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Research Highlights

e CO,/NH3; cascade refrigeration cycles with flash intercoolers are investigated.

e Exergoeconomic factors of components are determined to assess their relative
significances.

e An environmental analysis is applied to determine the penalty cost of GHG emission.

e The effects of operating parameters on COP, exergy efficiency and total cost rate are
investigated.

e An optimization is applied based on the maximum COP and the minimum total cost

rate.
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Abstract:

Exergoeconomic and environmental analyses are presented for two CO»/NH3; cascade
refrigeration systems equipped with 1) two flash tanks, and 2) a flash tank along with a flash
intercooler with indirect subcooler. A comparative study is performed for the proposed
systems, and optimal values of operating parameters of the system are determined that
maximize the coefficient of performance (COP) and exergy efficiency and minimize the total
annual cost. The operating parameters considered include condensing temperatures of NH3 in
the condenser and CO;, in the cascade heat exchanger, the evaporating temperature of CO; in
the evaporator, the temperature difference in the cascade heat exchanger, the intermediate
pressure of the flash tank in the CO, low-temperature circuit, the mass flow rate ratio in the
flash intercooler and the degree of superheating of the CO;, at the evaporator outlet. The total
annual cost includes the capital, operating and maintenance costs and the penalty cost of

GHG emission. The results show that, the total annual cost rate for system 1is 11.2% and
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11.9% lower than that for system 2 referring to thermodynamic and economic optimizations,
respectively. For thermodynamic and cost optimal design condition the COP and exergy
efficiency of both systems are almost the same. Finally, in order to obtain the best balance
between exergy destruction cost and capital cost, the exergoeconomic factor is defined for

each component of proposed systems, for cases in which the system operates at the best

performance conditions.

Keywords: Cascade refrigeration system; CO2/NH3; Exergoeconomic analysis;

Environmental analysis; Optimization; Flash tank.

Nomenclature

A

COye
COP

CRF

Ex

FT
FIS
GHG

GWP

area (m°)

unit cost of exergy ($ k™)

cost rate ($57%)

carbon dioxide equivalent

coefficient of performance

capital recovery factor

electrical energy consumption (kWh)
exergy rate (kW)

exergoeconomic factor

correction factor

flash tank

flash intercooler with indirect subcooler
greenhouse gas

global warming potential

specific enthalpy (kJ kg™)




HTC

LTC

ODP

PR

Z

z

high-temperature compressor
annual interest rate
low-temperature compressor
mass flow rate (kg s™)

mass (kg)

system life time (year)
operational hours in a year (h)
ozone depletion potential
pressure (kPa)

pressure ratio

heat rate (kW)

mass flow rate ratio

specific entropy (kJ kg™ K™)
temperature (°C or K)

throttling valve

logarithmic mean temperature difference (K)
overall heat transfer coefficient (W m? K1)

volumetric flow rate (m* s™)
electrical power (kW)
capital cost rate ($ s™)

capital cost (3$)

Greek symbols

ael

¢

unit electricity cost ($ kwh™)

maintenance factor




n energy efficiency

emission conversion factor (kg kwh™)

Heo,e

7 exergy efficiency
Subscripts

0 ambient

ca cooled air

CAS cascade heat exchanger
CD condenser

CM compressor

D destruction

e exit

env environment

el electricity

EV evaporator

F fuel

i inlet

int intermediate

k kth component
m mechanical

OP operation

P product

S isentropic
sup superheating
t thermal
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1. Introduction

The use of CO, asa working fluid in refrigeration cycles has expanded notably in recent
years, because it has low global warming potential (GWP) and no ozone depletion potential
(ODP). Itis also non-flammable, inexpensive and abundant in nature. Moreover, CO; (R744)
has advantages in use as a refrigerant in low temperature applications such as storage of
frozen food and rapid freezing systems. Despite of these advantages of CO, asa working
fluid in refrigeration cycles, using carbon dioxide as the working fluid in a single stage
refrigeration cycle is normally not economical due to the high pressure difference between
evaporator and condenser. In single stage refrigeration systems using CO- as a refrigerant, a
high pressure ratio and condensation close to the critical conditions lead to a low coefficient
of performance (COP) in comparison with the refrigeration cycles working with HFC
refrigerants [1].

Two-stage compression systems and cascade refrigeration cycles can be used for these
applications to overcome the aforementioned problem [2-7]. A cascade refrigeration cycle
involves two refrigeration circuits which are thermally coupled through an internal cascade
heat exchanger. The internal cascade heat exchanger plays the role of condenser for the low
temperature circuit and evaporator for the high temperature circuit. The CO2/NHj3 cascade
refrigeration cycle uses two natural refrigerants, NH3 (R717) in the high temperature circuit
and CO3 in the low temperature circuit, and is a well-known system in refrigeration industry.
Research on CO,/NH3; cascade refrigeration has been reported by several authors. Lee et al.
[8] thermodynamically assessed a CO,/NH3 cascade refrigeration to determine the optimal
condensing temperature of the cascade heat exchanger to maximize the COP and minimize
the exergy destruction of the system. Getu and Bansal [9] thermodynamically analyzed a
CO2/NH3; cascade refrigeration system and optimized several cycle operating parameters:

condensing, evaporating, subcooling and superheating temperatures and temperature
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difference in the cascade heat exchanger. They showed that an increase in subcooling before
expansion to the evaporator increased the COP of the system while an increase in
superheating and condensing temperature decreased the COP. Dopazo et al. [10] analyzed a
CO2/NH3; cascade refrigeration system and identified the optimum CO» condensing
temperature based on energy and exergy points of view. Bingming etal. [11] experimentally
investigated the effects of operation parameters on the performance of a CO,/NH3 cascade
refrigeration system, and showed that the system COP is greatly affected by evaporating and
condensing temperatures and temperature difference in cascade heat exchanger while it is
only slightly sensitive to the degree of superheating. Dopazo and Fernandez-Seara [12]
experimentally evaluated a CO2/NHj3 cascade refrigeration system for an industrial freezer
with a —50 °C evaporating temperature. They also investigated the influence of the operating
parameters on system performance and compared the results with those for common NH3
two stage refrigeration systems under the same operating conditions. They concluded that the
COP of the cascade system is similar to the COP of an ammonia double stage with
intercooler and about 20% higher when an economizer is applied. Ma et al. [13]
thermodynamically analyzed a CO,/NH3 cascade refrigeration system using a falling film
evaporator—condenser as the cascade heat exchanger, and showed that the use of such a heat
exchanger improved the system COP by providing a smaller temperature difference.

After atechnical feasibility study, the thermodynamic analysis must be completed with
considerations about the costs of systems incorporated. Therefore, an economic analysis
should also be considered for analyzing a refrigeration plant. Mitishita et al. [14] developed
an optimization methodology to reduce power consumption and costs for frost-free
refrigerators. This methodology was used to determine the compressor size and efficiency,
the number of condenser and evaporator fins and the evaporator air flow rate in order to

minimize energy consumption. Various studies based on exergy and thermoeconomic
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concepts in relation to heat pumps [15-17] and refrigeration systems have been previously
published. Rezayan and Behbahaninia [18] presented a thermoeconomic optimization for a
simple CO,/NHj3; cascade refrigeration system without considering environmental analysis.
They investigated the influence of design parameters on total annual cost of the system when
ambient temperature, cooling capacity and cold space temperature are constraints.
Exergoeconomic analysis plays a key role in determining the optimal performance of a
thermodynamic system. By combining exergy analysis and economic principles in a cost-
effective method, exergoeconomic analysis can be used to identify the optimum system
design via exergy-aided cost minimization. Moreover, due to the consumption of fossil fuels
to generate electricity, an environmental analysis that determines the amount of greenhouse
gas (GHG) emission is important for analyzing and optimizing such thermodynamic systems.
In the present study, exergoeconomic and environmental analyses are applied to the different
multistage CO,/NH3; cascade refrigeration systems. Ammonia is the preferred refrigerant.
However, since ammonia is toxic, it is common practice to use carbon dioxide to distribute
refrigeration at low temperatures while the high temperatures are served by ammonia in a
restricted area. In this study two multistage CO,/NH3 cascade refrigeration systems equipped
with 1) two flash tanks, 2) a flash tank along with flash intercooler with indirect subcooler are
proposed. Typically, exergoeconomic and environmental analyses of such systems have not
been reported, but are needed to provide a more comprehensive view. Furthermore, the
effects on performance and total annual cost for each system are investigated for operational
parameters such as evaporator, condenser and cascade heat exchanger outlet temperatures,
pressures of the flash tank (FT) or flash intercooler with indirect subcooler (FIS) of the low-
temperature circuit, mass flow rate ratio of the FIS and degree of superheating of CO., at the
evaporator outlet. Also an optimization is performed based on maximum COP and exergy

efficiency and the minimum total cost rate (including capital, operating and maintenance
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costs as well as the penalty cost of GHG emission). The objective is to improve
understanding of CO,/NH3; cascade refrigeration systems equipped with flash tanks with or

without an indirect subcooler and the benefits that their use can provide.

2. System description

Fig. 1(a) provides a schematic of the CO,/NH3 cascade refrigeration cycle equipped with two
flash tanks (system 1). The system consists of the two loops: a high-temperature cycle with
NH3 as the working fluid and a low-temperature cycle with CO, asthe working fluid. Both
loops are equipped with flash tanks while the one in the CO; loop has also an intercooler
function. A flash intercooler cools the discharge vapor exiting the low-temperature
compressor (LTC 1) before it enters the LTC Il. The vapor cooling is performed within the
flash tank by vaporizing some liquid at the pressure maintained in the tank. In the high-
temperature cycle, the saturated liquid NH3 from the flash tank flows to the cascade
condenser. At the same time, the superheated CO; vapor from the LTC Il enters the cascade
condenser. In the cascade heat exchanger, NHs3 evaporates to a saturated vapor while CO
condenses to a saturated liquid. Then, the NH3 vapor from the cascade condenser enters the
flash tank, from which saturated NH3 vapor flows to the high-temperature compressor
(HTC). In the low-temperature cycle, the saturated CO; liquid from the cascade condenser,
after isenthalpic expansion in throttling valve (TV II), returns to the CO;, flash tank and
partially vaporizes due to flashing and cooling of the superheated CO» vapor from LTC I.

The residual CO, saturated liquid then flows to TV I. The condenser in the high-temperature

cycle rejects the heat to the environment at inlet temperature T,

env,i and the evaporator in the

low-temperature cycle absorbs heat from the cold air at inlet temperature T, .. Fig. 1(b)

shows the processes occurring in both the high- and low-temperature cycles ona T-s

diagram.
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Fig. 2(a) shows a schematic of the CO,/NH3 cascade refrigeration cycle equipped with a
flash tank and a flash intercooler with an indirect subcooler (system 2). The CO; after the
cascade heat exchanger is divided into two streams. One is throttled down to the intermediate
pressure through TV Il and flows into the FIS. Then the CO, flashes to a vapor, cools the
residual stream of high pressure liquid, mixes and exchanges heat with the discharged high
temperature CO, from LTC I. Then the resulting saturated vapor is drawn in to LTC Il. The
cooled high pressure liquid is expanded in the TV | and then fed to the evaporator. Fig. 2(b)

shows the processes on a T—s diagram.

3. Thermodynamic, economic and environmental analyses

For the thermodynamics and economics analyses of the proposed CO,/NHj3 cascade
refrigeration system it is assumed that pressure and heat losses in all system components and
connections are negligible and that all components operate under steady-state conditions. It is
also assumed that nuclear, electric, electromagnetic and surface tension effects are absent and
that changes in Kkinetic and potential energy are negligible. Moreover, there is no subcooling

at the outlet of the condenser and cascade heat exchanger.

3.1. Energy analysis
Applying the first law of thermodynamics, a steady-state form of the energy rate balance for

the kth component of system can be expressed as follows:

Q. +Z(mh)k =2 (mh), +W, (1)

The cooling load of the system is equal to the heat transfer rate absorbed by the CO,

evaporator and is defined as:

QEv:ml(m_hs) 2)

The electric power consumption of the compressor is obtained as:

10
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. m(h,.—h m(h,.—h
WCM — ( es |) — ( es |) (3)
77577e|77m ﬂtotal

where 7., 77, and 77, respectively are the isentropic, electrical and mechanical efficiencies

of the compressor. The total isentropic efficiency of the considered compressors, 77, 1S

defined as:
For the HTC (ammonia screw compressor) (J.S. Bahamonde, personal communication,

February 5, 2012):

0.0071PR® —0.1264PR* + 0.9023PR?® —3.2277 PR?
forPR < 4.3
Thotal = +5.7871PR —-3.3429 (4)
—0.0261PR +0.9069 forPR>4.3

For the LTC (carbon dioxide piston compressor) (L. Shi, personal communication, October

19, 2015);

__— {—0.1234PR4 +1.1251PR® —3.8902PR? + 6.0433PR - 2.8860 for PR < 2.7 5)
total —

~0.0237PR* +0.3051PR® —1.4740PR? + 3.1348PR -1.7978 forPR>2.7
where PR is the pressure ratio of the compressor. Defining the mass flow rate ratio of the
flash intercooler as r =m, /my in system 2, the energy balance equation for the flash
intercooler can be written as follows:
he+r(h,+h))=r(h,+h)+h, (6)

The power consumptions of the evaporator and condenser fans are approximated as follows

[19]:
WFanI = 0'075(QEV) (7)
W, , = 0.027(QEV + 2 Wy, J} (8)
J
where ZWCM,J- denotes the sum of the electrical power consumptions of the compressors.
i

The total electrical power consumption of the system can be written as:

11
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Wtotal :WLPC | +WLPC 1 +WHPC +W +WFan 1 (9)

Fanl

The COP of the system is defined as:

cop=ev. (10)

total

The total heat transfer area of the heat exchangers is calculated as follows:

. Q
T U_FAT,, (1)

where U, and AT, are the overall heat transfer coefficient based on external heat transfer

area and the logarithmic mean temperature difference (LMTD) of the heat exchanger,
respectively. A mathematical relationship to determine the LMTD correction factor, F, is
given by Fettaka et al. [20]. For counter-flow heat exchangers and the evaporator, the

correction factor F has a value of 1 but for the condenser the value of F should be calculated.

3.2. Exergy analysis
When the kinetic and potential energies are neglected, the physical exergy at point jin a

system can be expressed by:

Bx; =m;[(h=hy), ~To(s-,), | (12)
where T, is the thermodynamic averaged temperature of the ambient environment defined as

follows [21]:

(Te ~ Ti )env

oS m) ()

env

Applying an exergy balance to the kth system component, the exergy destruction rate can be

defined as follows:

EXD,k = EXF,k - EXP,k (14)

12
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where the subscripts ‘F’ and ‘P’ indicate fuel (or driving input) and product (or desired
output), respectively. The exergy efficiency can be expressed as the ratio of product exergy

rate to fuel exergy rate:

_Ex,, 15)
Y= EXF,k
Estimations of fuel and product exergy rates for each component of these proposed systems
are given in Table 1. For the exergy analysis of the throttling valve, it is necessary to split the

physical exergy of the fluid flow into its mechanical and thermal parts [22].

The product exergy rate of the system is the exergy rate of heat transferred to the evaporator:

Ex, = Ex_, —Ex, (16)

ca,e ca,l

the fuel exergy rate of the system is the total electrical power input:

Ex. =W, 17)

— "Ttotal

Accordingly, the exergy efficiency of the system can be expressed as:

Ex . —Ex_. Ex
W — ca,e. cai _ 1_ .D,total (18)

3.3. Economic analysis
In the economic analysis, a cost rate balance can be expressed for the overall system as

follows:
c‘:tc\tal = C‘:env + Z‘OP + Z Z'k (19)
k

where C_, is the rate of penalty cost of GHG emission for the kth component (see section

3.4). The operating cost of the system, Z_, including the cost of electricity consumption, can

oP?

be defined as follows:

Zoo = NxW,_ . xa, (20)

total

13
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where N is the yearly number of operation hours of the system and «,, is the unit electricity

cost in $ kWh™. The rate of capital investment and maintenance costs of each system

component can be estimated as follows [23]:

= L9 cpE 21)
N x 3600

where Z, is the capital cost of the kth component and ¢ is the maintenance factor. The capital

recovery factor (CRF) is defined as [24]:

i(L+i)"

CRF = -
@+n"-1

(22)

where i and n are the annual interest rate and system life time, respectively.
Exergy destructions and capital costs are the real cost sources of a thermodynamic system. In
an exergoeconomic evaluation, the exergoeconomic factor expresses the relative significance
of a component and can be defined as follows [25]:

Z,

B Z, +Ce EXp (23)

k

where ¢, is the unit cost of fuel for the kth component and can be calculated by solving the

exergy cost rate balance for the kth component, which can be expressed in a general form as

[24]:

Z(CEX)k = Z(CEX)k +Coni + Zy + Zopie (24)

e 1

where c is the unit cost of exergy in each flow. In this study, external exergy losses are not

considered and the thermodynamic inefficiencies of a component consist exclusively of
exergy destruction [26]. A low value of f, calculated for a major component suggests that
cost savings in the entire system might be achieved by improving the component efficiency

even if it increases the capital investment for the component. Conversely, ahigh value of f,

14



213  suggests a decrease in the investment costs of this component at the expense of its exergetic

214  efficiency may be reasonable [24].

215  3.4. Environmental analysis

216  The rate of penalty cost of GHG emission for the considered system can be determined based

217 onthe annual amount of GHG emission from the system, m. ., as follows [27]
C‘:env = mCOZeCCO2 (25)

218  where c, is the cost of CO avoided and m, , is obtained as:

CO,e
mCOZe = luCOZe X Eannual (26)

219 Here, pc,, is the emission factor and E, s the annual electrical energy consumption of

annual

220  the system in kWh.

221 4. System specifications

222  To determine the investment cost rate of each component, the maintenance factor (¢) is 1.06
223  and the investment cost (Z,) can be estimated based on the cost functions listed in Table 2.

224 In calculating the CRF, the annual interest rate (i), the life time of the system (n) are
225  considered as 14% and 15 years respectively. The average electricity cost is 0.09 $ kWh™
226  (Iran’s electricity tariff in 2015) and the annual operational hours of the system (N) are

227  considered to be 4266 h [19]. The emission factor of electricity (4 ) is taken to be 0.968
228 kg kwh™ (Iran’s average) and the cost of CO, avoided (Cco,) Is considered as 87 $ ton* of

229  COjeemissions for the natural gas combined cycle power plants with post-combustion

230  capture technology [28]. Thermodynamic conditions of the system are listed in Table 3.

231 5. Results and discussion

15
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The validation for a basic CO2/NH3 cascade refrigeration system is shown in Table 4. Good
agreement is observed between the obtained results for performance parameters of the system
and the corresponding results reported in References [18] and [29]. However, since Ref. [18]
does not consider the cost of condenser and evaporator fans, the predicted value of the total
cost rate for the present model is 1.3% higher than reported in Ref. [18].

Fig. 3 shows the variations of system COP and exergy efficiency with evaporating
temperature of the CO;, for the two proposed CO»/NH3 cascade refrigeration systems. In
obtaining these results, other operating parameters are kept constant. Since the
thermodynamic averaged temperature of the ambient environment and the cooled space are
fixed, the trend of COP variation is the same as for that of the exergy efficiency. Due to the
minimum allowable temperature difference of 5 K in the flash intercooler with an indirect
subcooler, the mass flow rate ratio, r, should be greater than 3.2. As expected, an increase in
evaporating temperature decreases the pressure ratio of LTC I and the total electrical power
consumption. Therefore, the system COP and exergy efficiency both increase. Moreover, in
system 2, an increase of r leads to arise in mass flow rate through LTC I, which increases
the compression work and causes the COP and exergy efficiency to decrease. Under the

given conditions for system 1, a 10 Kincrease in T, from —45 °C to —35 °C leads to

increases of 16.9% in both COP and exergy efficiency. At the same condition for system 2, a

10 K increase in Ty, leads to a maximum increase of 20.8% in both COP and exergy

efficiency when r=3.6. Also, it can be seen from Fig. 3 that, due to the lower electrical
power consumption, the COP and exergy efficiency of system 1 are greater than for system 2,
under the same operating conditions.

The effect of varying the evaporating temperature of the CO, onthe ratio of the penalty cost
of GHG emission and the total annual cost rate is shown in Fig. 4. By increasing the CO,

evaporating temperature, the electrical power consumption of LTC | decreases and leads to a

16
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reduction in the C_ . Also, by increasing the CO- evaporating temperature, the heat transfer
surface area of the evaporator increases and leads to an increase in the system capital and
total costs above a certain value of T, . It is also observed that, under the same operating
conditions, the total cost rate of system 2 exceeds that of system 1, as a result of the higher

capital cost of FIS. For instance, using FT in the CO circuit leads to a decrease of up to

14.3% in the total cost rate in comparison with system 2 at T, = —45 °C.

Fig. 5 shows the variation of the COP and exergy efficiency of the system with condensing
temperature of the NH3 for the proposed CO,/NHs refrigeration systems. These results are
obtained with the other operating parameters kept constant. An increase in condensing

temperature is seen to increase the pressure ratio of the HTC and the total electrical power

consumption and leads to decreases in the system COP and exergy efficiency. For system 1, a

10 K increase in T, leads to a 13.4% decrease in both COP and exergy efficiency. At the

same condition for system 2, a 10 K increase in T, leads to maximum decrease of 13.3% in
both COP and exergy efficiency when r= 3.2. Moreover, using a FIS with r= 3.2 in the
system leads to decreases of up to 1.2% for both system COP and exergy efficiency relative
to system 1, ata condensing temperature 35 °C.

Fig. 6 shows the effect of varying the condensing temperature of NH3 on the ratio cost rate
due to GHG emission and the total annual cost rate. By increasing the NH3 condensing
temperature, the electrical power consumption of the HTC increases and leads to an
increment in C_,. It can be seen that variations of the ratio of penalty cost of GHG emission
to r is negligible for system 2, due to the small effect of r on the performance of the NH3
circuit. Also, by increasing the NH3 condensing temperature, the total costs of the HTC
increase due to the increased electrical power consumption, leading to an increase of the total

cost rate of the system. In systems 1and 2, a 10 K increase in T, leads to 4.8% and 4.2%

17
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increases respectively in total cost rate. Furthermore, using an open intercooler in the CO,
circuit leads to decreases of almost 13% for the total annual cost rate in comparison to system
2.

Fig. 7 illustrates the variation of system COP and exergy efficiency with the cascade

temperature difference of the systems, AT, (=T, —T,;;). Anincrease in cascade temperature

difference raises the pressure ratio of the HTC and the total electrical power consumption,
while the condensing temperatures of CO; in the cascade heat exchanger and NH3 in

condenser are kept constant. Therefore, system COP and exergy efficiency both decrease.

Under the given conditions, a 10 K increase in AT, from 2 Kto 12 K leads to decreases of

14.6% and up to 14.5% for systems 1 and 2, respectively, in both COP and exergy efficiency.
It can also be seen in Fig. 7 that using a flash intercooler with r= 3.2 in the system leads to
1.3% decreases in both COP and exergy efficiency when the cascade temperature difference
is setto 2 K.

The effect of varying the cascade heat exchanger temperature difference on the ratio of GHG
emission cost rate and total annual cost rate is shown in Fig. 8. Increasing the cascade heat
exchanger temperature difference is seen to raise the ratio GHG emission cost rate and total

cost rate, due to an increase of the capital and operating costs of the HTC which in turn is a

result of the electrical power consumption increase. For system 1, a 10 K increase in AT,

leads up to 5.7% increase in C, . Forthe system 2, a 10 K increase in A leads to an

total * TCAS

increase of 5.4%in C,_ when r =3.2. Also using a FT in the system leads to a decrease of

total

up to 13.2% in C,,, in comparison with system 2 at AT.,.=2 K.

total
Fig. 9 illustrates the variation of the COP and exergy efficiency of the system with
condensing temperature of the CO; in the cascade heat exchanger, T, for the presented

systems. These results are obtained while other operating parameters are kept constant. Since
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the minimum temperature difference in the flash intercooler with an indirect subcooler should

be greater than 5 K, the lower limit of T, is considered as 0 °C. An increase in T, leads to an

increase in pressure ratio of the LTC Il and a decrease in pressure ratio of the HTC since

ATenss Tep and P, are held constant. As long as the reduction in HTC power is greater than
the increase in LTC Il power (T, is less than 2 °C), COP and exergy efficiency increase.

When the increment in LTC Il power is greater than the reduction in HTC power, COP and
exergy efficiency decrease.

The effect of varying the condensing temperature of the CO in the cascade heat exchanger
on the ratio of cost rate due to GHG emission and total annual cost rate is shown in Fig. 10.

The results show that, when T, is less than 2 °C, due to the reduction in total electrical power

consumption, the capital and operating costs of the system decline in both systems, while
other operating parameters are kept constant. After that, due to the increment in total

electrical power consumption, C_ and C,, increase. Fig. 10 (a) shows that the ratio of cost

total

rate due to GHG emission decreases with increasing condensing temperature of the CO, due
to the decreased power consumption and GHG emission. Although the COP and exergy
efficiency are less sensitive to the use of an FT instead of an FIS in the CO» circuit, the total
cost rate depends on this choice. System 1 leads to a 18.4% decrease in the total cost rate at

T,=10 °C in comparison to system 2.

Fig. 11 shows the variation of the COP and exergy efficiency of the system with the
intermediate pressure for the CO, low-temperature circuit. Due to the increase and decrease

in the electrical power consumption of LTC I and LTC Il respectively, which result from the

variation of pressure ratio, an optimal P is seen to exist which leads to a maximum COP

and exergy efficiency. The optimum value of P, is sensitive to the evaporating and

condensing temperatures of CO in the low-temperature circuit. However, using system 1
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instead of system 2 leads to an increase in the optimum value of P while T_, and T, are

kept constant. The results also show that the mass flow rate ratio r has a negligible effect on
COP and exergy efficiency for system 2.

The effect of the intermediate pressure for the CO» low-temperature circuit on the ratio of the
cost rate due to GHG emission and the total annual cost rate is shown in Fig. 12, where it is

observed that, at the optimal P, , the lowest penalty cost of GHG emission and total cost rate

are obtained. In this case, the total cost rate for system 1 is 13.3% less than that for system 2.

Also, it can be seen that the ratio of cost rate due to GHG emission for system 2 is 2.9% less

than that for system 1 when both systems operate at the optimal P, . This indicates that the

investment, operating and maintenance costs of system 2 exceed those for system 1.
Fig. 13 shows the variation of system COP and exergy efficiency with superheating degree of
CO;, at evaporator outlet. A small decrease of mass flow rate and a large increase in specific

consumed work of LPC | lead to decreases in the COP and exergy efficiency. Under the

given conditions, a 10 K increase in AT, from O to 10 K leads to decreases of 0.9% and up

to 2.3% for systems 1 and 2, respectively, in both COP and exergy efficiency. Furthermore,
system 1 leads to increases of up to 3.8% for both system COP and exergy efficiency in

comparison to system 2, at AT, =10K.

Fig. 14 illustrates the effect of varying degree of superheating of CO;, at the evaporator outlet
on the ratio of cost rate due to GHG emission and total annual cost rate. By increasing the
CO; superheating degree, the electrical power consumption of LTC I and the heat transfer
surface area of the evaporator increase, leading to a rise in both the penalty cost rate of GHG
emission and the system capital and total costs.

Fig. 15 displays the variation of the ratio of GHG emission cost rate and total annual cost rate

with the cost of CO, avoided. The cost of CO, avoided varies significantly for different types
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of power plants [28]. The results show that the penalty cost rate of GHG emission and total

cost rate are sensitive to c, . For system 1, increasing the cost of CO, avoided from 30 $

ton* of COzeto 120 $ ton* of CO,e (300%) leads to an increase of 29.7% and 25.5% in
total cost rate for systems 1 and 2, respectively.

In order to optimize the performances of systems 1 and 2, from the thermodynamic and
economic viewpoints, the DIRECT algorithm in the EES software has been used. The values
of operating parameters for the thermodynamic optimal design case and parameters affecting
the total annual cost are for the cost optimal design case are summarized in Tables 5 and 6,
respectively. The results of thermodynamic and economic optimizations show that the values
of COP and exergy efficiency for the compared systems are almost the same. Yet, the total
annual cost rate for system 1is 11.2% and 11.9% lower than that for system 2 referring to
thermodynamic and economic optimizations, respectively. Comparing the thermodynamic
and cost optimal design conditions for system 1, an increase of 14.8% in COP and exergy
efficiency is achieved atthe expense of a 3.0% increment in the total annual cost rate, when
the optimization is based on the maximum COP. This comparison for system 2 shows an
increase of 11.6% in COP and exergy efficiency and 2.1% in the total annual cost rate.

Fig. 16 shows the values of exergy destruction ratio for various components of the proposed
cascade cycles at thermodynamically optimal design condition. As can be seen, the highest
value of exergy destruction rate is attributable to Fan | in both cycles (44.9 kW). The high
mass flow rate and a temperature of cooled air lower than the ambient temperature lead to a
high entropy generation and so a high irreversibility for Fan I. After that, LTC Il of both
cycles has the highest value of exergy destruction rate (31.1 kW in system 1 and 26.8 kW in
system 2), due to the compression process. After NHs flash tank, the lowest value of exergy
destruction rate is associated with the CO, flash tank for system 1 (2.7 kW) and TV Il for the

system 2 (1.6 kW) due to negligible heat losses and a throttling process at low pressure.
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Fig. 17 displays the values of exergy destruction ratio for various components of cascade
systems 1 and 2 at cost optimal design condition. After Fan | with its exergy destruction rate
of 44.9 kW, the evaporator of both cycles has the highest value of exergy destruction rate
(41.1 kW), due to the large temperature difference between the cooled air and CO5.

The results obtained from the exergoeconomic analysis of the CO,/NHj3 cascade
refrigeration, systems 1 and 2, for the thermodynamic and economic optimum conditions are
presented in Tables 7 and 8, respectively. The results of both thermodynamic and economic
optimizations show that, after the NHg flash tank in the compared cycles, the CO;, flash tank
has the highest value of exergy efficiency for system 1 (about 97%) and the FIS the highest
value for system 2 (about 92%). The lowest exergy efficiencies are observed for the Fan Il
(1.67%) and condenser (about 3%) for both cycles. For thermodynamic and economic

optimum conditions, the low value of f for the flash tank of system 1 (about 1.8%) and
cascade heat exchanger in the system 2 (about 3%) indicate that the costs associated with
these components are almost exclusively due to exergy destructions. The exergoeconomic
factor of the NH3 flash tank of 100% for both cycles and the relatively large value of f for
the evaporator in system 1 suggests that the capital investment, operating and maintenance

costs dominate.

6. Conclusions

Exergoeconomic and environmental analyses are successfully carried out for two different
CO2,/NHj3; cascade refrigeration systems equipped with two flash tanks and a flash tank along
with a flash intercooler with an indirect subcooler. To determine the maximum value of COP
and exergy efficiency and the minimum cost rate due to GHG emission and total cost rate of
the system, the following operating parameters are considered: condensing temperature of
NHjs in condenser and CO> in cascade heat exchanger, evaporating temperature of CO3 in
evaporator, temperature difference in the cascade heat exchanger, intermediate pressure in the
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CO;, low-temperature circuit and mass flow rate ratio of the FIS. From the energy, exergy,

economic and environmental analyses the following results are obtained and conclusions

drawn:

By using the FIS in CO» low-temperature circuit instead of the FT, the performance

of the CO,/NH3; cascade refrigeration system is decreased.

For system 1, a 10 K increase in T, leads to increases of 16.9% in both COP and

exergy efficiency. At the same conditions for system 2, a 10 K increase in T, leads
to maximum increase of 20.8% in both COP and exergy efficiency when r= 3.6.
Also, using a FIS in the system leads to an increase of 14.3% in the total cost rate.
The minimum annual total cost rate is obtained ata CO; evaporating temperature of
—41.5°Cand —40 °C, respectively for systems 1 and 2 when r=3.2.

For system 1, a 10 K increase in T, leads to a 13.4% decrease in both COP and

exergy efficiency. At the same condition for system 2, a 10 Kincrease in T, leads to
maximum decrease of 13.3% in both COP and exergy efficiency when r=3.2. Also,
in systems 1 and 2, a 10 K increase in T, leads to a 4.8% and 4.2% increase
respectively in total cost rate.

The maximum COP and exergy efficiency are obtained at a CO, condensing
temperature of 1.9 °Cand 2.1 °C, respectively for systems 1 and 2 when r=3.2.

The total annual cost rate for the system 1is 11.2% and 11.9% lower than that for the
system 2 referring to thermodynamic and economic optimizations, respectively.

The lowest value of the exergoeconomic factor is 1.73% for CO;, flash tank in system
1 and 3.85% for cascade heat exchanger in system 2, demonstrating that the costs
associated with CO, flash tank and cascade heat exchanger in systems 1 and 2

respectively are almost exclusively due to exergy destruction.
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e The highest exergoeconomic factor is observed to be 100% for the NH3 flash tank in
both systems, suggesting that the capital investment, operating and maintenance costs
of the FT in the high-temperature circuit dominate in such cases.

The present study demonstrates the benefits and profitability of CO,/NH3 cascade
refrigeration systems equipped with a flash tank and a flash intercooler, with and without an
indirect subcooler. However, a more detailed system design considering heat and pressure
losses in all system components and using more accurate cost functions are suggested for

further investigation.
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Fig. 1. (@) Schematic and (b) T-s diagram for the CO,/NH3; cascade refrigeration cycle equipped with two flash

tanks (system1).
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Fig. 2. (@) Schematic and (b) T-s diagram for the CO,/NH3 cascade refrigeration cycle equipped with a flash

tank and a flash intercooler with an indirect subcooler (system 2).
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Fig. 3. Variation of systemCOP and exergy efficiency with CO, evaporating temperature.
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Table 1. Fuel and product exergy rate for various components in two cycles.

Component EX, EX,

Fan | W, EX.,; — EXg,;
Evaporator Ex, — Ex, EXepe — EXear
CO, flash tanks Ex, — Ex, Ex, — EX,
Flash intercooler with indirect subcooler (m, /m;) Ex, + Ex, — EX, Ex, — Ex,
Low-temperature compressor | WLTCI Ex2 - E'x1
Low-temperature compressor Il WLTC“ Ex4 - Ex3
Throttling valve | EX,y — EXog Ex.s — EX,;
Throttling valve 11 EX,ys — EXoig Ex,s — EX,s
Cascade heat exchanger EX,, —(rhy, /iy ) Ex, Ex, —EX,
NH3 flash tank Ex,, — Ex,, Exy — (MM, /My ) Exg
High-temperature compressor Wire, Ex,, — EX,
Throttling valve Ill EXp 10 — EXonro EX,p — EX, 11
Condenser Ex, — Ex, EXoe — EXenvi
Fan II Wi EXens = EXeny,
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Table 2. Cost functions of various components [29-32].

Component

Capital cost function (Z)

Evaporator and condenser
Cascade heat exchanger

Low-temperature compressor

High-temperature compressor

Flash tank

Flash intercooler with indirect subcooler

Throttling valve

Fan

Installation of refrigeration system

1397 x AEoggor CD
383.5x A2

10167.5xW %%
9624.2 xW 2%
280.3x M2’

1438.1x AS®

114.5xmh
155x (V +1.43)

150.2xQy,
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Table 3. Thermodynamic conditions considered in modelling.

Parameter Value

Cooling capacity, Q., 500 kW
Condensing temperature of NH3, T, 35 °C
Evaporating temperature of CO», T, —40 °C

Degree of superheating of CO; at evaporatoroutlet, AT, (= T, —T8) 0K
Temperature difference of air in evaporator and condenser 10K
Condensing temperature of CO;, T, 0°C

Cascade heat exchanger temperature difference, AT, (=T; —Ty) 10 K
Temperature of the inlet air to the evaporator, T, -20 °C
Ambient temperature, T, . 25 °C

Ambient pressure, P, 101.3 kPa
Intermediate pressure of flash tank in CO; circuit, P, 2000 kPa
Overall heat transfer coefficient of evaporator, U, 30Wm?K?
Overall heat transfer coefficient of condenser, U, 40 Wm?K?
Overall heat transfer coefficient of cascade heatexchanger, U, 1000 W m? K™
Overall heat transfer coefficient of flash intercooler, U 1000 W m? K™

FIS
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Table 4. Comparison of performance parameters obtained from present modelling for a basic CO,/NH3 cascade

refrigeration systemand the corresponding results reported elsewhere.

Operational conditions

Q., =40kW, T, =56.3°C, T, =-56°C,  Q, =50kW,T., =40.1°C, T, =-48.7°C,

T, =-8.1°C, AT, =3.44°C, N =6570h T, =—7.1°C, AT, = 2°C, N =7000h

Parameter Present work Ref. [18] Present work Ref. [29]
Wm (KW) 62.96 63.01 32.57 3344

otal
COP 0.635 0.634 153 1.49
v (%) 19.49 19.48 47.10 45.89
Cf (¢ year)) 28,954 28,978 13,681 14,048
C’t G yeart) 110,683 109,242 - -

otal
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Table 5. Results of thermodynamic optimization for two cycles.

Parameter System 1 System 2
T,y (°C) -35 -35.20
Tep (°C) 35 35.01
T, (°C) 0.01 ~1.98
ATeps (K) 2.01 2.27
AT, (K) 0.10 0.45
P, (kPa) 1861 1935
r - 3.79
A, () 1686 1671
A, (M) 659.2 627.6
Ay () 57.32 50.86
> Wy, (kw) 26513 267.37
EXpow (KW) 2225 2235
COP 1.547 1536
v (%) 31.52 31.30
G, ($yearl) 120150 121,007
600,006 675,530

Ctotal ($ year_l)
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Table 6. Results of cost optimization for two cycles.

Parameter System 1 System 2
T,y (°C) —40 —40
Tep (°C) 36.2 36.67
T, (°C) 1.66 0.0
ATeps (K) 3.67 3.33
AT, (K) 1.67 1.67
P, (kPa) 1833 1750
r - 32
A, () 1148 1148
A, (M) 644.3 612.6
Ay () 45,61 46.81
> W, (kw) 30419 307.93
EXoo (KW) 26276 264.8
COP 1.38 1.36
v (%) 28.04 21.75
G, (6year?) 135082 136,494
580,387 661,197

Ctotal ($ year_l)
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Table 7. Exergoeconomic analysis results for the thermodynamic optimal design conditions of the presented

systems.

System 1 System 2
Component v () ($G) fo @) ) e (3G f (%)
Fan | 19.62 25.0 5.46 19.62 25.0 5.46
Evaporator 79.96 1745 70.95 79.63 502.2 45.03
CO, flash tank 97.48 172.6 1.73 - - -
Flash intercooler with liquid - - - 93.29 504.2 63.70
subcooler
Low-temperature compressor | 56.53 25.0 55.83 59.07 25.0 55.57
Low-temperature compressor Il 65.53 25.0 53.80 63.12 25.0 54.18
Throttling valve | 92.64 1726 30.43 91.62 495.8 5.60
Throttling valve 1l 85.82 168.6 14.74 87.20 495.8 7.07
Cascade heat exchanger 85.43 1555 19.46 87.21 148.3 3.85
NH; flash tank 100 1555 100 100 148.3 100
High-temperature compressor 85.04 25.0 68.14 85.30 25.0 67.74
Throttling valve 111 90.54 1455 38.72 90.17 137.8 37.27
Condenser 3.76 114.0 66.52 354 107.2 67.15
Fan Il 1.67 25.0 17.91 1.67 25.0 17.91
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Table 8. Exergoeconomic analysis results for the cost optimal design conditions of the presented systems.

System 1 System 2
Component v (%) (G fo @) w ) o QT f (%)
Fan | 19.62 25.0 5.46 19.62 25.0 5.46
Evaporator 72.68 188.9 51.81 72.68 485.9 29.83
CO, flash tank 96.22 186.1 1.89 - - -
Flash intercooler with liquid - - - 91.50 484.3 55.82
subcooler
Low-temperature compressor | 62.61 25.0 55.91 61.21 25.0 55.41
Low-temperature compressor |l 66.58 25.0 52.79 66.44 25.0 52.89
Throttling valve 1 91.61 186.1 20.48 90.84 472.7 4.44
Throttling valve 1l 84.78 181.2 12.14 85.36 472.7 5.14
Cascade heat exchanger 78.43 155.3 12.00 80.43 108.1 2.12
NH3 flash tank 100 155.3 100 100 150.0 100
High-temperature compressor 85.19 25.0 67.41 85.39 25.0 67.10
Throttling valve 111 89.95 143.7 37.54 89.51 139.3 36.19
Condenser 3.25 110.3 61.98 2.99 108.1 61.28
Fan Il 1.66 25.0 17.89 1.66 25.0 17.89
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