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ABSTRACT: Hybrid Renewable Energy Systems connected to the traditional power suppliers are an inte-
resting technological solution in the field of energy engineering and the integration of renewable
systems with other energy systems can significantly increase in energy reliability. In this paper, an
analysis and optimization of the hybrid energy system, which uses photovoltaic modules and wind
turbines components connected to the grid, is presented. The system components are optimized
using two objectives criteria: economic and environmental. The optimization has been performed
based on the experimental data acquired for the whole year. Results showed the optimal configu-
ration for the hybrid system based on economical objective, that presents the best compromise
between the number of components and total efficiency. This achieved the lowest cost of energy
but with relatively high CO, emissions, while environmental objective results with lower CO,
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emissions and higher cost of energy and presents the best compromise between the number of
components and system net present cost. It has been shown that a hybrid system can be optimized
in such a way that CO, emission is maximally reduced and — separately — in terms of reducing the
cost. However, the study shows that these two criteria cannot be optimized at the same time. Re-
ducing the system cost increase CO, emission and enhancing ecological effect makes the system
cost larger. However, depends on strategies, a balance between different optimization criteria can be
found. Regardless of the strategy used economic criteria — which also indirect takes environmental
aspects as a cost of penalties — should be considered as a major criterion of optimization while the
other objectives including environmental objectives are less important.

KEYWORDS: hybrid systems, renewable sources of energy, energy safety, optimization

Introduction

Energy is essential to human life regardless of when and where they live especially in the
present century where people aim to achieve a better quality of life. Among all types of energy,
electrical energy is considered one of the most essential type of energy for human life. Globally
due to population growth, the demand for energy is constantly increasing. In recent years, hu-
mans have been focusing on the environmental and climatic degradation of the planet, due to
the extraction and burning fossil fuel such as global warming, the depletion of the ozone layer
and air pollution. For these reasons, quite often, governmental regulations become very rigorous
in limiting the harmful gases emissions. In addition to that, the continuous and intensive use
of conventional energy sources results in their depletion (EIA 2016). The above generates two
significant problems which urge many communities — to find alternative solutions for energy
production.

The Earth has enough renewable resources to cope with the growing energy demand for
many centuries. However, the energy generated from some of these sources is either intermittent
or can’t reach the required power quality, due to its indiscriminate nature. Thus, a complete tran-
sition from fossil fuel to renewable energy will be a big challenge and require a combination of
different energy sources. Alternative sources of energy, such as hydropower, geothermal energy,
biomass, wind, solar, hydrogen and nuclear, and fossil fuel need to work together in various com-
binations and not as a single source or unit to meet the locally required energy demand. Curren-
tly, the governments of many countries, especially those that generate high CO, emissions, are
looking for sustainable development of energy systems. Hybrid renewable energy-based systems
today have become very attractive as an energy supply option. These systems are increasingly
becoming popular solutions for the electrification of locations with grid connection as well as
sites where no grid is available.

Even though renewable energy has a lot of advantages, there are also some drawbacks
involved. The real cost of energy can be relatively high, and there is quite often a significant
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problem with the stability and reliability of power generation. It is also hard to predict the ac-
curate amount of energy produced in the long term due to the chaotic nature of the atmospheric
phenomena which have a key impact on solar and wind energy. One of the options for solving
the problem of irregular power generation can be the use of hybrid systems. Such systems are the
combination of at least two different sources of energy which produce it in cogeneration.

In the literature, a great deal of research has been devoted to Hybrid Renewable Energy
Systems (HRES) in different sites. (Hassan et al. 2016a) developed a model of a hybrid system
that consists of both conventional (diesel generator) and renewable energy sources (wind and
solar), for electrifying the rural village located in Iraq which were not connected to the grid. The
authors performed a technical and economic analysis of the problem, where the diesel generator
is the key element of the project as it can allow for meeting the power demand in the periods
of low renewable energy production, e.g. during the night when there is no solar radiation. The
proposed hybrid energy system was able to electrify the selected area and meet the load demand
at the cost of about $0.321/kWh. (Jaszczur et al. 2019; Hassan et al. 2016b) gave a signifi-
cant contribution to this topic analyzing several types of systems in the HRES field. Authors in
(Jaszczur et al. 2019) studied natural dust deposition on PV panels, and they investigated the
temporal distribution of dust deposition density afterwards. They analyzed the daily energy pro-
duction and calculated the efficiency loss. (Ceran et al. 2017) performed a computer simulation
for a large hybrid system that consists of a photovoltaic panel, a wind turbine, an electrolyser and
a hydrogen infrastructure to store the excess of energy (proton exchange membrane fuel cells
and hydrogen tank). The study has been conducted for the city of Poznan in Poland. The analysis
included the annual distribution of solar radiation, wind speed and an energy usage profile. Re-
ferring to the researcher’s conclusions, such a system can be profitable and the investment cost
can be returned. (Jahangiri et al. 2019) conducted a review study on HRES. Authors compared
several meteorological stations distributed in Afghanistan and analyzed the available data. The
data concerned quantities as wind speed and solar radiation intensity with a clearness index. The
authors mapped all the information to the specific place. Another interesting approach related to
the wind and solar hybrid system was presented by (Huang et al. 2015). The authors proposed
a special multi-turbine system connected with solar panels. The project assumes buildings with
a 12 m high tower which would contain eight wind turbines able to cogenerate power with a ma-
ximum capacity equal to 60 kW. (Ding et al. 2019) demonstrate a wind-solar power generation
system. The authors develop an iterative algorithm that analyses meteorological data in order to
propose a thermal storage system based on wind and concentrated solar power — the Thermal
Storage Wind-Concentrated Solar power system. (Prashanth et al. 2018) Investigated a hybrid
system which uses a charge controller to manage and distribute the generated energy. The pro-
posed hybrid system consists of a solar panel, wind turbine and an additional generator. All
these elements worked in cogeneration to produce energy for residential load or exceed energy,
which is partially stored in the battery bank. The results show that using the wind turbine and
photovoltaic panels, it is possible to obtain high performances, therefore provide the necessary
power for the residential load. (Rezzouk and Mellit 2015) performed an optimization and sensiti-
vity analysis of the photovoltaic-diesel-battery hybrid system for rural electrification in Algeria.
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The authors carried out the component optimization from an economic perspective. Results sho-
wed that the PV unit has a large effect on energy production and helps to reduce diesel con-
sumption and lead to minimizing the overall cost of energy (COE). Using two or more renewable
energy sources allows for the effects of energy sources fluctuations to be mitigated and a detailed
study on this topic was conducted by (Buonomano et al. 2018). The authors carried out a dyna-
mic simulation of a wind-solar HRES based on economic assessment optimization. The results
show that the HRES can be more profitable for users with a stable load demand, while the gene-
rated surplus power during summer can balance lower production during winter.

What is also important regarding the economy of hybrid systems is the decreasing price of
the photovoltaic panels. Mirowski and Sornek (Mirowski and Sornek 2015) showed that there
was a significant increase in PV panels production in most parts of the world between 2008 and
2013, even 600%. This may have been caused by the rapid decrease in prices of the panels in
these years, about 57% between 2010-2013. The decreasing prices of the components enhance
the economic benefits of the newly installed systems.

In the present research, the hybrid energy system which consists of a photovoltaic panel (PV)
and a wind turbine (WT) is analyzed and optimized in order to find the best compromise between
the number of components, total efficiency, cost of energy as well as CO, emissions. The analy-
zed system is designed to be used for the residential needs of a single household.

1. Mathematical model

The modelled hybrid energy system consists of a photovoltaic panel, wind turbine, con-
trollers and is connected to the grid. The target is to optimize the system in order to find the
best compromise between the number of components, for selected objectives criteria. During
the simulation and optimization of the hybrid power system, process and system components
are interdependent. That’s why the problem becomes more complex due to the uncertainty of
renewable supplies and load demand as well as non-linear characteristics of the system com-
ponents. Furthermore, the system optimization relies on different criteria such as: economic,
technical, environmental etc. A typical task for hybrid power systems optimization is to obtain
the best configuration for all components (renewable energy components, conventional gene-
rators and energy storage unit) based in the specified objective that will encounter the expected
demands load with a sufficiently satisfactory level of safety. For optimal hybrid power systems
design, in this research, some adopted criteria are based on the reliability and electrical loads
targets.
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1.1. Total hybrid power generated at any time

The power generated by each component of the hybrid power system is the total power gene-
rated by the system. It can be described at any time ¢ as follows:

Byt = Byt * Pryy + Foriay (1)

where Py, ; is the total power of the hybrid system, Py, is the power generated by a wind
turbine, Ppy,, is the power generated by PV modules, P, is the power exchange with the grid.
The electrical load demand equation for the PV, WT components and grid system ensures that the
electricity demand is satisfied at any time according to the formula:

PLoad,t = PWT,[ + PPV,t + PFrom grid,t (2)

1.2. Cost of energy

The cost of the energy is the average cost in EUR (or any other currency) per kWh. This cost,
in hybrid power systems, depends on many factors such as initial capital cost, operation & main-
tenance costs, depreciation period, energy production, the potential downtrend of the equipment
cost with rising volumes etc. (Dawoud et al. 2015; Ma al. 2015). It can be evaluated as follows:

3
COE = Cann,tol ( )
prim,AS,DC + Egrid,sales

where E,,;, 4c,pc is the AC and DC primary load served, Eg,g s/es
C

ann.10r 18 the total annualized cost of the system that includes the annualized costs of each sys-
tem component, with the others, annualized costs.

is the total grid sales and

1.3. Annualized costs of each system component

Annualized costs of each system component include the initial capital of each component
over the project lifetime. It can be calculated using the following equation:

C Coap - CRE(.R ) @)

ann,cop ~ “cap
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where: R,,,,; is the project lifetime, C,,

is the capital recovery factor calculated as follows:

is the initial capital cost of the component, CRF(i,R,,,,;)

CRF(i,N) = M (%)
a+iN -1

where N is the number of years and i is the real interest rate (%) calculated as:

=it ©)
1+ 1,

where / is the nominal interest rate and f, is the annual inflation rate.

1.4. Annualized costs of component replacement

Annualized costs of component replacement can be calculated as follows (Dawoud et al.
2015):

Ca,rep = Crep 'frep 'SFF(i’RcomP)_S'SFF(I.’RP”OJI) ™

where f,,,,, is a factor arising (component lifetime can be different from the project lifetime) and

is given by:
CRF (i,R ) ®)
————~ R >0
Srep = CRF(z,Rrep)
0 Ryep =0
where R, is the project lifetime, R, is the component lifetime, R,,, is the replacement cost
duration:
Rproj ©
Proj
Rrep = Rcomp INT (—}
comp

R .
where INT [ﬂj is the integer function which returns the integer portion of real value, S is
comp

the salvage value of the component considered at the end of the project lifetime, and it is propor-
tional to its remaining life. Therefore, the salvage value S is defined as follows:
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R (10)

_ rem
R .
comp

where R,,,,, is the remaining life of the component at the end of the project lifetime:

rem>

Rrem = Rcomp - (Rproj - Rrep ) (11)

1.5. Total net present cost

The system total net present cost (NPC) is the value of all the costs that incur over the
lifetime, minus the present value of all the revenue that earns over its lifetime. Costs include:
capital costs, replacement costs, operation and maintenance costs, fuel costs, emissions penal-
ties and the costs of electrical energy purchase from the grid. Revenues include the salvage
value and grid sales revenue; this value can be calculated by using the formula (Dawoud et al.
2018):

C (12)

ann,tot

CRF(i,R

Cnpc = )
proj

1.6. Operation and maintenance cost

The operation & maintenance (O&M) cost includes system fixed O&M cost, the penalty for
the capacity shortage and penalties for emissions of pollutants as follows:

Com,other = “om, fixed +Ccs +Ecs + Cemissions (13)

where C,, is a capacity shortage penalty that applies to the system for any capacity shortage
that occurs during the year and E, is a total or annual capacity shortage that occurs throughout

the year, C,,, fiveq 18 the fixed operation and maintenance cost throughout the year, C,;gsions 1S
a penalty for emissions.
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2. Results and discussion

The results presented in this work have been executed based on the experimental measure-
ment (Jaszczur et al. 2018) and load profile provided by Polskie Sieci Elektroenergetyczne (PSE).
The weather data (solar radiation, wind speed and ambient temperature) has been acquired from
the weather meters (anemometer and thermometer) located at the AGH University of Scien-
ce and Technology campus, building C3 for the period January 1, 2017-December 31, 2017.
The wind turbine unit (Aeolos-H 1KW) was selected based on the measured electrical load
and wind speed average. The WT size is 1.0 kW AC, cut-in wind speed 2.0 m/s, cut-out wind
speed 25 m/s, lifetime 25 years and the manufacturing process generate CO, about 300 kg/kW.

Fig. 1. Power generation from different sources and grid flows for
(a) sunny (April 12, 2017) day and (b) cloudy (June 1, 2017) day

Rys. 1. Produkcja energii elektrycznej z roznych zrodet i przeptyw energii dla:
(a) dnia stonecznego (12.04.2017) oraz (b) dnia pochmurnego (01.06.2017)
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The selected photovoltaic modules were Schott ASI200 type photovoltaic modules, with tech-
nical specifications at STC: nominal power 200 W ,, solar cells per module 72 (3 x 24), dimen-
sions 1.308 x 1.108 mm weight 20.8 kg, NOCT 49°C, the temperature coefficient of power
—0.2%/°C. The manufacturing process generates about 800 kg/kW, of CO, emissions.

Figures 1(a)—(b) show the hourly output power distribution for the hybrid system with the
economic target. For the sunny day and partly cloudy day, the energy distribution in those days
is shown in Table 1.

It is clear from Figures 1(a)—(b) and Table 1, that the power flow and the energy generated
during different periods of sunny and partly cloudy days are different. During a sunny day energy
generated from PV component is higher than energy consumption. At the same time, the wind
turbine also generates flow energy, and the energy surplus is fed to the grid.

Table 2 shows seven best hybrid system configurations based on the economic target (mi-
nimize NPC and COE) which listed the most optimized results of the system’s configurations

TABLE 1. The daily energy distribution for two selected days sunny (April 12, 2017)
and partly cloudy (June 1, 2017)

TABELA 1. Dzienna produkcja oraz przeptyw energii dla dwoch wybranych dni: stonecznego (12.04.207)
i czgsciowo zachmurzonego (01.06.2017)

Day Load PV energy WT energy En.ergy from Energ}/ feed
(kWh) (kWh) (kWh) grid (kWh) to the grid (kWh)
April 12,2017 11.90 14.18 4.25 5.31 8.00
June 1, 2017 12.81 6.12 7.09 5.84 5.64
TABLE 2. Results for economic optimization of the system —
7 most optimal configurations in terms of NPC
TABELA 2. Wyniki optymalizacji ekonomicznej NPC systemu —
7 optymalnych konfiguracji pod wzglgdem kosztow NPC
No. (EIP}E) (gl?l]i) (1;(/);) PVNo. | WTNo. Rene(‘;(vssrllj;r)lergy (fx’;ffysr)
1 27 775.90 0.27 25159 7 1 4341 2743
2 28 267.28 0.27 24713 7 1 4374 2775
3 28 135.03 0.29 2452.1 8 1 4 640 3013
4 28 636.93 0.3 24343 8 1 4673 3045
5 28 510.22 0.31 24232 8 1 4938 3285
6 29 012.22 0.31 2491.1 8 1 4971 3317
7 28 891.66 0.31 2470.8 9 2 5237 3559
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(lowest NPC). The number of PV modules and wind turbines varies depending on the configura-
tion as well as renewable energy produced during the year. Similar results but for environmental
optimization are presented in Table 3 where the seven configurations with the lowest NPC based
on the environmental target (minimizing CO, emissions) are shown.

TABLE 3. Results for ecological optimization of the system —
7 most optimal configurations in terms of CO, emission
TABELA 3. Wyniki optymalizacji ekologicznej systemu —

7 optymalnych konfiguracji pod wzgledem emisji CO,

No. (Etl;g) (1(3:815) (kcngzr) PVNo. | WTNo. Renizss?lij;;lergy (fv):/clf/isr)
1| 477473 0.51 2327.8 19 9 12779 10 693
2 | 464568 0.49 23282 19 8 12 587 10515
3| 45169.8 0.48 2329.7 18 7 12 395 10336
4 | 438874 0.47 23326 19 6 12 203 10 158
5 | 426098 0.45 2337.2 17 5 12012 9980
6 | 413399 0.4 2344.1 16 4 11 820 9 805
7 | 402389 0.43 2329.0 16 4 11412 9712

Fig. 2. CO, emission for two different criteria of optimization with or not
considering components manufacturing emission

Rys. 2. Emisja CO, dla dwoch réznych kryteriow optymalizacji z uwzglednieniem
oraz bez uwzglednienia emisji pierwotnej wytworzonej podczas produkcji komponentéw systemu
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Most researchers, during the system analysis in the case of hybrid energy systems, consider
renewable energy components such as a WT and PV, which are fully pollution free. However,
during the manufacturing process of these components, a large number of harmful gases is ge-
nerated. In the present analysis, CO, emissions have been considered in terms of the amount
presented in the system assumption. The CO, emission for the two types of optimal configura-
tions are shown in Figure 2. The results are presented without manufacturing emissions and with
manufacturing emissions. Taking the emissions due to production into account, CO, emission
increase is still the lowest for an ecological optimization.

The total energy generated by the system for environmental optimization and economic
optimization is presented in Figure 3. It can be noticed that for CO, objectives, energy from PV
panels is significantly larger, which means that PV power generation enhances the ecological
cost of the system.

CO.

Fig. 3. The energy produced from the subsequent sources/grid for two different criteria of optimization

Rys. 3. Energia wyprodukowana/pobrana z sieci zaleznie od kryterium optymalizacji

Conclusions

This work aims to study the economic and environmental feasibility for PV/Wind Grid-on
hybrid renewable energy based system destined to electrify a single household. For this aim two
objectives of optimization have been studied for systems under different operating conditions.
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For the economical objective, the system has been designed and optimized to get a maximum
energy output at the lowest cost, while for the environmental goal, the power system has been
designed and optimized to get maximum energy output at the lowest CO, emission. The results
showed that the optimal configuration of HRES on the economic target presents the best com-
promise between components and total efficiency, which achieved the lowest cost of energy but
with higher CO, emissions, while the environmental goal offers the best compromise between
components and achieves a higher cost of energy than economic objective but with lower CO,
emissions. The most important optimization parameters are Net Present Cost (NPC) (or Cost of
Energy) and CO, emissions. However, the study shows that these two main criteria cannot be
optimized at the same time. Reducing the system cost causing an increase in CO, emissions and
enhancing ecological effects makes the system NPC more significant. However, depending on
the strategies, a balance between different optimization criteria can be found. Regardless of the
strategy used, economic criteria — which also indirectly takes environmental aspects as a cost of
penalties — should be considered as a major criterion of optimization while the other objectives
including environmental objectives are less important.
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Patryk PALEJ, Hassan QUSAY, Stawosz KLESzZCZ, Robert HANUS, Marek JASZCZUR

Analiza i optymalizacja hybrydowego systemu bazujacego
na odnawialnych Zrédtach energii

Streszczenie

Energia elektryczna produkowana z dostgpnej powszechnie energii odnawialnej ze wzglgdu na nie-
przewidywalno$¢ wytwarzania ma cz¢sto bardzo niska jakos¢. Rozwigzaniem tego problem moga by¢
uktady hybrydowe, w ktorych systemy bazujace na energii odnawialnej potaczone zostaja z tradycyjnymi
systemami bazujacymi na energii nicodnawialnej. Integracja takich uktadow moze znaczaco zwigkszy¢ ich
niezawodno$¢ energetyczna i poprawic¢ jako$¢ dostaw energii. W niniejszym artykule przedstawiono ana-
liz¢ oraz optymalizacj¢ hybrydowego systemu energetycznego wykorzystujacego moduly fotowoltaiczne
oraz turbiny wiatrowe i podtaczonego do sieci elektroenergetycznej. Komponenty systemu podlegaja opty-
malizacji przy wykorzystaniu dwoch kryteriow optymalizacyjnych: ekonomicznego i §rodowiskowego.
Optymalizacja zostata przeprowadzona w oparciu o wyniki pomiaréw eksperymentalnych dla catego roku.
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Uzyskane wyniki pozwolity na okreslenie optymalnej konfiguracji systemu hybrydowego, ktory stanowi
najlepszy kompromis miedzy liczba komponentow a catkowitg jego wydajnoscia. Wykazano, ze system
hybrydowy mozna zoptymalizowa¢ w taki sposob, aby emisja CO, byta minimalna lub w taki sposob, aby
catkowity koszty systemu NPC byt minimalny. Przeprowadzone analizy pokazuja jednak, ze tych dwoch
kryteriow nie mozna jednocze$nie zoptymalizowa¢. Zmniejszenie emisji CO,, a tym samym zwigkszenie
efektu ekologicznego sprawia, ze system kosztuje znacznie wigcej. Niezaleznie od zastosowanej strategii
kryterium ekonomiczne, ktore posrednio uwzglednia aspekty srodowiskowe (w postaci kar lub optat $§ro-
dowiskowych), powinno by¢ traktowane jako gtowne kryterium optymalizacji, natomiast inne kryteria,
w tym $rodowiskowe, nalezy traktowa¢ jako drugorzedne.

SLOWA KLUCZOWE: optymalizacja, odnawialne zrédia energii, bezpieczenstwo energetyczne, systemy
hybrydowe
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