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Abstract

Oxy-combustion technology is a zero-emission technology with great potential for commercial use in the near
future. Application of this technology is linked with high energy losses in oxygen production and preparation of
captured CO, for transport to a storage place. In the analyzed oxy-combustion power plant with cryogenic air
separation unit the compression of gases is responsible for most of the energy consumption. Compressed gases
are sources of significant amounts of waste heat energy. Effective use of this energy is crucial to reducing the
efficiency drop caused by additional installations. One method extensively examined in the literature for effective
utilization of medium-grade and low-grade waste heat energy is the application of the Organic Rankine Cycle
(ORC), which uses a low-boiling medium to produce additional electric power. The paper presents the results of
analyses of the use of heat recovered from three sources identified in the oxy-combustion unit to power the ORC
module. This includes heat from gases in the compression installations within the air separation unit, the CO»
processing unit and the CO» compression installation. Thermodynamic and economic analyses were performed
to assess the potential investment.
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1. Introduction of oxy-combustion technology, mainly as means for re-
ducing the energy cost of oxygen production. The pro-
cess of oxygen production is mainly responsible for the
loss of net efficiency due to high energy consumption.
High expectations in that field has led to the dynamic
development of membrane techniques for oxygen sep-
aration, including separation using high-temperature
membranes [4, 5]. To minimize the efficiency loss for
any applied technology, despite the reduction in energy
consumption, it is also important to reduce the heat
losses to the ambient. Heat losses within a conven-
tional air-combustion unit are primarily caused by high-
temperature flue gas dispersing into the environment.
It is possible to reduce the losses, but this requires

Oxy-combustion technology is an energy production
technology with great potential in the campaign to re-
duce greenhouse gas emissions. The idea of the use of
nitrogen-free oxidizer in the combustion process aims
to eliminate nitrogen from flue gas, and thus, to reduce
the energy demand for carbon dioxide separation from
flue gas. Oxy-combustion is already being indicated as
an alternative for post-combustion technology, with the
chemical absorption method [1-3] being the nearest to
commercial use.

The literature notes strong potential for the evolution
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the use of heat exchangers that are resistant to low-
temperature corrosion. Heat leaving the condenser in
the steam cycle is another key loss, but with little poten-
tial for useful utilization.

For oxy-combustion units the loss associated with driv-
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ing high-temperature flue gas into the ambient is sig-
nificantly reduced. Fundamental here is the limitation
of nitrogen ballast, which results in reduced flue gas
mass flow. Moreover, the stream directed to the ambi-
ent contains no carbon dioxide, and the temperature
of flue gas is lower than in the case of conventional
units. However, for units with CO, separation installa-
tions there are additional sources of waste heat. The ef-
fective use of this heat is crucial for improving energetic
efficiency indicators. Analyses of possible utilization of
cooling heat from carbon dioxide, which after separa-
tion is compressed to prepare for transport to the stor-
age place, are often presented in the literature [6-8].
The application of inter-section cooling is relevant in the
aspect of energy consumption of the compression pro-
cess. The analysis of deep cooling of flue gas before
the separation installation is presented in [9]. In oxy-
combustion units several significant sources of waste
heat can be identified. In the system with cryogenic air
separation unit (ASU), apart from the inter-cooling in
the CO, compression installation, we can identify two
other sources with similar specificity. This concerns the
air compression installation operating within the cryo-
genic ASU and compression within the flue gas condi-
tioning installation. Similar to the case of the CO, com-
pression installation, here also the division into sections
with inter-cooling reduces the electric power demand of
COMmpressors.

Heat recovered within the power unit can be effectively
used in several ways. The operation of a supercriti-
cal combined heat and power plant with utilization of
heat recovered from inter-cooling of CO> compressors
to heat district heating water was analyzed by authors
in [10, 11]. This heat may be also used within the steam
cycle for condensate or feedwater heating, which leads
to a decrease in steam extraction flows and, in conse-
quence, to an energy efficiency increase [12, 13]. The
literature considers variants of using additional thermal
cycles in order to produce electric power, among oth-
ers in [14-20]. For instance, the results of thermody-
namic analyses for the Organic Rankine Cycle (ORC)
powered by heat recovered in deep cooling of flue gas
leaving the coal boiler are presented in [21].

This article presents the results of analyses of the
use of heat recovered from three sources identified in
the oxy-combustion unit to power the Rankine cycle
with a low-boiling medium. To assess the feasibility
of investing in such concepts, in addition to a thermo-
dynamic analysis, economic analyses were also per-
formed.

2. Description of the oxy unit

A schematic diagram of the oxy-combustion unit con-
sidered for integration with an ORC module is pre-
sented in Fig. 1. Three compression installations, which
are the heat sources for the ORC module, are marked
in gray. The considered plant without integration has
gross power of 460 MW. In the boiler supercritical
steam parameters are assumed: The temperature and
pressure of live steam at the turbine inlet are 600°C and
29 MPa, respectively. The temperature and pressure of
reheated steam are 600°C and 4.8 MPa, respectively.
The oxygen for the needs of the boiler is produced in
the cryogenic ASU.

It is assumed that the ambient air is compressed to
a pressure of 0.6 MPa for the needs of the oxygen
separation process. The basic elements of ASU are
two cryogenic columns, expansion valves and a multi-
stream heat exchanger. The purity of the produced oxy-
gen is 95%. A dry recirculation loop of the boiler outlet
flue gas is introduced to maintain the oxygen content in
the combustion chamber at the level of 30%. The non-
recirculated part of the flue gas is directed to the CO,
processing unit (CPU), where at the first stage steam is
extracted from the flue gas by compression and cooling.
The heat produced by the compressors at this stage
of the conditioning process is important for integration
with the ORC module. At the second stage of CO»
processing the non-condensing gases, such as argon,
nitrogen and sulfur dioxide, are extracted. This stage
is performed at low temperatures in 'cold boxes’, which
include heat exchangers, phase separators and expan-
sion valves. The temperature of this process reaches —
55°C. The conditioning process results in a higher con-
tent of carbon dioxide in the flue gas which is directed to
the final compression stage, i.e. the CO, compression
installation (CC). After that the gas is prepared for trans-
port to the place of storage.

The pressure of the separated carbon dioxide stream
leaving the cryogenic installation is 2.6 MPa. The pres-
sure of the gas directed to the pipelines transporting
it to the storage place is 15 MPa. The models of
the analyzed components were built using the soft-
ware GateCycle™ [22] (a boiler island and a steam
cycle) and AspenPlus [23] (air separation unit and car-
bon dioxide conditioning installation). Detailed charac-
teristics of this unit and the specific assumptions used
for thermodynamic calculations can be found in [13].
In this paper the authors focused mainly on the ther-
modynamic and economic aspects of the use of multi-
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Figure 1: Schematic diagram of the oxy-combustion unit with compression installations marked by gray background

section compressors using inter-coolers and utilization
of the recovered heat to replace the regenerative heat
exchangers in the steam-water cycle.

The number of inter-cooled sections in compression in-
stallations is determined by the electricity consumption
of the compressors, affecting the total auxiliary power
of the unit. A crucial thermodynamic assessment index
for power plants is the net efficiency of electricity gen-
eration. For oxy-combustion unit this efficiency can be
defined by the relationship:

Ne,
Nel,n = Tlel,g 1-9= E~e £

(1-9) (1)
ch

where: n,,,—gross electric efficiency, N ,—gross
electric power, E.—chemical energy flux of the fuel,
o—total auxiliary power rate.

The total auxiliary power rate is a sum of auxiliary
power rates for particular installations within the unit:

0= Z 0; = 0asu + 0B +0sc + 6cpu + dcc ()

where: 645 y—auxiliary power rate of the air separa-
tion unit, p—auxiliary power rate of the boiler island,
dsc—auxiliary power rate of the steam cycle, dcpy—
auxiliary power rate of the CO, processing unit, cc—
auxiliary power rate of the CO, compression installa-
tion.
Each of these auxiliary power rates is defined as the
ratio of the electrical power consumed by the particular

installation and the gross electric power of the oxy unit:

N, aux,i

S =
Nel,g

(3)

3. Description of the ORC module integration with
the unit

The auxiliary power connected with compression of
gases is important for achieved net efficiency of elec-
tricity generation. This concerns compression of gases
within ASU, CPU and CC installations. The process of
air compression required as part of the cryogenic ASU
is essential here due to the very high energy consump-
tion.

In one paper [13] five variants with different configu-
rations of gas compression installations present in the
oxy-combustion unit were analyzed. The basic variant
provides one compression section in ASU, two sections
in CPU and one section in CC installation (see Fig. 2).
In subsequent variants the compression installations
were more advanced - extended by a greater number of
compression sections and, optionally, by a liquid CO»
pump. In each case the final compressed gas was
chilled in coolers located at the outlet of the installa-
tion. Three of the five variants were analyzed to deter-
mine the impact of inter-cooling of compressed gases
on the thermodynamic and economic efficiency indica-
tors. With the next two variants, additionally, the impact
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Figure 2: Structures of three compression installations in the oxy-combustion unit with cooled gases temperature distributions in inter-
coolers as a function of exchanged heat energy flow (dashed line—the compositional curve)

Table 1: Auxiliary power rates for individual installations in the oxy-
combustion unit

asu OB Osc 6cru  Occ 0

0.1810 0.0280 0.0343 0.0741 0.0344 0.3517

of the utilization of heat recovered from inter-cooling to
replace the regenerative heat exchangers in the steam
cycle was shown.

For the implementation of the studies whose results are
presented in [13] it was assumed that the changes in
the number of applied compression sections do not af-
fect the thermodynamic parameters of gases leaving
each compression installation. When the heat from
inter-cooling is not effectively utilized, the only effect of
changes in the number of cooling sections is a change
of auxiliary electric power in the installations. The
steam cycle and boiler island auxiliary power remain
constant. When using inter-cooling heat to replace re-
generation in the steam cycle, the additional effect is
the increase in electric power of the unit. In that case,
the change of denominator value in equation (3) affects
the auxiliary power rates.

A consequence of the high power demand on the
gases compression is a low value of net efficiency of
the unit.

This parameter, calculated according to equation (1), is
only 0.305 in this case. As shown in [10], increasing the
number of compression sections significantly reduces
the total auxiliary power rate. For example, the use
of three compression sections in ASU, four sections in
CPU, two sections and an additional liquid CO2 pump
in CC installation reduced the total auxiliary power rate
to 0.297. This resulted in an increase in the unit’s net

efficiency to 0.330.

The number of compression sections entails several
consequences. Thermodynamically, the primary con-
sequence of a lower number of sections is higher en-
ergy demand for the compression process. The tem-
perature of gas leaving the compression section is im-
portant in terms of the effective use of inter-cooling
heat. Increasing the number of sections reduces that
temperature and the potential for effective use of recov-
ered heat. Depending on the manner of utilizing the
considered heat, there is a limited number of sections
where useful heat utilization is possible. Selection of
the number of applied compression sections should be
supported by economic analysis. In this aspect there
is a compromise between the intention to minimize the
power consumption of the compressors and minimiza-
tion of investment costs for the compression installa-
tion, which mainly results from the increased number of
inter-coolers and a significant increase in the total heat
exchange surface in these coolers. In the case with the
number of compression sections as in the considered
variant, the obtained temperatures of gases at the out-
let of each section are high, which creates the potential
for use of inter-cooling heat in the Rankine cycle based
on the use of low-boiling factors. Cooled gases temper-
ature distributions within each inter-cooler as a function
of obtained heat energy flow are presented in Fig. 2.
As shown, regardless of the compression installation,
the temperature of the gases at the inlet of each cooler
exceeds the level of 200°C. It was assumed that in ev-
ery inter-cooler the gases are back-cooled to the same
temperature level: 30°C. Under this assumption, the
thermal power of coolers working in the ASU, CPU and
CC installation are 76.5 MW, 50.0 MW and 38.8 MW,
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lizing inter-cooling heat and optional boiler fed by the steam ex-
tracted from steam turbine of the oxy unit
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Figure 4: T-s diagram for the analyzed ORC module

respectively.

Three variants of the ORC module application are an-
alyzed, respectively for its integration with three gas
compression installations. A schematic diagram of the
ORC module is shown in Fig. 3. It was assumed that
the turbine is powered by saturated vapor of a low-
boiling medium. Hexane is the working medium, as it
is often considered in waste heat recovery installations,
for example in [24, 25]. Expanded vapor leaving the
turbine goes to a heat recuperator (REC) followed by
a condenser (CND). The analyses include the influence
of vapor pressure at the turbine inlet on the thermody-
namic and economic indicators of the potential invest-
ment. In the first place the working medium in the mod-
ule is heated in a regenerative heat exchanger (RHE)
located in front of inter-coolers from compression in-
stallations. On one hand, the use of a high pressure,
low-boiling factor is justified by obtaining higher cycle
efficiency. On the other hand, at too high a pressure the
inter-cooling heat level may be insufficient to produce
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Figure 5: Power loss ratio caused by steam extraction from the
steam turbine of the oxy unit to feed the ORC module as a function
of the low-boiling medium vapor temperature

vapor in the RHE. The potential of inter-cooling heat
utilization is limited here by the saturation temperature
of the medium and by the assumed minimum tempera-
ture difference in RHE, equal to 5K. Optionally, due to
the lack of sufficient potential of the inter-cooling heat,
in order to produce vapor from the low-boiling medium
the steam heat exchanger SHE is applied, which is sup-
plied with steam from steam turbine extraction in the
oxy unit. This concept of an additional power supply
to the ORC module was proposed by the authors of
the publication [18]. This steam extraction from the oxy
unit provides additional heat energy to supply the ORC
module. The negative effect of steam extraction would
be a loss in power generated by the oxy unit. The ther-
mal cycle realized in the ORC module is shown as a T-
s diagram in Fig. 4. Steam at the required pressure
is taken from additional steam turbine extraction and,
before feeding the ORC module, is cooled by water in-
jection in order to obtain saturation parameters. The
power loss ratio is defined by the relationship:

_ ANe st
QSHE
where: AN, sr—steam turbine power loss due to
the steam extraction, Qsyr—heat energy flow of ex-
tracted steam feeding the ORC module.
The power loss ratio depends on the pressure of steam
extraction, which is selected on the basis of the low-
boiling medium vapor temperature and the minimum
temperature difference in SHE:

(4)

Pex_ST = Psat (tS + tpp_SHE) (5)

The minimum temperature difference in SHE is as-
sumed at 5K. The power loss ratio as a function of
the low-boiling medium vapor temperature is shown in
Fig. 5. This distribution is determined based on the
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Table 2: Analyzed vapor parameters at the turbine inlet in the ORC
module and obtained characteristic parameters of the module

Symbol a b c d

ps, kPa 405.4 8252 1508.0 2564.0

ts5, °C 120.6 154.8 1889 223.0
dECON>—

( _ Opcon ) 0.3407 0.4537 0.5800 0.7665
OrcoN+OEVAP
qEVAP> —

( _ Oewap ) 0.6593 0.5463 0.4200 0.2335
Orcon+QEvAp
qREC> —

( _ Orec ) 0.1585 0.2287 0.2911 0.3241
Orcon+QEVAP

Nelyn_ORC> —

( Neln ORC ) 0.1588 0.1984 0.2293 0.2486
Orcon+OEVAP

analysis of the steam expansion line in the steam tur-
bine of the oxy unit.

4. Assumptions and results of thermodynamic
analysis

Analyses are performed for four different combinations
of vapor parameters at the turbine inlet in the ORC
module. The assumed pressures and temperatures, as
well as the obtained values of characteristic parameters
and net efficiency of the ORC module are summarized
in Table 2. As can be seen, the rise in applied low-
boiling medium vapor pressure is accompanied by an
increase in the net efficiency of electricity generation
of the ORC module. However, from a thermodynamic
point of view, in the case of utilizing the inter-cooling
heat in the ORC module, the rationality of maximizing
the pressure is undermined by a change in the relation-
ship of heat flows transferred to the low-boiling medium
in its heating and evaporation (gecon/qevap)- Although
with low pressure it is possible to power the ORC mod-
ule with waste heat, then with increasing pressure the
potential of the inter-cooled gases heat energy may be-
come insufficient, which will lead to a need for addi-
tional power for the module from the extraction steam.
With further increase of the low-boiling medium vapor
pressure the share of heat flow supplied with the extrac-
tion steam in the total heat flow supplied to the module
will increase, which will result in a greater loss in the
steam turbine power of the oxy unit.

The expected result of the inter-cooling heat utilization
within the ORC module is an increase in the power of

the unit (AN). If the module is powered only by inter-
cooling heat, the power increase of the unit will be equal
to the ORC module net power. When the module is
additionally powered by the steam extracted from the
steam turbine of the oxy unit, the power increase of the
unit is the ORC module net power reduced by the loss
of the steam turbine power of the oxy unit and, taking
into account equation (4), can be defined by the rela-
tionship:

AN = Nein orc — B+ OsHE (6)

In terms of thermodynamic analysis of the integration,
in addition to ambiguity about the optimal pressure
level, there is the issue of optimizing the share of inter-
cooled gas heat energy to be utilized within the ORC
module. When discussing the problem it should be
noted that the use of the recuperator in the ORC mod-
ule on the one hand increases the cycle efficiency of
the module, but on the other hand reduces the poten-
tial of utilizing the inter-cooling heat energy. Generally,
the higher the temperature of the low-boiling medium at
the inlet of the economizer, the less heat can be trans-
ferred from the cooled gas to the low-boiling medium.
It should be noted that, due to the connection be-
tween the medium temperature at the recuperator out-
let and its pressure at the turbine inlet, the discussed
issue is related to a matter concerning the optimal pres-
sure level. Since the gas temperature at the outlets
of inter-coolers is lower than the temperature of the
medium leaving the recuperator regardless of the ap-
plied pressure, it will not be possible to fully utilize the
inter-cooling heat for any considered variant. Moreover,
a high degree of inter-cooling heat utilization to power
the ORC module may lead to a situation in which ad-
mittedly the module power is high, but the contribution
of this heat to the total supplied heat flow is negligible.
Hence the contribution of heat flow supplied with the
extraction steam will be high. Theoretically, in conse-
quence it may lead to a steam turbine power loss ex-
ceeding the ORC module net power.

Respectively for variants assuming the utilization in the
ORC module of the inter-cooling heat of gases com-
pressed in ASU, CPU and CC installations, Figs 6..8
present the power increases of the unit as a function of
the degree of inter-cooling heat utilization. The greatest
power increase is obtained in the case of ORC mod-
ule integration with the ASU, while the lowest in the in-
tegration with the CC installation. Regardless of the
variant, the possibility of utilizing the highest degree of
inter-cooling heat exists for the application of the lowest
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Figure 6: Power increase of the unit as a function of the degree of
inter-cooling heat utilization from the ASU for four combinations of
vapor parameters in the ORC module
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Figure 7: Power increase of the unit as a function of the degree of
inter-cooling heat utilization from the CPU for four combinations of
vapor parameters in the ORC module

low-boiling medium vapor pressure. The use of heat
obtained from the air separation unit gives the high-
est power increase (10.6 MW) for the application of
parameters presented in combination b (see Table 2).
The same combination of parameters ensures the high-
est power increase (4.82 MW) also for the use of heat
obtained from the CO. processing unit. In this case
the increase in degree of the inter-cooling heat utiliza-
tion above the value for which the highest power in-
crease is achieved, results in a rapid reduction in ob-
tained power increase. For the integration of the ORC
module with a CO, compression installation the highest
power increase is obtained for parameters in combina-
tion a (3.99 MW).

5. Assumptions and results of economic analysis

The results of thermodynamic analyses presented in
Section 4 formed the basis for the economic analysis.
The break-even price of electricity is chosen as an eco-
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Figure 8: Power increase of the unit as a function of the degree of
inter-cooling heat utilization from the CC installation for four combi-
nations of vapor parameters in the ORC module

nomic effectiveness indicator. This is the price of elec-
tricity value designated from the condition of NPV = 0:

CP® = Co (NPV = 0) (7)

NPV is the net present value described by the relation-
ship:

(8)

In equation (8) r is the discount rate. The cash flow CF
for a particular year ¢ is calculated using the following
formula:

CFi=[-J+S —(Cop + Tin) + A + L], 9)

where: J—investment costs, S—profit, C,,—operating
costs (including fuel costs, operating and maintenance,
exploitation and depreciation), T;,—income tax, A—
depreciation, L—Iliquidation value referred to the last
year of the investment.

Taking into account equations (7) - (9), as well as the
relationship connecting net profit with the price of elec-
tricity:

Ta
St = Co - (AEa), = Ca- / ANdr  (10)
0

the equation for the break-even price of electricity may
be written as follows:

t=N [_J+(C0p+Tin)_A_L]t
b—e _ t=0 (140t
Cel - Zt:N (AEep), (1 1 )
t=0 (1+r)

where AE,; is the total electric energy sold in the con-
sidered year ¢, and 7, is the annual operation time of
the unit.
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Table 3: Key assumptions for the economic analysis

Quantity Value
The annual operation time of the unit, 7,, 8000
h

The investment lifetime, N, year 20
Time of construction, T, year 2
Share of own funds, upr, % 20
Share of commercial credit, ucc, % 80
Commercial credit repayment period, 10
Tcc, year

Commercial credit interest rate, rcc, % 8
Depreciation rate, a,,, % 6.67
Income tax, T;,, % 19
Discount rate, r, % 5.7
The system operating costs, k., €/MWh 0.5
The system maintenance costs (% of 2.0

investment expenditures), k,, %

The basic assumptions for the economic analysis are
summarized in Table 3.

In the economic effectiveness analyses of energy
units with known thermodynamic analysis results the
basic problem is to determine investment costs J. Lit-
erature in the field of economic analysis shows a num-
ber of ways to estimate these costs. One of them is
to determine the investment by multiplying the cost of
purchasing components of the unit (C,,) by the building
cost index (B). When determining the investment cost
for the ORC module, this relationship is expressed in
the form:

Jorc = Ceq ORC " B=B- Z Ceq ORCi (12)
i

In performed analyses the building cost index is as-
sumed at 2. The investment cost includes the cost
of purchasing the following components with approxi-
mation relationships related to their basic characteristic
parameters: Regenerative heat exchanger:

Crue = 35000-
ORHE/ECON 06 4 ORHE/EVAP 06 (1 3)
Aty RHE/ECON Aty RHE/EVAP

Steam heat exchanger:

Csui = 275.4 - A (14)

Organic medium turbine:

Cor = —1.66 - 10* + 716 - Ny"{,; (15)

Generator:
Cg =3082+716 - NJ{y; (16)
Recuperator:
Q 0.6
CrEC = 35000-( REC ) (17)
Atm RrEC

Condenser:
Cenp = 2754 AlRp (18)

where: Q—heat power of the exchanger, kW, At,—
logarithmic mean temperature difference between ex-
changing factors in the heat exchanger, A—exchanger
heat transfer area (calculated using the Peclet equa-
tion, with assumed heat transfer coefficient for SHE at
the level of 0.93 kW/m?K and for CND at 1.40 kW/m?K),
m?2, Neor—organic medium turbine mechanical power,
kW.
Equation (15) is taken from [26]. Equations used to es-
timate the cost of purchasing the other components are
taken from [27]. The changes in value over time, using
the Chemical Engineering Plant Cost Index (CEPCI),
are taken into account when calculating the investment
costs. However, it should be noted that this investment,
in addition to the possibility of reducing steam turbine
power in the oxy unit, brings other economic conse-
quences.
The investment in the ORC module incurs costs, as
specified using equation (12). This primarily involves
a decrease in investment costs due to a reduction in
the heat transfer area in the inter-coolers. Therefore,
as well as the power decrease of the oxy unit, the to-
tal power change caused by applying the ORC module
(AN) was considered. In the investment cost analysis
a change in the investment cost for the oxy unit (AJ,,)
is also taken into account. Consequently, for the eco-
nomic analysis the investment cost for these technolog-
ical solutions is defined as:

J:]ORC_Ajoxy (19)

The investment costs calculated in accordance with
presented methodology are presented in Figs 9..11 in
similar terms as for the power increase of the unit, re-
spectively for variants assuming the utilization of the
inter-cooling heat of gases compressed in ASU, CPU
and CC installations. The break-even prices of elec-
tricity are shown in Figs 12..14. The results indicate
that the optimal parameters in terms of thermodynamic
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Figure 9: Investment cost related to the application of the ORC
module as a function of the degree of inter-cooling heat utilization
from the ASU for four combinations of vapor parameters in the ORC
module
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Figure 10: Investment cost related to the application of the ORC
module as a function of the degree of inter-cooling heat utilization
from the CPU for four combinations of vapor parameters in the ORC
module

analysis are not optimal from the economic point of
view. Since the ORC module is powered by waste heat,
the investment cost is the most significant parameter
for the economic analysis. A significant increase in in-
vestment costs at high degrees of heat utilization has
a negative impact on the break-even price of electricity.
Therefore, the optimal prices of electricity are obtained
for slightly lower degrees of heat utilization.

6. Conclusions

The analyses presented in this paper showed that
in the considered compression installations significant
amounts of waste heat are available with a strong po-
tential for use in the ORC module. Analyses were per-
formed for different parameters of low-boiling medium
as a function of degree of inter-cooling heat utiliza-
tion. Depending on the needs, heat flow used within
the ORC module is supplemented by extraction stream
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Figure 11: Investment cost related to the application of the ORC
module as a function of the degree of inter-cooling heat utilization
from the CC installation for four combinations of vapor parameters
in the ORC module
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Figure 12: Break-even price of electricity as a function of the degree
of inter-cooling heat utilization from the ASU for four combinations
of vapor parameters in the ORC module

from the steam turbine of the oxy unit. The use of heat
obtained from the air separation unit gives the highest
power increase, up to 10.6 MW, while using the heat ob-
tained from CO» processing unit gives up to 4.82 MW
and from the CO, compression unit gives no more than
3.99 MW.

The economic analysis revealed that across a wide
range of the degree of waste heat utilization it is possi-
ble to obtain low cost electricity production in the ORC
modules, which is expressed in the form of the break-
even price of electricity. This price for the ORC mod-
ule powered by heat recovered from the ASU is slightly
over 30 €/ MWh, while for the CPU and the CC instal-
lation it is about 40-45 €/ MWh. The results also indi-
cate that the optimal parameters in terms of economic
analysis are obtained for lower degrees of heat utiliza-
tion than the optimal parameters identified by thermo-
dynamic analysis. Thus, the high degree of waste heat
utilization, even if technically available, is not always
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Figure 13: Break-even price of electricity as a function of the degree
of inter-cooling heat utilization from the CPU for four combinations
of vapor parameters in the ORC module

cost effective.
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