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UDC 621.165/621.577 The problem of determining the optimal thermal power of the absorption

bromide-lithium heat pump (AHP) with steam heating, integrated into the
OPTIMAL thermal scheme of the PT-60/70-130/13 steam turbine when operating in the
THERMAL OUTPUT mode with a slight opening of the rotary regulating diaphragm, was formu-
OF AN ABSORPTION lated and solved. The turbine plant released steam to consumers and pro

vided heat according to the schedule of 150/ 70 °C. The characteristics of

HEAT PUMP WITH STEAM | 4HP were modeled using approximate dependencies based on the charac-
HEATING INTEGRATED teristics of thermotransformer manufacturers. AHP was heated by steam

from the production selection of the turbine after the steam screw machine
IN APT-60/70-130/13 installed for energy saving. The general optimization problem with the ob-

STEAM TURBINE Jective function of total changing the monthly fuel consumption after the

integration of AHP, based on the average monthly outdoor air temperature

in the heating season in Ukraine, was divided into 6 auxiliary optimization
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closed rotary diaphragm. For all considered options of the turbine load, the
optimal power of the integrated AHP is defined as 20 MW. During the heat-
ing period PT-60/70-130/13 with AHP 20 MW when operating in a mode
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logical effect due to the reduction of harmful emissions into the atmosphere.
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Introduction

One of the modern energy saving means for utilization of heat Os emitted into the atmosphere by a
steam turbo generator is integrated into the thermal scheme of the AHP heat turbine with steam heating,
which is confirmed by a sufficient number of papers [1-22] and others.

Projects for integrating such AHPs into a steam turbine have been implemented in a number of coun-
tries, most notably in the East [5S—7]. In China, the requirement for their installation during the construction of
CHPPs is enshrined at the legislative level. These are, as a rule, AHPs with a thermal capacity of 20-30 MW.

Chinese AHPs have been installed, for example, in Riga at a combined heat and power plant [8], at
OJSC "SvetlogorskKhimvolokno" in Belarus [9].

In the EU, the installation of AHPs heated by flue gases is of greater interest [4, 10].

It is assumed that the most promising for the AHPs integration are primarily powerful "PT" and "T"
turbines operating with a high thermal load [1-3, 20-22]. Under current conditions in Ukraine, steam tur-
bines PT-60/70-130/13 (PT-60) and T-100/110-130 are installed at CHPPs (in particular, currently there are
five of the former ones, seven more of PT-60-90/13 ones that are quite close to them, and six of the latter
ones). Based on this, we will consider the PT-60 turbine, the most popular among the produced ones, as the
object of research into the integration of AHP.
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The PT-60 turbine at nominal load with a condenser flow of 12 t/h of steam (the rotary diaphragm is
sealed and closed) with a cooling water flow loses thermal power of ~7.37 MW, to which the power of the
generator and oil cooling systems Qgesiocs~0.47 MW are added [1]. As a result, the cooling tower emits
0s~7.84 MW of heat.

In Ukraine, PT-60s of the 1970s are used, their rotary diaphragm is usually not sealed (according to
factory data [23], the idle steam consumption G:=24 t/h), and twice as much heat is emitted.

State of the problem. Purpose of the paper

The integration of AHP with steam heating in PT-60 is discussed in papers [1-2], which provide
several examples of calculating the operating modes of this turbine, integrated AHP ~17.5 MW, heated by
steam from the selection with a pressure of ~0.52 MPa, network water consumption from 1600 t/h to
4200 t/h, steam consumption in the condenser of 12 t/h. When integrating AHP, there is a decrease in elec-
tricity generation. In addition, the aforementioned papers highlight the advantages of this energy-saving
technology: according to estimates, the return on investment is less than 2.5 years. The papers of the authors
of this one [20-22] and the papers of some other scientists are devoted to the outlined issue.

Let’s consider in more detail the papers of the authors of the current one, since this study is their
continuation.

In paper [20], the problem of determining the optimal nominal thermal power of AHP Qx5 is for-

mulated and solved with steam heating, integrated into the PT-60 TS, operating during the heating period with
a significant thermal load. The latter was determined by the consumption of steam to the consumer in the pro-

duction selection of the turbine G o> and reclaimed water Gr for heat supply with closed rotary diaphragm of

steam
heating selection (G.=26 t/h). The approximate mathematical model of the AHP [21], built on the basis of the
database of thermal transformer manufacturers, was used. The integration of the AHP with steam heating was
studied at a steam pressure in the production selection of the PT-60 under the consumer conditions of
1.296 MPa, which required the installation of a 1 MW utilization screw steam engine for energy saving,.
The general optimization problem with the objective function of fuel consumption of the integrated
turbine plant was divided into six auxiliary optimization problems by the number of heating months [20].

nom

Each of them had variable parameters: the nominal power of the AHP Q37 , steam pressure: that which heats
the pump, P, in the turbine condenser P, as well as steam consumption per head of PT-60 G.. It was solved
by the coordinate descent method. Optimal power of the AHP Oz was determined to be ~17.3 MW (ro-

tary diaphragm not sealed, steam consumption in the condenser G.=26 t/h [20]).

At the same time, for each of the 6 months of the heating season, the thermodynamic characteristics
of the PT-60 turbine without and with AHP were calculated (based on the average monthly outdoor air tem-
peratures in Ukraine), and then the change in economic indicators after the integration of the heat pump unit.

With the appropriate combination of values G o> 20-80 t/h and G 1200-1600 t/h (less with more and vice

steam
versa) integrated into PT-60 AHP 17.3 MW during the heating period might pay off in ~2.5 years [20].

The economic effect of AHP integration was achieved mainly due to fuel savings (up to 6% of natu-
ral gas). There was also water savings for feeding. A significant environmental effect was observed due to
the reduction of harmful emissions into the atmosphere, as well as water conservation [20].

When integrating AHP, a decrease in electricity generation during the heating period by ~2.3% was
noted due to the use of steam for heating the heat pump unit [20] (at outdoor air temperatures ¢. > -3.3 °C).

In [22], the change in thermodynamic characteristics of PT-60 integrated with AHP 17.3 MW at dif-
ferent heat load values during the inter-heating period was studied. It was shown that the operation of AHP
during this period reduces its payback period by 10-11%.

The choice of the optimal thermal power of AHP with steam heating, integrated into a steam turbine
of a different capacity (not PT-60), operating under conditions different from those under study, was also
considered by other authors [2, 13—14, 16]. For example, in [2], based on the methods of passive experiment
planning and numerous studies of thermal scheme, the value of the heat flow utilized by AHP, for which the
pump power should be selected based on technical and economic feasibility, was determined.

In papers [20-22], the operation of the PT-60 with AHP in the thermal load mode was studied, i.e. with
the rotary diaphragm closed with a fixed steam flow rate into the condenser G.=26 t/h, steam pressure in the
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heating tap of ~0.146 MPa at a constant temperature. Since the AHP extracts heat from the circulating water,
heating the network water, increasing the amount of steam entering the condenser by opening the rotary dia-
phragm theoretically increases the amount of heat that the heat pump unit can utilize. These considerations, as
well as the desire to check the effect of changing the steam pressure in the heating tap according to the outdoor
air temperature on the performance of the integrated PT-60, were the reasons for conducting this study.

Paper purpose — determine the optimal thermal power of the steam-heated AHP integrated into the
PT-60 turbine operating with a partially open rotary diaphragm (26 t/h<G.<50 t/h). At the same time, after

the integration of heat pump unit, the total value of "useful" electricity generation per month [ N; ] does not

change (unlike [20-22], where the rotary diaphragm is closed: G.=26 t/h=const, and N;<[ N;]). The ob-

tained data should be compared with the results of [20] to determine the most effective operating mode of the
integrated PT-60.

Mathematical modeling
Mathematical model of AHP

The approximate mathematical model of a steam-heated heat pump unit is shown in sufficient detail
in [21], let us recall its features.

The efficiency of a heat pump unit is estimated by the conversion coefficient COP

COP = Qanr / On,
where Oanp, Or — the amount of heat transferred to the heat pump unit of the coolant that is heated and the
one which heats the pump, respectively. A simple AHP with steam heating with single-stage regeneration
has on average COP=1.71 [24].

In our case, the AHP operates with three energy streams, in the conditions of a power plant with
steam heating this is (see Fig. 1 and 2) [20-22]:

— water steam with flow rate Gj, which heats the heat pump unit, (in the case of PT-60 it is taken
from the production selection after expansion in the screw machine) with initial parameters: pressure Py var-
ies in range 0.14—0.6 MPa, temperature #,; 110-150 °C respectively;

— water with initial temperature #,;1, which changes from +7 to +35 °C, the heat of which is utilized
(circulating water of the condenser, generator and oil cooling systems), has a flow rate of G;, after heat pump
unit it is cooled to ~5 °C;

— water heated to #,2 20-35 °C (part or all of the reclaimed water), has a flow rate of G, initial tem-
perature is t1.

To model the performance of the AHP, the following were used: performance curves of heat pump
unit Air Conditioning (BROAD), China (Fig. 1), nomograms of SKB "Teplosibmash" (Fig. 2) and a number
of general characteristics (for more information, see [21]).
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Fig. 1. BROAD AHP performance curves Fig. 2. Change in relative thermal efficiency of AHP (a) and cooled
with display of operating parameters [25]: water temperature after heat pump unit t;=t1—5 °C (b) depending

— — — AHP is heated by steam

) on the temperature of the water that is being heated:
with standard parameters: 0.5 MPa, 149 °C

ty1 — at the entrance, 2 — on the exit [26]
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For each of the steam pressures Py (Fig. 1), which heats the AHP, for known temperatures: cooled
circulating water at the outlet of the heat pump unit #, and reclaimed water at the entrance of #,1, the ., —
temperature of the network water heated in the pump — was determined. The table of these values is the basis
of the interpolation algorithm that implements the dependence t,2(Ph1, 2, tw1).

The table of values of the base points of the lines on the nomograms in Fig. 2 is the basis of the in-
terpolation algorithm that determines the relative thermal power of the AHP Q5 (£2, tw1, £42).

Using the BROAD data [25], approximation expressions were also constructed to determine the
characteristics of the AHP:

— electrical power consumption Ny, ;

— pressure losses for heat carriers: AP,, which is cooling, and AP,,, which is heating;

— standard flow rate of heating steam (in kg/s), depending on Q}}; in kW:

GIo™=0.895" ™™ /3600=const.

Modeling of turbine TC based on factory specifications N T o

PT-60 is a steam turbine with a condensing unit and two MW |+ Fam = 12 kglom. -~
adjustable steam taps. It is a two-cylinder single-shaft unit that has 1517 }1‘: :gﬁi?ﬁi 7
high- and low-pressure cylinders (with parts of medium and low Nigp = -2.808+0,1195Gpp + _J
pressure), seven steam taps, three high-pressure and four low- 7 +”'°"74‘GL’P'1°5'}/—L§ T
pressure heaters. As well as the following main characteristics [23]: '—‘;— 821

— nominal turbine power 60 MW; A E %Z_S

—speed 3000 rpm.; s P4 LS8

—fresh steam parameters before the stop valve: // ! “E 1]
12.75 MPa, 565 °C; HE

— steam pressure of .regulated taps: production Pprod Bwa 50 106 Glep,t-’h
0.686—1.666 MPa, heat-insulating Phear 0.0294-0.147 MPa.

Let’s recall that in Ukraine, PT-60s were produced in Fig. 3. Dependence of the internal power
the 60s and 70s of the last century, and the rotary diaphragm is | of the PT-60 low-pressure heaters on the steam
not compacted. consumption according to factory data [23]

The desire to bring the calculation results closer to real data led to the use of factory approximation
to determine the power of the low pressure part Nip,=Fn Gipp) (see the formula in Fig. 3), where Gip, — steam
consumption at the inlet to the low pressure part and corrections to Ny, from Pheat [23].

When integrating AHP into the turbine system, the steam pressure in the condenser P, usually exceeds
the standard 0.04 kg/cm? (see Fig. 3). This led to the need to make amendments to Ny, (multipliers) from P
and Phea, which were determined from the similarity of triangles reflecting the process of pair expansion in the
IS diagram, see [20-21].

The presented features of modeling by the energy method of a steam turbine thermal scheme inte-
grated with an AHP with steam heating were reflected in the software package developed at the IPMS of the
NAS of Ukraine.

Setting the task of choosing the optimal power of the AHP

The scheme of the AHP 20 MW integration in PT-60 is shown in Fig. 4 (see the schematic thermal
scheme of this turbine in [23]). As can be seen from this circuit, steam for AHP heating is taken from the reg-
ulated production selection of the turbine with a pressure of 1.296 MPa (as at Kramatorsk CHPP). Heat pump
unit is heated by steam with a pressure of 0.233 MPa from the exhaust of the utilization steam screw machine
with a capacity of 1143 kW, which is installed for energy saving.

The task of finding the optimal nominal power of AHP Q)" as part of the PT-60 thermal scheme

operating during the heating season in a mode close to the heat load, with the specified GSor’ and G by

steam
analogy with [20] is reduced to solution 6 (by the number of heating months in Ukraine 7nea) of auxiliary
optimization problems.

When solving each of the auxiliary optimization problems, the QX , P, P and G; vary, and such
vectors are considered given:
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Fig. 4. Cooling circuit of the PT-60 turbine condenser system with integrated 20 MW AHP:
AHP: A — absorber, G — generator, E — evaporator, C — condenser, CC — condensate cooler;
VD — vacuum deaerator; KT — PT-60 condenser; USSM — utilization steam screw machine;

pumps: PiN — heating network feed, N — network; PWB — peak water heating boiler;
cooling systems: GCS — generator, OCS — oil; NH — network heater, LPP — low-pressure part;
regulated steam withdrawals: 3 — production, 6 — heating;
I, II, IIT — connections with elements of the PT-60 thermal circuit

f(fa ={-5.4,-4.5,+0.9, +5, +1, -3, +20} — average monthly outdoor temperatures in °C;

T={744, 672, 744, 732, 720, 744} — duration of idle months f(fa in hours (January, ..., half of April
+ October, ... , December), as well as the inter-heating period of 4404 hours;
Z_. ={Pprod, Gions , Grw, ...} — operating parameters, which include ~40 characteristics in the consid-

steam 2
ered case.
The quality criterion of each auxiliary optimization problem is the change in fuel consumption
ABg}, \yp » Which is burned in a month after the integration of the AHP and is the difference between the fuel

consumption of the turbine unit without heat pump unit and the integrated one. It is formulated as follows
(basic equations and active constraints are shown):

To find: max( ABgy xip (Oatip » Pt L2, bty B, Z,)); (1)
ABYy anp (OXtip > Py 2, Bty buay 22, )= = ABRY o ane (220 ) T ABRYy app (ORtip » Pits L2, Bt buay Z2,);
G.= Gcfact (t(i)a , QX‘I’{"; , G, Pn1, Pe, Ezr 5
I = tSI(Pc) _5 OC; norm s .
. Qh = Gh (lhl(Pprod, tprod) - th(Ph2, ch));

o = 1 SE

— yreal . Q
tw2 = th(Phl, tsZ, twl); QS AHP Qh, é :5
raY = . o
= Qe (P, L2, bty tn2)” Ohom Ge= 05/ 419/ (ta(Pe) — 1:2); 2y
1.36 < COP(Pp1, ts2, twi, tw2) < 1.71; S 3
G;°™ = 0.895- 0m /3600 = const; (P 2, b, buo) S g

GW = er_a[lp / 419 / (tw2 - twl);

I = tw;
stsm = G}rllorm (iprod - ihl(Phl, thl)))‘nussm;
Gc(ic(Pc, tc) - tsl(Pc)'4-19) + QgCSJrOCS = QS + QC'[;

;‘eﬁlp = Q150/70( t(i)a ) de) - Gheat'iheat(Pheat’ theat);
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Gow=Gnl1+ Gy, );
[NS]) =NE (2,0, Gy, Py, Pe, Z.,) + N°, — NSp< 70 MW
kee'Ge = Go + Gy;
26 t/h < G. < 50 t/h;
15 t/h < Ghea < 150 t/h [23];
15 MW <Qbm < 40 MW,
140 t/h < G, < 387 t/h [23];
0.233 MPa < Py, < 0.6 MPa;
50 t/h =[Ge] < Ge;
20 °C < t,1(P.) < 40 °C;

30°C < twl(t(i)a ) < 60 OC;

50 °C < twa(Pn, ts2, tw1) <90 °C.
In statement (1) we have the following thermal capacities:

— O (O Phy, 2, b, L) — teal, transmitted to the AHP network water;

— Qqestocs — total cooling flow of generator and oil cooling systems;
— Qs — of the flow of the central heating medium cooled in the AHP;

— Oisomo(t., , Gaw) — supplied to the consumer from the CHPP according to the temperature schedule

150 /70 °C;

— 0c=4.19 kee' Gy — of the flow removed from the thermal scheme in the cooling tower, here Go —
steam flow rate in the cooling tower in kg/s, k=50 — cooling coefficient.

We also have the components of the vector Z,, : Gaw — direct network water consumption, relative

consumption of its recharge (_?drw , Nussv=0.8 — efficiency of the utilization steam screw machine.
During the calculation of thermal scheme, the following were also determined: N; — "useful" electric

power generated by the integrated PT-60 (must correspond to [ N; ] — "useful" generation of the turbine without

heat pump unit); ini(Pa1, th), in2(Pr2, th2), ic(Pe, ) — specific heat content of the steam heating the AHP, at the
inlet and outlet, respectively, and in the condenser. In addition, the pressure, temperature, flow rate and specific
heat content of the steam in the PT-60 taps: Pprod, fprods Gprods Iprod (Pprods fprod) — 1N production, Pheat, Zheat,
Gheat, Iheat(Pheat, fneat) — in heating (rotary diaphragm — partially open).

Results of determining the optimal power of the AHP

nom opt

When calculating Q)35 , it was also set (components of the vector Z_, ):

— at the input to the PT-60, the nominal steam parameters are set;

— steam consumption in production selection Gprod, [ Gproa]™=150 t/h (for production, for three high-
pressure heaters, for feed water deaerator, utilization steam screw machine) with parameters: 1.296 MPa,
280 °C. Condensate return is 75% with temperature 40 °C;

— mains water recharge 2% G with temperature 20 °C;

— steam flow into the condenser G.<50 t/h, [G:]™*=160 t/h, one low-pressure heaters — switched off
(G7=0), as well as recirculation to the condensate collector.

The flow rate and parameters of steam in the heat extraction (to the boiler, to the two low-pressure
heaters, to the vacuum and atmospheric deaerators) are calculated; the maximum throughput capacity of the
extraction [ Gheat|™*=150 t/h. It limits the generation when the turbine operates at low air temperatures.

The optimization parameters of problem (1) were: Qi , Pni, Pe, G It was solved by the method of
coordinate descent. A one-sided influence of Pu at ABg ., Wwas revealed. As a result,

P =P =0.233 MPa lies at the lower limit of the range of change.
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When solving each of the six auxiliary optimization problems (1), the characteristics of the PT-60
thermal scheme without AHP were previously calculated when operating in the heating period with a con-

stant vector (with specified steam consumption of G and tap water G at P.=0.0034 MPa). The "useful"
electrical power generated without heat pump unit was determined [ N; ] (should be maintained when calcu-
lating the integrated PT-60).

If the pressure of the production steam selection, Nasth
which heats the AHP, exceeds 0.7-0.8 MPa, it is rational to kw = el
use a utilization steam screw machine or a small steam tur- 1400 —
bine with backpressure to utilize the excess pressure. How _____,——/
the power of the latter depends on the AHP power is shown 1880
ol o L 15 20 25 O i, MW
in Fig. 5. The minimum value of O}z =17.3 MW in this fig-
ure and further during the research was chosen based on the | Fig. 5. Dependence of small steam turbine with
results [20]. backpressure power on AHP power

In the course of solving auxiliary optimization problem (1) with ¢\ =-5.4 °C (January is the coldest
month) it turned out that when integrating AHP into the PT-60 thermal scheme, it is impossible to simultane-
ously provide: G>26 t/h and [ N¢ ]=48.25 MW (generation without heat pump unit). To meet these conditions,
it was necessary to increase the "useful" generation at the optimum point to N;=49.88 MW. At G=1700 t/h
the same problem exists with #., = -4.5 °C and -3 °C. Maximum value of ABZ, .. ~24.05 t.c.f./h is on the bor-
der of the permissible area with COP>1.36 (the limitation was chosen due to greater interest in the range of
change Q3p <25 MW) while Q07 =35 MW, P.=0.00641 MPa, P;;=0.233 MPa.

Having solved six auxiliary optimization problems (1), we found a solution to the general optimiza-
tion problem. The optimal power of the AHP in the adopted formulation was Q)55 =35 MW.

At a given thermal load, the integration of AHP leads to a reduction in the amount of fuel burned

ABgl changes in generated electricity A N (if [ N; ]# N; ), reduction of water used, harmful emissions into

fuel AHP >
the atmosphere. Results of calculation of changes during the heating period in two key characteristics of the

nom

integrated PT-60 depending on Oy} at different G is shown in Fig. 6.

As can be seen from| AB: .o, —
Fig. 6, with increasing power of te.f | MWD /ﬁ-4|— JT— Lil*— _='|rg
the AHP integrated into the PT-60: 2222 :ggg T ——— ¢
— ABg), p 1ncreases, alt- g;gg | 1000 AD%%;%._%]
hough the rate of this process de- 15 20 25 @y sip, MW 15 20 2% O e MW-
creases. The condition COP>1.36 a b
is active and at 7,,=-5.4°C re- Fig. 6. Change in the integrated PT-60 quantity of fuel burned during
stricts i by the value of the heating period (a) and generated ""useful” electricity (b) depending
35 MW (see auxiliary optimization on the power of the AHP at G_."° =15 t/h and a number of values Gw:
problem statement (1)); T — Gw=1600 t/h; @~ — Gn~=1650 t/h; % — Gr~=1700 t’h

— A N; slowly increases at a given Giw.
As when searching Q)75°" it wasn’t possible to ensure A N=0, it is possible to simultaneously take

into account AR

ot oy AN A NG if we move on to economic assessments.

Economic evaluation of AHP integration
In the conditions of Ukraine at war, it is permissible to choose a simple payback period [20] as the
criterion for the economic evaluation of a technical solution, which is determined as

Tob = Is anp / Prs amp,
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where s anp=canp’ Qjyp + Cussm'Nussm — total investments in the implementation of energy technology, here

Nussm — nominal power of the utilization steam screw machine, and capp and cyssm — specific costs of AHP and
screw machine.
Profit for the heating period when integrating AHP into the steam turbine system thermal scheme
when averaging over ¢, is determined
”/zp .
Prhp:Z(APrhpi(t(l)ai)'pri _Ex/nhp)” (2)
i=1
where APrp i( téai) — total change in the cost of material flows per hour of operation of the integrated PT-60

in the heating period compared to the option without heat pump unit, which is calculated when solving the
auxiliary optimization problem (1); Ex = Exanp + EXusm — change in annual fixed costs (expenses) associated
with the integration of AHP and utilization steam screw machine, respectively (salary of additional person-
nel, costs of spare parts and materials, repairs, etc.), taking into account the low capacity of utilization steam
screw machine [20], we have in thousand of USD: Exyssy=0.075Lussut28.5, Exanp=EXussu.

The main contribution to the change in costs when integrating AHP into the steam turbine system is
fuel savings [20], the high price of which increases the chances of obtaining promising results. Therefore,

natural gas was chosen as the fuel (calorific value O, ~35000 kJ/m? at density pne~0.7 kg/m?).

For a detailed explanation of the term under the sum sign in expression (2), see [20-22]. The calcula-
tions were performed at the prices: for electricity c.=0.13 USD/(kW"h), for fuel ¢, =300 USD/t.c.f.

According to expert assessments of specialists of the Institute of Power Machines and Systems of the
National Academy of Sciences of Ukraine, who are engaged in research on water purification for CHPP [25],
the following water prices were adopted: softened (chemically purified) cpw=10USD/t, technical
cm0=0.2 USD/t.

Investments in AHP integration

For a preliminary estimate of the cost of installing AHP /anp we will use the data from literature
sources, see Fig. 7, a. The cost of installing the utilization steam screw machine is 30—40% less than a small
steam turbine with backpressure of the same capacity [20, 27]. As a result, we have

_ 350 thousand USD, if 0.6 MW < Nyssm < 1 MW;
S Nussm® Cussms if 1 MW < Nygsm < 1.4 MW,

where cussm=350 USD/kW.

Utilization steam screw machine with a capacity of more than 1.4 MW are not currently produced. In
case if Nysv>1.4 MW, then small steam turbine with backpressure should be installed, csu~800 USD/KW [27].

Change in the cost of | cus. N I Toaa i
installing a waste expansion | YSP&¥ ‘\< on the application of HPUL28] thoumnd USD ™ =" ip
steam engine Iwese (utiliza- 150‘; N | ‘ :2:2
tion steam screw machine or ” e | e i 1) 1000 SSTB —
steam turbine with backpres- ) T "] _T' o o= T USSM
sure), AHP Ianp, as well as 10 20 30 40 50 60 Quup, MW 15 20 25 Opup, MW
total investments for the pro- a b

ject implementation Is anp
depending on the heat pump
unit power is shown in

Fig. 7. Dependence of specific costs for the implementation of the AHP integration
project (a) the cost of AHP installing, waste expansion steam engine and total

) investment for the implementation of the project (b)

Fig. 7, b. on the capacity of the heat pump unit

Results and discussion
Taking into account the data in Fig. 7, the change in the total annual profit after the integration of

AHP into PT-60 was determined at the given GSo and Grv depending on the capacity of the heat pump unit.

steam
According to the results of [22], the income from the integration of AHP in the inter-heating season was as-
sumed to be 50 thousand USD (half of the possible).
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Fig. 8. Change in annual profit from the a b
nominal thermal power of the AHP Fig. 9. Change in the simple payback period of the AHP integration project
integrated in the PT-60, with G3" =15th in PT-60 by G =15 t/h (a), G2 =30 t/h and 45 t/h (b) depending
and a number Gr: on the heat output of the pump and at different reclaimed water costs:
T — Gw=1600 t/h; & — Gw=1600 t/h;
0= — Gw=1650 t/h; 0= — Gw=1650 t/h;
= — Grw=1700 t/h 2 — Gw=1700 t/h

Integration of AHP in PT-60 under the accepted conditions and G brings a fairly significant annual
income of 1011-1686 thousand USD (see Fig. 8). The cost of the generated additional "useful" electricity is

nom

113-589 thousand USD (added to the cost of saved fuel when calculating profit). With an increase of Q3

and Gy income is increasing.
The simple payback period of the AHP integration project was calculated Ty, its change from the

heat pump power for three reclaimed water flows at three values G;..,, . The results are shown in Fig. 9.

With growth of Grw, AHP 1, payback period decreases. The range of changes in the network water
flow in Fig. 9 gives an idea of the thermal load of PT-60, at which the integration of AHP is promising.

In the interval of 17.3 MW<Q}}; <20 MW payback period of AHP, as can be seen from Fig. 9, a,
has minimum values 2.4<t,,<3.5. Moreover, at a given G it practically does not change. Any value can be
chosen as optimal Q.}; from this interval.

Quite a weak influence of the steam consumption released to the consumer G, for the payback pe-

riod of the project of integrating AHP with steam heating in the PT-60 thermal scheme demonstrate the de-
pendencies shown in Fig. 9, b.

Table 1. Change in PT-60 indicators after integration of Q.3 =20 MW at G.ono =15 t/h, Grw=1600 t/h.
Utilization steam screw machine capacity ~1143 MW

Indicator name Months
I 11 1 IV, X X1 X1
Average monthly air temperature ¢!, °C -54 -4.5 +0.9 +5.0 +1.5 30 | Intotal
Temperature ¢ idle time, h 744 672 744 732 720 744
electricity for sale, GW-h 852.000 | -0.060 | 0.052 | 0.040 | 0.068 | -0.043 | 852.057
.- fuel consumption, equivalent, t.c.f. 883 976 383 175 361 628 3406
%’ g H>0 consumption circulating, thousand t 19.15 19.53 | 13.13 12.61 12.62 | 16.05 93.09
5 d for feeding softened, t -102.0 79.8 173.0 76.3 163.0 | 156.0 | 546.1
< harmful emissions COo, t 1414 1561 613 280 578 1005 5451
NO;, t 7.415 8.189 | 3.214 | 1.468 | 3.033 | 4.762 | 28.081
from electricity sales, thousand USD +111.00 | -0.01 | +0.01 | +0.01 | +0.01 | -0.01 | +111.01
WS for fuel purchase, thousand USD -273 -302 -119 -54,8 -112 -194 | -1054.8
2 circulating,
g g H0 for feeding thousand USD -3.83 -391 | -2.63 -2.52 -2.52 | -3.31 | -18.72
o A softened, thousand USD 1.02 -0.80 | -1.73 -1.63 -1.63 | -1.56 -6.33
%) E to pay the tax CO,, thousand USD -1.140 | -1.260 | -0.490 | -0.230 | -0.466 | -0.810 | -4.396
5 c for harmful NOxy, thousand USD -0.510 | -0.570 | -0.222 | -0.100 | -0.209 | -0.330 | -1.941
s emissions sum, thousand USD -1.650 | -1.830 | -0.715 | -0.330 | -0.675 | -1.140 | -6.340
Financial savings per month, thousand USD* 366.20 | 286.40 | 100.70 | 36.11 93.61 | 177.60 | 1060.62

* Total fixed monthly costs are Exy/12~23.5 thousand USD/month.
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When Gn>1650 t/h G0 =15-45 t/h and 17.3 MW<Q}s <20 MW, as can be seen from Fig. 9, the

steam
payback period of AHP does not exceed 3 years, which indicates good prospects for the implementation of
heat pump unit. As a result, guided by estimates based on discounting financial flows over time, it was

adopted that O3 =20 MW. During the discounting calculation period tcac=30 years (warranty period of
AHP operation) difference in profit by options O™ 17.3 MW and 20 MW in favor of higher capacity
amounted to ~1 million USD (G2 =15 t/h, Gr=1700 t/h, investor payments 4%).

steam
The results of calculating the change in PT-60 performance indicators after integrating AHP 20 MW
for each month and for the heating period as a whole are shown in Table 1. The table shows that the lower

the outdoor air temperature . is, the higher the monthly profit from the use of AHP. The total profit for the
heating period was ~1061 thousand USD.

Integration of optimal power of AHP Q%1 °" =20 MW in the PT-60 thermal scheme when working
with G =15 t/h, G=1600 t/h in a mode close to the thermal load (with partially open rotary diaphragm,

steam
heating selection pressure regulator turned on), with a fixed (except January) "useful" electricity generation
leads to savings during the heating season: fuel by 3.48%, technical water for feeding the circulation system
by 79.9%, softened water for feeding the turbine unit by 8.5%.
During the heating season, there is a reduction in harmful emissions into the atmosphere: CO, per
~5451 t, NOy per ~28.08 t, which, along with saving 93.09 thousand tons of water, is a tangible environmen-
tal effect of the integration of AHP.

Conclusions

1. Using the example of the PT-60/70-130/13 steam turbine, the problem of determining the optimal
nominal (declared by the manufacturer) thermal power of an integrated AHP with steam heating when oper-
ating in a mode with a partially open regulating diaphragm (steam consumption in the condenser G.<50 t/h).
A new formulation of this optimization problem is presented, in which for the first time the approximate
mathematical model of the AHP is highlighted, the objective function (the maximum is sought) is the month-
ly fuel savings after the pump integration. The general optimization problem, based on the average monthly
outdoor temperature during the heating season in Ukraine, was divided into six auxiliary optimization prob-
lems. The optimal nominal thermal power of the AHP, taking into account discounting in time, was deter-
mined at 20 MW. At a given thermal load, the integration of the AHP leads to fuel savings, the volume of
water used, and a reduction in harmful emissions of heat and greenhouse gases into the atmosphere.

2. The options for integrating the AHP heated by steam from the PT-60/70-130/13 production selec-
tion with a pressure of 1.286 MPa were calculated. Which forces the installation of a recycling expansion
machine for energy saving and leads to an increase in investments. In the case of a lower pressure of steam
released from the mentioned selection, the payback period of the studied energy-saving technology will
probably decrease. Verification of this statement may be the subject of a separate study.

3. It is shown for the first time that, taking into account the change in average monthly outdoor tem-
peratures for the climatic conditions of Ukraine, the integration of AHP with steam heating with a thermal
capacity of 20 MW into a PT-60/70-130/13 steam turbine operating during the heating period with a signifi-
cant thermal load (steam in the production selection is released to the consumer at 1545 t/h, network water
for heating is ~1650 t/h) with a steam consumption in the condenser up to 50 t/h is a promising energy-
saving solution with a payback period of ~3 years (fuel cost is 300 USD/t.c.f., cost of electricity is
0.13 USD/(kWh)). At the same time, there is no difference between the "useful" generation of a turbine with
and without AHP except in January, when this cannot be achieved due to non-fulfillment of the condition
26 t/h<G.<50 t/h, which characterizes the degree of opening of the rotary diaphragm.

4. According to preliminary estimates, the integration of AHP 20 MW into PT-60/70-130/13, along
with the saving of 93.09 thousand tons of technical water during the heating period, ensures a reduction in
harmful emissions from the CHPP into the atmosphere: heat from circulating water by 85.94 GW-h (utilized
by the heat pump unit), greenhouse gases by 3.48%. Natural gas was chosen as the fuel.

From the data provided, it is clear that the integration of AHP with steam heating into the steam tur-
bine plant has a positive effect on the climate. Climate change is one of the main global problems that con-
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cern the world community. A comprehensive assessment of the impact of integrating AHP into a steam tur-
bine on improving the climate, taking into account the use of different fuels, should be considered relevant.
In our opinion, it has not yet found a worthy reflection.

5. Comparison of the results of the paper [20] and this study (with the same heat load and energy

prices) shows that the operation of PT-60/70-130/13 with AHP 17.3 MW G > =15 t/h, G=1600 t/h with a

steam
closed rotary diaphragm due to greater fuel savings (~6%) with lower electricity generation leads to better
economic indicators (profit for the heating season is 1257 thousand USD) compared to the option with a par-
tially open diaphragm (similar profit is ~1011 thousand USD). This new study result was obtained during
detailed modeling of thermal processes in an integrated turbine plant.

6. When using a steam utilization expansion machine and a small G, it is first necessary to note such a
feature of the functioning of a highly loaded "PT" steam turbine integrated with an AHP with steam heating as
the "annual generation bias" compared to the operation option without heat pump unit, since at low outdoor tem-
peratures (-2.5 °C and below) there is additional electricity generation and its reduction in the warm season,
which contributes to the operation of the power system to ensure the annual schedule of electricity consumption.
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OnTUMAJILHA TEMJI0BA MOTYKHICTH a0COPOIIiiHOT0 TEMJIOBOT0 HACOCY 3 MAPOBHM 00IirpiBoM,
110 iHTerpoBanmii B mapoy Typoiny I1T-60/70-130/13

0. JI. llly6enxo, B. O. Tapacosa, M. 10. bab6ak, O. 1O. bosipmiunos

[HcTuTyT eHepreTHuHNX MamuH i cucteM iM. A. M. Ilinropaoro HAH Ykpainu,
61046, Ykpaina, M. XapkiB, Bys1. KomynaneHukis, 2/10

Ciopmynvosana i eupiuiena 3a0a4a 3 6U3HAYEHHs ONMUMATLHOI MENI080I NOMYICHOCMI abcopoyitinozo bpomi-
cmo-nimieoeo menniogozo Hacoca (ABTH) 3 naposum obiepisom, inmezposanozo 8 mennogy cxemy naposoi mypoinu I1T-
60/70-130/13 npu pobomi Ha pedicumi 3 HEIHAUHUM GIOKPUMMAM NOBOPOMHOL pe2yntoiouoi diagpasmu. Typboycmarnoexa
sionyckana napy xopucmyeayam i sabesneuysaia menionocmayanns 3a epagicom 150/ 70 °C. Xapakmepucmurxu ABTH
MOOENI0BANUCS 3 BUKOPUCMAHHAM ANPOKCUMAYITHUX 3ANEHCHOCMEN, 3ACHOBANUX HA XAPAKMEPUCUKAX UPOOHUKIE mep-
mompancgopmamopis. ABTH obiepieascsi napoio 3 eupobHu4020 6i0bopy mypOinu nicisi napoeoi 26UHMOEOI MAULUHU,
6CMAHOBNIEHOL OlIs1 eHepeo30epedcentss. 3azanbHa ONMUMI3AYIUHA 3a0aya 3 QYHKYIEI Yini CyMApHi 3MIHU MICSUHUX 6U-
mpam nanuga nicis inmezpayii ABTH, suxoosuu 3 cepeOHboMicAUHOI memnepamypu 306HiUHb020 NOGIMPSL 6 ONAIOEAIb-
HOMY ce30Hi 6 VKpaiui, pozousanacs Ha 6 0ONOMIdCHUX onmumizayiunux 3aoay. Ilapamempamu ynpasninus yux 3a0ay
sucmynanu. mennosa nomysicuicme ABTH, muck napu y konoencamopi mypoinu i Ha 6x00i y meniosuil Hacoc, 6Umpama
napu 6 20108y mypoinu. Jlana 3a0aya eupiuysanacs mMemooom NOKOOPOUHAMHO20 CHYCKY. JOCHiOHCy8anucs pexcumu 3
sumpamamy napu y 6upooHuuuil 6i00ip mypoinu cnoxcueavam: 15, 30 i 45 m/200. (3 napamempamu. 1,296 Mlla, 280 °C)
i cimbosoi 6oou: 1600, 1650 i 1700 m/200. Ix ocobnusicms — 3a6e3neuenns «KopucHoiy 2enepayii 6 06 ’emax, o 6ionosi-
darome pobomi I1T-60/70-130/13 6e3 ABTH i3 3axpumoio nosopomHtoio diaghpaemoro. /s 6Cix po3eisiHymux eapianmie
HABAHMAICEHHs MYPOIHU ONMUMATbHA NOMYJHCHICMb iHmeeposanoeo ABTH eusnauena ¢ 20 MBm. 3a onantosanvhuil ne-
pioo IIT-60/70-130/13 3 ABTH 20 MBm npu pobomi Ha pescumi, O1u36KOMY 00 MENI08020 HABAHMANCEHHSL NPU MEHULUX
3a Qocniodceni gumpamu UpOOHUYOT napu ma cimvo8oi 600U, 00380J15€ 3eKoHOMUmMuU. nawusa ~3,5%, nom'sxuwenoi 600u
8,5%, mexniunoi 60ou 79,9%, a makoc 0ae nOMImMHUIL eKOIOSIMHULL epeKm 3a PAXYHOK 3MEHUUEHHS, WKIOTUBUX 6UKUOIE 00
ammocghepu. Ilonepeoniti cmpok oxynnocmi ABTH 6nusekuti do 3 pokis. Biosnauaemwvcs, wo eapianm pobomu inmezpo-
8aHOI MYpPOIHU 3 YACTKOBO GIOKPUMOIO pe2ynioiouol0 0idhpazmoro 3a HAABHUX YiH HA NATUGO MA eNeKMPOeHep2ilo npo-
2pPae No eKOHOMIYHUX NOKA3HUKAX 6APIAHMY 13 3AKPUMO0 0la@pazmoro.

Knrouosi cnosa: enepzozbepedicents, abcopOyiiinull meniosuil HACOC, Mena08d cxema napogoi mypoinu.
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