0 0

3anpononoeano Memoouxy Y3azaiv-
HeHo20 ananizy ma onmumizauii HaoKpu-
MUMHUX UUKIIE XOJOOUTILHUX MAWUN 1
Menno8uUX HACOCI8, W0 00380JI51€ NPOBOOU-
mu CNpAMOSAHUIl NOWYK MEXHON0IMHUX
cxXemM 3 Ypaxyeamuam CmMpYyKmypHo-mo-
nosoziunux ocodaueocmen od6naoHaHMHs,
aKe éxodumv 6 ix ckaad. 3 euxopucman-
HAM epagpiunoeo anapamy C-kKpusux npo-
6e0eHo Y3azanvieHull mepmoeKoHOMIMHUL
ma exonozo-eHepzemurHuil A3 PISHUX
no CMpYyKmypHoi CKAAOHOCMI CXeMHUX
pluietv X0100UIbHUX YCMAHOBOK

Kntouosi caosa: decmpyxuisn excepeii,
MePMOEKOHOMIMHUIL aHAN3, HAOKPUMUY-
Huil yuxa, C-xkpuei

=, u]

IIpeonoscena memoouxa o06oouenHo-
20 ananuza u ONMUMUIAUUU CEEPXKPU-
MUMECKUX UUKTI08 XOJIOOUTILHBIX MAWUH
U MenJI06bIX HACOCO8, NO3BOAIOWAS NPO-
600UMb HANPABNEHHLI NOUCK MEXHOTIOZU-
YECKUX CXeM C YHemom CmpyKmypHo-mo-
noozuMecKux 0codennocmetl 6x00auezo 6
ux cocmae obopyoosanus. C ucnonvzoea-
Huem epaduueckoeo annapama C-Kpusoix
nposeden 0606weHHbIIL MEPMOIKOHOMUYE-
CKull U 3K0J1020-3HepzeMUtecKull analu3
PA3AUMHBIX NO CMPYKMYPHOU CIONCHO-
CMU CXeMHbIX PeuleHull X0100UNbHbIX
ycmamnoeox

Kniouegvie cnosa: decmpyxuyus axc-
epeuu, MepmoIKOHOMUUECKUL AHATU3,

ceepxxpumuveckui yuxa, C-xpusvie
o o

1. Introduction

The interest in the use of natural refrigerants, among which
carbon dioxide (R744) holds a special place, in refrigerating ma-
chines (RM) and heat pumps (HP) has grown significantly in
recent years. This refrigerant has zero ozone depletion potential
(ODP=0) and negligible global warming potential (GWP=1).
Therefore, R744 is regarded by many experts as one of the main
working fluids for heat pumps and self-contained air condition-
ers in the long run. Low critical temperature of carbon dioxide
(T.;=31°C, P.,=73.83 bar) leads to application of a so-called
supercritical cycle, which does not involve condensation, and
convective cooling is used for heat removal. It should be noted
that low efficiency [1] is characteristic of this cycle.

Meanwhile, the supercritical systems using R744 as a re-
frigerant have significant potential for optimization. This fac-
tor, combined with environmental benefits compensates energy
loss as compared to subcritical systems and ultimately allows
developing a very compact and fairly powerful system.

2. Literature review and problem statement

Today there is an urgent need for research aimed at opti-
mization of supercritical cycles. This issue was raised by the
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authors of [2], but consideration went without generalization
of the results. Optimization was usually carried out for a
specific flow diagram or one of its components using sophis-
ticated mathematical tools, namely mathematical modeling
of the refrigerant circuit. The results, despite the time-con-
suming process of modeling, were private and lacked gener-
ality and clarity.

In [3], a critical analysis of existing approaches to the
discharge pressure optimization Pg;°®* in a single-stage
supercritical cycle is presented. The impact of various op-
erating parameters on the energy efficiency of the cycle is
examined. However, the authors overlooked the issue of
determining Py;s°P* for two-stage cycles.

The paper [4] deals with the discharge pressure optimi-
zation in the cycle as well. It examines both single-stage and
two-stage flow diagrams of refrigerating machines, provides
a comparative analysis of errors of finding Pg;s°?* based on
various correlation equations. Despite the fact that different
cycles were considered, the authors confined themselves to a
simple comparison of flow diagrams and equations for P g;°P".
Meanwhile, an important issue of assessing the impact of
the flow diagram complexity on the Py;°Pt variation in the
cycle was neglected for several reasons. There are grounds
to believe that the traditional practice of optimizing ther-
motransformers cycles, both subcritical and supercritical,




ignores the deterministic structural complexity of circuit de-
signs. Furthermore, it is implemented without the adequate
use of modern methods of applied thermodynamics such as
thermoeconomics [5].

The first attempt to carry out an exergy-economic analy-
sis of single-stage refrigerating machine operating in a super-
critical cycle with the R744 refrigerant was made in [6]. The
optimum discharge pressure and the cost of exergy destruc-
tion for each element were determined for different modes of
the single-stage machine. Meanwhile, such an approach is
useful for comparative analysis of various operating parame-
ters of similar flow diagrams only.

The authors of [ 7] carried out thermoeconomic optimiza-
tion of the cascade refrigerating machine based on the R744
refrigerant as a working fluid of the bottom cascade stage. In
the upper cascade stage, ammonia NHj3 was a working fluid,
and the refrigerating machine operated in a subcritical cycle.
Despite the fact that this is one of the few works devoted to
thermoeconomic optimization of RM with R744, recommen-
dations shall not be used directly for both single-stage and
two-stage supercritical cycles.

Optimization of the flow diagram shall be performed
in conditions where there is a set of competing flow dia-
grams for achieving the same purpose. Given the diversity
of HP or RM equipment, as well as a large number of
possible structural connections of elements in the flow
diagram, there is a problem of finding a rational structure
of the RM flow diagram providing high efficiency under
given conditions.

The solution of this problem is connected with the
analysis and evaluation of various options of RM flow dia-
grams, both known and new, synthesized on their basis. This
requires a single evaluation criterion of flow diagrams and
equipment, free from the influence of subjective factors, such
as the criterion of complexity [8].

The criterion of complexity is a qualitative characteristic
for which there is virtually no single evaluation method at
present. Evaluation of the complexity criterion of any tech-
nical system is based on primarily a characteristic of the
structural complexity of the flow diagram, the complexity of
its design, operation, etc.

A review of existing methods for evaluating the structur-
al complexity of the flow diagram, carried out in [8], showed
that the most versatile is the criterion of complexity of the
following form:

D, =D/ (2m+p), @

taking into account the total number of interactions of
the thermotechnical system with the environment p (in
this case: heat removal from the condenser, low-grade heat
supply to the evaporator, power supply to the steam com-
pression), the total number of process linkages between
the system elements m and the total complexity of all
elements Dy.

Thus, the introduction of the flow diagram complexity
criterion to the pre-design analysis will enable a system-
atic approach to the consideration of some issues related
to the cycles optimization. The criterion of complexity
will serve as a kind of “navigator” in the search for flow
diagrams and construction of generalized characteristics
of them, which ultimately will allow following the trend of
improving their performance.

3. Research goal and objectives

The goal of the research is to develop a method of analy-
sis and optimization of supercritical cycles, which takes into
account the impact of structural and topological features of
flow diagrams of thermotransformers on thermoeconomic
and environmental indicators.

To achieve this goal, it is necessary to solve a number of
problems, namely:

—to conduct a generalized thermoeconomic analysis of
the RM supercritical cycles using a deterministic criterion
of structural complexity;

— to propose a generalized algorithm for determining the
optimum exergy-economic and environmental indicators of
circuit designs using a graphic apparatus of C-curves.

4. Analysis and optimization of supercritical cycles of
refrigerating machines

Let us consider a number of single-stage and two-stage
flow diagrams of RM operating in a supercritical cycle
(Fig. 1). The diagrams have different structural complexity
and optimum discharge pressure in a cycle. The recommen-
dations of the works [1, 3, 4, 8] were used to find the opti-
mum discharge pressure in supercritical cycles.

Fig. 1 takes the following notations: CM — compres-
sor; GC — gas cooler; THR — throttle; EXP — expand-
er; EVP — evaporator; RHE — regenerative heat exchang-
er; SSC — superheated steam cooler; IC — intercooler;
SEP — separator; E] — ejector.

One of the conditions for a correct comparison of the
diagrams was equality of temperature limits of a cycle for
both single-stage and two-stage units. Fig. 2 shows the
variation in the maximum coefficient of performance g,y in
a cycle, corresponding to the optimum discharge pressure,
depending on the diagram complexity Dg;. As can be seen
from Fig. 2, complication of the diagram after a certain value
of the Dy; criterion does not give rise to further improvement
of the energy performance of the unit. The maximum coeffi-
cient of performance €,,x reaches the limit when Dy;=20 and
does not grow for more complex diagrams.

Obviously, each additional flow diagram complication
leads to increased capital cost of the unit. In this regard, a
comprehensive analysis in the future will require involving
technical and economic parameters of the designed system.

To justify the flow diagram complication, as well as to
select from the available options of units of different com-
plexity with minimum costs over the entire lifecycle, we
use the graphic apparatus of C-curves. The idea of analysis
by means of C-curves is described in [9]. At first, it has
not found practical application and was used as supporting
data in exergy analysis textbooks. Only with a broad intro-
duction of thermoeconomic optimization techniques to the
practice of designing energy conversion systems, graphical
interpretation of the results has acquired more meaningful
information value.

In terms of the mathematical apparatus, the analysis of
C-curves is an addition to differential calculus of functions
of one or several variables. It graphically shows the ratio of
exergy expenditures and other optimization factors. In the
thermoeconomic analysis, as is known, such factors are capi-
tal expenditures and operating costs of the unit.



Fig. 1. The flow diagrams of supercritical RM with R744: a — simple single-stage (D4=11); b — single-stage with regeneration
(Dgi=15); ¢ — single-stage with an expander (Dg=12); d — regenerative with an expander (D4=16); e — regenerative with a
combined expander (Dgi=18); f— simple single-stage with a combined expander (D4=14); g — two-stage with incomplete
intercooling (Dg=17); h — two-stage with intermediate steam injection (D4;=20); / — two-stage with incomplete cooling
and double throttling (D4;=25); j— two-stage with a combined expander of the second stage (D4=20); kK — two-stage with
intermediate steam injection and combined expanders with the first-stage compressor (D4=26); /— two-stage cycle with
an ejector, incomplete intercooling RHE and separator (Dg=27); m — two-stage cycle with incomplete intercooling and RHE
(Dgi=21); n — two-stage flow diagram with intermediate steam injection and double throttling (D4=20); o — two-stage flow
diagram with complete cooling in an intercooler and double throttling (Dg=20)

10 12 14 16 18 20 22 24 26 Dg
Fig. 2. The values of €y, for the flow diagrams of
RM with different complexity Dg;

The amount of capital expenditures and operating
costs is cash expenditures over the entire lifecycle of the
unit:

z="0%g, 47 @)
a, o
where E — total cash expenditures over the lifecycle of the
unit, Eq; — unit input exergy, kW; Z — total capital cost of
the unit, $; t,, — operation time of the unit for the year, h;
ap — replacement cost factor; ¢, — specific cost of the prima-
ry incoming energy flow (compressor drive exergy) in the
system, $/(kWxh).

When recording (2), the model to describe economic fac-
tors, based on the replacement cost factor is used [8].

For the pre-design analysis of flow diagrams, the func-
tions of the capital cost of equipment (Table 1), proposed in
[10] are used. These are correlation equations, derived based
on the statistical data processing. The source of data are cat-
alogs of refrigeration equipment manufacturers.

Fig. 3 shows the dependence of capital expenditures Z; of
the basic equipment of the unit on the cooling capacity Q.
It can be seen that the dependencies are nonlinear that must
be considered when choosing the flow diagram.

Table 1
The cost functions of the basic equipment of the unit

Basic equipment | Determining factor X| Cost function Z; ($)
Compressor (CM) | Shaft power (kW) 9000-X6+20.00
Turboexpander (TE) | Shaft power (kW) 9000-X%69+40.00
Gas cooler (GC) Surface area (m?) 450-X082+5000
Evaporator (EVP) | Surface area (m?) 900-X%82+10.00
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Fig. 3. The dependence of Z; on Qq:
—=CM;— —TE;— — GC;— —EVP

It should be noted that with the same given cooling
capacity, for the flow diagrams of different complexity, the
value of the total exergy destruction in the unit E can be
used instead of E, in (1), which, as is known, indicates the

exergy over-expenditure in a cycle compared to the drive
power expenditure in an ideal Carnot cycle N,

E, =N
Carnot

in

+Ep.

Since at constant temperature limits of a cycle (evaporation
temperature To=0 °C, the GC outlet temperature T3=40 °C)
Neamo for all considered flow diagrams is the same, the vari-
ation of total expenditures during the flow diagram complica-
tion can be written as

TO )CC
AZE=-2CAE +AZ.

ap




When varying the parameter Dyg;, there is a variation of
the capital (Fig. 4) and exergy expenditures (Fig. 5).
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Fig. 4. The variation of the value of capital expenditures
of the RM with cooling capacity Qy=16 kW depending on
the flow diagram complexity Dy;: ¢ — flow diagrams with a
throttle; O — flow diagrams with an expander
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Fig. 5. The values of Ep depending on Dg; for the RM with
cooling capacity Qp=16 kW & — flow diagrams with a
throttle; O — flow diagrams with an expander

As can be seen from Fig. 4, the presence of an expand-
er in the flow diagram significantly increases the cost
of the unit. The analysis of Fig. 5 showed that for the
dependence Ep=f(Dy;) only a single nature of variation
in the total destruction for flow diagrams of different
complexity can be clearly stated without singling out the
expander and throttle flow diagrams individually, as in
the previous case.

Further, for convenience, dictated by the use of the
equation (2), instead of Z we use the value of capital expen-
ditures, reduced to the operating time of the unit for a year
2/=7/7,p, measured in $/h.

Excluding the variable parameter Dg; from consider-
ation, the graph Ep=f (z/) is plotted (Fig. 6), which has a
minimum of reduced cash expenditures at the highest exergy
destruction and a minimum of the drive exergy expendi-
tures, but through the cash over-expenditure. The segment
of the C-curve connecting the points corresponding to the
minimum values of z and Ep is called an arc of choice. Each
point on the arc of choice corresponds to a compromise
between the economic and exergy indicators of the system.
The parts of the C-curve located above the Epp, point or
to the right of the z/,,;, point show the overrun of exergy
and capital expenditures, so they are not considered in the
further analysis. The coordinated optimum can be found
by assuming a linear relationship between the exergy over-
expenditures AEp and costs Az/

AZ/=thC AEp, (3)

where, according to (2), the slope is equal to

tgor=e. 4)
a

In [9], the slope (tgo) was taken equal to the cost of ref-
erence fuel in the world market. In this case, the choice of the
flow diagram depends greatly on the cost of fuel, which acts
as a major variable factor in the optimization. The systems
operating in a supercritical cycle are characterized by high
capital costs of the unit. Therefore, the cost of the fuel con-
sumed will always be incommensurably smaller value. This
leads to the fact that the choice will be made only in favor
of cheaper units during optimization. The choice of more
sophisticated flow diagrams requires a significant increase
in the cost of fuel that does not meet the estimated variations
in the cost, even in the long term.

In contrast to [9], this study used the method of calcu-
lating the total expenditures over the entire lifecycle of the
unit, in which the contribution of the capital component to
the target product cost (cold) is determined at the rate of re-
turn of bank investments to the project. Thus, the contribu-
tion of the capital component to the target product cost for
a year is offset, which in general shall contribute to a more
intensive introduction of expensive energy-saving technol-
ogies. The investment component in the cost of a product is
determined considering that the loan with a bank interest
was returned to the bank for the life of the unit [8].

This approach allowed varying not the cost of fuel during
optimization, but the operation period of the unit (years).
The optimum in this case will correspond to the minimum
total cost over the entire lifecycle according to current elec-
tric power tariffs and taking into account investments.

Fig. 6 shows the possible options of constructing the
C-curves. Here, numerals indicate the values of the flow
diagram complexity Dg;. A common C-curve can be con-
structed by connecting the points 11, 15, 20 (flow diagram
with THR) 21, 20 (flow diagram with EXP) and 26. In this
case, the majority of the flow diagrams do not lie on the
C-curve, namely the flow diagrams with the complexity of
17, 25,12, 16, 18 and 14. Therefore, several C-curves shall be
singled out in order not to exclude most flow diagrams from
consideration.
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Fig. 6. The C-curves for flow diagrams of different
complexity in the exergy — economy coordinate system:
¢ — flow diagrams with a throttle;

8 — flow diagrams with an expander

As shown in Fig. 6, there are two clear C-curves corre-
sponding to the flow diagrams with the throttle valve with
the complexity of 11, 15, 20, 21, 27 and flow diagrams with
the turbo expander (Dg;=12; 14; 20; 26). Each curve has the
minimum values of capital costs and exergy destruction,
which ultimately determine the arc of choice. The flow di-
agrams with THR having complexity Dg;=16 and D4=26



lie beyond the arc of choice. By drawing a straight line at
an angle 0=54° to the C-curve vertical for throttle flow
diagrams drawn from the point with coordinates (z/""pip;
Ep'™ in), we obtain the coordinated optimum on the arc of
choice corresponding to the flow diagram with complexity
Dgi=20. The angle o is determined for the case of the unit
operation time of 20 years and the cost of electric power
ce=0.07 $/(kW-h).

The straight line drawn to the C-curve vertical for flow
diagrams with an expander at the same angle o intersects the
arc of choice at a point that does not correspond to any of the
considered flow diagrams. In this case, the choice of the flow
diagram is up to the designer: which of the options, adjacent
to the intersection point, to choose as the final decision, the
flow diagram with Dg;=14 or D4;=20?

C-curves for single-stage and two-stage flow diagrams
can be singled out in the same way. For example, for two-
stage flow diagrams with THR, the C-curve is represented
in Fig. 6 by the dashed line connecting the flow diagrams
with the complexity of 17, 25, 20, 27. In this case, the flow
diagram with complexity Dg;=17 will not be included in the
arc of choice.

It should be noted that, unlike the thermodynamics, in
the economy, there is no concept of a universal model (sort
of ideal cycle), applicable for describing economic factors.
Therefore, the choice of an economic model is to a certain
extent subjective and dictated by the current economic
situation faced by the object in question. In addition, there
are various approaches to the description of the capital cost
of the RM elements by certain functions. So in absolute
terms, the form of the dependencies obtained for the capital
cost may be slightly different in case of another description
model. However, the general methodological approach to the
construction of C-curves remains unchanged.

A C-curve may be constructed not only on the basis of
economic factors but also with regard to the environmental
indicators of the RM impact on the environment.

For environmental and energy assessment of refrigerants
in the corresponding system, the so-called total equivalent
warming impact factor TEWI is widely used [11]:

TEWI,=GWP,Ln+GWP,m, (1-0)+BN, s (5)
where GW,; — the global warming potential relative to CO,
(GWP=1), kg COy/kg; L,; — refrigerant leakage, kg /year;
n — the operation time of equipment, year; m,; — the mass of
refrigerant in the unit, kg; o — the fraction of the refrigerant
utilized after the end of operation; B — the amount of CO,
released into the atmosphere (emission) in the production of
1 kW-h of electric power, kg COs/(kW"h); N_,,jerc — annual
electric power expenditure on the operation of the equip-
ment, (kW-h).

In (5), the value L, is taken equal to 10 % of the mass of
refrigerant in the unit, the CO, emission B directly depends
on the region and the method of electric power production in
this region. In the electric power production by burning oil
and coal, B is about 0.8 kg CO,/(kW-h).

It should be noted that the first and second terms, con-
sidering the direct refrigerant emission depend on the mass
of refrigerant, which in turn increases with the flow diagram
complication. The thermodynamic efficiency of the unit af-
fects the third term of the equation (5).

By analogy with (3), the coordinated optimum for the
environmental indicator is about ATEWI =0 as

Aeco’=tgy-AE,, (6)
where from (5)
[GWP,L,N+GWPm, (1-a)]

Top

eco’ =

and tgy=p-n.
Fig. 7 shows the dependence Ep=f(eco’) for supercritical
RM with R744.
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Fig. 7. The C-curve for units of different complexity in the
of ecology — exergy coordinate system: ¢ — flow diagrams
with a throttle; @ — flow diagrams with an expander

Fig. 7 shows that, as in case of construction of C-curves
in the exergy — economy coordinates, there is also a number
of possible options for constructing the C-curves, dividing
the flow diagrams into units with an expander (12-14-20-26)
or a throttle (11-20-21-27), as well as single-stage or two-
stage (dashed lines). In Fig. 7, a straight line is drawn at an
angle y=86.5° to a vertical from the point with coordinates
(eco/™in: Ep®™Puin). The coordinated optimum is located at
the intersection of this line with the arc of choice (12-14-20)
and corresponds to the flow diagram with an expander
D¢;i=20. This solution was found for the unit operation time
(Qo=16 kW) of 20 years with b=0.8 kg CO,/(kW"h). Note
that, as in Fig. 6, the flow diagram with complexity D4;=26 is
not included in the arc of choice.

The optimum flow diagram selected according to eco-
nomic indicators will not always correspond to its environ-
mental and energy assessment. In this case, the choice shall
be done by the designer, taking into account both economic
and environmental factors. As previously noted, it was nec-
essary to choose one of the two flow diagrams with an ex-
pander with complexity Dg;=14 and D4;=20 (Fig. 6). When
determining the minimum value of the equivalent warming
impact factor (Fig. 7) for these flow diagrams for the same
operation time of RM, it becomes clear that a choice shall be
made in favor of the flow diagram with D4;=20.

5. Discussion of the results of the analysis and optimization
of supercritical cycles of refrigerating machines

Thus, we can conclude that the method of the gener-
alized analysis and optimization of supercritical cycles,
allowing to solve the problem of directed search of the
most rational flow diagrams at the stage of pre-design de-
velopment of refrigeration and heat pump systems, taking
into account the structural and topological features of their
equipment was proposed.



The proposed method is, in fact, unique because it is
based on a synthesis of modern methods of thermodynamics,
system engineering, and graphic optimization techniques. In
particular, the graphic apparatus of C-curves was applied to
determine the minimum cost of the design and operation of
the system over the entire lifecycle. The main advantage of
the method consists in the visual presentation of the results,
that greatly facilitates the flow diagram selection process in
the design of the refrigeration system, making it formalized
and controlled.

One of the main benefits of the method is the use of
the replacement cost factor for the economic analysis of
competing flow diagrams. This allows using not the cost of
reference fuel on the world market as the variable parameter
in the optimization, but the estimated operation time of the
unit. Such an approach shall promote the introduction of
efficient expensive technologies of thermotransformation
(e. g., complicated two-stage flow diagrams) in practice
since in this case the contribution of the capital component
is offset. However, there is a restriction for the use of the pro-
posed method. It consists in the fact that the comparison is
correct to carry out only among the flow diagrams with the
same equipment. This is due to the fact that the complexity
of the elements in (1) was assumed the same for all flow di-
agrams (Dy/=1) when determining Dg;. The introduction of
Dy/ would substantially increase the dimensionality of the
problem. In addition, the issue of calculating the value of
complexity of the elements is debatable. To date, there is no
common formalized approach to its definition.

In the future, the method with a few additions can be
used in the analysis of cryogenic plants, as well as energy
conversion systems operating in the direct Carnot cycle.

6. Conclusions

1. The thermoeconomic analysis using the criterion of
complexity revealed a rational complication limit of RM
flow diagrams. This limit is a technically feasible limit,
when the introduction of additional equipment to the RM
flow diagram structure in order to reduce the internal irre-
versibility in a cycle does not lead to the desired result, i. e.,
efficiency improvement.

2. As a result of thermoeconomic optimization using the
graphic apparatus of C-curves, the two-stage flow diagram
of RM with complete cooling in the intercooler and double
throttling with complexity D =20 was chosen. This flow di-
agram has a minimum cost of the design and operation of the
system over the lifecycle of 20 years with the lowest negative
impact on the environment.
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