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CONCLUSION

Activities on the expansion of the developed model are in progress with inclusion of
other forms of RES. Taking into account the type of model to find the optimal
investment decision methods mixed-integer linear programming and effective existing
specialized software are used. With the necessary information database it will not only
solve the problem of development of individual hybrid power plants projects in various
regions of the country the, but also to develop regional programs of distributed energy
systems based on RES.
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ABSTRACT

The article is devoted to development of optimal design mathematical models for power
systems using renewable energy sources on the stage of pre-investment feasibility study.
Economic and social practicability of the carbon-free energy sector development in
Russia is confirmed by calculated data of renewable energy sources potentials such as
fuel, heat and power, resource saving and environmental (in tons of CO and CO»-
equivalents) potentials. In order to increase the attractiveness of investing in renewable
energy sector the optimal investment designing problem is defined and MILP economic
and mathematical model is developed for ecological and economic optimization of
decentralized wind-solar hybrid power supply investment projects. The macro structure
of the model is considered. The basic mathematical relationships that form the region of
feasibility are presented. Designed models can be used to justify the investment in
distributed power systems.

Keywords: hybrid power supply systems, solar energy, wind energy, mathematical
model, optimization, investment design

INTRODUCTION

Under the conditions of natural domination of conventional energy, Russia today has
extensive regions where the energy supply development in terms of economic,
environmental and social conditions, and in terms of resource provision, should be
considered in view of large-scale use of renewable energy sources (RES). To
successfully reach this target Russia needs qualified objective design methodic for
development of RES based projects and scientifically proven recommendations for
bodies of executive and legislative power, energy providers and businesses regarding
the efficiency of renewable energy development in Russia. The study presents
methodological basis for development of investment projects for individual power plant
based on different RES as well as regional programs of distributed energy systems
based on RES. To justify the effectiveness of investing in this kind of projects and
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programs assessment of energy, of resource saving and environmental potentials of
renewable energy throughout the Russian Federation is carried out. Economic and
mathematical models are developed for the ecological and economic optimization of
centralized and distributed power systems projects. Proposed approach allows to take
into account all influencing factors and limitations for obtaining optimal solution under
existing resource, demand, social, economic, environmental and other conditions.

In recent years, the global economic community pays more attention to the transition
from traditional energy widely using as a fuel valuable organic resources such as natural
gas, oil and coal, to "carbon-free" energy technologies, based on the use of
environmentally friendly renewable energy sources. The desire to change well-
established energy paradigm is stipulated not only by rapid depletion of fossil organic
fuels and combustion products significant local and global negative environmental
effects, but also by the efforts to save raw material resources for future generations for
the manufacturing of a wide variety of products.

Opportunities for development of renewable energy in Russia as one of the main tools
of valuable chemical raw materials saving are determined by the value of the energy
potential of various renewable energy sources (RES). Estimated in 2015 the technical
potential of renewable energy of the Russian Federation amounted to 37,151 mil. toe /
year [1]. In order to justify environmental and economic feasibility of this direction
development of the energy sector, in addition to the energy potential we introduced the
definitions, determined calculation methods and carried out assessment of resource
saving and environmental potentials of RES in the various regions of the country [2].
Final results of the calculation of RES potentials are given in Table 1.

Table 1. Assessment results of fuel, power, heat, gas, oil, coal and environmental
potentials of RES in the Russian Federation

) f i fi " .ow potential  small .
Type of potential solar Vind 3io eotherm heat TVits! otal
Fuel potenitl; 0061 891 090 129 52 2 7181
mil. toe/year
Power potential, : . .
R 7748 7101 893 466 0.4 6 08029
Heat poential,  bill oy g psg7 149 08 2 8
Geallyear
Gas - resource  SIB.gop  jig5. ‘025 173 43 2 829

potential, bill. m*/year
Environmental gas _saving
potential, 40 062 13 82 -0 1.0 836
mil.t CO-equivalent/year

Environmental gas saving

potential, 194 0210 050 746 8.6 4 7657
mil.t CO,- equivalent/year
@l .y podource . BRVINE o . L3 g8 0.6 12 15980

potential, mil.t/year
Environmental oil saving
potential, 17425 375 195 4.8 38 1.3 3894
mil.t CO- equivalent/year

Environmental oil _saving

potential, 15826 2901 388 103.5 3.2 1.6 1351
mil.t CO,- equivalent/year
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Coal | resource  saving g,
potential, mil.t/year
Environmental coal saving
pq(enual, 161100 68757 11235 :662.0 35.6 i 064197
mil.t CO- equivalent/year

Environmental coal saving

potential, 17426 3013 259  63.0 9.4
mil.t CO;- equivalent/year

671 ' Cira2nii k21 9.8

3 -8373

9 45122

As follows from the table, the maximum energy, resource saving and environmental
potential in Russia have the sun and wind energy. Even now there are vast areas where
economic, environmental and social conditions of the application of these and other
RES is feasible and cost-effective. These areas primarily include decentralized energy
supply zones, covering about 70% of the country’s territory. In these regions, according
to various estimates there are between 10 to 20 million people. Power in these regions
is supplied mainly by diesel generators using expensive imported fossil fuel. Taking
into account technical progress in the field of renewable energy, sufficiently rapid cost
reduction of unit installed capacity of RES generating equipment it becomes urgent task
of creating hybrid power supply systems based on RES in such regions. To reach
maximum efficiency of investing in hybrid power systems projects it is proposed to
solve the optimal investment designing problem using optimization models and mixed-
integer programming methods. The methods and mathematical models for solving
problems of this type are designed. The basics of approach to modeling and finding the
optimal investment solutions are demonstrated in the context of the design of hybrid
power plant (HPP) of the following structure (Fig. 1).
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Fig. 1.Structural diagram of the hybrid power plant

In non-formalized form such power plant design problem at feasibility study stage can

be formulated as follows:
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Under given: maximum hourly power demand differentiated by daily intervals of each
month of the year for consumers with voltage of 220 V (380 V) and 6 kV (10
kV)different types wind turbines technical and economic features, power curves,
installed capacities, hub heights, manufacturers; capacity factors (CF) of wind turbines
at different hub-heights differentiated by daily intervals of each month of the year,
obtained by calculation according to wind monitoring data at HPP site; technical and
economic characteristics of different types photovoltaic (PV) panels, installed
capacities, manufacturers; capacity factors of PV installations with differentiation at
daily intervals of each month of the year, obtained by calculation according to
irradiation monitoring data at HPP site; technical and economic characteristics of
different types diesel generators (DG), manufacturers; technical and economic
characteristics of various voltage inverters, controlled rectifiers, voltage converters,
energy storage devices, various types of transformers, manufacturers; uninterrupted
power supply consumers’ requirements under conditions of RES installed capacity
utilization and in the period of calm maximum duration; territorial restrictions on the
layout of wind and PV power systems and infrastructure elements; investment
limitations; payback period and other limitations

to find for designed hybrid power plant (HPP) with regard to the existing in the
country enabling economic mechanisms:

type, capacity, manufacturer and the number of wind turbines and PV panels, diesel
generators, inverters, controlled rectifiers, voltage converters, batteries, transformers
and the necessary investment for the project,

ensuring at all specified constraints maximum net present value (the net discounted
income), or minimum discounted integral costs (depending on the optimization problem
formulation).

Taking into account definition of the problem developed economic and mathematical
model consists of the following functional blocks (Fig. 2).

v

[ Block 1. Balance of production and consumption power capacities |
¥

[ Block 2. The balance of power production and consumption |
¥

Block 3. Selecting the inverters with an output voltage corresponding to
the voltage of the consumers' busbars

¥

[ Block 4. Selection of wind turbines |
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[ Block 5. Selection of controlled rectifiers for wind turbines |
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[ Block 6. Selection of PV panels |
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v
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Fig. 2.The integrated flowchart of mathematical model
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The most important blocks of the mathematical model are given beloy (Table 2
& . . e *

Selection of wind turbines, Selection of PV panels, Selection of power storage batterj )
TIes.

Table 2. Mathematical description of the selection of wind turbines, py
accumulators and ensuring uninterrupted energy supply of consumers
Block 4. Selection of wind turbines (WTG)

4.1.Selection criteria for capacity My C, w-type with 4-th hubhight and number of XWTC Gind
. P . il
turbines on information about loads X¥¢ and values of kgET® — WTG capacity factor o th

interval of the day of m-th month of the year (¥m € M and Vt € T,,), kW

WTG CFWTG . jFWTG .y WTG
X o< g E Kiem M X!
vhERVTO vy iphTa

systems,

4.2.Selection criteria for wind turbines of w-th w- type with /-th hubhight under th

a e limitations
on their number Niw®WT¢ and NEax WTG (yh € HWTG and vw € WWTG) aons
N';l;fn WTG./\'rm\ﬂ:'TG 4 XX‘;TG % N;;’axWTG.X%l'G

4.3.The restriction on the number of types of installed wind turbines with /-rh o]
N WE S Ve th hubheight

WTG, ; ¢ ¢
PO VTG, we ¢ 2 XWTG < ymax WIG. YWTG
wwewNTe

4.4 Restriction on the number of different towers hubheights N™3%beight WIG of ingtalled wind
turbines

FWTG < 2 X}T6 < ymaxheight WIG. yWTG
vheHWTG

4.5. The annual supply of energy to the consumer Y,¥<, generated by using wind turbines taking into
account the values of the loss factors ko™, kjoy—cons jWIG-stor pstor-inv and  the amount of
power transmitted from the wind turbines to the inverters ¥WT6=i2 and storage devices Y W& 5,
KkW-hour/ycar

WTG _ d: i iy i .
R~ Y g 1 i) A

VMEM VtET,,
day, int . WTG— " = — =

D Yt (1~ ISR (1~ KEEY) (1 kg o) yTG-ser

YMEMVIET,,

Block 6. Selection of PV panels (PVP)

6.1.Selection criteria for capacity M,'F, p-type and number X¥¥VP PV panels on information
about loads X5Y® values of kSE,FYP PVP capacity factor at r-th interval of the day of m-th month
of the year (Ym€ M and Vt € T,,), kW

XEVP < Z; KSEPVP. FEVP. Z2VP
M.l

6.2.Selection criteria for PV panels of p-th type under the limitations on their number Nz 7"
and NT3XPYP (yp € pPVP)

in PVP . ¢P ¥ ¥
anun XDVP = X;VF < NvmaxPVP .X:VP

6.3.The restriction on the maximum number N™3XP¢ PV¥ of types of installed PV panels
KPVP < Z; XEVP < Nmaxperve. gove
voepve
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6.4.The annual supply of encrgy to the consumer Ve, generated by using PV pancls taking into

account the values of the loss factors KEYE—inv, kfny—cons }PVP-stor kstor-inv and the amount of
power transmitted from the PV panels to the inverters Y5YP~™ and storage devices ¥;Ps®r,
KW-hour/year
VR 3D s (1~ ) (1= e T 4
Vmenviet,
+ o if - (1 — KR (1= Kfggr ™) (1 — kg =om) - v P
VmEMvieTy,

Block 8. Selection of power storage batteries banks

8.1.Restrictions on the total energy stored in the battery (charge level (CL)) ¥.EE - at the beginning
of £th interval of the day of m-th month of the year taking into account number ¥£% of b-th type
parallel power storage batteries banks (BB), capacity of CE® and rated voltage UF®  of bank unit,
coefficient of maximum permissible level of discharge (PLD) kE:3 and capacity factor k§5e® (for
VYme€M and Vt € T,,), kW-hour

Za 102 KERR - KEEPP- CF°- UBS - AP < v O <
wbeBEE

< 1073 - k§E B8 CBB - ygB - XPB
i

Providing consumers with energy under conditions of RES installed capacity utilization

8.2 Formation of the working power reserve (WPR) ¥WPR of batteries banks at the beginning of #th
interval of the day of m-th month of the year for ¥m € M and ¥t € T,,,, kW-hour

PR = ROTR + (1 HEIOE8). e

+(1-KER0) R

8.3.Formation of the total power reserve (TPR) ¥I¥® in batteries banks at the beginning of #-th
interval of the day of m-th month of the year for (for ¥m € M and Vt € T,,), kW-hour

= -3. . KCF BB. (BB /BB . 3
YR= 1072 kEYD - KETRB - € UE® - X7° + v
vbeBsE

8.4 Restrictions on the supply of energy to the inverters system from batteries in the #-th interval of
the day of m-th month of the year (for ¥m € M and Vt € T,;;), kW-hour

FEB-I < IR (1 - JGRTRE) YRR

(1= HE-) vgy-ee

8.5.Conditions of ensuring uninterrupted power supply of consumers (PSo™ = kTR - Cors+ At)
for a given reserve factor kPR for potential load increase taking into account the possibility of using
diesel generators (DG) (for Vm € M and Vt € T,,.), kW-hour

kPK s, Cf,';‘“" At < (1 "y kllzgs-in\') X (1 2 k]ig:s—mnx). }’tgns-‘m+(1 = k!l;g;wn:) o y‘glG

Providing the consumer with energy in the period of maximum calm duration,
Tealm_ (12t .. tmaxcam) " (beginning at =1 in the first day of m-th month)

8.6.Formation of the working power reserve in batterics banks at the beginning of /-th interval of the
day of m-th month of the year under conditions of maximum calm (¥m € M), kW-hour
et il

8.7 Formation of the working power reserve Ywr® <™ in batteries banks at the beginning of £-th
interval of the day of m-th month of the year under conditions of maximum calm
(Ym€ M, vt € TE!™), KW-hour

= yWPR PVP-BB) . yPVP-! it
YR = R o . 1 ).y i

3.8 Formation of the total power reserve Yur® “™ in batteries banks at the beginning of 7-th
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interval of the day of m-th month of the year during calm (Vm € M, vt € Tcalm W
e,

hour
yIPRealm _ Zﬂ; 1073+ kPLD . KSE BB. 7BB. BB. §BB | yWeRcalm
vbeBsE

8.9.Restrictions on the supply of energy to the inverters
interval of the day of m-th  month of the year
(vme M, vt € TZ™), kW-hour

ygalm BB-inv < yWPR calm | (1 _ PUP-BB) . yPVP-8B

ycalmBB-inv n
ea from batteries banks of #-th
under conditions of maximum calm

8.10.Conditions to ensure uninterrupted power supply to consumers in the =

N ’ e eriod i
duration for calm in the m-month, with the use also of energy generated by e of el
(Yme€ M, vt e Ty
KPR Cgons . Ap < (1 — kfnyroons ). ygalmBB-inv 4 (1 _ jinv—cons). yPVe-iny
+{1= o) 728
8.11.Condition to ensure uninterrupted power supply to consumers in the first time interval after the
end of the maximun duration for calm in the m-th month of the year (Vi € M, ¢ = ¢pexcalm | 1)
KPR Coms- At < (1 — KEB;inv) - (1 — kjng coms) - yWPR cabm | " i
+H(1 - RS- (1= KB om) - TO-20 4 (1~ KR ™) - (1 — kfageons) - yEyP-88 4
+1 MBI AT+ (1. W) TR 1 (1 o) 2P

diesel el DG
el generators ¥

Selection of the number, type and battery banks voltage

8.12.Condition of selection of battery banks of b-th type and v-th voltage taking into account
restrictions N2 B8 and NJ3*¥BBon their quantity X238  (vv € Vin IV, vb € BEE)

R TR R < Xpp <N PR AR

8.13.Voltage selection condition UEFof batteries banks, corresponding to input voltage of invertors
xiovinputvolge

z E /BB . £B5 — yinv npucvoltage
wvey ™ BV ypegBE

8.14.The uniqueness condition of selection the type and voltage batteries bank
x5 = XHPP

e e
8.15.The number of X£® parallel batteries banks of b-th type (Vb € BE®)
2= wy

R

Besides, in the considered models’ fragments following binary variables were used for

decision-making: XWTCG = {1,0} , XWTC = (1,0} , XWTC = {1,0}- binary vana.ble
equal to 1 if at the projected power plant a decision are made on the us¢ of: (_]) wing
turbines, (2) turbines with hubheight - , (3) w-turbine type with a tower height -
respectively, and equal to 0 otherwise; XPV = (1,0} , XEV = (1,0} 7b1nary‘ variable
equal to 1 if at the projected power plant a decision is made on the US?B;”L(I(; g;{
elements, (2) p-type PV elements respectively, and equal to 0 otherwise; Xop <h‘ 'use
binary variable equal to 1 if at the projected power plant a decision 1S M ‘ciiepon: {Ll o
of power storage batteries b-type and v-voltage and equal to 0 otherwise: X ; ;ver
binary variable equal to 1 if a decision is made on the construction of the planned PO’
plants, and equal to 0 otherwise.
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