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Introduction

Generated power effective distribution problem’s solution is one of the most important power system
functioning aims. In addition, it is necessary to provide system power, working and financial resources high
efficiency, safety and steady power supply [1]. Also, all power structures negatively affect the environment,
that’s why ecological aspects must be taken into account during the optimization. In accordance with
normative documentation [2, 3] EU requires to take into account certain requirements on the power
generation and transmission levels. In those directives there are strict standards on power generation that
minimally influence the environment. Without those documents there are also queue of factors that should
be considered. For example, problems of power losses minimization in the network. In common, the
optimization problem is very difficult because of power system large scale and also power system elements’
technological, economical and mode parameters difference.

In the work electric power system mode optimization algorithm is looked out and its example taking into
account power system mode technological constraints and aimed at decreasing the negative effect on the
environment and power losses in the network is considered. The method is illustrated applying it on a test
system composed of three stations.

1. Power system mode optimization mathematical model
During power system centralized control as dispatching system main criteria was active power optimal dispatch
between system generators that provided fuel consumption minimization — incremental fuel consumption

increase equality [4]:
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where ¢, = a—P’, i =1,n —i generator incremental fuel consumption considering balance node (¢, ).

In conventionally regulated market the optimization problem is formed as power generation total cost
minimization (in financial terms):

ZCZ. -B; — min 2)

where B; — equivalent fuel consumption, [t/h];

¢; — equivalent fuel price, [€/t].

The optimal power system mode as well is searched in the feasible area, which is formed by the
technological limitations on power generation:

<P<P 3)

From the majority of models that describes the post setup regime the conventional model of power balance in
the node of electric power system is used:

ZPL’[+ZB/(U1"U_/’5;,5/)_ZR,[ =0, ien
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where P,,,

P, ,Qd[ — active and reactive load power in node i;

Q,, —active and reactive power of generation in node i (i € n);

P, O, —active and reactive power overflow from i node to j;
U,, U, —voltage modules in nodes i and j;
0;, 0, —phase angle nodes i and j;

n — total number of nodes in the network.
To consider losses in the power network its expression as quadratic functions of generator powers will be
used. This expression is formed as [6]:

AP=Y"Y PB,P, ©

i=l j=1

where B;; — loss coefficients or B-coefficients, that could be calculated using the expression [1]:

R,.j
B. = UU coséy. (6)

i’ J

where &, — phase angle offset between voltage vectors U, and U ;

R;; — power line active impedance between nodes i and ;.
So, transmission losses expression is:

R,-F-P

AP: n, n, ) f 5 7
;;—Ui-U. cos 9, (7)

J

Thus, power losses consideration transforms function (2) into expression:

> ¢,-B +c, - AP — min (8)

where ¢ — power losses cost ¢, =3630 EUR/ MW .
Damage from emissions that come in atmosphere can be defined as [6]:
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where M, —noxious products that are emitted in atmosphere, [t/h];

¢, — specific damage from ashes, sulphur oxide and nitrogen oxides, [€/t]. It was accepted that the specific
damage from all three parameters is approximately identical and makes 3.33 of fuel price [5]:
¢, =3.33-¢, [E].

All of three power system optimization criterions (fuel consumption, power losses in the network and
emissions in the environment minimization) simultaneous consideration can be observed as the function:

D¢, B+ ¢, My, +c, - AP — min (10)

2. Power system mode optimization ignoring damage to the environment and power losses

Optimization model is looked up on the power system test scheme that consists of three heat power plants
(Fig.1). System total demand is P, =975 MW . Line active impedances are R,_, =11.7 Q; R, , =14.5Q

and R, , =10.8 Q. Network voltage is U, =330kV . During calculations reactive power flows are

neglected. Black fuel is used oil in all power plants. Black fuel oil price is ¢, =200 €/t.

£

Figure 1. Three plants power system

Power plant fuel consumption characteristics are expressed as second order polynomials:

B, =500+5.3-P,+0.004- P’ t/h
B, =400+5.5-P, +0.006- P t/h (11)
B, =200+5.8-P,+0.009- P} t/h

Fuel consumption graphic representation is shown in Fig.2.
Technological limitations (2) are:

200 < P <450 MW
150 < P, <350 MW (12)
100 < P, <225 MW

Power balance equation (4) neglecting transmission losses and reactive powers is:

> PP, =0 (13)

B, t/h T
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Figure 2. Fuel consumption curves

Solving the optimization problem the optimal active powers in nodes neglecting power losses and emissions
in atmosphere are gained:

Py =450 MW, P, =325 MW, P; =200 MW

Total power generation costs ignoring power losses and atmosphere emissions:

3
Cy =2 ¢, B =165:10° €h

3. Power system mode optimization including losses

Using losses model (7) we can get expression of transmission losses:

AP =0.000119P +0.000148P; +0.00011P7 MW

Using the optimization expression (8) power system’s (Figure 1) mode optimization is performed. As a
result the economic dispatch is gotten:

Py =450 MW, P> =323303 MW, P;=201.697 MW

Total production costs including power losses are:
3
Cs =Y, B +c, -AP=181-10° €h

Total production costs increased by 9.7% if transmission losses are observed.

4. Power system mode optimization considering unhealthy emissions

Power system (Fig. 1) mode optimization taking into account unhealthy emissions in atmosphere is
performed using the methodology from [8, 9].

Noxious products from black oil fuel combustion in each power plant that come in atmosphere consist of 8,
9]:

o volatile ashes and unburned fuel emissions in atmosphere [t/h]

([ ]
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M,=B,-4" f-(1-n) (14)

where 4" — ashes part in fuel on operating mass, %. For black oil fuel this value is A7 =0.1%;
f — coefficient, which value for the heated by black oil fuel enclosure is f =0.01;

n, — hard particle part that is caught in ashegrabber. In the practical calculations it can be accepted as

n,=04;
o sulphur oxide emissions [t/h]
juso2 :0-02'Bi'Sr'(l_ﬂéoz)'(l_ﬂgoz) (15)

where S” — sulphur part in fuel on operating mass, %. For the black oil fuel §" =1.9 % ;
Nso, — sulphur oxide part that is knot together by ashes. For the black oil fuel 7, =0.02;

Nso, — sulphur oxide part that is caught in ashegrabber. For the dry ashegrabber this value is 775, =0;

o nitrogen oxide emissions [t/h]
M, =0.001-K , -OF - B, -(1- B) (16)

where K, - coefficient that considers nitrogen oxide generation on heat unit. For the black oil fuel
Ko, =0.03 kg/GJ;

Qf — fuel combustion low heat, MJ/kg. For the black oil fuel Oy =39.85 MJ/kg;

S — coefficient that considers nitrogen oxide decrease by the complex of technological measures. For the
heated by black oil fuel enclosure itis f=0.8.

Thus, total emissions of noxious products in atmosphere My from black fuel oil combustion in each heat
power plant are:

Mg =M, +Mg, +My, =B,-A"- f-(1-n,)+
+0.02-B,-57 (11, )- (1= 7%, )+ 0.001-K,, - Q7 - B,-(1= B)=B,-0.1-0.01-(1-0.4)+
+0.02-B,-1.9-(1-0.02)-(1-0)+0.001-0.03-39.85- B, - (1— 0.8) = 0.0381- B..

The optimal power system mode is achieved when active powers of generation are:

Py =450 MW, P, =32498 MW, Ps=200.02 MW

Total production costs including emissions in atmosphere:
3 3
Cs=Yc, B+ ¢, My, =186-10° €/h
As we can see from the results total costs increased by 12.7% if emissions in atmosphere are observed.

5. Power system mode optimization including unhealthy emissions and power losses

Power system (Fig.1) mode optimization taking into account unhealthy emissions and transmission losses
was made using optimization condition (10). As a result economic dispatch was gained:

Py =450 MW, P, =323.364 MW, P;=201.636 MW

Total production cost including power losses and unhealthy emissions in the atmosphere:

3 3
Cz :Zcf .Bi+zcd 'MZ,' +CL AP:202106 €/h

Total production costs increased by 21.8% if transmission losses and negative effect on the environment are
observed.
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6. Extra fuel consumption and damage evaluation
Specific damage from fuel combustion (1 t.) can be calculated using the expression [5]:

Ac=a,, Ap-Yp+ 0,50, Ao, Yoo, + oo, “ Ayo, * Yo, (18)

where a,,, @, @0, — coefficients for ashes, sulphur and nitrogen oxides that consider local factors to
determine damage;

Ap, Agp,» Ayo, — specific emissions of dust, sulphur and nitrogen oxides;

Yy, Yso,» Yyo, — specific damage from ashes, sulphur and nitrogen oxides emissions.

Then total damage can be defined from the expression [5]:

Y=a,, Mp-Y,+a,5 Mg Yo, + o, - Myo, - Yyo, (19)

Local factor coefficient &, meaning is: in special weather (lull, low clouds, heightened background pollution,
smog etc.) damage increases by «, times. Density of population, industry, agriculture and climatic conditions
of power plant area affects on the ¢, value.

As damage depends on great number of factors than some reasoned value usage is inconvenient. More
important is to establish limits of parameter changes. That’s why it was accepted that specific damage from
all of three parameters is approximately equal and makes 3.33 from fuel costs [5]:

Y, =Yg, =Yy =3.33¢, (20)
Local factor estimated values are also assumed equal:

a a = = (21)

mp — %mso, mNO, m
During calculations large «,, coefficient variations were used (from 0 (without damage) to 10). This range is

larger than the real one. Fuel quality was also changed in wide ranges. Thus there were changed such fuel
parameters as: ashes part in fuel 0.05, 0.15 and 0.2%; sulphur part in fuel 0.5, 3 and 4%. This gave
opportunity to evaluate each factor influence. It was assumed that fuel parameters adjustment doesn’t

change aggregate electrical characteristics. To compare the results base variant was accepted: S" =1.9 %
A" =0.1%; ashegrabber efficiency 77, = 0.4.

AB,% AB,%
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Figure 3. Extra fuel consumption needed for compensating ecologically harmful influences on the
environment depending on local factor coefficient «,,, changing:

a — sulphar part in fuel; b — ashes part in fuel; ¢ — ashegrabber efficiency
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Figure 4. Damage alternation (a) and its comparison with extra fuel consumption
(b) depending on local factor coefficient «,,

Results of the calculations are shown in Fig.3. Fuel consumption curve depending on coefficient ¢,, minimum
is achieved when there is no extra fuel consumption. Dropping curve’s part is so called good ecological power
system mode. Rising curve’s part is adverse ecological power system mode. As we can see from graphics in
Fig.4 all of three variable parameters’ (ashes and sulphur part in fuel on operating mass) influence is different,
but curves’ character has been saved. Nevertheless sulphur part in fuel influence on fuel extra consumption to
compensate noxious emissions is greater.

There is shown damage alternation depending on factor coefficient «,, in Fig.4 a. In Fig.4 b there are compared

damage changes with extra fuel consumption — it is emission reduction on fuel consumption increasing by 1%
AY/AB — depending on local factor coefficient o, .

7. Power system mode optimization by criteria importance

In this work power system mode optimization was made taking into account three factors:

e fuel consumption minimization on power plants;

e power loses minimization in the network;

¢ unhealthy emissions minimization during power generation.
All criteria were equivalent. Let us look out every factor influence degree on the result of optimization. For
this, in the expression (12) weight coefficients should be included:

Zx-cf-BiJrZy-cd-le.+z-cL-AP—>min (17)
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where x, y, z — weight coefficients that consider minimization of fuel consumption, minimization of
unhealthy emissions in atmosphere, minimization of power losses, accordingly. At that, x+ y+z =1.

As a base mode there was chosen power system mode when all weight coefficients were equal (all factors
are equal — x = y = z =1/3). In that case total production costs are: Cys. =6.715-10° €/h.

Changing one weight coefficient from 1 (only this factor consideration) to 0 (that criteria is not considered),
while all other coefficients are equal (they could be calculated using the expression y =z = (1 — x)/ 2),
characteristics of selected factors observation during the optimization were gotten (Figure 5).

AC, % T
150

100

50

-100

Figure 5. Selected criteria influence on total system expenses:
I —x weight variation (y = z); 2 — y weight variation (x = z); 3 — z weight variation (x = ).

Let us analyze gotten results. How it could be seen in Fig.5 the base variant confirms with the curves’
crossing point of X-axis, where all considered factors are equal (x=y=2z=1/3). By increasing fuel
consumption criteria importance (all other criteria weight decreases) it could be observed increase of total
expenses (curve 7). It could be explained by fuel cost major influence on the total expenses. That’s why
considering only fuel consumption (x =1) other two optimization factors’ weights decrease to 0 (y =z =0)
and, due to fuel cost major effect, total costs increase by almost 50%. Lines 2 and 3 in Fig.5 have dropping
character that is entailed with emissions in atmosphere and power losses less influence on total expenses (in
comparison with fuel costs). In additional, it is observed almost similar lines 2 and 3 slant that shows on
similar sensitivity of ecological effect and power losses consideration on total system expenses.

8. Conclusions

1. Power system optimization algorithm taking into account transmission losses and damage to the
environment was considered.

2. The use of the algorithm was checked applying it on a test system. Results show that ecological effect
and power losses consideration increased total production costs.

3. There were gained characteristics that show damage alternation depending on local factor coefficient. It

was obtained power system extra fuel consumption to reduce harmful influence on the environment
changing fuel parameters.

4. It was looked out each of selected criterions (minimization of fuel expenses; power losses minimization;
minimization of unhealthy emissions during power generation) on results of optimization.
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Gavrilovs A., Mahnitko A. Siltumelektrostaciju reZimu iedarbibas uz apkartejo vidi novertejums

Elektroenergétikas centralizétas parvaldes apstaklos elektroenergetiskas sistémas (EES) rezima optimizacijas galvenais uzdevums
bija samazinat summara kurinamd paterinu. Nekadi kurinama piegades apjomu ierobezojumi netika pemti véra.

Briva tirgus apstakjos starp energétikas subjektiem EES rezima optimizacijas galvenais uzdevums ir samazindt izmaksas naudas
izteiksme. Turklat katrs elektroenergijas tirgus dalibnieks censas iegit maksimalo pelnu no savas darbibas. Nordditie merki ir
Jjasasniedz, nemot vera dazadus ierobeZojumus: resursu, tehnologiskos, ekologiskos u.tml.

Darba ir apskatits EES rezima optimizacijas algoritms, nemot vera kaitejumu apkartejai videi. EES testshemas aprékins paradija
tas darbspéju un praktiska izmantojuma iespéju konkrétas EES apstaklos. Ir apskatita saskana ar ekspertu viedokli izvéleto
kritériju ietekmes pakape uz sistemas kopéjiem izdevumiem energosistémas rezima optimizacijas uzdevuma.

Gavrilovs A., Mahnitko A. Evaluation of thermal power plant mode influence on the environment

In the conditions of the power system centralized management the main task of electric power system (EPS) mode optimization
was fuel consumption minimization. No limits on the fuel supply amount were foreseen.

In liberalized electricity market of relations between energy subjects the basic task of the EPS mode optimization is minimization
of all expenses. Thus every electric power market participant tends to get maximal income from the activity. But indicated aims
must be achieved taking into account different constraints like fuel constraints, technological constraints, emission constraints
and other.

This paper introduces EPS mode optimization algorithm aimed at decreasing the negative effect on the environment. The
calculations of test EPS show possibility of practical application in the conditions of concrete EPS. It is looked out by expert
position selected criteria influence degree on total system expenses during power system mode optimization.

T'aspunoe A., Maxnumko A. Ouenka 030€liCmeus pexcuma menioevlx CIAHUUIL HA OKPYICAIOULYIO CPedy

B ycnoeusx nnanosoco yeHmpaiuzo8aHHO20 YAPAGNEHUs INEKMPOIHEPLEMUKOU 2NA6HOU 3a0adell ONMUMUZAYUU DedNCUMd
anekmpoanepeemudeckou cucmemvl (9C) AGNANIOCH MUHUMUZAYUS CYMMAPHO20 pacxoda monaued. Huxaxue ocpanuyenus Ha
00beMbl €20 NOCMABOK He PACCMAMPUBATIUCH U HE YHUMbBIBATIUCD.

B ycnosusx puinounvix omuoutenuii mexcoy cydvekxmamu dHepeemuKuy 0CHoeHol 3aoavet onmumusayuu pexcuma IIC aensiemcs
MUHUMU3AYUSL 3AMPam 6 OeHeNCHOM evlpadicenuu. [Ipu smom KaxicOulii YYaACMHUK DbIHKA I1EKMPOIHEPSUU CIPEMUMCSL K
NOLYHEeHUI0 MAKCUMATILHOU NpubbLIY om ceoell desimenbHocmu. YKkazanuvle yeau npu 3mom OO0NHCHbL Oblb 00CMUSHYMbL HPU
COONIVOEHUY PA3TUIHO20 BUOA OSPAHUYEHUTL. PECYPCHBIX, PEHCUMHBIX, IKOIOSULECKUX U MN.N.

B pabome paccmompen ancopumm onmumuzayuu pexcuma I3C ¢ yuémom GIUAHUA HA OKPYAHCAIOWYIO CPEOY U MUHUMUIAYUU
nomeps MowpHocmu Ha npumepe mecmosou cxemvr DOC. Hccnedosana 3agucumocmsv GRUAHUS NO CMENEHU BANCHOCMU
VUUMBIBAEMbIX KPUMEPUEB, ONPEOeNEHHbIX IKCNEPMHbIM NYMEM, Ha 00ujecucmeMHble 3ampamyl 6 3a0aie ONMUMUSAYUU PEHCUMA
pabomer I9C.
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