when used in conjunction with a solar installation that is not continuously
used. An example of such a system is the solar boat design proposed by Ahmad Nasiru-
dina et al. [188]. However, even in this field, lead–acid batteries are being replaced by
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lithium ion batteries, which will be the storage systems of the future for electric yachts, as
predicted in [189].

The ability of a lead–acid battery to operate over a wide temperature range is an
undoubted advantage. However, changes in its parameters must always be monitored,
as the state of charge of the battery depends on the season. In summer, the state of
charge is close to 100% and its value decreases in winter. The minimum charge level is
controlled by an automatic system that disconnects the battery at the minimum discharge
voltage [190]. Otherwise, the battery may be completely discharged, which negatively
impacts its condition [149]. At higher discharge currents in lead–acid batteries, there is an
undesirable polarization effect. This effect requires special methods for determining the
state of charge [191].

Another advantage of lead–acid batteries is a well-developed method of disposal,
which significantly reduces their negative environmental impact [192], and systems using
them have the potential to become emission-free. Amutha et al. [193] analyzed the perfor-
mance of seven different off-grid systems using lead–acid batteries for different types of
loads. The study considered seven combinations of components, such as a wind turbine,
solar system, hydroelectric power plant, and diesel generator. The result of the simulation
using the HOMER software showed that the battery improved the performance of the
renewable energy system and enabled zero-carbon solutions.

Although these batteries are already applied in many fields, they are gradually being
replaced by lithium ion batteries, which often prove to be a cheaper and longer-lasting
solution. Abraham Alem Kebedeet et al. [194] compared the efficiency of a grid-connected
photovoltaic system (PVGCS) integrated with a lithium ion battery and a lead–acid battery,
respectively. In order to analyze the efficiency of both systems, the connection of the battery
to the PVGCS was modeled using HOMER-Pro software. The analyses showed that the
lithium ion battery had better discharge characteristics, providing a longer service life. This
techno-economic study based on realistic load profiles and resource data showed that the
cost of energy for a system with a lithium ion battery was EUR 0.02/kWh lower compared
to a lead–acid battery. The study showed that lithium ion batteries are the preferred choice
for a PVGCS system over lead–acid batteries.

3.3.2. Lithium Batteries

Lithium ion battery technology is distinguished by the possibility to use commercially
available storages with relatively high energy concentration and to adopt them in a wide
range of applications [195]. Due to the process of gradual expansion of their use from
the portable electronics sector to the power grid sector, they are in a phase of continuous
development [196].

The positive electrode of these batteries is made up of lithiated metal oxide, the
anode consists of layered graphite, and the electrolyte is lithium salts dissolved in organic
carbonates [197]. The way in which the reactions occur allows three basic classifications of
lithium technologies to be defined: lithium ion, lithium sulfur and lithium air [198].

Currently, the simple association with lithium ion batteries is the automotive industry.
Electric cars can also function as energy storage. Cars equipped with the vehicle-to-home
(V2H) function can be charged and then return the energy when it is needed. This requires
special two-way chargers for electric cars, by means of which energy storage in the car can
be the answer to the summer overproduction of electricity. An example of such a system
can be found in the work of García-Vázquez et al. [199]. The authors investigated a hybrid
renewable energy system including V2H energy storage. However, under the restrictions
described by the authors, the addition of the V2H only slightly reduced the necessary
capacity of energy storage. The feasibility of using EVs as a support storage system is
greatly dependent on the driver’s profile and the daily trip range of the vehicle.

The energy storage in the car, despite its large capacity, is not able to replace traditional
stationary energy storage. The problem is that the greatest production of electricity from a
photovoltaic installation often occurs during people’s working hours. Nevertheless, using
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an electric car for energy storage increases the self-consumption of energy produced by PV,
speeding up the return on investment for both PV and the electric car [200].

Ghassan Zubi et al. [201] investigated the deployment of lithium ion battery potential
considering technical and economic aspects. It was found that despite the relatively high
initial cost, the lithium ion battery is competitive in the cost of energy storage and the
ongoing cost reduction will promote the accelerated use of lithium ion batteries in this
application. The researchers pointed out that a more favorable environment for reducing
the barriers to deployment would be created through appropriately selected incentive
strategies and schemes.

Large-scale lithium batteries may find application in microgeneration systems. Dar-
covich et al. [202] evaluated the performance of large-scale batteries working with a mi-
crogeneration system. In addition, they compared two novel cathode materials—Li-NCA
and LiMnO—and conventional LiMn2O4. The use of the new materials resulted in a 30%
increase in battery life compared to conventional materials. This occurred because of the
higher capacity of the batteries, which caused them to operate through a smaller part of
their capacity range, resulting in a lower net load on the battery materials.

3.3.3. Nickel Batteries

There are four main groups of rechargeable batteries that are based on nickel: nickel–
cadmium battery (NiCd), nickel–iron battery (NiFe), nickel–metal hydride (NiMH), and
nickel–hydrogen battery (NiH2).

NiCd and NiFe batteries use nickel oxide hydroxide as one of the electrodes. NiCd
batteries use metallic cadmium as the other electrode; however, as it is toxic, it was banned
for most uses by European Union directives in 2002 and 2011 [203]. On the other hand, NiFe
batteries are still in use as they are very robust and tolerant of abuse such as overcharge,
overdischarge, and short-circuiting [204]. They have a very long life span even in harsh
conditions and they are often used as a backup in situations when they are continuously
charged. Despite those advantages, nickel–iron batteries are considered unsuitable for
electrical storage systems due to their low efficiency. Additional disadvantageous factors
are self-discharge effect and easily corrodible iron anode [205].

NiMH batteries replaced the NiCd cell, as its negative electrodes are made of a
hydrogen-absorbing alloy instead of cadmium. Additionally, the capacity of the NiMH
batteries is triple that of NiCd batteries of the same size. NiMH batteries also offer higher
energy densities, though still lower than ones offered by lithium ion batteries [206].

Nirmal-Kumar et al. performed a comparison of NiCd, NiMH, lead–acid and lithium
ion batteries in small-scale energy storage systems [207]. They used HOMEr software to
simulate the behavior of the considered batteries in a system with a photovoltaic energy
source. The conclusion was that the NiMH batteries had the best electrical performance,
slightly better than NiCd. On the other hand, lead–acid batteries had the lowest initial cost,
making them a very popular choice. However, the authors predicted the rising popularity
of lithium ion batteries in small-scale storage systems, as their price is dropping with
advancing technology. Also, the results of the simulations show that they have the lowest
annual operating cost.

3.3.4. Sodium–Sulfur Batteries

In sodium–sulfur batteries, molten sodium acts as a negative electrode and molten
sulfur is used as a negative electrode. They are separated by a solid electrolyte made of
ceramic sodium alumina [208]. Sodium ions travelling between the cathode and anode are
the driving force of the battery. However, the travelling ion can disrupt the crystalline struc-
ture of the battery, over time leading to fracture and reduced battery life [209]. This is one of
the fundamental problems blocking the commercialization of these batteries. Nevertheless,
they are still often considered an alternative to lithium ion batteries due to their safety,
material availability and lower toxicity [208]. Interesting results in improvement of sodium–
sulfur cells were obtained by et al. Jiaru He [210]. They created an electrolyte that prevents
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the dissolution of sulfur and thus solves transport problems. This provided a longer battery
life, demonstrating stable performance for more than 300 charge and discharge cycles.
Currently, research is also focused on developing suitable anode materials [211].

Sodium–sulfur (NaS) batteries are classified as high-temperature batteries. However,
the high operating temperature results in a low self-discharge rate of the battery, but with
long periods of inactivity, this causes the battery to discharge rapidly. These batteries also
require heating during long idle phases. Due to their high operating temperature oscillating
around 300 ◦C, they are used in large-scale installations. They have been introduced on
a utility scale in Japan, where they support the electricity transmission and distribution
system [212]. A large-scale energy storage unit using NaS technology has been built at the
BASF site located in Antwerp [213]. The unit has power of 950 kW and reaches a capacity
of 5.8 MWh.

It is possible that room-temperature sodium–sulfur (RT NaS) batteries could be used
for small-scale solutions in the future. These are intended to address the safety and
corrosion problems of their high-temperature predecessors [214]. However, they are in
an ongoing phase of development. In this context, Peng Chen et al. [215] presented the
direction of development of these energy storages. In their review, they paid particular
attention to aspects of separator and cathode modification, ways to protect the metal anode,
and electrolyte optimization.

3.3.5. Redox Flow Batteries

The redox battery is the most common type of flow battery. They adopt a reduction
and oxidation reaction to trigger the movement of electrons, which are discharged through
an external circuit. Due to the reversibility of the redox reaction after discharge, it is possible
to change the oxidation state of the reactants again and reuse them. Redox batteries can also
be quickly recharged by replacing used electrolytes with new ones [216]. On the market,
they are used for peak load balancing. An example of this type of application is a Japanese
power utility, Kansai Electric Power Corporation, using a vanadium redox flow battery
(VRB) for this purpose [217]. The vanadium battery is currently the most advanced type
of flow battery. This is due to its stability, which allows it to perform many discharge and
charge cycles without undesirable reactions occurring. However, the low energy density
of stored energy and the price of vanadium encourage the development of other types of
redox batteries [218].

Tao Zou et al. [219] constructed a vanadium redox flow battery energy storage system
with necessary perpetual components to study the operation conditions of the redox flow
batteries. They concluded that in order to maintain the stability of the stack and improve
the service life of the system, it should operate under an appropriate current. The efficiency
of their system can reach 61.0% while working at the 74 A current level.

On a larger scale, Jefimowski et al. presented the concept of VRB batteries acting as
stationary energy storage for optimal energy and cost performance of microgrids. In the
studied case, they achieved a reduction in daily energy consumption of 1.77 MWh and a
reduction in peak power of 581 kW [220].

Further possible applications of the redox flow batteries depend on ongoing research,
which aims to improve the material properties of the electrodes and electrolyte [219].

3.3.6. Electrochemical Energy Storage: Summary

Electrochemical storage systems have been developing for a very long time and they
are one of the most common types of electrical energy storage. Lithium batteries especially
have become increasingly popular in recent years, as their energy density is greater than
both acid and nickel batteries. However, lithium batteries are on average more expensive.
Additionally, they are less safe than nickel batteries and prone to burning if short-circuited.
Nickel batteries also last longer in harsh conditions and are less prone to damage through
abusive treatment such as overdischarging and overcharging.
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It is important to consider the environmental aspect of batteries, as the materials used
in acid, nickel, and lithium batteries have a negative environmental impact in terms of
both obtaining the materials and utilization of the batteries. Sodium–sulfur batteries were
developed as an alternative, as the materials are widely available, and the battery itself is
safer and less toxic.

3.4. Chemical Energy Storage

The chemicals used in this type of storage system have a higher energy density and
a longer discharge time than battery technologies [221]. Thus, the diversity of their use
arises. They can be used as raw materials for the chemical industry, for direct electricity
generation, and in the transport sector as a substitute fuel instead of fossil fuel. Synthetic
fuels produced from renewable energy can complement or supplement batteries in the
transport sector [222]. The concept of converting electricity into a chemical energy carrier
is called power to gas (PtG). The essence of PtG technology is to produce a gas (hydrogen
or methane) [223]. The types of chemical energy storage are shown in Figure 4.
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3.4.1. Methane

Methane is an alternative to hydrogen energy storage. Production occurs through
the methanation process of CO or CO2. In the context of PtG applications, methanation
of CO2 is more common [224]. Methane is an interesting concept from the point of view
of energy transformation because of its similarity to natural gas, which means that it
is compatible with existing infrastructure and combustion systems [225]. With a goal
to demonstrate the readiness for integration into existing energy networks, the EU has
undertaken a four-year project called STORE&GO [226]. The project demonstrated three
separate large-scale test sites showing wide climatic variation: southern Italy (200 kW),
Switzerland (700 kW), and northern Germany (1 MW). Applied methanation technologies
were millistructured catalytic methanation using CO2 from the atmosphere, biological
methanation at wastewater treatment plants, and methanation through isothermal catalytic
honeycomb wall reactors, respectively. Obtained methane was stored in existing local
infrastructure, and transported by different location-dependent methods from long-distance
transport grids to regional LNG distribution networks via cryogenic trucks. The project
was completed in 2020 and the results proved that methanation methods work well under
realistic conditions, with the process achieving 76% overall efficiency in Switzerland.
Therefore, PtG competes well with both power-to-hydrogen and all-electric applications.

An integration of PtG in small-scale energy systems is still under development. Lig-
ang Wang et al. [227] presented a solid oxide electrolyzer (SOEC) as a promising small-
scale power-to-methane system. The work focused on increasing the efficiency of the
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system with additional heat integration. Similarly, Biswas et al. [225] also tried to compen-
sate high electrical energy demand of electrolysis with the utilization of waste heat from
exothermic methanation reactions. Additionally, they researched the capacity of a SOEC to
co-electrolyze both steam and carbon dioxide as opposed to only water.

However, the downsides of the presented type of methane synthesis method in the
context of small-scale applications are the specific high-temperature working conditions and
complex infrastructure [228]. Newly developed materials and advancements in methane
synthesis methods are required to implement methane PtG storage into small-scale systems.

3.4.2. Hydrogen

Hydrogen appears in many studies as the fuel of the future. However, one problem is
the efficiency of hydrogen extraction. Due to the molecular structure of fossil fuels, they
are the most commonly used for hydrogen production. Among these, we can distinguish
oil, natural gas, and coal [229]. From the point of view of the processes, steam methane
reforming (SMR) currently accounts for the largest share of global hydrogen production due
to economic aspects. Conversely, only 4% of the hydrogen in global production is obtained
by electrolysis from water. The electrolysis process can also serve as a form of energy
storage. In the electrolysis process, electrical energy can be converted into hydrogen, and
the hydrogen stored can then be re-electrified. The efficiency of this process is low—around
50% [230].

Due to the low energy density of hydrogen in standard conditions, it is difficult to store.
For storage, it is compressed to high pressure or cooled to the condensation temperature.
Both methods, therefore, require additional energy inputs and suitable structures for safe
and permanent storage.

Low-pressure hydrogen storage is available through a chemical reaction involving
a hydrogen-absorbing alloy, which results in the formation of a metal hydride. Metal
hydrides offer a higher volumetric energy density than liquid hydrogen [231]. Metal alloys
(based on, e.g., magnesium, aluminum) adsorb hydrogen in their structure, causing the
gas molecules to be closely packed [232]. This solution is not without drawbacks, such
as weight, price, and slow filling process [233]. The available studies mainly focus on
improving heat transfer efficiency. An example is the study by Larpruenrudee et al. [234],
in which the authors designed and optimized a semicylindrical coil for hydrogen storage.
The results show that by using the proposed system, the hydrogen absorption time can be
reduced by 59% compared to a spiral heat exchanger.

On the other hand, the review in [235] of hydride materials outlined that of all complex
hydrides, alanate-based systems are the most frequently investigated. In particular, NaAlH4
was highlighted to be suitable for mobile applications. However, for sectors requiring
higher capacities, such as transport, two borohydrides have been distinguished: NaBH4
and LiBH4.

Puranen et al. [236] analyzed an off-grid system including energy storage in the form
of batteries (short term) and hydrogen (long term). They used data from an existing
installation in Finland connecting a 21 kWp photovoltaic (PV) field and a heat pump-based
heating system with a single household. The simulation results showed that neither the
battery nor the hydrogen energy storage system alone was sufficient to maintain year-round
off-grid operation under northern climate conditions.

3.4.3. Chemical Energy Storage: Summary

Both hydrogen and methane can be obtained, among other means, by utilizing elec-
trical energy. This gaseous carrier can then be stored and transported. This is where the
two gases differ, as hydrogen has much smaller and lighter molecules, which increases
the potential of unwanted leakage. Additionally, hydrogen has around a third the energy
density of methane for the same storage pressure and temperature conditions. However,
hydrogen, unlike methane burns, without carbon emissions, which may increase the num-
ber of possible application locations. In terms of applicability, both hydrogen and methane
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present the advantage of being used in present gas installations, meaning they can be easily
integrated into the existing power networks.

3.5. Mechanical Energy Storage (MES)

Mechanical energy storage systems take advantage of kinetic or gravitational forces to
store produced energy. This energy is stored in storage media, and those systems can be
divided based on state. The challenging part in the categorization of those systems is that
in some cases, storage media changes state in the process and frequently exchanges heat.
This is especially true for some types of gaseous and liquid media storage. Those systems
are also classified as thermomechanical systems (TMS). The main types of MES systems are
presented in the scheme reported in Figure 5.
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3.5.1. Solid Media

Flywheel is one of the oldest known energy storage systems, as this principle was first
applied in the potter’s wheel [236]. In its simplest form, a flywheel consists of a suspended,
rotating mass that stores the energy in the form of kinetic energy of the rotational mo-
tion [237]. Moment of inertia the angular velocity of a flywheel can be modified to adjust
the storage system to the given application.

A flywheel can act as an electrical energy storage system when coupled with a re-
versible electric motor. This is a common case, in which surplus electrical energy powers
the motor that is connected to the shaft of the flywheel, in turn increasing its angular
velocity. The process can be reversed, as the electric motor can act as a generator that
gradually turns the flywheel’s kinetic energy into electrical power. Such configuration
of a flywheel is commonly found in commercial energy storage systems, one of which
was analyzed by Okou et al. [238] in their analysis of small-scale flywheel energy storage
technology. In their work, they compared a lead–acid battery and a flywheel as a means of
energy storage in rural areas of Uganda. It was presented that over a 10-year period, the
application of flywheel storage systems lowered the energy costs by 15%, mainly because
of the high maintenance costs of the batteries. The authors also highlighted that the use of
an electromechanical flywheel storage system would mitigate the environmental problems
associated with lead–acid battery disposal.

Other types of storage systems using solid media are gravity energy storage (GES) and
buoyance energy storage (BES). Both of them rely on the relative positioning of a static load
in a potential energy field [221]. The energy storage capacity of the system is proportional
to the weight and the distance it can travel between its maximum and minimum elevation.

In the category of mechanical energy storage, pumped hydroenergy systems (PHES)
and flywheels are overwhelmingly more popular and commercially implemented storage
systems than others. However, GES and BES systems are still being developed as they do
not lose any of their stored energy over time, in contrast to flywheels, whose energy is
drained by friction.
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Ruoso et al. [239] created a simulation model of a gravitational potential energy storage
system (GES). The modeled system was compact, and it consisted of a 12 m height shaft
with a diameter of 4 m. A 5 m tall piston was being moved along the shaft, increasing its
potential energy during the charging period and releasing it on demand. This system has a
capacity of 11 kWh, an efficiency of about 90%, and a lifetime of 50 years. The developed
model presented a promising solution for small-scale storage applications.

3.5.2. Gaseous Media

Compressed air energy storage (CAES) systems use surplus energy to compress air
or other gases and inject it into reservoir. It commonly utilizes a depleted underground
natural gas reservoir. The compressed air can expand and power an electrical generator
during peak periods when the energy is needed most [240]. During the process of gas
compression, excess heat is generated, and in the basic CAES system it is dumped into
the atmosphere, thus requiring a second injection of heat before the re-expansion of the
gas [241]. However, advanced adiabatic CAES stores the excess heat produced during the
compression of the gas and reuses it to heat the gas at the expansion.

An interesting investigation regarding CAES has been performed: Cheayb et al. [242]
performed a validated simulation of a small-scale CAES with additional trigeneration
in their experimental setup. Although the validation provided results very close to the
experiment, they also revealed the very low efficiency of a small-scale CAES system. In their
setup, the amount of stored energy was equal to 12.1 kWh, and they obtained only 0.5 kWh
during discharge. They concluded that further research and mechanical improvements to
the system are required to make it a feasible option as a small-scale storage system.

3.5.3. Liquid Media

Liquid air energy storage (LAES) or cryogenic energy storage (CES) works similarly
to a CAES system, but the major difference is that the air is liquefied and it is stored in a
reservoir. During charging of storage, electricity is used to cool air until it liquefies and then
stores the liquid air in a reservoir. When the system is discharged, previously liquefied air is
brought back to a gaseous state, heated by the exposure to ambient air or waste heat. Once
decompressed, the expanding gas is used to power a turbine and generate electricity. LAES
systems are a mature solution that uses off the shelf components that have a lifetime of over
30 years, thus resulting in low technology risk. LAES systems have similar performance
characteristics to pumped hydro and can utilize low-grade waste heat. The sizes of such
systems extend from around 5 MW to 100+ MW and are very well suited to long duration
applications. It is worth mentioning that due to this exchange of heat of the storage media,
LAES systems are also categorized as thermomechanical systems (TMS), although the
majority of LAES systems currently operational are large-scale installations. Researchers
at the Birmingham Centre for Energy Storage [243] designed a micronetwork LAES. The
novel part of their approach consisted of the utilization of excess heat produced by LAES,
especially when working in the low-pressure range. This way, the overall efficiency of
the system was optimized. The resulting hybrid LAES system had a maximum efficiency
of around 76% and allowed one to reduce the annual energy consumption by 12.1 MWh
compared to the stand-alone LAES. Researchers claim that the new findings suggest that
small-scale LAES systems have great potential for applications in local decentralized micro
energy networks.
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Table 5. Literature review of energy systems with storage.

Project Scale System Type Storage Type Application Evaluation Tool Experiment Economic Review Location Ref.

10 [kWp] PVGCS Lithium ion One House Mathematical/HOMER/Matlab - + Bahir Dar, Ethiopia (A) [194]
10 [kWp] PVGCS Lead–acid One House Mathematical/HOMER/Matlab - + Bahir Dar, Ethiopia (A)

21 [kWh] PV/WT/Hydro Lead–acid Household HOMER - + Kadayam, India (B) [193]

4 [kW] PV/grid/TSC SHS Palmer, Alaska (D) [157]

10 [kW] HP,/SC TTES One House Mathematical - - Gaziantep, Turkey (B) [154]

11.4 [kWh] SC LHS (PCMs:Sodium
acetate trihydrate) One House Laboratory test + - Lyngby, Denmark (C) [170]

- SC LHS (PCMs:Sodium
acetate trihydrate) One House TRNSYS 17 + + Lyngby, Denmark (C) [171]

20 [kWh] PV Hydrogen/Fuel cell One House Simulation - - Southern Finland (D) [235]

20 [kW] PV/WT V2H/Lithium Ion One House HOMER - + Los Barrios, Spain (B) [199]

6 [kW] SE/P2a Lithium ion One House OpenFOAM - - Ottawa, Canada (D) [202]

11 [kW] GES GES (piston type) One House Simulation - + - [239]

- CAES gas—liquid air Household Simulation - + - [243]

PV—photovoltaics; WT—wind turbine; SC—solar thermal collector; PVGCS—grid-connected photovoltaic system; TTES—tank thermal energy storage; LHS—latent heat storage,
PCM—phase-change material; V2H—vehicle-to-home, SHS—sensible energy storage; TSC—tube solar collector, SE—Stirling engine, P2a—pump air to air; “+”—yes; “-”—no.
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3.5.4. Mechanical Energy Storage: Summary

From the mechanical energy storage systems, pumped hydro is the most used, es-
pecially in large-scale applications. However, pumped hydro typically requires natural
basins in suitable geological conditions, while LAES systems present similar performance
over a broader spectrum of possible locations. Currently, the performance of CAES sys-
tems lags behind LAES and pumped hydro and requires further development to become
economically competitive.

An additional advantage of potential energy storage systems such as GES, BES, and
pumped hydro is that they do not lose any of their charge over time, in contrast to the
flywheel, which loses its charge over time relatively quickly.

Solid media storage systems mostly consist of simple mechanical components, which
makes them economically appealing; however, as those are moving mechanical components,
they require frequent maintenance, which must be considered.

3.6. Storage Technologies: Summary

Table 5 collects multiple researches concerning the topic of energy storage systems in
small-scale renewable energy applications. They are focused on small-scale solutions, with
the energy input in the range of 10–20 kWh. Each of them presents a different approach to
storing energy, and they are briefly discussed below.

The presented examples of small-scale storage systems show that there is no system
without its drawbacks, but under certain conditions, they become a beneficial part of a
renewable energy system. Incorporation of the energy storage system permits utilization of
the surplus energy produced by most renewable energy sources, and this helps to further
reduce emissions and decrease the cost of electrical energy. The type of energy storage
system is chosen based on multiple factors, with the most significant being storage period,
energy conversion, and charge/discharge rate. With a variety of possible solutions, there is
a suitable energy storage system for most of the applications.

4. Use of RES Technologies in Polygeneration Hybrid Systems

The described renewable energy and storage technologies are very well suited for use
in polygeneration systems. Many studies are being conducted to properly optimize such
systems and appropriately adapt the available technologies to consumer needs. Table 6
shows the collected work demonstrating the feasibility of using various RES in small-scale
polygeneration systems.
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Table 6. Literature review of polygeneration hybrid systems.

Technology Power Installed Energy Demand Location Energy Storage Load Evaluation Method

Economic
Assessment Ref.

Indicator Value

PV 50 kW El: 100 kWh/day, Th: 25 kWh/day India (B) Hydrogen, lead–acid
and LIB battery

DH, DHW,
EL, H2

HOMER - - [244]

PVT 5701 kwh/yr El: 4932 kWh/yr, Th: 3651 kWh/yr Spain, Almería (B) TES DH, C, DHW,
EL, FW TRNSYS - - [245]

CPVT, Bio 1164 MWh/yr - Italy, Naples (C) TES DH, C, DHW,
EL, FW TRNSYS NPV, PI - [246]

WT, PV, CHP Varied El: 1.682 MWh/yr, Th: 2.028 MWh/yr Italy (C) TES (heat, cool),
battery

DH, C,
DHW, EL Analytical SPB, internal rate

of return, LCOE Varied [247]

WT, PV, CHP 70 kW El: 30 MWh/yr, Th: 79.5 MWh/yr Italy, Pantelleria (C) TES (heat, cool),
battery

DH, C, DHW,
EL, FW TRNSYS SPB 5.67–12.2 years [114]

Solar, Bio 4349 MWh/year - Italy, Naples (C) TES DH, C,
DHW, FW TRNSYS SPB 3.71 years [248]

Solar, bio 280 kW - India, Chennai (B) NO C, EL, FW Analytical NO - [249]

Bio, WT, PV 60 kW El: 50 MWh/yr, Th 103.5 MWh/yr Poland, Gdansk (D) TES DH, C, EL TRNSYS SPB 10 years [250]

Bio, PV 62 kW EL, 87.7 kW Th Varied Spain, various
locations (B) TES DH, C, EL TRNSYS Polygeneration

indicators Varied [251]

Bio, PV 150 kW, 20 kW Varied Spain (B) TES, lead acid batteries DH, C, EL MATLAB, TRNSYS NPC Varied [252]

Heat pump, PVT 300 m2 PVT field El: 46.3 MWh Italy, Naples (C) TES, lead–acid
batteries

DH, C,
DHW, EL TRNSYS SPB Varied [253]

DH—domestic heat, DHW—domestic hot water, C—cooling, EL—electrical energy, H2—hydrogen, FW—fresh water.
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When considering Table 6, the first thing to note is the choice of the location of
the systems investigated in the literature. Popular choices of authors are countries with
relatively high average annual temperatures, such as India, Spain and Italy. Very few works
propose hybrid polygeneration systems in rather cold climates. Countries in northern
Europe are a case in point [250]. This fact points directly to problems related to the
economic viability of such hybrid system projects. Among all the possibilities, one of the
most popular choices for the main source is solar energy. This translates into a relatively
low yield of such plants in locations with low values of average annual irradiation. A
solar-based installation could very easily become uneconomical compared to conventional
solutions under such weather conditions [254]. The single articles whose authors undertook
the creation of a polygeneration system in relatively cold climates were mostly based on
biomass-burning CHP systems [255].

Photovoltaic technologies are developing rapidly. Recent discoveries include per-
ovskites [256] or other thin-film technologies [257], which at the current stage of research
do not have the highest efficiency ratings [258]. The highest efficiencies are enjoyed by mul-
tijunction cells [259], but despite this fact, the most common approaches consist of standard,
monocrystalline/polycrystalline, photovoltaic modules. As an example, Murthy et al. [244]
suggested creating a photovoltaic field to provide electricity and heat in an Indian village.
It is worth noting that the system involved the generation of electricity from PV, in parallel
with the generation of hydrogen, which was then used to produce electricity and heat using
fuel cells when needed. The authors undertook a performance comparison of the proposed
system using different energy storage methods. The article is based on the creation of an
installation characterized by the minimum amount of energy returned to the country’s
power grid, as well as maximum coverage of user demand. The authors pointed out
that in this case the best solution is to use lithium ion batteries and hydrogen storage in
parallel. The work gives a good indication of how important these technologies are in
polygeneration systems. The operation of photovoltaic systems is closely tied to the day
and night cycle and seasons, which translates into large energy shortages during periods of
low sunshine and large energy surpluses in the opposite situations.

A very popular solution, especially in Mediterranean countries, are hybrid PVT sys-
tems. The literature indicates that with the help of such panels, a well-chosen RES-based
system can be used to produce electricity, domestic heat and cooling, as well as to heat
and desalinate water [245]. The authors proposed using the excess electricity generated
to desalinate seawater using the reverse osmosis (RO) phenomenon [260]. Thanks to this
procedure, the loss of generated energy is minimized, and thus the economy of the solution
increases. RO and other methods of seawater desalination find their use in a large part
of modern small polygeneration system concepts [113,114,246,249]. Systems that generate
different types of energy while producing fresh water can be a solution to a number of prob-
lems of the modern world dealing with fresh water availability. A very popular approach
is the adoption of a system based on biomass combustion, where a boiler can be used as the
main or additional source of energy. Optimization of a system using mainly solar energy
with the presence of an additional biomass boiler was carried out by Calise et al. [246]
The paper included a description of the proposed polygeneration system based on CPVT
to produce electricity, cooling and utility heat, as well as heat and desalinate water. The
authors presented the possibility of optimizing such a system by adjusting the size of the
collector field, the number of multieffect distillation (MED) units, the flow rate of chilled
water and the heat storage capacity. Economic and exergy analyses were carried out. The
first indicated that the solution involving large number of collector systems was highly
profitable for the economical point of view, but this fact was contradicted by the conclusions
of the second analysis, which revealed a very low utilization rate of the exergy supplied
to the system under bigger collector areas. This work indicates that the design of similar
systems should be guided by various efficiency indicators of the whole process.

Wind turbines as single energy sources are not very common in polygeneration
systems. Due to their unstable operation, even in hybrid systems, the best efficacy of
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power generation is achieved by systems equipped with energy storage. The authors
of [114] showed the possibility of creating a complex polygeneration system incorporating
a wooden-chip fueled CHP boiler, a wind turbine, and a photovoltaic system. As for the
system reported in [245], it has a seawater desalination unit based on the process of reverse
osmosis. The authors also included an additional LPG boiler to support the system in case
of energy shortages. However, dynamic simulation indicated that it must only be turned
on in a minimal amount of time during the year. The proposed polygeneration system
showed high operating efficiency and a variable simple payback period (SPB) between 5.67
and 12.2 years depending on the selected reference scenario. The system is an example
of well-chosen components of a hybrid plant, which allowed one to achieve stability of
operation and cost-effectiveness of the proposed solution. The importance of thermal and
electrical energy storage should be highlighted here, as well as the seawater desalination
system, which allowed the use of excess electrical energy, minimizing losses. A very similar
solution was described in [247] showing similar use of renewable energy sources (WT,
PV, biomass). It is worth noting that the authors carried out system optimizations using
different approaches. Two strategies were based on covering the total electricity or heating
demand and last one consisted of following modified base load. These optimization ap-
proaches made it possible to conduct an economic analysis in each case and identify the
best operation strategy of the system.

Apart from systems using hybrid PVT solutions, it should be mentioned that standard
solar thermal systems can also be suitable in individual cases. In [248], it is shown that
a sufficiently large collector system, working together with a biomass boiler, may be
characterized by high cost-effectiveness. It is worth noting that the simulation showed that
during the winter period, almost all the heating demand is covered by the boiler, while the
summer operation of the system, including the generation of cooling, is ensured practically
entirely by solar energy. The authors calculated a SPB of 3.71 years, indicating the system is
feasible. However, it should be borne in mind that the proposed system was located in a
place with a relatively high average annual insolation. This is an additional fact showing the
location-dependent versatility of solar systems. The system proposed in [250] is interesting
since it assumes the use of a biomass boiler, PV and WT. in a polygeneration system located
in the northern part of Poland. This is a region characterized by relatively low values
of average annual solar radiation with respect to southern Europe locations. The author
optimized the system by considering four different scenarios for biomass source. Due to
the location of the system, the main source of thermal energy and electricity was a biomass
boiler coupled with a simple steam Rankine cycle. However, it is worth noting that energy
from the wind turbine and the photovoltaic system accounted for 11.1% and 35.1% of the
total electricity produced, respectively. This shows that despite the relatively scarce solar
energy availability for PV, the region has good prerequisites for wind turbine operation.
When designing similar installations, one should keep in mind to maximize the potential
of a given location in the world when it comes to energy generation from renewables.

A large part of the systems presented above included some form of energy storage.
The most common was a basic hot-water tank, considered as an indispensable element of a
standard heating system. Typically, the design and optimization of thermal storages consists
only in volume changes, while other forms of improvement, as use of advanced thermal
storages (thermochemical, phase-change materials, etc.) are rarely used. Furthermore,
individual authors undertake the use of cold storage technology, but this is still not among
the popular solutions.

As for electrical energy storage, the use of lithium ion or lead–acid batteries can be seen
most often in individual papers. This shows that the authors of the works follow proven
and well-known solutions when designing polygeneration systems, and new technologies,
which are described extensively in Chapter 3, are often overlooked. The reason consists in
the fact that such technologies themselves are not very common and sufficiently researched
for the application in energy systems, or it would not be cost-effective to use them on a
small scale. However, it is worth noting that more and more installations are observed
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using hydrogen generation and storage. Fuel cells, once considered a novel approach, are
becoming more common, even in commercial applications [261].

Currently in the literature, one can find numerous different proposals for small hybrid
polygeneration systems. These are primarily systems based on biomass CHP boilers, as they
are characterized by stable operation and are not highly location-dependent. It is worth
noting that the use of other technologies, such as PV, PVT or wind turbine installations,
carries many limitations related to the geolocation of the entire system. The creation of
a hybrid installation is typically characterized by higher efficiency than a single system
acquiring energy from one RES. The best locations, where RES-based installations are
showing the highest efficiency, are coastal regions characterized by high windiness and
relatively high average annual temperature. In this framework, it is worth mentioning that
the economy of the systems can be increased with the use of possible means of receiving or
storing the excess of generated energy. Recent studies presented in this section indicate
that these aspects are intrinsic of modern polygeneration systems.

5. Approaches and Tools in the Design of Integrated Energy Systems

The aim of an integrated energy system is to maximize efficiency and minimize
losses [262]. Therefore, sizing the individual components of such a system involves increas-
ing the number of variables and parameters that need to be considered in the design.

Supporting the design process with energy simulations allows one to eliminate the
number of errors in the output system and to assess the impact of many variables on its
performance. In addition, the occurrence of diverse challenges that have a significant
impact on the energy sector, such as combating climate change, economic recession or
ensuring energy security [263], results in a significant expansion of aspects to be considered
during energy planning. Energy system models are of particular relevance in planning the
energy transition and studying its impacts on the energy sector and applications [264].

5.1. Approaches in Modeling of Hybrid Renewable Energy Systems

Energy systems operate in a variable mode by adjusting their operating point to a
given energy demand. Renewable energy sources contribute to the computational com-
plexity of such systems due to intermittent energy production and uncertainty in resource
availability [265]. The need to understand and predict the performance of the various com-
ponents of the energy system drives the development of various models. Many approaches
to system modeling can be found in the literature, depending on the objective. They
are usually classified into three groups—computational, mathematical, and physical—as
shown in Figure 6, prepared based on [266], showing the classification for energy models
depending on the modeling approach. All these approaches are characterized by varying
capabilities in describing the occurring phenomena.

In agent-based models (ABM), the system is modeled as a collection of autonomous
decision-making units called agents. The agents’ decisions and evaluations are made based
on a set of rules [267]. This approach is most commonly used to forecast electricity prices
and also to simulate quantitative trends in customer behavior [268]. However, this is
not the only field of application for this approach. Klein et al. [269] presented an agent-
based modeling process used in energy systems analysis and energy scenario studies.
They present the ability to integrate different algorithms and modeling approaches as a
particular advantage.

Knowledge-based models consist of domain-specific knowledge bases and an infer-
ence engine that derives new knowledge based on specific rules and a user interface [270].
The approach discussed above was used by Abbey et al. [271] for power planning of a
two-stage energy storage system applied to wind systems. Their research showed that the
proposed approach can serve as a design procedure for the controller and for the sizing of
a short-term storage device.
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Neural networks, unlike the knowledge-based models discussed above, do not have
explicit rules. They consist of collections of cells that process input and output information.
Their training is done by adjusting the connection weights between these nodes [272].
This technique has been used for maximum power point tracking (MPPT) of photovoltaic
generators [273], biomass energy prediction [274] or wind energy resource assessment
with a forecasting procedure [275]. In a review carried out by Thiaw et al. [276], the
MPPT controller design process for photovoltaic generators was presented to improve their
efficiency. They also presented a possibility of assessing the available and recoverable wind
energy potential of a site, by finding a suitable wind distribution based on a neural model.

With mathematical models, a distinction is usually made between statistical (empirical)
and mechanistic (theoretical) methods. The mechanistic approach is based on a mathe-
matical description of a phenomenon or process. The nature of the phenomenon may be
chemical, biological or mechanical. It can be used to predict process loads when analyzing
components for renewable energy systems, e.g., wind turbine hubs [277].

Modeling and simulation techniques can encompass testing, configuration activities
and the development and adaptation processes of the system under study. They also pro-
vide a useful tool to support the decision-making process. A simulation is a result of testing
a model, which is an abstract representation of the real system [278]. Several simulations
can be run with a single model to test alternative solutions. A suitable model should
represent a less complex version of the real system. For analysis and evaluation of energy
systems, the model should include a description of its properties or performance [279].
Tasking this information will describe the system design processes, its operational patterns
and changes in behavior and performance.

Optimization is a certain modeling approach in which there is a calculation of decision
variables that minimize or maximize the objective function under constraints [280]. These
decision variables are usually the design characteristics of the energy system. In contrast to
simulation, optimization mimics the evolution of a situation or system over time [281]. In
the literature, we can find many optimization techniques applicable to the dimensioning of
hybrid renewable energy systems. These approaches vary according to the optimization
objectives. The optimization is required for sizing, combinations, determining operation
strategies and scheduling of sources. A number of commercial software have proved useful
in sizing and optimizing HRES [282]. Examples of these are described in the following
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subsections. Figure 7 shows the parameters that make up the corresponding optimization
process for hybrid renewable systems. The figure was developed based on [283].
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With the iterative method, results are obtained by solving a series of calculation steps
starting from a certain starting value. The simulation is carried out until the desired criteria
are met [284]. In general, the iterative approach allows the model to be built step by step,
and at the same time, any defects in the system under consideration can be caught at early
stages [285]. It can also be used for large systems with a large number of components [286].
An example of such is the work written by Geleta et al. [287], where an iterative method
was used to select the number of wind turbines and photovoltaic panels for an autonomous
system intended to satisfy the desired specific load for a given area. The deterministic
method provides accurate weather forecast values for a specific location. On the other
hand, the probabilistic method suggests the probability of certain weather events [288].
Both methods work on the basis of weather data implemented from historical data.

5.2. Tools

In addition to the previously presented models used to analyze the behavior of the
various components of hybrid systems, simulation and optimization software also plays
an important role. Their areas of application can include system design, control strategies,
and both multiobjective and economic optimization [289]. This section describes the
most commonly used tools in a simulation of a hybrid energy system. Each of them has
different possibilities and applications [290,291]. There is software such as TRNSYS and
HOMER that can simulate entire complex energy systems, measuring their performance,
applicability and economics. With their flexibility, those tools can be used to accomplish
vast range of tasks, which are extended with a significant number of additional plugins
and incorporated software.

TRNSYS is a highly flexible and graphically based software used to simulate the
behavior of transient systems [292]. It has an open and modular structure that allows the
incorporation of other previously independent tools. TRNSYS is primarily used to simulate
entire energy systems i.e., local communities, off-grid systems or island power systems.
It can simulate all thermal and renewable energy generation systems, with the exception
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of nuclear, wave, tidal, and hydropower. In TRNSYS, the user can define a time step of a
simulation in the range from 0.01 s up to typically 1 h with a time span of multiple years.

HOMER-Pro is software designed for microgrid optimization, allowing the calculation
of both stand-alone and grid-connected systems. Systems include power sources such as
photovoltaics, wind turbines, biomass generators, combustion engines, microturbines and
hydro together with storage technologies and loads. Additionally, all economic factors can
be included in the process. The simulation can cover a period of one year with a minimum
time year of 1 min [293]. It also allows users to create their own dispatch strategy by
integrating the software with an algorithm created in MATLAB.

IHOGA/MHOGA are two versions of the Hybrid Optimization by Genetic Algo-
rithms (HOGA) software. IHOGA is dedicated to systems up to 5 MW, while MHOGA
covers everything above [294] Both versions can simulate systems including photovoltaic
generators, wind and hydroelectric turbines, auxiliary generators, energy storage as well as
components of hydrogen (electrolyzer, hydrogen tank and fuel cell). It includes optimized
control strategies that can be used for both off-grid systems and grid-connected systems.
The software includes multiperiod simulation, multiobjective optimization, sensitivity
analysis and probability analysis with time steps of up to 1 min.

The analysis of a hybrid energy system can be additionally supported by tools used
to simulate specific parts of the system or physical phenomena that influence the system.
When photovoltaics are considered, PVSOL software can be used to perform detailed
shading analysis with a 3D visualization including surrounding objects [295]. It can
simulate systems from small single-roof scale to large solar parks in combination with
appliances, battery systems and electric vehicles.

Where a wind turbine is a part of the hybrid energy system, QBLADE is a tool that
can be utilized. It can run highly detailed simulations of any wind turbine design, with
advanced physics models more than 20 times as fast as real time [296]. It is primarily
used for aero-servo-hydro-elastic design, prototyping, simulation, and certification of wind
turbines. Some of its many features are an aerodynamic model of a wind turbine, structural
multibody simulation, wind and wave generation, a hydrodynamic model for offshore
applications and controller integration.

Further analysis of the complex flow of air or water around turbines can be performed
in OpenFOAM. It has an extensive range of features, including fluid flows, chemical
reactions, heat transfer or solid mechanics [297]. Additional software that can be used
to support physical simulations of the parts of hybrid energy systems is ANSYS. It is a
software package that integrates a wide range of tools that can be used to simulate almost
any real phenomenon [298].

Lastly, MATLAB software can support the tools mentioned by providing integration
of user-defined functions, algorithms, or neural networks [299]. It can generate data
describing the behavior of required subcomponents of larger energy systems. Additionally,
it is useful in the post-processing of simulation data, providing additional user-defined
analysis and visualization.

5.3. Application Examples

For efficient utilization of renewable energy sources, the system’s feasibility needs to
be studied before implementation. This approach was applied by Hiendro et al. [300] that
presented a technological and economic feasibility analysis of a hybrid system composed of
photovoltaic, wind turbine and battery. In order to obtain optimal size determination and
cost minimization, HOMER software was used. Researchers found that the most important
components in the proposed system are the battery and the wind turbine. HOMER-Pro was
also used by Kebedeet et al. [194] in their work to compare the efficiency of a grid-connected
photovoltaic system (PVGCS) integrated with a lithium ion battery or a lead–acid battery.
Equivalent Circuit Model (ECM) was utilized in order to investigate the performance of
batteries. Batteries were included in HOMER-Pro techno-economic analysis considering
realistic commercial load profiles. The software allowed the researchers to conclude that
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in a typical application scenario, lithium ion batteries are recommended as they are more
profitable and reduce the overall cost of energy produced by the hybrid system.

In other research, Amutha et al. [193] used the HOMER software to estimate the
different types of load requirements in an off-grid hybrid energy system, for the installation
of optimal energy sources and battery energy storage. The possible extension of a grid in
order to connect to the system was evaluated. Obtained results indicated that the extension
of the grid is not economically viable with high initial and maintenance costs.

The use of TRNSYS software can be found in the work of Figaj et al. [114]. The research
described a hybrid polygeneration system with wind turbine, photovoltaic field, biomass-
fired Rankine cycle, thermal and electrical energy storage, absorption chiller and reverse
osmosis water desalination unit. Backup energy in the form of an LPG generator was also
included. The system was arranged to satisfy the needs of 10 households on Pantelleria
Island, Italy, in terms of electrical energy, heating, cooling and freshwater. The minimum
payback period for the investigated installation was 7 years for the reference scenario
considering the comparison of the proposed and reference system both connected to the
electric grid.

IHOGA was applied in multiple works of Carroquino et al. [301]. One of them is the
comparison of lead–acid and lithium ion batteries in the standalone photovoltaic system
in Spain. Ten simulations were performed in five different locations, half with a full PV
system configuration and the other half with a hybrid system. Optimization processes were
carried out in iHOGA software, which simulated the economic and technical operation
of the possible solutions of the system. Results regarding the economic comparison show
that in only three cases out of ten the optimum was obtained with lithium ion batteries.
In the remaining seven cases, lead–acid batteries were better from the point of view of
economic performance.

PVSOL was also used in the work of Sharma et al. [302] to design and simulate grid-
connected solar PV systems for campus hostels in India. The system designed in PVSOL
has a power of 234 kW and covers an area of approximately 1560 m2. Its economic analysis
was performed with the same software to determine the feasibility of the system. It was
concluded that the expected return on investment is 11 years.

Abdullah et al. [303] used ANSYS for numerical analysis of a hybrid PV thermal air
collector. Prior to simulation, a 3D geometric model of the PVT collector was created using
ANSYS Design Modeler considering real-world components, which were later used in
validating the experiment. A mesh of the mentioned model was created in ANSYS Meshing,
which was then imported into the simulation set-up in ANSYS Fluent. The fluid flow and
heat transfer characteristics of the PVT collector were determined using computational
fluid dynamics (CFD) simulation in mentioned Fluent module. The validation experiment
showed that the difference between the simulation and real-world data was not exceeding
2%. By means of simulation, a revised design of the PVT collector was proposed, with the
aim to increase its efficiency.

Using Simulink included in MATLAB, El-Hady et al. [304] modeled a photovoltaic and
wind turbine hybrid energy system that can supply a load of around 10 kW. The system
was tested under changing conditions of wind speed and insolation. Using MATLAB,
researchers prepared different load cases, including step changes in load level in order to
observe the response of the system.

Moreover, Matlab Simulink was used to simulate systems in the field of electric
vehicles. Srujana et al. [305] investigated the components of a battery-electric vehicle
framework, and performed a simulation in Simulink to obtain correct sizing. Additionally,
a study by Fotouhi et al. [306] presented the development of an estimation model of energy
consumption in an EV fleet management system. A usage model of a single EV was created
in Simulink and utilized in the analysis of the energy consumption and performance of the
entire fleet.

The software listed above is some of the most commonly used in the available literature
to investigate hybrid and polygeneration systems. However, there is also other software
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that can be used to assess the performance of energy systems. There are decision-making
programs enabling analysis of energy systems and projects such as RETScreen [307] and
EnergyPro [308]. Moreover, EnergyPLAN [309] software is used to simulate the operation
of large-scale or national energy systems rather than small-scale ones. Another program,
EnergyPlus [310] is also used for building energy simulations that may be coupled with sim-
ulation of energy systems. Depending on the type of system under investigation, one can
also conduct detailed analyses of individual system components. An example of such a tool
is Zemax, which finds its application in optical engineering [311]. Garcia et al. [312] used the
software to model parabolic ring array concentrators and calculate the solar flux. Similarly,
Tracepro is software for the design and analysis of lighting and optical systems [313]. It
was used in [314] to calculate the optical performance of a novel umbrella heliostat.

6. Review Indicators

The approaches and tools described in the previous chapter and used in the modeling
and analysis of hybrid and polygeneration systems are intrinsically connected to the
calculation of some indicators allowing one to evaluate the performance of chosen design
concepts. In fact, the investigation of combinations of technologies adopted in small-scale
hybrid and polygeneration systems is performed typically in terms of energy and economy.
The energy-related performance indexes are the ones characteristic of technical assessment
of energy systems, such as efficiency, energy yield, etc. However, the main aspect that
is considered in the investigation of hybrid and polygeneration systems is the economic
performance and feasibility. Indeed, such systems may be highly challenging in terms
of cost-effectiveness due to their complexity and novelty with respect to conventional
technologies. In order to address this challenge, in the scientific literature, there are
available several approaches for the investigation of economic performance.

The first approach is to calculate the levelized cost of energy (LCOE). This method
is intended to show how much, taking into account investment and maintenance costs,
it will cost to generate electricity with the help of the proposed solution. The lower the
value of the index, the more profitable the investment. This method is used primarily
when comparing different system concepts in the same location with the same energy
demand of the consumer. An example is in [118] where a comparison of the performance
of a classic PV module and a hybrid PVT was presented. This method was also used by
Sigarchian et al. [249], where different strategies were shown when optimizing a polygen-
eration system, and the LCOE value showed which approach was the best in terms of
cost-effectiveness. The calculation of LCOE is presented in Equation (1) [122]:

LCOE =
I0 + ∑n

t=1 COandM
0 (1 + e + rOandM)t/(1 + i)t

∑n
t=0 Eel,y/(1 + i)t (1)

where I0 corresponds to the initial investment cost, n is the time period considered in the
analysis, t is the time in years, COandM

0 is operation and maintenance costs of considered
system, e is yearly inflation rate, rOandM is operation and maintenance escalation rate, this
value directly shows any increases in maintenance costs during the operation of the system,
i is the discount rate, and Eel,y shows the total amount of electricity produced by the system
in a year.

As presented above, in order to calculate the LCOE, it is necessary to gather informa-
tion about the costs of the project, but also to predict the operating costs of the system itself.
This indicator relates only to the electricity generated, and thus is very rarely observed for
polygeneration installations, where the generation of other types of energy or by-products
would have to be evaluated by other calculations.

Another approach is to calculate the net present value (NPV) of an investment, and
consequently also the profit index (PI). The higher the PI value, the better the economic
efficiency of the investment. This method is more versatile and better suited for verifying
the profitability of hybrid polygeneration systems. NPV is the direct difference between
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the net investment earnings over a given period and the investment cost. The method of
calculating PI is presented in Equation (2):

PI =
NPV

I0
(2)

where I0 is the initial investment cost. This method is relatively versatile, since a range of
cash flows can be taken into account when calculating NPV. This can be shown from [246],
where cash flows are presented in the form of savings on CO2 tariffs and energy sales to
the country’s electricity grid and operating costs.

However, the calculation of NPV refers to investments, and therefore to possible
systems whose operation is characterized by direct profit. For systems in which the sale
of produced energy or other products is not the most important, it is possible to use the
net present cost (NPC) indicator [315]. The calculation of this indicator is similar to NPV;
however, mainly investment costs and the costs that go along with the operation of a given
system are taken into account. This can be illustrated by the example in [252]. The authors
took into account investment costs, costs of possible component replacements, operations
and maintenance costs, as well as fuel costs. In this case, there were sales of electricity.
When considering NPC values, the lowest value of this indicator will be characterized by
the most cost-effective solutions.

One of the most popular methods of assessing the economic viability of an investment
is the calculation of simple payback (SPB) period. Many authors of works on RES-based
hybrid polygeneration systems use this method for economic analysis [113,114,250,253].
This indicator shows after how many years the total return on investment costs of a given
system will be observed, which directly allows comparing different system concepts. The
calculation of SPB is shown in Equation (3):

SPB =
I0

In
(3)

where I0 is the initial investment cost, and In describes the net annual revenue. When using
this method, it should be kept in mind that its simplicity can directly affect the accuracy
of the results. During the calculation, the evolution of the value of money over time, and
therefore the possible variation in revenue over the year, is usually not taken into account.
Despite these limitations, the method is well suited for comparing the economic viability of
different solutions, primarily different variants of systems in the same location.

In addition to economic approaches, it is also worth mentioning other methods of
comparing the hybrid systems. One of them can be the levelized cover ratio (LCR), which
directly shows how much of the user’s energy demand is covered by the proposed system.
This method is used to optimize the system, but its highest indications do not necessarily
coincide with the best economical solution. The LCR calculation must involve an additional
economic evaluation of each of the compared solutions [251]. To calculate the LCR, it is
possible to use Equation (4):

LCR =
Euser − Eex

Euser
(4)

where Euser is the energy demand of the system user and Eex is the value of energy that
must be supplied from an external source, which can be an additional generator or the
country’s power grid. For polygeneration systems in particular, polygeneration indicators
are a popular method for evaluating a given concept. They allow us to illustrate what
positive aspects come from polygeneration in relation to separate generation. This method
was used by Picallo-Perez et al. [251], calculating the percentage of energy savings (PES).
This parameter can also be referred to the calculation of exergy efficiency. The authors
presented a thorough description of the entire calculation of these parameters in their work.
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7. Conclusions

Hybrid and polygeneration renewable energy systems have received particular at-
tention in the recent period from researchers, technicians, policymakers and stakeholders,
making them a possible means of achieving the goals of present-day energy systems and
distributed generation. In this context, the adoption of hybrid and polygeneration schemes
is possible on different scales, from big plants to small-scale applications at the level of a
single household. The adoption of renewable energy systems based on the use of multiple
energy sources may lead to significant advantages, such as the reduction of negative effects
of energy generation fluctuation, improved energy independence of the user, and signifi-
cant reduction of energy bills. These advantages can be even more if the adopted energy
system is not only limited to a monogeneration regime, but instead allows one to produce
more forms of energy along with other useful substances or final products. Investigations of
such systems are relatively common in the scientific literature for medium or large systems,
while for small-scale systems, as pointed put by this review, there is significant potential for
improvement of technical and scientific knowledge regarding the combination of energy
sources, adoption of different technologies and applications.

The development the investigations on hybrid and polygeneration systems powered
by renewables is related to several aspects of such systems, as the ones involving the
available technologies for energy generation and storage, use of renewable technologies and
the configurations of systems, and the methodology and tools adopted in the assessment of
energy and economic performance. In the present review, the authors focused on the latter
standpoints to outline the state of the art regarding the research of hybrid polygeneration
renewable energy systems. The main outcomes from this review are summarized as follows.

- From the point of view of energy generation technologies, the availability of com-
mercially ready devices is vast and mature, since it ranges between solar collector
and photovoltaic panels, wind and water turbines, biomass boilers and heat pumps.
Typically, investigations on a small scale rely on proven universal technologies since
the goal is to assess the performance of a specific system, rather than the investigation
of the performance of a novel and advanced component. As regards systems based on
only one technology, wind turbines and photovoltaic panels are the most common
solution, while systems based exclusively on biomass are scarcely investigated.

- All storage technologies in small-scale storage systems have their drawbacks, but
under appropriate conditions, they are an essential part of a renewable energy system.
Despite a wide availability of thermal and electrical energy storage technologies, the
systems are mainly based on common solutions, such as lead–acid or lithium ion
batteries or liquid storage tanks. Moreover, hydrogen systems are also a possibility for
storage of electrical energy in several applications available in literature. In general, the
type of energy storage system is chosen on the basis of several factors, such as level of
autonomy, efficiency, and energy charge and discharge rate. With a variety of possible
solutions, there is a suitable energy storage system for most of the applications.

- The systems investigated in the literature mainly focus on the combination of solar,
wind and biomass, for which the investigations are conducted to properly optimize
the configuration and appropriately adapt the available technologies to user needs.
Due to the massive adoption of solar energy in systems, locations with relatively
high average annual temperatures and solar availability are considered, while only
few works propose hybrid polygeneration systems in cold climates. There are also
examples based on biomass boilers, since they are characterized by stable operation
and are not affected by the weather conditions.

- The tools and methodologies for investigation of the performance of hybrid polygen-
eration systems based on renewables involved in almost all the cases the adoption
of an analytical/numerical approach. This is obviously connected to the relatively
high cost of development of pilot and experimental setups for small-scale applications.
Therefore, the investigations are performed by means of tools such as TRNSYS and
HOMER in order to select the individual components and design the configuration
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of whole systems. In this process, a significant number of variables and parameters
are considered, in the form of weather conditions, technical specification of devices,
control strategies and economic scenarios adopted for the analysis. In general, the
main goal used in such tools is to assess the operational characteristics of the sys-
tem, perform energy and economic analyses, and optimize the system by means of
selected criteria.

In the context of the present review, it possible to identify some pathways in the inves-
tigation of hybrid polygeneration renewable energy systems in small-scale applications, as
listed below:

- investigation of pairing of renewable energy sources other than the conventional
solar–wind one, and the integration of three or more renewable energy sources, as for
solar–wind–biomass systems;

- analysis of the possibilities of integration of advanced energy storages, as phase-
change materials, methane (methanation), compressed air storage, and thermochemi-
cal heat storage;

- investigation of suitable applications/users for hybrid and polygeneration systems
that are different from the ones typically selected as case studies, such as villages and
small communities.
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