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The article presents the model for the rehabilitation of existing conventional
thermal power plants in order to lower the consumption of fossil fuels. Instead of
them, the model uses an alternative energy source — Sun irradiation. The pro-
posed rehabilitation model is theoretically calculated and designed. The model in
the software environment MATLAB SIMULINK was developed, based on previ-
ous calculations and determined parameters. In this article, the combination of
Clausius-Rankine process and solar central receiver system is presented. The
model enables simultaneous calculations of exit model parameters for the com-
plete model, based on predetermined entering parameters of the model.
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Introduction

The existing energy production infrastructure has a very big role in the transition from
existing conventional ways of energy production to the usage of renewables. Rankine process-
based thermal power plants were in usage for decades for electricity production. This way of
producing electricity is well known and very well analyzed. Kapooria [1] presented an analysis
of a thermal power plant working on a Rankine cycle — a theoretical investigation, the in-depth
review of the Rankine cycle based thermal power plant. Since the extended use of fossil fuels
accelerates the greenhouse effect, the upcoming technologies of energy production are putting
forward the use of the alternatives in the energy production process. This is Sun irradiation, wa-
ter, and wind. The exploitation of solar irradiance is promising a big potential for energy gener-
ation. Zhang [2] presented the methodology and results demonstrating the potential of solar cen-
tral power plants. We must maintain a stable and reliable electricity distribution network. The
integration of power production facilities which are based on renewables is putting into the elec-
tricity distribution network the disturbances that we would like to avoid. Therefore, we try to
find the design of future power plants that will combine the robust and well-known power gen-
eration cycle (Rankine process) with upcoming technologies for power generation — solar cen-
tral receiver system (SCRS). Chao Li [3] presented the possible integration between the afore-
mentioned systems. Murray [4] presented the small-scale SCRS design and analysis, where the
combination of SCRS and gas microturbine combination is foreseen. Our research work was fo-
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cused on presenting the hybrid system combined from Rankine cycle and SCRS. The first focus
of our work was collecting the input data from Slovenia's energy market, by analyzing the con-
tent with the qualitative approach. Based on the content analysis method, we designed a com-
puter model for the revitalization of the thermal power plant. Evaluation and analysis of the ob-
tained results of the computer revitalization model are carried out using a comparative method,
given the expected output values of the parameters achieved by the operating references. The
main novelty of this paper is the integration of the proposed computer-modeled hybrid system
in the European energy market environment and presentation of the expected system response.

Proposed revitalization model

The designed model is schematically presented in fig. 1 and consists of two process-
es. First is the Rankine process [5] which consists of a boiler [6], high and low pressure steam
turbine [7], condenser and necessary system pumps, where the working media is steam. Sec-
ond, it is a solar central receiver process [8], which consists of the central tower where the

concentrated sunbeams from the heliostats,

Rankine oydle o=~ g positioned around a central tower, are di-
I J_ '''''' @7 rected. The working media in the solar cycle
AN I (O T is molten salt [9]. The heat exchange be-

T Cif-te Y tween the solar process and the Rankine

C - boat -0y /l\\ process take_zs pl_ace inside the heat exchang-

I exphanger || ||| 4 | N er [10], which is used as the steam genera-

— ) e | €@ tor, where the heat of the molten salt is

i ’_A:L L\: ) transferred to the water. Since the water has
iy o ) 54 °C and molten salt solution exceeds

- - 'ffk aﬂ : 500 °C, the water is effortlessly transferred

t - k] back to steam, which is further lead to the

steam turbines. Therefore, we can decrease
the amount of needed coal for boiler firing
in the conventional Rankine process which
means lower consumption of fossil fuel [11] (brown coal), lower emissions of GHG gases into
our atmosphere and consequently, lower impact on the environment and species in it. Since
the energy absorbed from the sun irradiation is costless, it is also beneficial for the economic
aspect of operating the thermal power plant [12]. Savings are expected to be introduced
through lower fossil fuel consumption as well as a lower amount of needed greenhouse emis-
sion coupons for the thermal power plants that present taxation trough the EU Emission Trad-
ing System scheme [13]. The important fact of the model is also the possibility to adjust the
amount of needed steam for electricity production, produced from the Rankine cycle or solar
cycle [14]. That enables to have the central-local control of electricity production either from
fossil fuel or solar irradiance inside the boundaries of the thermal power plant, before electric-
ity is dispatched out of the thermal power plant, further to the distribution network. This fac-
tor is important for maintaining reliable and error-free electricity network distribution.

Figure 1. Schematic presentation of combining the
Rankine process with SCRS

Theoretical designing of the model

Rankine process design

Primarily we need to define the operating points of the Rankine process. It is de-
signed to operate between seven design points of compressing or expanding the working fluid
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media [15]. These design points are presented in the temperature-entropy diagram in fig. 2.
Each design point of the Rankine process diagram has defined its own temperature and pres-
sure. In tab. 1 temperature and pressure in each of the seven design points are presented.
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Table 1. Temperature and pressure parameters in corresponding design point of the Rankine process

Sz gl Temperature [°C] Pressure [bar] -
@) 500 80 Additional process parameter
©) 155.2 4
® 500 2 rhsieam = 30 kgl
® 1535 0.2
® 54 0.2 rifuel = 5.2 kg/s
® 54 2
@ 54 %0 Hruel = 20.94 M/kg

The ideal and actual power of high 1-2 and low pressure steam turbines 3-4, as well
as the total combined power of both steam turbines [16], are defined with the following equa-
tions:

Pideal = n:]steam (hi - hi+1,idea|) (1)
l:)alctual = r'hsteam (hi - hi+1) (2)
PT,total = IDHPT,actual + PLPT,actuaI ©)

With these two previous two parameters, we can further define the energy efficiency
of the high and low pressure steam turbines:

I:)actual hi B hi+1
Tlsteam_turbine = = 4)
Seam_bine Paea M- hi+1,idea|
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The reheating of the steam from the exit of the high pressure steam turbine and be-
fore entering the low pressure steam turbine 2-3 is foreseen. The specific heat for reheating of
the steam and the needed heat flux input is defined:

in = hiyg —hy (5)
Qin = msteam (hi+1 - hi) (6)

After the steam expansion in the low pressure steam turbine, the steam is led to the
condenser 4-5, where the working media is fully condensed to water. In order to achieve that,
we need to release heat flux out of the process cycle into the surroundings:

Qout,condenser = rT'1mtadium (hi - hi+1) (7)

Two pumps help to circulate the media in the cycle, condensate pump 5-6 and steam
boiler pump 6-7. These two pumps are calculated the specific work of the pump and operating

power.
Wpump = hi+1 - hi ©))
I:)pump = .mediumeump ©)

From the steam boiler pump, the working media is further led through the steam
boiler pump to a steam boiler, where the aggregate state of the working media is, with the
help of the heat flux from burning fossil fuel, changed again from the water to steam 7-1:

inboiter = i —Misg (10)

Qvoiter = Myeam (N — 1) + (hg — )] (11)

The energy efficiency of the steam boiler is defined with the equation below, where
the el is the mass inflow of the fossil fuel in the steam boiler, and the Hsel is the calorific
value of the considered fossil fuel (coal), that is being burned in the steam boiler, for steam to
drive the turbine:

Meteam Gin oler (12)

Mooiler =
mfuel Hfuel

The energy efficiency of the Rankine process is defined with the help of the follow-
ing equation:

_ I:)T,total
TIRankine = =
Qboiler

In order to define the exergy efficiency of the Rankine process [17], which gives us
the degree of irreversibility of the process, the specific exergies ei [18] in process points 1, 3,
and 7 are defined. Based on calculated specific exergies, the exergy efficiency of the process is:

€ = hi - hambient _Tambient (Si - Sambient) (14)

» TIRankine <1 (13)

PT total
ERankine = — : 15
Rankine Msteam (el +€— 67) ( )
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The high pressure steam turbine shaft output is 19.1 MW at 85% operating efficien-
cy. The low pressure steam turbine shaft output is 20.8 MW at 90% operating efficiency.
Combined steam turbines output on the shaft is expected to be 39.9 MW. This shaft is further
driving the generator for electricity production purposes. The steam is heated in the steam
boiler to 500 °C at 80 bar pressure. After the expansion of the high pressure steam turbine, the
temperature and pressure are lowered to 155 °C and 4 bar. With the reheating of the steam,
the temperature and pressure rise again at 500 °C and 80 bar. With the expansion of the steam
in a low pressure steam turbine, the temperature and pressure reach the values of 153.5 °C at
0.2 bar. From the exit of the low pressure steam turbine, the steam is forwarded to the con-
denser. The water is further transported to the steam boiler with the support of the condensate
and boiler pump. The condensate pump and boiler pump raise the pressure of the water from
0.2 bar to 4 bar and from 4 bar to 80 bar correspondingly. From there, the water is lead back
to the steam boiler where it is steamed and send to the high and low pressure turbines. The
general design parameters of the Rankine process are presented in tab. 2.

Table 2. General calculated and designed parameters of Rankine process

Parameter Mark Quantity Unit
Steam boiler capacity Qboiler 116 MW
Condenser capacity Qcondenser 76.8 MW
High pressure steam turbine shaft power PHpT, actual 19.0 MW
Low pressure steam turbine shaft power PLpT, actual 20.9 MW
Steam turbine total shaft power P, total 39.9 MW
Energy efficiency of the Rankine process TJRankine 34.2 %
Exergy efficiency of the Rankine process ERankine 54.6 %

Solar central receiver system design

The SCRS consists of a heliostat field and central tower on top of which the sun-
beam receiver is positioned. Heliostats direct the sunbeams to one center point, where a high
temperature of 500 °C is achieved, in order to heat up the working medium of the solar cycle
— molten salt. Heated molten salt is further led to the heat exchanger between the Rankine
process and SCRS, to generate the steam for the Rankine process’s high and low pressure
steam turbines. When the conditions enable the steam production with the heat from the
SCRS, the proportional smaller amount of fossil fuel consumption in the steam boiler is
achieved. To define the rated capacity of the SCRS we need to consider the technical limita-
tions of steam boilers. It is not advised to frequently turn down the steam boilers, since there
is needed an extensive amount of the fuel (usually heating oil) for the steam boiler to start
again, before loading the coal to the boiler as the main fuel. This process of starting up the
steam boiler is costly for the operator because of the high heating oil market price. From that
aspect, we designed the process in a manner, that steam boiler always operates with at least
50% up to 100% of its rated capacity. The steam boiler operates at 100% load when there is
not available any sun irradiance. That gives the basis for the capacity design of the SCRS as
schematically presented in fig. 3:
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1. Model: maximal Sun irradiance QSCRS — §solar ShareQbOiler (16)
— 116 MW -
B < SCRS When the needed net capacity of the SCRS
oy < 58 MW - s defined, we shall also define the total capaci-
<Rankine  ty of the solar part, due to its | in th
B — y of the solar part, due to its losses in the as-
pect of the heliostat field and solar receiver.
2. Model: no Sun irradiance Q
EE R - : t,0l
renw Qtotal scrs = R (17
Electricity Rarking MsieldTreceiver
production Designing the SCRS is specific for every
L bdiidd gpw geographical location and it requires the indi-
_ ) _ vidual approach [19]. Based on the chosen geo-
Figure 3. Schematic presentation of two graphical location the design point irradiance
possible scenarios for the proposed model (DPI) is defined, which tells the amount of

operating with maximal Sun irradiance and

with no sun irradiance Watts per square meter of the solar irradiance,

that we can expect for the desired geographical
location. With fixed design point irradiance, the total net surface of the heliostat reflective ar-
ea can be determined.

_ QtotaI,SCRS

Atotal,heliostats - W (18)

Based on eq. (19) and the design parameters of the individual heliostat, the total
number of needed heliostats in the heliostat field can be defined with the eq. (20), where the
total needed reflection area of the heliostat field is divided by reflection area of the one indi-
vidual heliostat. When the number of heliostats in the heliostat field is defined, we design the
positioning of the heliostats around receiver:

_ Atotal,heliostats (19)

nheliostats -
'Aﬁndividual,heliostat

In tab. 3 the general design parameters of the SCRS are gathered.

Table 3. General design parameters of the SCRS

Parameter Mark Quantity Unit
Solar share Osolar_share 50 %
Solar central receiver system capacity QSCRS 58 MW
Heliostat field operating efficiency factor Tfield 0.75 -
Solar receiver operating efficiency factor Tlreceiver 0.85 -
Total solar central receiver capacity due to losses thaLSCRS 90.9 MW
Design point irradiance DPI 790 W/m?
Total surface of the heliostat field Atotal,heliostats 115063 m?
Surface area per one heliostat Aindividual, heliostats 120 m?
Number of needed heliostats in the heliostat field Nheliostats 958 pcs
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Structuring the model in MATLAB SIMULINK

After theoretical designing and defining the operational parameters of both, Rankine
and SCRS, the computer model of the complete presented system is designed. The computer
model as a whole consists of sub-systems, where each sub-system presents the operating sys-
tem element of the Rankine or SCRS. The schematic signal wiring diagram for the high pres-
sure steam turbine and also the low pressure steam turbine is shown in fig. 4. Based on inlet
and outlet temperatures and pressures for high and low and steam turbine, the real enthalpy on
the inlet and outlet of turbines is defined. Parallel with real enthalpy also ideal enthalpy is de-
fined. Quotient between the real shaft output and ideal shaft output of the steam turbine gives
the operating efficiency of the steam turbine.

T, [l — Eficiency of the | o
Mollier diagram Enthalpy,, - steam turbine [MW]
™ Enthalpy, | ™ [kdkg]' Y
p,, [bar]
an Real shaft
‘ P power output [MW]
[ r.ra h S MRS —
) Mollier diagram Enthalpy . |/ Y
" Enthalpy,, | kgl [T o
., [barl | S «
Ny

‘ Ideal enthalpy [kdkg ] >—b+ > powle(:eo?.llt:::ﬁstif[tMW]
i ) ]

Steam mass-flow [kgs™]

Figure 4. Schematic diagram for a high pressure steam turbine

After the steam expansion on the exit of the high pressure steam turbine, the reheat-
ing of the steam is next. The schematic diagram for the steam reheating sub-system is shown
in fig. 5. The wiring diagram for this sub-

system corresponds also to the condenser, T ceal

condensate and also boiler pump with dif- T ¥ enthalpy,

ferent parameters on the inlet and conse- . N Needed
quently different results on the outlet of the Te | - heat flux
sub-system. The product between the differ- # enthalpy, ,

ence of the real enthalpy on the outlet and Pan

the system steam mass-flow gives the need- Steam mass-flow
ed heat flux of, for example, condenser, to
successfully fully condensate the working
media in the Rankine process. The thermal
power of the steam boiler is defined with the sum of the differences of enthalpies in points 1,
7 and 2, 3, multiply by the system steam mass-flow, as shown in fig. 6. The steam boiler effi-
ciency is defined with quotient between the product of the difference of enthalpies in points 1,
7, which is multiplied with system steam mass-flow, and the product between the calorific
value of used coal and fuel mass-flow. The definition of the specific exergies in the system is
also important since they define the exergy efficiency of the system. The exergy efficiency
defines the irreversibility of the process. Fully reversible processes have exergy efficiency
1, fully irreversible processes have exergy efficiency 0. Specific exergy is defined in the

Figure 5. Schematic diagram for steam reheating
between two turbines
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Figure 6. Schematic diagram for the definition of
steam boiler thermal power capacity and efficiency
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Figure 7. Schematic diagram for the definition of
the specific exergy

following point of the process: 1 — an inlet
of the high pressure steam turbine, 3 —an in-
let of the low pressure steam turbine, 7 — an
inlet of the steam boiler. Figure 7 shows the
wiring diagram for the definition of the spe-
cific exergy in the system operational point
1 — an inlet of the high pressure steam tur-
bine. In fig. 8, the diagram for the SCRS is
presented. Based on the theoretical design of
the SCRS, the maximal solar share in the
system is determined, taking into considera-
tion the chosen fossil fuel and steam boiler
type with corresponding thermal capacity.
Every system has its own losses, also the
sub-system in fig. 8. Presumed losses are the
heliostat field, central solar receiver effi-
ciency, and parasite thermal system losses.
When we apply the aforementioned losses to
the net heliostat field thermal capacity, the
total needed thermal capacity of the solar
system can be defined. Based on that infor-
mation and the surface area of each individ-
ual heliostat, we can further determine the
number of the heliostats required in the heli-
ostat field in order to supply the central solar
receiver with a sufficient amount of concen-

trated solar irradiance. When the effective sun irradiance in the desired time-lapse for a cho-
sen geographical location is specified, the amount of the electricity produced from the pre-
sented hybrid system can be defined. The more of the solar irradiance desired geographical
location offers, the higher is the amount of heat obtained from the solar cycle. Hence, a lower
supply of heat from the steam boiler is needed. That means lower fossil fuel consumption and
consequently lower greenhouse emissions into our atmosphere. With lower greenhouse emis-
sions, also the amount of greenhouse emissions coupons (in EU member states) is decreased,
which is beneficially for the electricity consumer price. An important aspect of the

ISolar share, max. [%] I—

Solar receiver 1

Y

Steam boiler | 7
thermal capacity | N

Heliostatic | | Surface of
field efficiency [%] efficiency [%] |individual heliostat [m?]
T : Number of
: | heliostats [pcs]

-

Electricity produced
based on SCRS

Parasit thermal }

t |
syslem fosses Net heliostatic field

thermal capacity

Effective
sun irradiance [hours]

¥

Figure 8. The SCRS schematic diagram
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presented model is also economically sustainable operation of the existing, conventional
thermal power plant. With the supply of the heat from a renewable source (Sun), the costs of
the conventional power generation cycles are lowered, which results in achieving the econom-
ically favorable electricity production [20] and more competitive prices on the electricity
market. Also, the negative environmental impact of the conventional thermal power plant is
reduced since the CO, emissions and the dust pmx particles are lowered.

Results

The SCRS contributes the energy in the means of the heat from the irradiance of the
sun. The Sun irradiance changes and is different for every geographical location. When design-
ing our model, we included the solar irradi-

ance of the city Velenje, Slovenia, where also Jan.
other relevant energy production infrastruc- =20/ g e
ture is located. In fig. 9 the solar input of the gw e
SCRS is presented. It is presented as the av- £ ¢ dup,
erage solar input through the daily cycle of §1o: - Aug.
the 24 hours of the corresponding month. As 5| g
expected, the months with the highest solar Wi

input contribution are summer months from h . L 5 7 -
June to August. In the wintertime period is

Time [hour of the day]
the solar input of the designed model corre- Figure 9. Solar input of the SCRS as the function of

spondingly smaller. Through the warmer part
of the year we can expect the solar input of
the designed system up to 23 MW (highest

the solar irradiance for the chosen geographical
location and expected power production from the
solar part of the designed model: Source of data for

solar irradiation:

peak in month August) and in the colder part https://meteo.arso.gov.si/met/sl/climate

of the year, approximately half of this value
10 MW (lowest peak in month December).

The peak of the solar irradiance is achieved aoiar share 2};
in the midday hours, the duration of the solar e | iCoalsolar shiare [ x
irradiance is dependent on the Sun path and ~ 2
the length of the day time period. To observe 5
more detailed how the solar input from the g
SCRS affects the operation of the presented 3
hybrid system, we formed fig. 10. The dotted L VA

trendline presents the coal consumption in
the Rankine process when there is no interac-
tion from the SCRS, so it presents the coal
consumption of the conventional thermal
power plant installation during the average
yearly period. The solar share is presented as available MW from SCRS against the total MW
capacity of both systems, expressed in percentages. From fig. 10, we can observe that the solar
share input to the designed model for electricity generation is inversely proportional to the coal
consumption in the conventional cycle [21]. The higher the solar share, the lower is coal con-
sumption. For low coal consumption is beneficial to achieve as high solar share input as possi-
ble. By this, we are limited with the space available around the existing conventional thermal
power plants for the purpose of solar central receiver heliostat field placement. Another limita-
tion is also available sun irradiance of the chosen geographical location. Figure 11 presents

Figure 10. Solar share vs. coal consumption for the
designed analyzed model; the dotted trendline
presents the reference as coal consumption of the
conventional thermal power plant without a SCRS
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the comparison between the coal consumption of

&=

< 15000 the conventional thermal power plant vs. our
'gmm proposed model that adopts a SCRS. The light
2 colored tops of the bars in chart mark the coal
8 5000 consumption savings of the presented hybrid
8 system. The total amount of coal saved in our

0 analyzed case would be 25227 tonnes of coal on
a yearly basis. Assuming the average price for

Figure 11. Coal consumption without and with ~ the one tonne of coal at 68.5 €, the savings

12 3 4 5 6 7 8 9 10 1112
Month

a SCRS attached to the conventional thermal would be 1.72 M €. Furthermore, with less
power plant; light colored top of the bar marks  purned fossil fuel, also less carbon dioxide is
the saved amount of coal emitted into the atmosphere. Corresponding to

the amount of the coal that is saved and not
burned in the steam boiler, because the energy obtained from the SCRS substitutes it, the CO>
emission is lowered by 38635 tones on yearly basis. As aforementioned, it is market-driven.
Government regulator is lowering the amount of the coupons available for the polluters on a
yearly basis, therefore the prices of the coupons are rising. The price of the emission coupon
which allows emitting one tonne of carbon dioxide to our atmosphere has raised to 25 € per ton.
With that price of the emission coupons, also that cost is no longer irrelevant for the thermal
power plant operation. Applying market price of the emission coupons to the amount of the CO,
emissions that would be emitted to the atmosphere from the thermal power plant without the
SCRS, we can conclude, that savings of 0.96 M € can be achieved, from the aspect of not pur-
chasing the emission coupons. The total economic benefit of the revitalization model is mainly
dependent on the amount of saved fossil fuel and CO2 emission coupons. Together, they can re-
sult in 2.68 M € of thermal power plant operational cost savings per year, for the presented cor-
responding model. The investment costs for the proposed system are defined as follows: direct
costs of heliostats 17.298 M € (concrete, steel constructions, mirrors, electrical drives), indirect
costs of heliostats 1.250 M € (designing, production, assembly, construction machinery), and
cost of equipment for energy conversion 31.5 M € (reservoirs, heat exchanger, control system).
The summary of investment costs is 50.048 M €.

Conclusions

The changes in the electricity production and supply market dictate the changes to
which the electricity producer needs to adapt. With decreasing electricity production from con-
ventional power plants, we need to find other sources of electricity production. As seen in the
past decade, we substitute the production of electricity from fossil fuel-based power plants with
solar and wind power plants. However, for the stable and reliable energy and electricity distri-
bution network, the presence of conventional thermal power plants is crucial. In this paper, we
proposed and designed the model on how to upgrade and adjust the conventional thermal power
plants with the Rankine process to the new environmental demands on the energy market. The
proposed model was designed in the MATLAB SIMULINK software environment and the be-
havior simulation and performance results were numerically and graphically presented. For the
chosen geographical location, the given simulated results are promising. The coal consumption
is lowered around 25000 tonnes, and CO; emissions are lowered for around 38600 tones. There
are presented limitations of the model, such as ensuring sufficient space around the premises
and geographical location with sufficient Sun irradiance for the optimal design and operation of
the proposed model. The energy from the Sun is free and we should exploit this free energy as
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much as possible. The proposed model of upgrading our current thermal power plants is envi-
ronmentally acceptable since it does not produce any harmful gases and emissions into the envi-
ronment and air. The model can be adopted by any existing electricity production facility that is
based on the Rankine process, taking into consideration the previously stated constraints that
may apply to each individual location of the existing thermal power plant.
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