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This paper reports an approach to optimiz-
ing the structure of a hybrid solar energy system
(HSES), used in the task of automated design,
under two modes: independent and connected to
the network. The proposed HSES includes a solar
energy system (SES), an energy storage system
(ESS) powered by rechargeable batteries (RBs),
a set of diesel generators (DGs), and a net-
work-connecting system. This paper has iden-
tified models of the HSES elements’ power and
proposed a control algorithm based on rules that
assess the state of the system during operation.

The energy models in conjunction with the
control algorithm make it possible to model the
system's operation stage over a predefined time
interval. The proposed approach is based on solv-
ing a multicriteria optimization problem (MCO).
MCO takes into consideration the minimiza-
tion of system costs and the total cost of the sys-
tem, minimizing fuel use, maximizing reliability,
and minimizing the use of non-renewable energy
sources. A solution to the MCO problem is based
on using a Pareto-optimal solution search algo-
rithm, underlying which is the NSGA-II genetic
algorithm employing the proposed set of cross-
breeding, mutation, and breeding operators. The
devised procedure makes it possible to determine
the structure of HSES, which includes a set of the
number of solar panels, RBs, and DGs. The result
is three variants of HSES for a household for two
people (Kyiv, Ukraine), under an autonomous
mode and in the regime connected to the electric-
ity grid. Given the possibility of selling electrici-
ty at a green tariff during the year, the reported
solution makes it possible to reduce the estimated
cost of the system by up to 45 %. The use of sim-
ulation has helped conduct a detailed analysis
of the system's performance throughout the year
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1. Introduction

Renewable energy sources (RES) have become the main
sources of clean electricity, which has made it possible to re-
duce greenhouse gas emissions and abandon non-renewable
forms of energy. Even though fossil fuel sources are readily
available, there is no certainty that they will last for a long
time, so their resource is not infinite. Consequently, envi-
ronmental factors come to the fore as fossil fuel consumption
increases and the environment degrades. The task of pro-
tecting the environment can only be solved by controlling
pollution and reducing the use of fossil fuels.

Because the availability of solar energy (SE) is unstable,
its combination with other sources, including sources of
non-renewable energy, is quite a promising direction.

Hybrid systems have recently become increasingly popu-
lar as they may be used both under network and autonomous
modes. Autonomous systems allow them to be implemented
in remote areas where there is no access to the electricity
grid. Systems running under a network mode can also im-
prove the overall quality of social objects.
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A hybrid solar energy system (HSES) is a system that
uses a solar energy system (SES) to convert solar ener-
gy (SE) into electricity, in combination with traditional en-
ergy sources. Conventional energy sources may be the city’s
electricity grid (for the sale and purchase of electricity) and
diesel generators (DGs) using diesel fuel.

The introduction of energy storage systems (ESSs)
powered by rechargeable batteries (RBs) increases the pen-
etration level of RES and improves reliability by balancing
the grid [1].

Connecting ESSs is increasingly complicating the pro-
cess of designing HSES, as there is an additional task of
managing the flux of energy. The modeling process is also
complicated as the use of RBs and DGs requires a control
system to provide for the energy balance [1]. Poorly designed
systems can have serious drawbacks, including the inability
to meet the energy demand of the system’s consumers in
critical situations, such as during peak periods.

The classic statements of problems on building auto-
mated design systems are far from the real conditions of the
object’s operation. Possible failures in the provision of elec-




tricity, weather variability are not taken into consideration,
which predetermines redundancy of both the equipment
used and the software, which causes additional costs.

Thus, it is a relevant task to devise new approaches to
solve these problems, both in stating the problem and solv-
ing it using mathematical modeling. That makes it possible
to evaluate the work of the system during the design phase,
which enables optimization of the choice of a set of technical
tools and software for a built system.

2. Literature review and problem statement

Due to the growing interest in HSES and other types
of hybrid systems utilizing RES, the number of studies into
optimal configuration is also growing. There are many liter-
ary sources that examine hybrid systems that use renewable
energy. Options for the integration of various RES, ESS are
detailed in work [1].

Many approaches to building HSES based on solving
a multicriteria optimization problem (MCO) using evolu-
tionary algorithms employing different environmental and
feasibility criteria have been proposed [2 5]. Despite the use
of detailed mathematical models HSES elements to improve
the quality of the calculation of criteria, special attention is
paid to the development and implementation of management
system algorithms in the optimization procedure. Such a step
significantly improves the quality of modeling and makes it
possible to take into consideration the features of the system.

Work [6] formalizes many different criteria that are
used in the design, including technological, economic, and
environmental. Simultaneously taking into consideration a
large number of criteria makes it much more difficult to find
the optimal structure of HSES, so choosing and optimizing
the number of criteria is a separate task. Accordingly, the
authors only define methodological approaches to solving
the problem of finding the optimal configuration.

Study [7] reports HSES, which is optimized taking into
consideration the capital cost of the system and fuel costs
by using the algorithm of a swarm of particles. However, the
authors focused only on the assessment of economic criteria,
which is a clear disadvantage, as additional consideration
of many factors of reliability of the system is required. This
approach was used by the authors of work [8] who used an
algorithm to solve MCO based on linear programming. The
optimization problem was solved taking into consideration
the economic restrictions and limitations imposed on the
purchase and sale of electricity. The GSPP model introduced
included the use of DGs to meet demand during peak peri-
ods, as well as to compensate for the lack of energy genera-
tion by the photovoltaic system. The authors reported the
results of their simulation, which included the operation of
all components of the hybrid system.

The authors of [9] conducted a study into the use of a set
of economic and environmental criteria in the design of sys-
tems based on SE, taking into consideration the connection
to the city’s electricity grid. However, the use of ESS was
not considered. The availability of this system has a huge
impact on the design results, as well as on the values of the
criteria used.

Work [10] used the HOMER (USA) software package
to improve economic and technical factors when designing
hybrid power grid systems for a large hotel comprising

15 buildings. Although the projected system was considered
to improve the quality of the grid, the use of ESS was not
addressed.

The authors of [11] optimized the structure of HSES
using various meta-heuristic algorithms, taking into con-
sideration a number of feasibility studies. The set of criteria
included minimizing the total annual cost of the system and
maintenance costs, minimizing the likelihood of power loss.
Even though the cited work describes in detail the approach
to simulation, as well as its results, the proposed solution has
a significant drawback. The set of the criteria chosen was
generalized as one complex objective function. Accordingly,
that approach does not make it possible to cover all the Pa-
reto-optimal solutions when solving a multicriteria problem.

Our review of the above studies [2—11] allows us to argue
that the multicriteria optimization methods, owing to their
good performance considering trade-offs, are widely used for
the design of HSES. The most popular approach proposed
to solve such problems is the use of genetic and evolutionary
algorithms to solve MCO, in the design of many hybrid en-
ergy systems.

Although studies [2-4, 7, 11] are looking at HSES that
operate under an autonomous mode, they can also be con-
nected to the network to improve reliability. In some situa-
tions, this approach can lead to economic benefits from the
sale of renewable electricity and lower the cost of the system.

In many practical tasks, design variables must be consis-
tent with an available elemental base (for example, informa-
tion from the solar panel specification) and, therefore, can-
not accept arbitrary values. The limitations that need to be
met to solve the problem are termed project limitations and
are formed based on the task set. The design restrictions of
the system function as boundaries imposed on optimization
parameters and are, therefore, the key to finding the best
solution [12].

The systematization of the results of the above studies
allows us to believe that the design of the GSPP requires
that the cost of the system should be minimal, environmen-
tal standards should be met, the system should be reliable,
provided the load requirements are met. The HSES should
also be able to connect to the network, so its optimal config-
uration may differ in view of the additional reserve.

3. The aim and objectives of the study

The aim of this work is to optimize the structure of
HSES, providing for the possibility of working both un-
der autonomous and independent modes while taking into
consideration technological, economic, and environmental
goals, by using automated design approaches.

To accomplish the aim, the following tasks have been set:

— to build the models of HSES elements taking into con-
sideration the parameters for the optimization procedure, as
well as formalize a set of criteria for solving technological,
economic, and environmental goals;

— to develop an algorithm to manage HSES elements and
construct appropriate simulation models to check the perfor-
mance of the predefined HSES structure;

—to perform the structural and parametric synthesis
of HSES using MCO based on genetic algorithms in order
to confirm the feasibility of the proposed approach to solve
applied tasks.



4. The study materials and methods

The development of new approaches to HSES design
involves the use of different theoretical methods in many
fields of science and technology. Automated systems that
implement the functions of computer-aided design (CAD)
apply information system theory based on object-oriented
analysis, including mathematical modeling, systems anal-
ysis, and optimization techniques.

The development of HSES CAD employs a set of numer-
ical and analytical models describing elements of the system,
as well as a unit to solve an optimization problem based on
certain quality criteria. Having an optimization solution
unit can significantly reduce design time.

The MATLAB (USA) software package is used for mathe-
matical modeling. The HSES control algorithm includes a set of
rules for managing system elements to meet load requirements.
Simulation interval and discreteness are the parameters; in the
current study, set to equal 1 year and 1 hour, respectively. En-
ergy losses and the effectiveness of the elements are taken into
consideration by using efficiency factors. In a numerical model
of the environment (temperature and light), load requirements
are represented in the form of time series, which are set for the
entire simulation interval. The models of RBs, solar panels,
DGs are represented in an analytical form.

The optimization problem is solved using multicriteria
conditional optimization methods applying genetic algo-
rithms to find Pareto-optimal solutions. The software pack-
age for the implementation of MCO is the JMetal library
(open-source software). The solution test, simulation, ob-
taining information about the state of HSES elements over
time at the predefined discretion are carried out by integra-
tion with the software package MATLAB (USA).

5. Results of the study into resolving a task of the
computer-aided design of hybrid solar energy systems

5. 1. Constructing the mathematical models of struc-
tural elements and quality criteria for the hybrid solar
energy system

The basic structure of HSES (Fig. 1) consists of a set
of the following units: solar energy system (SES), diesel
generator(s), SSE, a network, and consumers connected to
a single AC bus. HSES is controlled by a system that ac-
quires information from all units about their current status
and, based on these data, monitors meeting the restrictions
imposed. The condition of the units is the information
about the internal characteristics of the unit (the state of

RB charge, the requirement of the load of the consumer
unit) and external characteristics (measurements of the
consumed/generated power).

ESS includes a set of rechargeable batteries (RBs),
as well as a set of bidirectional converters to perform the
functions of battery charge and discharge. It is used to store
instantly excess energy, which can be subsequently used
if there is an insufficient supply or lack of energy from the
main sources.

The diesel generator acts as a reserve unit, activated by
a signal from the control strategy unit, providing the system
with energy by utilizing diesel fuel.

Consumers are a set of energy requirements, formed from
analyzing devices of the end-users of the system.

The control system executes the functions of control
(acquiring and analyzing telemetry status data) of HSES
elements, coordinating and managing them to meet consum-
er demand, protect the system from overload, and optimize
the performance of the generation system. Control logic is
implemented by a control algorithm.

Solar panels (SPs) are widely used due to their safety and
lack of pollution. Assuming that the photovoltaic array com-
bines N; panels sequentially and N, in parallel, the maximum
power output can be calculated using [13, 14]:

G(t
Py, (t) = NszPSP,STCfSP gx

STC

X (14 Ky (T (6) = T s ), M

where Pspstc is the power under standard test condi-
tions (STC) according to the specification of solar panels;
Jsp is the power loss factor that includes power loss factors
due to panel contamination, partial shading conditions,
etc.; Ky is the temperature factor of change in power (panel
characteristics), T¢(?) is the current temperature of solar
panels; T¢stc is the temperature during STC (25 °C); G(©)
is the current solar radiation; Gstc is the constant of solar
radiation during STC.

A model of the environment. Because the SP operation
modeling requires solar radiation and environmental tem-
perature values, the proposed model includes the predefined
time series, limited by the service life of the system [15].
Similarly, the values for the time series can be generated
synthetically [16].

An example of a time series of solar radiation (Fig. 2) and
ambient temperature (Fig. 3) for the city of Kyiv in 2015,
acquired using the PVGIS software package developed by
the European Commission.

Control strategy

Solar energy

Diesel generator
system

Energy storage
system

Network Consumers

A

AC bus

Fig. 1. Structure of the hybrid solar energy system
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Energy storage system. Rechargeable batteries (RB)
are often used in HSES as a storage element. The power
of charge and discharge depends not only on the load re-
quirements but also on the charge state [17]. The state of
charge (SoC) is the level of the charge of RB relative to
its capacity, the unit of SoC is the percentage, where 0 %
denotes that the RB is fully discharged, and 100 % — fully
charged. During the simulation, the SoC can be calculated
using the following formula:

EBAT (t)

Mpar
NiarCoarUsar

Spar (t)szAT(t_1)+ (2)

where Egat(f) is the flow of energy to/from a rechargeable
battery (positive when charging and negative when dis-
charged), ngar is the efficiency of charge/discharge, Npar is
the number of RBs, Cgar is the capacity of each RB, Ugar is
the rechargeable battery voltage.

The battery model maintains the SoC value between the
lower limit (Spin) and the upper limit (Spy.y) to ensure that
the battery is safe and running. Accordingly, the power of
the rechargeable battery charge and discharge is determined
from [20]:

P};X}'}rg (t) =min {O’%ﬁ]—cBAT(‘gmin - SBAT (t))}’ (3)
PBCX? (t) =max {O’%;TCBAT(SHIM - SBAT (t))}’ (4)

where Npat is the number of batteries, Cgar is the capacity
of each battery, Ugar is the battery voltage.

Since the quantity of the charge/discharge cycles, the
depth of discharge, causes a gradual degradation of a re-
chargeable battery, it is possible to apply the estimate for a
battery service life given in work [21].

A diesel generator usually acts as a backup en-
ergy source; its fuel consumption Dy is determined
from [22]:

‘Df(t):(aPDG(t)+BPDG,,R)NDG7 )

where Ppgr and Ppg(¢) are the rated and actual power, o
and B — fuel consumption coefficients, Npg is the number of
diesel generators.

A load model. Similar to the ambient temperature as
well as solar radiation, the load data may be represented
by time series limited by the system’s lifespan [22]. It is
also possible that the time series are generated by soft-
ware using the Artificial Load Profile Generator (ALPG)
tool developed at the University of Twente. An example of
the generated series for a two-person apartment is shown
in Fig. 4.

The economic criterion adopted in this article is the total
cost of the system. The total cost of the system is defined
as the sum of all costs for the purchase of HSES elements,
their installation, maintenance, the cost of non-renewable
resources used in the system operation; it is expressed in the
following form:

Cusis = Cem +C,

maint

+ Cfuc] + C‘nct7 (6)

where Celen is the cost of HSES elements, Cpaint is the cost of
maintenance and replacement of elements, Cyq is the cost of
fuel, Cye is the cost of working with the network.
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The cost of all elements of the system is determined in
the following form:

Cnet = NSPCSP + NDGCDG + NBATCBAT +C

acc? (7)
where Nsp, Csp is the number and cost of solar panels, Npg,
Cpg is the number and cost of diesel generators, Ngat and
Cgar is the number and cost of rechargeable batteries, Cy. is
the cost of accessories (DC converters, inverters, etc.).

The cost of fuel required to operate a diesel generator is
determined from the following formula:

Cfuel = zth (t)cfluel’

where Dy(?) is the fuel consumption over time ¢; Cflue, is the
cost of fuel.

The standard HSES operation depends on the service life
of the solar panels and involves maintenance (periodic con-
tact cleaning of panels from dirt). In the event of a failure —
replacement of equipment, which requires additional costs.

The cost of working with the network is the total cost of
buying and selling electricity, taking into consideration the
restrictions on the acceptability of tariffs and tariff zones:

®

Cnet = ztcnet (t)’ (9)
Clz-(jt Enct (t) P,j (t)>0, tETn

Coo()=1CoaEre (t)  Pi(0)>0, t€T,, (10)
CfctEnct (t) Pd (t)<0y

where Cyei (), Ene(?) is the cost and volume of electricity over
time ¢; CIl, CI2, CS' are the purchase (two-zone tariffs:
T1 - day, T2 - night) and electricity sale tariffs (GT — green
tariff), P,(¢) is the power deficit.

The cost of maintenance and replacement of elements:

Cmaint = thicmaint,i (t)’

where Cpp,ing i is the cost of servicing an HSES element over
the predefined time ¢.

The environmental criterion can be calculated on the
basis of emissions of working fuel residues from DG. CO,
emissions are one of the environmental criteria associated
with the operation of a backup power source for a diesel gen-
erator. The calculation of emissions is as follows [24]:

CO,,, = ZtPDG (t)K,

an

(12)

where K is the emission coefficient (g/kW), Ppg is the pow-
er (W) of the diesel generator at a time ¢.

Another environmental criterion is the amount of non-re-
newable energy used, this is the energy derived from the net-
work, as well as when using the diesel generator(s):

Eype = ZLE;: (t)+ Epyg (’f)7
where E?, isthe electricity bought from the network, Epg is
the energy generated by diesel generators.

The reliability of electricity supply to consumers plays
a vital role because renewable energy is not permanent in
nature. Accordingly, when HSES is connected to the con-
sumer’s energy network, the technical goal would be to min-
imize energy shortages. Energy deficit is a criterion used to
measure the reliability of a system that measures the amount
of energy shortage over the entire period of operation:

Ed = zlElnad (t) - Eavai] (t)y

where E}y,q is the energy needed by consumers (Ioad), E,yaj is
the energy available in HSES that is provided by the energy
storage system, SES, and DGs.

(13)

(14)

3. 2. Developing an algorithm to control the elements
of the hybrid solar energy system

Under an autonomous mode, the system is not connected
to the network. The energy generated by photovoltaic pan-
els is directly supplied to the load. If the energy generated
exceeds the overall load requirements, excess energy would
accumulate in the batteries. If HSES cannot meet the load
requirements, the batteries would be used to maintain power
based on the depth of the discharge. If there is still a short-
age of electricity, diesel generators are used as an additional
source of energy. This mode implies an additional restriction,
Eet(©)=0, which limits a link to the electricity grid.

Under a mode of connection to the electricity grid, when
the energy produced exceeds the required amount, and the
batteries are charged to the maximum, excess energy would
be sold to the network to make a profit and compensate for the
cost of HSES. If the energy generated cannot meet the load,
then, similar to the case of an autonomous mode, rechargeable
batteries and a diesel generator are used. If batteries with a die-
sel generator cannot cover the energy shortage, the necessary
power would be purchased from the electricity grid, taking into
consideration the favorable tariff zone and tariff restrictions.

Based on the description of HSES modes of operation,
a control system algorithm is proposed, with a set of pre-



defined rules; the pseudo-code of the algorithm is given
below.

Initialize the simulation (enter parameters and restric-
tions imposed)
For each ¢ at step At in the interval [0; T
SES power calculation: Psp(¢)
If Psp(t)>P1aq(t) (there is excess capacity)
Use the charge of the energy storage system
Charge power assessment: Pgat(t)
Assess the new SoC: Sgat(t)
If SBAT(t)<Smax
Charge RB
Otherwise
Calculate and sell non-used energy to the grid: E, ()
Calculate sales profit: Cpec(¢)
Otherwise (no excess power)
Assess power shortage Py(t)
If P;>0 (there is a shortage)
Use the discharge of energy storage system
Assess discharge power: Pgar(¢)
Assess new SoC: Spat(?)
If SBAT(t)>Smin
Discharge RB
Adjust power shortage: Py(t)=P(t)—Ppar(t)
If Py(t)>0 (there is a shortage)
Use diesel generator Ppg(t)
Adjust power shortage: Py(t)=P(t)-Ppc(t)
If P,(t)>0 (there is a shortage)
Purchase the shortage from the grid
If C,,(t)<C™ (tariff is acceptable)
Purchase electric power P (t)
Calculate Exgg(t)
Adjust power shortage: P(t)=Py(t)—Pyet(t)
Calculate the resulting energy shortage E;(t)
Calculate the maintenance and wear of HSES elements.

Our control algorithm makes it possible to link all en-
ergy models and models of the state of HSES elements. As
a result of this integration, it becomes possible to perform
simulations for the time period T at the predefined discrete-
ness (step) At.

3. 3. Structural-parametric synthesis of hybrid solar
energy systems using multicriteria optimization

The main criteria for MCO in the design process are
the total cost of the system (Cysgs), the amount of CO,
emission (EMpg), the total energy deficit (E;), and non-re-
newable energy (Eygg) use.

As aresult, the MCO problem takes the following form:

minimize (Cyygps, EM g, Ey E gy ) 15)
optimization procedure parameters: Nsp, Ngat, Npg; taking

into consideration the restrictions imposed on HSES ele-
ments:

Snin < Spar (£) S S (16)
|Posr (6)) < Posr an
|Pose ()] < P (18)
Py (£)< Pos (19)

Cnct (t) Scmax

net

(20)

where Spar(?) is the state of RB charge — must be within
the specified limits(Spin; Smax), Ppar() is the instanta-
neous power of the charge/discharge of RB — should not
exceed the allowable maximum charge (Ppatchrg) and dis-
charge (Ppat.dchrg) POWer, Ppg(¢) is the power of the diesel
generator —should not exceed its rated power (Ppg r), Cnet(¢)
is the tariff for the purchase of electricity at time ¢ — should
not exceed the maximum allowable tariff (Cpe max)-

There are many stochastic multicriteria optimization algo-
rithms, such as NSGA-IT and SPEA2, which store the archives
of the best found species at the Pareto border. These two al-
gorithms directly compete, are equipped with a mechanism to
support diversity, and use the principle of elitism. However, the
NSGA-II algorithm has less computational complexity.

The constructed series of models, the HSES control system
algorithm were used to build a simulation system in the MAT-
LAB environment. The NSGA-II genetic algorithm with a pop-
ulation size of 100 was employed to solve the MCO problem.

The genetic algorithm of non-dominant sorting
IT (NSGA-II) has the following features: it uses the princi-
ple of elitism, close distance, and emphasizes non-dominant
solutions. The NSGA-ITI algorithm is detailed in paper [11].

The crossing operator selected is an integer imitating
binary crossover with the following parameters: the distribu-
tion index is 20, the speed is 0.8. The operator of the mutation
selected is an integer polynomial mutation with a distribution
index of 20 and a speed of 0.33. The selection of species was
carried out by using binary tournament breeding.

HSES is designed using historical environmental data
for Kyiv (Ukraine). Using the PVGIS software package
developed by the European Commission, we acquired time
series for 2015 regarding solar radiation (Fig.2) ambient
temperature (Fig. 3). Using the ALPG tool developed at
the University of Twente, a temporary series of powerful
requirements for an apartment with two adult residents was
generated, which is shown in Fig. 4.

The set of input parameters for the optimization phase
includes information on the cost and maintenance of HSES
elements (Table 1), the parameters of the HSES element
base (Table 2).

Table 1

Information about the cost of elements in the hybrid
solar power system

Element Cost per piece | Maintenance (monthly)
Solar panels 200 5
Rechargeable batteries 100 10
Diesel generator 800 20
Converter 300 10
Inverter 350 10

The optimization task of finding the optimal structure of
HSES under a network mode is solved in two variants: with
activated and deactivated restriction (20), which regulates
the maximum allowable tariff for electricity purchase. If this
restriction is deactivated, HSES under a network mode can
freely compensate for the energy deficit by buying electrici-
ty. If this restriction is activated and set at the border of the
day and night zone of tariffs (Table 2), then HSES would
compensate the deficit only at night as the daily tariff would
be unacceptable for purchase.



Table 2

Settings for the configuration of elements in the hybrid solar energy system

As mentioned above, in order to optimize
HSES under an autonomous mode, it is nec-
essary to activate the additional restriction

Parameter Value Enec(6)=0.
SES parameters After the optimization procedure, we derived
Power loss coefficient (fsp) 0.85 the solutions given in Table 3.
Panel power at STC (Psp.src) 320 W
Power change temperature coefficient (Kr) —0.35 %/°C Table 3
ESS parameters HSES structural optimization results
RB capacity (Cgar) 225 Ah
N. N; N C EM E E
Voltage on rechargeable battery (Ugar) 12V ol | AT | Do | U | DG| d | NRE
- _— Autonomous mode
Conversion efficiency of energy storage system (ngar) 0.98
SoC minimal level (Spin) 10 % 9| 7 | [15780] 950 | | 339,470
SoC maximal level (Spay) 95 % Network mode (C;‘Cx =13/ kWh)
4 DG parameters 4] 6 | |8523] o | | 483924
Diesel generator rated power (Ppgr) 1,000 W
Fuel consumption coefficient (a) 0.08 Network mode (C:g‘?x =004 %/ kWh)
Fuel consumption coefficient () 0.25 4 | 1 | | 7.726 | 4935 | 1773 | 1762,618
Diesel generator emission coefficient (Kcoz) 2.8
Diesel fuel cost (Cruel) 1%/1 The corresponding Pareto sets, formed as a
Electricity network parameters result of the optimization procedure, are shown in
Electricity purchase, daytime tariff (Cf:t) 0.062 USD/kwh | Fig. 5-7.
As each intermediate solution during the
Electricity purchase, nighttime tariff (C“e‘) 0031 USD/kWh optimization simulates the year of operation,
Electricity purchase, maximal price (C:;ix) 0.04 USD/kWh | Fig. 8-10 illustrate the results of the above
solutions.
Electricity sal tariff (C . .
ectricity sale, green tari ( “Et) 015 USD/kWh The data in the above results include the
Simulation parameters time series of the instantaneous power of each
Time simulation (7) 8,760 h subsystem: SES, DGs, ESS, ES; that allows the
Simulation step (Af) 1h designer to evaluate the HSES performance.
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Fig. 5. Mapping the Pareto set (optimization of the hybrid solar energy system for an autonomous mode): a — the space of
criteria cost — CO, emission — energy deficit; b — the space of criteria cost — CO, emission — the use of non-renewable energy;
¢ — the space of criteria cost — energy deficit — the use of non-renewable energy;

d— the space of criteria CO, emission — energy shortage — the use of non-renewable energy
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Fig. 9. Simulating a year of the hybrid solar energy system operation
(proposed solution for a network mode without restrictions on the purchase of electricity):

a — the power of the solar energy system;
b — the power of the energy storage system;
¢ — the actual power of the diesel generator;
d - the power of interaction with the power grid
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6. Discussion of results of using the multicriteria
optimization in the task of automated design of solar
energy systems

Our results are explained by the following. The intro-
duction of additional criteria such as minimizing energy
shortages, minimizing the use of non-renewable energy
sources, minimizing the cost of the system, minimizing CO,
emissions. The models and time series make it possible to
take into consideration seasonal, statistical, operating condi-
tions, based on historical data. The energy models, provided
that there is an algorithm of HSES control, make it possible
to conduct mathematical modeling of the system operation
so that it is possible to accurately assess the criteria. The use
of MCO with a genetic algorithm makes it possible to derive
Pareto-optimal points, which allows the designer to justify
his/her preferences on the received solution.

The results of the structural optimization of HSES, given
in Table 3, show that the proposed automated design proce-
dure using the multicriteria optimization approach makes it
possible for the designer to find the sub-optimal structures
of HSES. The Pareto sets resulting from MCO, shown in
Fig. 5-7, make it possible to find such an optimal structure of
HSES in which the value of each criterion characterizing the
system cannot be improved without compromising others.
The designer, based on these data, may make decisions by as-
sessing the set of criteria for choosing the optimal structure,
based on the original tasks.

For example, when designing HSES in a remote area
under an independent mode, it is preferable that HSES
should not face a shortage of energy with CO, emissions
not exceeding the strict threshold, taking into consideration
budget constraints. The result of analyzing the derived Pare-
to-set (Fig. 5) reveals that, in order for the projected system

to face no energy deficit during operation, it is necessary to ex-
ceed the budget. This condition cannot be met, so, accordingly,
the search for a solution shifts towards the search for a com-
promise through the deterioration of other criteria, including
environmental. The results of the energy simulation are shown
in Fig. 8 for the selected optimal structure of HSES under an
autonomous mode. If it is possible to connect to the power grid
and sell electricity for profit, a new Pareto-set (Fig. 6) was cal-
culated while maintaining the design parameters. Based on the
analysis, a new sub-optimal solution was selected; the results
of the energy simulation are shown in Fig. 8. This solution is
relatively cheap, it does not use DGs, as the network is the
main backup source, which makes it possible to remove all CO,
emissions and energy shortages. The use of a non-renewable
energy source is still present as the compensation for energy
scarcity comes from the grid. To check the possibility of addi-
tional reduction in the cost of the system, by prohibiting the
purchase of electricity at daytime tariff (the purchase is possible
only at night at nighttime tariff), an additional limitation is
introduced; the analysis of the Pareto set (Fig. 7) reveals that a
compromise solution cannot be found for the design parameters
set. The reduction in cost is possible only by taking into con-
sideration the return of the use of DGs, partial abandonment
of SE to reduce the cost of the system and the deterioration of
all environmental criteria. The results of the simulation of the
resulting solution are shown in Fig. 10.

A series of new criteria have been used to solve the au-
tomated design task. Both dynamic and static models, time
series describing the variability of operating conditions and
performance (energy requirements) of consumers were em-
ployed as our mathematical models. Implementing the new
approach to automated design has allowed us at the design
stage to model possible scenarios in the hybrid solar energy
system operation, namely, the energy balance of all elements



of the system. To solve a multicriteria optimization problem,
the Pareto-optimization has been used, allowing the design-
er to determine the most optimal structure of the system
within the task at hand.

The proposed Automated Design Tool (CAD), using
an MCO based on the NSGA-II genetic algorithm, has the
advantage of quickly calculating multiple solutions, allowing
the sorting and analyzing of any solutions without any delay.

The obvious limitations of the HSES CAD are the
detailed models used, as well as the set of the initially pre-
defined criteria. Detailing models limits the accuracy of the
simulation but, on the other hand, reduces the time of calcu-
lations and is a kind of parity.

It should be noted that the proposed search method,
given the MCO solution features, does not produce the best
solution but only the so-called suboptimal. This fact shows a
clear limitation of the approach, which requires that design-
ers should understand the tasks set when designing to make
an analytical decision.

These limitations are also the flaws in the current study.
Any CAD is required to provide maximum flexibility during
the design phase in order to assess the impact of different
parameters on the design result. Since the set of criteria, the
MCO algorithm, the HSES control algorithm, the HSES
elements models are strictly set, this factor deprives CAD
of the desired flexibility. In the long term, more detailed
models should be suggested, which would make it possible
to choose between speed and accuracy during the design
phase. A database of criteria should be introduced, as well as
alternative control algorithms and HSES models.

The current work can be advanced through a compara-
tive study of MCO algorithms, the speed of operation, and
the impact on the results to be obtained. The experimental
part could improve the software and mathematical compo-
nent of the HSES CAD, to remove all the above-mentioned
restrictions. The direction of further development of CAD
should be focused on determining the exact set of criteria
from the database according to the objectives set.

7. Conclusions

1. A set of key criteria has been formalized, which in-
clude the set of project objectives, including minimizing the

cost of the system by accounting for depreciation and amor-
tization, increasing reliability by minimizing energy short-
ages, minimizing environmental impacts by reducing CO,
emissions, and prioritizing the use of renewable energy. The
built models of HSES elements take into consideration the
parameters of the design procedure, which makes it possi-
ble to solve the task of structural and parametric synthesis
in the future and thus improve the energy efficiency of the
developed system.

2. An algorithm for managing HSES elements has
been developed, which includes a set of rules of system
performance taking into consideration two possible modes
of operation: an autonomous mode and the regime when
it is connected to the electricity grid. The specificity of
ESS operation (control of the level and maximum power
of charge/discharge), control of the energy balance (con-
nection, disconnection, and tracking the state of energy
sources according to energy requirements), accounting for
tariff zones when interacting with the electricity grid have
all been considered. The introduction of the control system
algorithm makes it possible to derive a solution to the prob-
lem of HSES structural and parametric synthesis close to
the optimal one.

3. Using the constructed mathematical models and
the developed control algorithm, we have searched for
the optimal configuration involving the application of
MCO with a set of predefined criteria and limitations. To
solve the problem of structural and parametric synthesis,
the genetic algorithm NSGA-II is used, which has the
advantage of quickly calculating a set of the Pareto-op-
timal configurations for their subsequent analysis. The
developed automated design tool has allowed us to deter-
mine the optimal structure of HSES for a household for
two people (Kyiv, Ukraine), consisting of 19 SPs, 7 RBs,
and 2 DGs. The solution includes an estimated cost of
USD 15,780, no energy shortage, 950 grams of CO4 emis-
sions, and the use of 340 kWh of non-renewable energy.
If it is possible to sell electricity at a green tariff within a
year, it is possible to reduce the estimated cost of the sys-
tem to USD 8,523 (by 45 %). This solution implies meet-
ing all the energy requirements when using 14 SPs, 6 RBs,
and 0 DG. Since DG is not used, there is no CO, emission
but the use of non-renewable energy increases to 483 kWh
due to the reduction of SES and SSE.
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