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Summary

Traditional energy systems that try to generate both power and cooling from engine waste heat
often struggle to cool the exhaust gases enough to make full use of the available energy. To
solve this, our study develops four new combined power-and-cooling systems that use an
improved version of the carbon dioxide (CO2) power cycle, called the supercritical—transcritical

(sCO2—tCO:2) cycle. This system is especially good at recovering leftover heat from engines.

Each of the four new systems—named STC-VCRS, STC-FT, STC-EE, and STC-El—uses a
different cooling method, including vapor compression, flash tank, and ejector-based
refrigeration techniques. We compared these new designs with an advanced reference system

that already performs better than most traditional setups for using engine exhaust heat.

We tested how changes in pressure, temperature, and cooling rates affect performance, and also
analyzed how much each system costs to operate. Using optimization techniques inspired by
natural selection, we found that the STC-EE system gives the best overall performance, while
the STC-EI system offers the lowest energy cost. Further optimization showed that all four new

systems can achieve lower costs than the reference design.

In particular, the STC-EE system can produce about 16% more useful energy, and the STC-FT
system can lower energy costs by about 4% compared to the baseline. The STC-EI system
stands out for balancing both power and cooling efficiency—it achieves nearly 15% higher

performance, lower costs, a high cooling efficiency, and strong energy recovery.

Overall, our results show that these new CO:-based cogeneration systems, especially those
using ejector technology, can deliver more energy at a lower cost. This makes them a promising

and economical option for recovering waste heat from internal combustion engines.
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Abstract

Cogeneration systems built with conventional supercritical CO topping power cycles fail to
cool engine exhausts to sufficiently low temperatures. Therefore, in the present study, four
novel cogeneration systems are developed using regenerative Supercritical-Transcritical (sCO>
— tCO») as the toping power cycle which has excellent heat recovery characteristics. These
supercritical transcritical cogeneration (STC) cycles use Vapor Compression (STC-VCRS),
flash tank (STC-FT), ejector enhanced (STC-EE) and ejector injection (STC-EI) refrigeration
system for cooling. The STCs are compared against regenerative sCO» — tCO: cycle (RSTC)
which outperforms recompression sCO; cycle in internal combustion engine (ICE) exhaust
waste heat recovery (WHR) for reference. Parametric analysis is performed to evaluate the
impact of pressure ratios, turbine inlet temperatures, evaporator inlet temperature and
evaporator mass flow rate on cycle performance. Exergoeconomic performance of the STCs
for a particular operational condition is also assessed. Single objective optimization using
genetic algorithm (GA) disclosed STC-EE has the highest utilization factor (UF) of 34.91%
followed closely by STC-EI. STC-EI also incurs the lowest unit cost, 7.41 $/GJ. Multi-
objective optimization is performed using Non-Dominated Sorting Algorithm (NSGA-II) to
find tradeoff between maximum UF and minimum unit cost. A lower minimum cost is found
in all four of the STCs than the reference RSTC. STC-EE has 16.22% higher UF and STC-FT
has 4.13% lower cost, 7.128 $/GJ than the reference system at their optimum. STC-EI provides
15.49% improved UF at 2.3% reduced unit cost, 7.264 $/GJ, a high COP of 4.013 and 62.9%
exergy. These findings reveal ejector vapor injection despite its complexity can provide greater
output at lower cost in integrated systems. The study also proves STCs can be the economical

choice for IC engine WHR.

22



Keywords: Supercritical CO»; Transcritical CO»; Cogeneration; Ejector; Vapor injection;

Waste heat recovery; Exergoeconomic; Multi-objective optimization.

Highlights:

e Sustainable design and parametric evaluation of sCO; — tCO; cogeneration cycles
e The cogeneration cycles incorporate ejector and vapor Injection based cooling

e Performed detailed energy, exergy, and exergo-economic analysis of system

e Multi-objective optimization of operational parameters using genetic algorithm

e STC-EI achieves 62.9% exergy efficiency at 7.264 $/GJ and 4.013 COP

Nomenclatures and Symbol

A Total surface area (m?)

c Cost per unit exergy, ($/GJ)

Cotal Total product unit cost, ($/GJ)

c Exergetic cost rate, ($/hr)

Cp Exergy Destruction cost rate ($/hr)
Cw Exergy cost rate of work input/output ($/hr)
Ex Exergy, (kW)

f Exergoeconomic impact factor, (%)
i Interest rate (%)

n Number of operation years

P Pressure, (MPa)

Py Ambient Pressure, (MPa)

0 Rate of heat transfer, (MW)

Oevap Evaporative cooling load, (MW)
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Or

QReheater

AP
AT
Greek symbols

€

n

Subscripts
c
ch

ph

(A%

€X

Heat input from reactor (MW)
Heat input from reheater (MW)
Relative cost difference, (%)
Network output, (kW)
Compressor work input, (kW)
Network output, (kW)

Capital cost, ($)

Capital cost rate, ($/hr)
Pressure drop

Temperature difference

Effectiveness of heat exchanger, (%)
Isentropic Efficiency, (%)

Operation and Maintenance factor
Operational hour

Difference

Compressor

Chemical

Physical

Primary Nozzle of Ejector
Secondary Nozzle of Ejector
Nozzle of Ejector

Mixing Chamber of Ejector
Diffuser of Ejector
Evaporator

Exergy
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Abbreviations

Cl

C2

C3

CEPCI

CIOM

CRF

CSpP

DEARC

ERC

EV

GA

GWP

HTPC

HTR

ICE

IHX

LTPC

LTR

NSGA

thermal

isentropic

Outlet

Inlet

Refrigeration

Ambient state

State points

Meaning

Compressor 1

Compressor 2

Compressor 3

Chemical Engineering Plant Cost Index
Capital Investment, Operational and Maintenance cost
Capital Recovery Factor

Concentrated Solar Power

Double Effect Absorption Refrigeration Cycle
Ejector Refrigeration Cycle

Expansion valve

Genetic Algorithm

Global Warming Potential

High Temperature Power Cycle

High temperature Recuperator

Internal Combustion Engine
Intermediate Heat Exchanger

Low Temperature Power Cycle

Low temperature Recuperator

Non-Dominated Sorting Algorithm
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ODP
RSTC
sCO»
SLHX
SPECO
STC
STC- EI
STC-EE
STC-FT
Tl

T2

tCO;
UF
VCRS
WHEI
WHE2

WHR

Ozone Depleting Potential

Regenerative sCO,—tCO, Cycle

Supercritical CO,

Suction Line Heat Exchanger

Specific Exergy Costing Method

Supercritical Transcritical Cogeneration

Supercritical Transcritical Cogeneration- Ejector Injection
Supercritical Transcritical Cogeneration- Ejector Enhanced
Supercritical Transcritical Cogeneration-Flash Tank
Turbine 1

Turbine 2

Transcritical CO»

Utilization Factor

Vapor Compression Refrigeration System

Waste Heat Exchanger 1

Waste Heat Exchanger 1

Waste Heat Recovery
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1. Introduction

Internal Combustion Engines (ICE) lose greater than half of its combustion heat to jacket water
and exhaust gas released at 400°C-700°C [1]. As a method to recover this waste heat,
supercritical cycles have earned a lot of attention in literature due to its many advantages over
traditional Brayton and Organic Rankine Cycle (ORC). In fluids near critical point the
compressor work is low because of high compressibility. The cycle also has a low volume to
power ratio. Additionally, regeneration can recover most of the heat from turbine exhaust
unlike in a Rankine Cycle [2]. COz is the fluid most commonly used in supercritical cycles
found in studies. The critical temperature and pressure of CO2 are respectively 30.98°C and
7.38MPa [3]. Due to its proximity to ambient temperature supercritical conditions can easily
be reached. It is also a non-toxic, non-explosive, non-inflammable fluid with zero Ozone
Depleting Potential (ODP) and Global Warming Potential (GWP) of 1. A high density near
critical point leads to a space-efficient design of Supercritical CO> (sCO2) and transcritical
(tCO) systems [4]. The sCO- cycles are most applied in nuclear plants, concentrated solar

power (CSP) plants and waste heat recovery (WHR).

1.1  Problem Statement and Research Scope

Exhaust gas leaves with much of the energy despite giving some off to the recovery cycle. Dual
expansion or dual compression and expansions systems have been built to address these
limitations. However, these new systems specialized for WHR ignore the need for cooling in
some power plants. Integrated cogeneration systems have been built adequately from
recompression and regenerative sCOz models in literature. Regenerative sCO—tCO> cycle

using dual expansion and dual compression has been proven superior to conventional systems
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for engine waste heat recovery. The cycle solves both pinch point problems and turbine inlet
temperature mismatch for CO; cycle. Increased flow from shared LTR in low pressure stream
decreases heat capacity difference. Considering these merits it also has a scope in integrated
system where the heat capacity difference can be further minimized by adding refrigerant flow
to LTR. Moreover, there has been limited work on sCO; cycles integrated to flash tank

enhanced VCRS or ejector vapor injection VCRS.

This study addresses these gaps by integrating four different refrigeration system with
regenerative sCO; - tCOz cycle (RSTC) in an attempt to achieve exergy efficient and
economical cogeneration. These novel cogeneration models are compared to evaluating which
of the refrigeration systems is best suited for the top cycle. Multi objective optimization is
performed to determine the individual optimum operating conditions. The results are also used
to compare with the reference sCO,—tCO system to evaluate improvements. Exergy
destruction for each component is determined to suggest improvements. The goal of this study
is also to determine which of the VCRS cycles performs better in a fully integrated system for
engine waste heat recovery as well as to quantify the improvement cogeneration cycle provides

over a power cycle.
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2. Literature Review

In subcritical and supercritical cycles heat addition takes place respectively at subcritical and
supercritical pressures. In case of a transcritical cycle heat rejection pressure is subcritical, but
heat addition pressure is supercritical. A vast array of models for sCO» cycles are available in
literature. Reheating results in higher turbine output and higher heat addition temperature
leading to better thermal efficiency. Excluding regeneration leads to waste of enormous heat.
So, it is always part of the basic sCO or tCO; cycle design. The use of intercooler reduces
compressor work and reduces average heat rejection temperature [5],[6],[7]. A large heat
capacity difference between high- and low-pressure CO; streams often lead to the pinch point
problem. Most CO; cycle modifications are recommended to resolve this. In recompression
cycle, proposed by Freher [2], only a portion of hot side low temperature recuperator (LTR)
mass flows into precooler and subsequently to cold side LTR. The flow through main
compressor bypasses the LTR hot side. Increased mass flow in high pressure side reduces heat
capacity difference [8],[9],[10]. For precompression cycle introduced by Angelino G. [11],
pressure is slightly elevated on low pressure side post HTR to reduce heat capacity difference
[12]. Split expansion incorporates a turbine before main heat exchanger to split the expansion
process and reduce main heat exchanger and reheater load [13],[14]. Partial cooling system
[15], a modification of intercooler recompression cycle [16] was also published by Angelino
G. [11]. Recompression occurs after first compressor before intercooler in partial cooling
system. These modifications can be stacked to improve cycle performance. Wang et al. [14]
compared between various combinations of these cycle and obtained best performance from
partial cooling cycle for molten salt solar power tower (SPT). Song et al.[17] improved a
preheating sCO: cycle using regeneration branch to recover waste heat from diesel engine

exhaust gas and water-cooling jacket.
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Commonly used tCO; power cycle configurations are not as complex as sCO; cycles. The usual
variants use no recuperator, single recuperator and reheater. All of these three variants were
compared against ORC and Kalina cycle for low-grade heat source by Meng et al. [18].
Reheated tCO, showed the best thermo-economic performance. Low pinch between cooling
water and CO» often makes tCO> cycle impractical. Zeotropic CO> mixtures have been studied
as transcritical cycle working fluid to solve this by Xia et al. [19]. But such fluids have low
thermal stability thus low operating temperature. Pan et al. designed [20] and optimized [21]
a novel self-condensing tCOx cycle. The cycle increases cooling pinch by increasing the cooler
outlet temperature of CO2 and using a flash-tank for further condensation. The cycle efficiency
reached 34.63% with molten salt heat source. The cycle was also proven empirically feasible

[22].

2.1  Dual Expansion CO: Power Cycles

Three dual expansion systems were developed by Grant Kimzey [23]. The dual expansion and
dual flow split cycle could achieved higher net power than steam cycle in comparison by Cho
et al. [24] at the cost of increased complexity due to more components. It also exceeded the
output of recompression, intercooling and partial heating cycles [24], [25]. Manente et al. [26]
found in investigation that dual expansion systems have optimum turbine inlet temperature
closer to heat source temperature for 400° -600° C operations. As a result, for 1 MW system

dual expansion cycle reached 5.8%-9.5% higher heat recovery efficiency than traditional ones.

Researchers have recommended the same for single pressure double and triple expansion tCO>
cycle. Wu et al. [27] found double expansion and triple expansion tCO; cycle more effectively

recovers gas turbine waste heat at 250-412° C and 412-500° C respectively for corrosive
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exhaust. Double expansion performs well at above 338° C for both corrosive and non-corrosive
exhaust. The net power output increased to 26.3%. In a subsequent study of these tCO2 systems
for 470° C engine waste heart recovery, Wang et al. [28] discovered double stage tCO; has
21.51% and 9.21% higher output power than single and triple expansion systems respectively

at a lower cost.

Dual expansion cycles are in essence integrations of two sCO; or tCOz cycles which are limited
by having the same pressure ratios. Zang et al.[29] integrated tCO; cycle with dual regenerative
sCOz and tCO; cycle in two different layouts (cycle 3 and 4). It was also integrated with a
recompression cycle (cycle 2) in another layout and tested against a simple recompression cycle
(cycle 1) for IC engine WHR. The pair of cycles in these layouts were allowed different
pressure ratios and designed for parallel heat recovery. This ensured better utilization of the
two recuperators and waste heat recovery up to the acid dew point of exhaust gas. Regenerative

sCO,—tCO7 system performed best among the four on optimization.

2.2 Cascaded Technology in sCO2 Power Cycles

The sCO» or tCO; cycle can be combined with other cycles in parallel or series/cascade.
Cascade combinations are more common in literature. Battista et al.[30] cascaded an ORC
cycle with simple sCO; cycle and analyzed for 13 different working points under off design
conditions. The configuration managed to recover 9% of the mechanical power of an IC engine.
Dual compression—dual expansion sCOz cycle was combined with a partial heating tCO: cycle
through both a cascaded precooler and triple-stage parallel heat recovery for gas turbine by Du
etal. [31]. The system increased net power by 5.67 MW and thermal efficiency by 12.6%. Turja
et al. [32] likewise combined different sCO> cycles with tCO2 and ORC cycle in series. These

include: recompression, partial cooling and intercooling recompression cycles. ORC and sCO
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shares a heat exchanger before intercooler where as tCO; and sCO> share a heat exchanger
before precooler. The combinations have high optimum turbine inlet temperature at 800° C —
850° C. Combined intercooling recompression system outperforms the others by a 2-2.5%
increase in efficiency. R245fa was the best fluid for ORC. Turja et al. [33] later combined the
same sCO; models with two different ORC instead of a tCO; and ORC. This time, combined
partial cooling system yielded 7994.54 KW power at 53.365% efficiency. The cycle optimum

temperature was found to be 600° C — 700° C.

2.3  Advancement in CO:z Refrigeration Cycles

The properties like high-volumetric heat capacity, non-toxic, non-combustible and negligible
GWP that make CO; attractive as power cycle fluid makes it appealing in refrigeration cycle
as well [34]. It also has high heat of evaporation compared to many synthetic fluids [35]. It was
a common refrigerant due to easy availability and management until the advent of freons and
R12 in 1930s [36]. It is again being considered as substitute to environmentally harmful CFC
and HCFCs. A tCO; refrigeration was first developed and laboratory tested for automobile air
conditioning by Lorentzen and Pettersen [35] as a benign alternative to CFC. The performance
of a Vapor Compression Refrigeration System (VCRS) may be improved by attaching a
suction-line heat exchanger (SLHX) to increase cooling capacity [37], [38]. Cooling capacity
can also be increased by using flash-tank vapor injection (FTVI) or intermediate heat exchanger
(IHX). FT had at least 3.2% higher heat capacity and up to 2.2% higher COP than IHX in a
study by Wang et al.[39]. Attaching an intercooler to reduce compressor work is also an option
[40]. Replacing expansion valve with an ejector is another way to improve performance of
refrigeration. Li and Groll [41] added an ejector enhanced tCO» refrigeration system and found
16% improvement in COP over conventional tCO; air conditioning system. A dual evaporator

dual ejector tCO> cycle for supermarket refrigeration was introduced by Liu et al. [42]. The
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cycle improved COP and exergy efficiency of dual evaporator tCO; cycle by at least 15.9% and
15.5% respectively. Vapor injection can further boost the performance of ejector enhanced
systems. Bai et al. [43] analyzed an ejector subcooled vapor injection system (ESCVI) and
demonstrated 7.7% improvement in COP. An ejector vapor injection tCOz refrigeration cycle
optimized by Guti'errez et al. [44] had 17.5% improved COP under subcooled operation (-

40°C).

24 CO:2 based Combined Cooling and Power Cycles

Combined cooling and power systems add a bottoming refrigeration cycle to a top power cycle
by either cascading them through a heat exchanger or by completely integrating them.
Complete integration involves directing a split sCO» flow to the refrigeration cycle and driving
the refrigeration cycle using the turbine. This solves the cooling load requirements for the
employees and equipment in powerplants and ensured further utilization of recovered waste

heat.

In cascade systems heat rejected by cooler in recompression sCO; cycle has been used to drive
Double Effect Absorption Refrigeration Cycle (DEARC) [45] and Ejector Refrigeration Cycle
(ERC) [46] to obtain cooling and power. Bishal et al. [47] develop a multi-generation system
cascading three different cycles namely: sCOz partial cooling with reheat, multi effect-thermal
vapor desalination (ME-TVC) and absorption refrigeration cycle (ARC). The entire system has
upto 70% energy efficiency. Bishal et al. [48] also cascaded a recompression sCO; cycle with
an ARC before precooler, while placing a ORC on parallel for gas turbine waste heat recovery.

The resulting system has highest 49.09% EUF and 0.72 COP.
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The sCO; turbine power has been separately used to drive ejector enhanced VCRS with organic
fluid by Pan et al. [49]. Yu et al.[50] integrated a regenerative sCO; cycle with simple tCO-
refrigeration system for shipboard WHR. Energy and exergy efficiencies of respectively
42.42% and 39.05% was obtained at average energy cost of 9.28 $/GJ. However, lowering
evaporation temperature also significantly lowered the cooling capacity. Nanzeeba et al. [51]
developed a recuperative sCO> cycle integrated with a flash tank enhanced VCRS which was
also cascaded to a ORC through precooler for shipboard WHR. The resulting system attained
74.95% energy efficiency and 6.89 MW net work. Zhang et al. [52] cascaded a recompression
sCOz power cycle with a tCO2 combined power and refrigeration cycle for trigeneration. The
obtained exergy efficiency of 62.88% was 12% higher than stand-alone recompression sCO2
cycle. Power cycles have also been integrated with ejector refrigeration cycle. The proposed
system also reduced costs by at least 4.12%. Wang et al. [53] integrated an ORC with ejector
refrigeration system and assessed effects of various parameters on the cycle. A trigeneration
system integrating ejector enhanced VCRS with sCO; power cycle was studied by Wang et al.
[54]. Exergy and energy efficiency as high as 32% and 53% respectively were obtained.
Optimization and thermos-economic analysis by Li and Wang [55] revealed an ejector
enhanced VCRS integrated with sCO: recompression cycle had up to 5.87% improvement in

exergy for engine waste heat recovery.
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3. Description of the System

The cycle proposed by Zhang et al. [29] contains a regenerative sCO» - tCO» cycle (RSTC)
integrated by a shared Low temperature recuperator (LTR) and cooler to ensure optimum
engine waste heat extraction. Temperature gradient of sCO, ensures efficient heat exchange in
waste heat exchanger 1 (WHE1) and waste heat exchanger 2 (WHE2). Moreover, compressing
and pumping CO; close to its critical state ensures lower power requirement. Increased flow
rate at LTR hot side reduces heat capacity difference between cold and hot stream and thus

reduces exergy destruction. Schematic diagram for RSTC can be found in Figure 1(e)

In this study, four novel supercritical transcritical cogeneration (STC) cycles have been
proposed integrating different bottoming refrigeration cycles to the above power cycle through
shared LTR, cooler 1 and cooler 2. The bottoming cycles can draw off a portion of the input
energy to generate cooling load, increase total output and potentially decrease cost per kilowatt.
Schematics for the cycles are shown in Figure 1. The high temperature power cycle (HTPC)
containing a regenerative sCOz cycle shares an LTR and a cooler with the integrated low
temperature power cycle (LTPC) which is a tCO; cycle to ensure maximum engine waste heat
extraction. In HTPC compressed sCO; at high pressure and low temperature (2) passes through
LTR (3) and high temperature recuperator (HTR) (4) to facilitate more efficient heat exchange.
Then it receives a portion of the heat from engine exhaust gas through waste heat exchanger 1
(WHE1). Afterwards the thermal energy of the high temperature and pressure CO> (5) is
converted to mechanical energy using turbinel (T1). Low pressure and high temperature CO>
(6) enters hot side of HTR and mixes with the CO; stream at the exit of turbine 2 (T2). In LTPC
liquid CO; (10a) is pumped to an intermediate pressure (11), receives the remainder of engine
exhaust gas heat through waste heat exchanger 2 (WHE?2) and converts its thermal energy to

mechanical energy passing through turbine 2 (T2) (12-13). The supercritical mixture (8) goes
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through a common LTR and cooler 1 (9-1). A portion of the supercritical flow enters the
compressor (C) (1a). The remaining flow is cooled down to liquid (10) using a cooler (Cooler2)

before being passed onto the pump.

3.1 STC-VCRS

Figure 1(a) and Figure 2(a) show the schematic and T-s diagram of STC-VCRS. A suction
line heat exchanger (SLHX) has been added before cooler2 to ensure heat exchange between
sCOz and bottoming VCRS. A fraction of sCO; flow at the exit of SLHX is throttled to produce
low pressure liquid (14). The remaining portion reaches cooler2 to be liquified just like the
reference cycle. Low pressure liquid CO; is evaporated in an evaporator. This produces a
cooling load. Saturated vapor (15) at evaporator exit enters SLHX. There it receives heat from
the hot side of SLHX (1b). Superheated low pressure CO> (16) is compressed to the turbine
exit pressure (17) by compressor2 (C2). Then CO; rejoins the power cycles at mixture. SLHX
helps reduce some of the cooling load on cooler2 and superheats the saturated vapor. This

improves compressor performance and reduces required power.

3.2 STC-FT

The schematic and T-s diagram of STC-FT are displayed Figure 1(b) and Figure 2(b). Flash
Tank VCRS has more cooling load for the same mass flow than normal VCRS which can
increase utilization factor (UF). In STC- flash tank (STC-FT) cycle low pressure two-phase
CO2 (14) produced after expansion enters FT. The saturated liquid (15) is evaporated to provide
cooling. After leaving the evaporator saturated vapor (16) gets compressed by C3 (17) and
joins saturated vapor (19) at the exit of FT. The mixture is superheated (21) at SLHX receiving

heat from supercritical CO». The vapor is then compressed (22) to turbine exit pressure via C2.

33 STC- EE
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Ejectors can produce the same effect in refrigerant with less equipment than a flash tank cycle.
This is evident from T-s diagrams of Figure 2(c¢). In the schematic displayed in Figure 1(c)
for supercritical transcritical cogeneration - ejector enhanced (STC-EE) liquid CO; stream 10
enters primary suction of ejector. It passes through a motive nozzle where it is subjected to a
pressure drop. This low pressure draws fluid at primary suction (19). Low pressure CO2 (14)
is homogenously mixed with stream 20 in ejector mixing chamber (15). Some of the pressure
is recovered when CO> passes the diffuser and exits the ejector as liquid-vapor mixture (16).
The mixture is separated as saturated liquid (17) and saturated vapor (21) in a flash tank.
Saturated liquid loses pressure in expansion valve and turns to two phase CO (18). This passes
through the evaporator to provide cooling. Saturated vapor (19) at evaporator exit enters ejector
and loses pressure at suction nozzle (20). Saturated vapor at FT exit is compressed (23) to T1

exit pressure at C2 after gaining heat (22) at SLHX.

34 STC-EI

Vapor injection between high pressure and low pressure stages improve COP and cooling in
both normal VCR and Ejector enhanced VCR. The schematic and T-S diagram of STC with
ejector injection (STC-EI) has been provided in Figure 1(d) and Figure 2(d). In STC-EI, two
phase refrigerant at ejector exit (16) is separated to saturated vapor (21) and liquid (17) like in
STC-EE in flash tank 1 (FT1). The liquid is expanded (18) and again separated to saturated
vapor (19) and saturated liquid (24) at flash tank 2 (FT2). The vapor from FT2 enters secondary
suction nozzle to be depressurized and accelerated. The liquid at FT2 exit is expanded and
evaporated (25-26). Saturated vapor at evaporator exit is compressed (27) to ejector exit
pressure. Saturate vapor from FT1 is superheated at SLHX (22) and mixed with vapor at C3

exit. This mixture (28) is then pressurized (23) to turbine exit pressure at high pressure C2.
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Figure 1: Schematic diagram of the proposed integrated cycles: (a) STC-VCRS (b) STC-FT
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4. Computational Methodology

In order to evaluate the performance of the proposed system, thermodynamic and economic
simulation models are established. To simplify the calculations, the following assumptions are

adopted:

o Pressure loss in pipes due to friction is negligible.

o The operating condition of all states of the system is steady.

o The variation in kinetic and potential energy of the working fluid is neglected.
o The working fluid is in a saturated state at evaporator and condenser exits.

o The throttling process in expansion valve is isenthalpic.

o Processes in turbine, pump and compressors are isentropic.

o All heat exchangers are counter-flow types.

o The exhaust temperature must be above 120 °C to avoid acid dew point [29].

4.1  Thermodynamic Model

In Thermodynamic modelling we mainly focus on determining energy and exergy of the system

at all states. The mass and energy balance can be defined as [56],
XMy = XMyt (1)
ZQ _ZW = X Mout hour — X Myn hin (2)

Where, Q and W represent all heat and work interactions in the cogeneration system. Exergy
analysis can be defined as the calculation of the irreversibilities and inefficiencies in the system.

It characterizes how well the cycle can convert the available incoming thermodynamic power
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into useful work. The exergy balance equation for all equipment in a steady-state system is

given by [57],
Eox + X Eimk = Ewx + X Eoutk + Epi 3)

The detailed energy and exergy balance equations along with the exergy destruction of STC-

El cycle is listed in Table 1.

Net exergy destruction of cogeneration systems can be computed using [58],

ED,total = 2 ED,k (4)

Further exergy can be quantified into production exergy and fuel exergy. The fuel of a
component is defined as all the exergy streams entering it and the product as all the exergy
streams removed from it [59]. Table 3 lists the definitions of the fuel and product of exergy for

all components of STC-EI cycle. Alternatively, exergy destruction can be calculated from [60],
Epx = Epx + Epk (5)

In which Ef ) and Ep are fuel exergy and product exergy, respectively. So, the second law

efficiency or exergy efficiency can be expressed by [60],

_ ok 6)

=1
77Ex,k Epg

The total exergy for a stream only incorporates physical and chemical exergies [60], which can

be written below:
E = Eph + Ech (7)

In which Ey, and E, is sited as physical and chemical exergy, respectively. In the present

work, concentration of CO2 Is kept constant for the whole process and as a result the chemical
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exergy does not change from one point to another. Therefore, it has not been taken into

consideration.
The physical exergy can be expressed as [61],
Eyn = m[(h —hy) — To(s — so)] ®)

To find out the area of the heat exchangers, the approximate value of overall heat transfer
coefficient is considered [62]. In addition, for the temperature difference of the heat

exchangers, logarithmic mean temperature difference is used and can be expressed by [62],

— (Thi—Tco)—(Tho=T¢i) (9)
AT In [(Thi—Tco)/(Tho—Tci)]

4.2  Ejector Analysis

Constant pressure ejector model outperforms the constant area model as shown in Figure 3.
So, the model has been chosen for this study. Several assumptions have been made to simulate

the ejector. They include:

o Nozzle, diffuser and mixing chamber efficiencies account for the friction loses
within the ejector.

o Flow is one — dimensional, homogenous and in equilibrium.

o External heat transfer is negligible.

o Motive and suction fluid reaches same pressure at the exit of the respective nozzle.

o Constant pressure uniform mixing occurs at mixing chamber.
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Figure 3: Working process and structure of an ejector.

The most important ejector parameters are secondary nozzle pressure drop and entrainment

ratio. For a suction pressure Ps i, and exit pressure Ps ou pressure drop is,

AP = Ps,in - Ps,out (10)

Entrainment ratio is secondary suction and primary motive mass flow ratio:

Titg (11)
m

w =
14

Ejector calculations are done in an iterative method initially purposed by Kornhauser [70]. For
a given pressure drop AP, an initial estimate for entrainment ratio is assumed. This is iteratively
updated until there is negligible difference between theoretical and obtained value. Suction and
motive fluids are accelerated through separate nozzles, but is designed to achieve equal exit

pressure for uniform mixing.
Equations for properties at primary motive nozzle outlet:

Outlet pressure: Py out = Ppin — AP (12)

hp,in - hp,out (13)
hp,in - hp,out,s

Nozzle efficiency:

h, =
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Outlet velocity:

Cross-section Area:

Vp,out = \/z(hp,in - hp,out)

1

(1 + W)vp,out Pp,out

Ap,out =

Equations for properties at the secondary nozzle outlet:

Outlet pressure:

Nozzle efficiency:

Outlet velocity:

Cross-section Area:

Ps,out = Ps,in — AP

hs,in - hs,out
h, = ——

hs,in - hs,out,s

Upout = \/Z(hs,in — hg ,out)

1

(1 + W)US,Out ps,out

As,out =

Equations for properties at the mixing section outlet:

Outlet Pressure:

Outlet Velocity:

Outlet enthalpy:

Outlet Entropy:

1

by = pout — Ps,out

Vi

Um,out = 1+w (vm,out + st,out)

Fmoue =Ty,

Equations for properties at the Diffuser outlet:

Outlet Enthalpy:

Diffuser efficiency:

Outlet Pressure:

2
1% w
p,out
(hp ,out + 2 )+ 14+w (hsn ,out +
2
vm,out
2
Smout = s(Bn, hm,out)
2
Um,out

hd,out = hm,out +

_ hd,out,s B hm,out

ha

hd,out - hm,out

Pd,out = P(hd,out,s ’ Sm,out)
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4.3 Exergoeconomic Model

Exergoeconomic analysis combines the conventional exergy with thermo-economic
performance for each component by relating the purchased equipment cost and thermodynamic
efficiency. It is a key factor that provides us with exergetic cost at the level of system
components. Among the various exergoeconomic methodologies, in this paper we have used
the specific exergy costing method (SPECO) [59]. To conduct this analysis, all energy and
exergy streams, as well as the capital investment cost, operational and maintenance cost
(CIOM) for all components, were quantified. The cost balance equations based on the exergy

flow of the kth component can be defined as follows [29]:
YCoutk + Cwi = XCink + Cox + Zk (27)

which states that the total cost rate of all exergy outflows (}: Cout_k) is equal to the sum of the
cost rate of all exergy inflows (3.C ink)» the capital investment, operating and maintenance costs
(Z) [52]. CW,k and C'Q,k are the total cost rate of work output and heat input to the kth

component, respectively. The cost rate of the exergy stream can be defined as [60]:
Ck = CkEk (28)

where cj, is the per unit cost of each exergy flow. The annual levelized CIOM cost rate for the

kth component can be described as follows [60]:

Zy =2+ Z20M (29)
ZE" = 7,,(CRF/1) (30)
ZI?M = Z(Yr/T) (31)
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where T and y; are annual operation hours of 8000 h [29], operation and maintenance
coefficient of 0.06 [29], respectively. CRF denotes the capital recovery factor, which can be

obtained by:

CRF = LA+ (32)

(A+ip)"-1

where n and i,. are 20 years of service time and 12% interest rate [29]. Furthermore, Zj, is
defined as the capital cost function for the kth component which is listed in Table A1. Besides,
the heat from exhaust gases is seen as a free thermal source, so that the levelized exergy cost
of the exhaust gas is effectively negligible. The cost rate balance and other auxiliary equations
for the STC-EI system components are listed in Table 2. The cost balance and auxiliary
equations are formed on the basis of Fuel and Product principle of SPECO [59]. The different

exergoeconomic behavior was analyzed using several parameters provided in Table 4.

The STCs all have a regenerative sCO; as the HTPC and a tCO; as LTPC. The components in
these power cycles are: Turbine 1, WHEI1, C1, HTR, LTR, coolerl, cooler2, pump, WHE?2,
turbine 2 and mixing chamber. Each of these 11 components has been modeled as a control
volume to form the energy and exergy balance equations provided in Table 1. However, the
bottoming refrigeration cycle for the STCs vary. All four systems contain in common at least
one: expansion valve, evaporator, a compressor and SLHX. STC-EE contains an ejector and
flash tank besides these. STC-FT contains two expansion valves, two FT, two expansion valve,
two compressor, one evaporator, SLHX and mixing chamber. In addition to the components in
STC-FT, the STC-EI has an ejector. Since STC-EI covers maximum components, energy,

exergy, and cost rate balance equations have been provided for this configuration only.

4.4 Performance Evaluation Parameters
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Four parameters: Coefficient of Performance (COP), Utilization Factor (UF), Exergy efficiency
(ngx) and product unit cost (cCwral) are chosen to evaluate the performance of the STCs and
compare against RSTC. Performance of the bottoming refrigeration cycle can be quantified

through coefficient of power, [52]

' 33
cop =& )

(o

The total output of the cogeneration system can be evaluated using Utilization Factor [63]

— Wnet + Qref (34)
Qin

UF

Here, Wy, is the net output of the system and Q. is the net cooling load. W, is the total

compressor work done. Refrigeration exergy, total available exergy and Overall system exergy

can be defined as [64],

. . T (35)
Eref = Qref X [1- 2
evp
s = g (g1 = ) = o500~ 531)) )
Whet+Ere
— >

Here, h,, and s,,, are the enthalpy and entropy of the exhaust gas at the minimum available

temperature and Ty, is the evaporation temperature. The performance criterion based on the

total product unit cost (¢¢y¢q;) can be defined as [65]:

i 7 (38)
C = ———
total =1 Wnet + Qref

Where n;, is the amount of equipment in each cogeneration cycle.
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Table 1: Equations for Energy and Exergy Balance of each component in Ejector Injection

[29],[52]

Components Energy balance Exergy balance

QWHEl = my(hs — hy) = . ) ) . .
WHEI1 Es+Egp + Epwhp1 = Eo + Egq
mg(hgl - hgz)

Wry = mig(hs — hg), he = , , , ,
Turbinel E¢+ Wry + Eprq = Es
hs — (hs — hes)Nr1

QHTR = m3(h4 - h3) =

HTR E7 + E4 + ED,HTR == E6 + E3
me(he — h7)
QLTR = my(h; — hy) = ) ) ) . .
LTR Eg + E3 + ED,LTR = E8 + E2
mS(hS - h9)

WC = mz(hz - hl)l h2 = . . . .
C1 E; + Epci = Eig + W,
hi + (hzs — hq)/nc

QCoolerl = m9(h9 - hl) = . ) ; . .
Coolerl Ey + Eoz + Epcooter1 = Eg + Epq

mOl(hOZ - hOl)

QCoolerZ = mlo(h29 - . ; . . .
Cooler2 E1o + Eos + Ep cooterz = E29 + Eo3

h10) = m03(ho4 - ho3)

QWHEZ = 1my(hiz — hyy) = . . . . .
WHE2 Eip + Egz + Epwhez = E11 + Eg

mg (hgz - hg3)

WTz = m12(h12 -

Turbine2  hy3),hy3 = hyp — (hyy — Eyz + Wpy + ED,TZ = Ep,
hi3s)nT2
m8h8 - Th7h7 + Th13h13 + . . . . .
Mixerl E8 + ED,Mixerl = E7 + E13 + E23
Mp3hy3
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QSLHX = m29(h1 - h29) = . . . ) .
SLHX Eyo + Ezp + Epsiux = E1p + E2q

le(h’ZZ - h21)

Wpump = myq(hyg —

Pump hi0), hi1 = hio + (hy1s — E1s + Ep pump = E10a + Wpump
h10) /Mpump
EV1 hi7 = hig Eig+ ED,Expl = Eyy
EV2 hys = hys Eys + ED,Epo = Ey,
Ejector Ei6 + Ep gjector = E10p + Eio

QEvap. = mzs(hzs - hzs) = . . . .
Evaporator Eze + Eoe + Ep pvap. = E2s5 + Eos

mOS (hOS - h06)

Wcz = mze(h27 -

C2 hy6), hae = hae + (ha7s — Ey; + Epcy = Epg + Wy
ha6)/Mc2
. Maghyg = Mazhy; + _ . _ _
Mixer2 Eyg + ED,Mixerz = Ey7 + Ey;
LYY

Wc3 = mzs(h23 -
C3 hyg), hag = hyz + (hpgs — Eys + ED,CB = Eog + Wes

ha3)/Mcs

Table 2: Cost rate balance and auxiliary equations for each component of Ejector Injection

[29]

Components Cost Rate Balance Auxiliary equations

WHEI1 Cs + ng = C4 + Cgl + ZWHEI ng/ Egz = Cgl/Egl
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Turbinel  Cg + CWn =Cs+ 7 Cs/ Eg = Cs/Es
HTR C7 + C4 = C6 + C3 + ZHTR C7/ E7 = CG/E6
LTR Cg + C3 = Cg + Cz + ZLTR C9/ E9 = CB/ES
L Gl We = Gy, Wy
Cl1 Cz = Cla+CWC+ZC
Cia = (1 —x3)C;
COl = O ,
Coolerl C1+ Coz = Co+ Co1 + Zcootert .. ..
Cy/ Eq = C1/E;
Co3 == O ,
Cooler2 (o + Cos = Co9 + Coz + Zcooter2 L
Cy9/ E29 = C10/E1p
WHE2 612 + Cg3 = Cl1 + CgZ + ZWHEZ Cg3/ Eg3 = CQZ/EQZ
_ . . . 613/ E13 = C12/E12
Turbine2  Ci3+ Cy,, = Ci2 + Z1; , , , .
CWTZ/ Wr, = CWTl/ Wry
Mixerl Cg=Cy+ Ci3+ Cyg
' . . ) _ 629/ E29 = Clb/Elb >
SLHX Cy9 + Cop = Cip + Coq + Zgiux
Clb = x2C1
. . . . CWPump/ WP ump = CWTz/ WTZ >
Pump Ci1 = Cioa t Cwpymy + Zpump
Ciroa = (1 —x3)Cqy
FT1 CZl =1- x4)Cl6
618/ E18 = 617/E17
EV1
Ci17 = x4C16
FT2 Cio = (1 —x5)C1g
624/ E24 = Czs/Ezs
EV2

Cyq = x5C43

52



Ejector Ci6 = Ciop + Cio + ZEjector Ciop = x3C10
. . . . . 626/ Eze = C.‘zs/Ezs 5
EVapOfatOf C26 + COG = C25 + C()5 + ZEvap.
Cos =0
C2 Cz3 = Czs + CWC2 + Zcz CWCZ/ Wcz = CWTl/WTl
Mixer2 Czs = Cz7 + sz
C3 Cz7 = Cze + CWC3 + ZC3 CWC3/ Wc3 = CWCZ/ Wcz

Table 3: Equations for fuel and product exergy of each component in STC-EI [52]

Components Fuel Exergy Product Exergy
WHEl  Ey, —Egp, Es—E,
Turbinel Es — Eq Wry
HTR E, - E, E, — E;
LTR Eg — Eq E;s —E,
Cl W, E, — Eiq
Coolerl Eq—E, Eo; — Eox
Cooler2  E,o— Eq, Eos — Eo3
WHE2 E'g2 — Eg3 E1z - E11
Turbine2  E;, — Eq3 Wra
Mixerl E, + Ei3 + Eyg Eg
SLHX  Ey, — Eyo Eyy — Ep
Pump Woump Ei1 — Eroa
EVI Eyy Eig
EV2 Es, Es
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Ejector Eiop + E1o Eie

Evaporator  E,c — E,¢ Eos — Eos
C2 Wcz E23 - E28

Mixer2 E27 + Ezz Ezs
C3 Wes Ey; — Eye

Table 4: Exergoeconomic performance evaluation parameters [60]

Items Functions
Average cost per unit exergy of fuel Crr = ¢ i/ E Fk
Average cost per unit exergy of product Cpy = ¢ P/ E Pk
Cost rate of exergy destruction C Dk = cF_kE Dk
Relative cost difference Te = (Cpx — Cri)/Crk
Exergoeconomic factor fie = Zi/(Zic + Cp )

4.5  System Flowchart and Analysis Chronology

Mathematical models for the systems are built and solved in Python using the CoolProp library.
The ranges and values for input parameters were selected from previous literature by Zhang et
al. [29] which conducted extensive analysis on the impact of the mentioned input parameters
in the power cycle. The flowchart in Figure 4 indicates four different routes for the steps
followed in solving four STCs. For convenience some of the state points have been represented
as variables like: 1, j and k. Here, 1 indicates the evaporator inlet state, j indicates C2 exit state
and k stands for Cooler2 exit state. Since the state no. for these states vary between STCs they

have been provided in a box at upper-right of the flow chart alongside the color code followed
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for individual STCs. Certain state points and values were solved using a relaxation method
with suitable weights. In the flow start to step 4 and step 11 to end are all same for the systems.
The equations to be solved only diverges in between. In solving some of the properties
including entrainment ratio, w for STC-EI and STC-EE, LTR cold side exit temperature, T3
and cooler2 exit temperature, Tk , a relaxation method was adopted in conjunction with the
equations. These are indicated by the loops in the flowchart. The loop for T3 and Tk is common
for all the cycle. But STC-EE and STC-EI requires an extra loop to be solved for entrainment

ratio, given the presence of ejector in these cycles.
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State i j k
STC-VCRS 31 15 15 18
[ Input Parameters: PR1, Try, PR2, Tra, Mey, Tey ] STC-FT 17 22 23
3 STC-EE 19 23 25
STC-EI /| 26 23 29
[ State 1,5,12,i ]

v ( - i

) Equation of Expansion Valvel, FT,
[ Energy Balance of C, T1, T2: state 2, 6, 13 J »  Expansion Valve2, C2: state 14, 15, 19,

v

L 16, 17, 18, m14, m19, m20
[ Energy Balance of Mixer2: state 20, 21

T
" New w ¢

[ Equation of Ejector primary and secondary suction,

Q16n=1/(1+w)
w=w-w*(Q16-Q16n)/Ql6n

mixing chamber, diffuser: state 14, 20, 15, 16, m22
v

Energy Balance of FT1, Expansion Valve: state
17,21,18

w+0.3(wn-w)

W=

|w new -w|<0.001

|w new -w|<0.001

Energy Balance of FT, Expansion

state 24, 25, 27, 22
v
[ Assume T3, Tk }‘ﬁ
|

[ Energy Balance of FT2, Expansion Valve2, C3 : J Valve: state 17, 21, 18

L4

.
)

(
L

={ New T3 ]

v

={ New Tk ]

v

[ Energy Balance of HTR, pump: state 7, 4, 11 ]

v

]7

Energy Balance of WHE1 (T;,-T4>5), WHE2 (Tgs-
T11)> 5: state g2, g3, My, My
Equation of SLHX: knew

| Tknew-Tk|<0.08

Tk+0.2(Tkn-T10) ]—

T3=T3+0.2(T3n-T3)

Tk

»
(

Equation of Mixer2: state 28 (only for STC-El)

| T3new-T31<0.05

[ Equation of C2, Mixer1, LTR: state j, 8, 9, 3new J

9T ‘vT 21e3s
:aAjeA uoisuedx]
Jo uonenb3y

Figure 4: Flowchart for thermodynamic simulation of: STC-VCRS, STC-FT, STC-EE and

STC-EI
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4.6 Model Validation

The models of the component systems that make up the four combined cycle systems has been
compared to and validated against previous studies. The common topping power cycle
regenerative sCO> — tCO» has been validated against the works of Zhang et al. [29] and compared
in Table 5. The reference study was conducted by developing mathematical models using
properties available in REFPROP library in MATLAB software. The validation is done using
properties from the CoolProp library in Python. The comparison has been done for the optimum
operating condition for regenerative sCO2 — tCO2 cycle. There exists a negligible difference
between our study and the work of Zhang et al. [29] due to the use of different software for

simulation, as shown in Figure 5.

Table 5: Validation for sCO>-tCO: cycle

Parameters Zhang et al. (Cycle 3) Present study Difference (%)
Wiet (MW) 518.798 519.077 0.054
Nex (%) 65.442 65.407 0.053
Nex.syst (%0) 73.573 73.623 0.068
Nex.sys2 (%0) 43.228 43.178 0.115
Crotal ($/GJ) 7.609

PR1=3.5, PR2=3.5, T11=445, T12=245, n11=0.90, n12=0.85, 11c=0.85, Mpump=0.80, €xr=0.86,

eLtr=0.86
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Figure 5: Comparison of Present study with the study on sCO>-tCO: cycle (Cycle3) by Zhang et

al. [29]

Experimental validation has been conducted for VCRS and VCRS with SLHX using the data found
in the works of Babiloni et al. [52]. Table 7 contains the comparison between Qr and COP of
experimental data and present study. The maximum deviation seen in Table 7 is 4.11% for SLHX
and 1.42% for VCRS which is well below the acceptable limit. Additionally, a graphical
comparison of the same provided in Figure 7 shows similar trends for experimental data and

present study.

In order to consolidate the validity of the numerical model for the ejector enhanced bottoming
refrigeration system, a model for standalone ejector enhanced VCRS is developed, and it is
compared against the work of Li et al. [66]. The impact of pressure drop on COP between the two
models were compared. COP was evaluated under the conditions of, Tevp=5°C, Tconda=5°C, 1, =
Nm = 0.85, 14 = 0.95 . The results obtained through the numerical model closely resembeles the
findings in the work, as seen from Figure 6 This is sufficient evidence confirming the reliability

of the model.
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Figure 6: Validation of Ejector enhanced VCR model against the work of Li et al. [66]

Table 6 depicts the variation in COP due to changes in Tey, for FT enhanced VCRS found in works
of Qi et al. [67] under the following operating conditions: Tcond= S0°C, ATsubcool = 5°C, 1 = 0.75,
refrigerant mass flow rate, mev=1 kg/s. The COP of the developed model was obtained for the same
set of Tevp and compared. Table 6 also shows slight deviation in between the present study and
COP obtained by Qi et al. [67] due to a variation in database used to emulate the models. Present
work used CoolProp library to obtain the data whereas the NIST database was used to obtain data
for the literature. However, the deviation is within limit, therefore, the reliability of the FT

enhanced VCRS model can also be confirmed.

Table 6: Validation of FT enhanced VCRS model with Qi et al. [67]

Tevap (°C)  COP (Present Work) COP (Qi et al.) Relative Difference (%)
-30 2.7167 2.707 0.35833
-25 2.9057 2.8973 0.289925
-20 3.1242 3.0982 0.839197
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-15 3.3797 3.3418 1.134119

-10 3.6823 3.6066 2.09893
-5 4.0463 3.9515 2.399089
0 4.492 4.3578 3.079536

Table 7: Validation of VCRS and SLHX system through experimental data provided by Babiloni

etal. [68]

Tevap Cooling Cooling Percent COP of COP of Percent

(°C) Load,Qrof Load,Qrof Error Experimen Current Error (%)

Experiment Current (%) tal Setup Study
al Setup Study
(KJ/kg) (KJ/kg)
VCRS
-15 146.39 145.63 0.519 1.61 1.63 1.422
-10 149.38 148.86 0.348 2.23 2.25 0.976
-5 152.49 152.06 0.285 3.02 3.05 0.855
SLHX
-15 160.82 159.75 0.669 1.56 1.62 4.114
-10 162.17 161.52 0.404 2.25 2.33 3.356
-5 163.52 163.21 0.193 3.01 3.08 2.303

Tcond =4(° C, ATsubcool =2.4° C, ATsubcool =10.6°C
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Figure 7: Validation of (a) VCRS and (b) SLHX system through experimental data provided by

Nabil et al. [64]
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5. Results and Discussions

The aim of this research is to model a WHR cycle with combined cooling and power, to obtain
high net output in terms of either power or cooling. Additionally, the study aims to reduce the cost
per unit output, Cital @s much as possible. Moreover, comparison between four different system
configuration with varying refrigeration system has been conducted. Table 8 contains the
information regarding the properties of the ICE exhaust gas chosen as the heat source for this study.
Table 10 presents the properties at different states in STC-EI system under a specific operating

condition displayed in Table 9.

Table 8: Engine and exhaust gas parameters

Exhaust gas
Parameters Values Values (%)
molecules
Net power output (kW) 2928 CO, 9.1
Fuel Consumption (kW) 7002 H.O 7.4
Electrical efficiency (%) 41.8 N, 74.2
Engine speed (rpm) 1000 O, 9.3
Exhaust temperature (°C) 470 - -
Exhaust mass flow (kg/h) 15,673 - -

Table 9: Input Parameters for thermodynamic simulation [29],[69]

Parameters Values

To(°C) 25
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Po (MPa) 0.101325
T, (°C) 32
P1 (MPa) 7.6
Tt 450
PR} 3.0
Tr2 (°C) 240
PR> 2.2
nri 0.90
NMC&RC&C 0.85
nr2 0.85
MNPump 0.80
EHTR&LTR&Recuperator 0.86
ATwHEL, end (° C) 10
ATwHE2, end (° C) >5
ATcooler2, end (° C) 5
Tev (°C) -15
mey (Kg/s) 04
Ejector
Mn 0.85
Nd 0.85
Nm 0.95
AP (MPa) 0.2
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Table 10: Properties at different state points for STC-EL

State P T h s m C c
Q

Points (MPa) (0] (kJ/kg) (kJ/ (kg-K)) (kg/s) ($/h) ($/GJ)
1 7.600 32.00 315.08 1.376 7.06 - 89.95 16.46
2 22.800 70.31 342.47 1.388 423 - 61.91 17.02
3 22.800 144.92 502.71 1.812 423 - 76.11 18.34
4 22.800 268.39 681.72 2.190 4.23 - 97.71 18.93
5 22.800 450.00 908.97 2.552 4.23 - 114.8 16.45
6 7.600 32930 786.89 2.575 4.23 - 82.5 16.45
7 7.600 170.74 607.87 2.230 4.23 - 63.41 16.45
8 7.600 160.15 595.70 2.202 7.06 - 104.3 16.46
9 7.600 82.89  499.71 1.957 7.06 - 94.65 16.46
10 7.600 30.00 289.61 1.292 2.83 - 3595 16.46
11 16.720  49.19 305.53 1.302 2.15 - 30.05 17.07
12 16.720 240.00 659.99 2.203 2.15 - 38.4 15.84
13 7.600 168.80 605.66 2.225 2.15 - 3094 15.84
14 3.282 -2.26 280.52 1.298 0.68 0.36 - -
15 3.282 -2.26 295.50 1.353 0.75 0.42 - -
16 4.893 13.39 303.24 1.357 0.75 037 9.662 17.15
17 4.893 13.39  235.26 1.120 0.47 0.00 6.08 16.92
18 3.482 -0.04 235.26 1.129 0.47 0.15 6.004 16.92
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0.915

19 3482  -0.04  430.92 1.846 0.07  1.00 18.44
9
20 3282 -2.26  429.12 1.847 0.07  0.99 - -
21 4.893 13.39  418.87 1.761 028 1.00 3.581 17.57
22 4.893 2939 45230 1.875 0.28 - 3.72  18.29
23 7.600 7497  488.13 1.925 0.68 - 9922 18.12
24 3482  -0.04 19991 1.000 040 0.00 5.088 16.67
25 2291  -15.00 199.91 1.008 040 0.13 5.028 16.67
26 2291  -15.00 436.27 1.924 040 1.00 4.149 16.67
27 4.893 4295 47280 1.941 0.40 - 5129 1744
28 4.893  37.12  464.40 1.914 0.68 - 8.849 17.8
29 7.600  31.89  311.80 1.365 2.83 - 36.02 16.46
gl 0.101  470.00 987.60 7.447 4.35 - - -
g2 0.101  278.39 766.76 7.104 4.35 - - -
g3 0.101  120.50 591.70 6.731 4.35 - - -

5.1  Parametric Analysis

The parameters selected for analysis and optimization are: pressure ratio of HTPC (PR), turbine
inlet temperature of HTPC (T1), pressure ratio of LTPC (PR»), turbine inlet temperature of LTPC
(Tt2), evaporator mass flow rate (mey) and evaporator inlet temperature (Tey). Since, Tti and PR
defines the greatest pressure and temperature of the systems, their effect on performance is

significant. Similarly, T2 and PR; has an impact on the performance of LTPC. So, these four
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parameters have been analyzed for the power cycles. Moreover, mey and Tey are significant in
controlling the performance of the refrigeration system. Therefore, the parametric analysis of these

two parameters has also been performed.

5.1.1 Effect of HTPC Pressure Ratio (PR1)

From Figure 8(b) it is evident, COP remains constant for all four cycles even though PR1
increases. This is because, the cooling load Qr as well as the work done by compressor 3, We3 in
refrigeration cycles remain unaffected by any variation in PR1. Figure 8(b) also shows, increasing
PR1 increases UF. Since, cooling load remains unchanged this is solely due to an increase in net
work output, Wye. Raising PR1 increases the enthalpy difference across turbine 1 inlet and exit
(hs-he) which increases Wri. PR1 also increases work done by power cycle compressor, We.
However, the increase in Wy is greater resulting in an effective increase in Wyer. On average, STC-
EI has the highest COP (3.011) owing to its high cooling Qr and low W¢3. STC-VCRS has the
lowest Qr for almost the same W3 and thus the lowest COP (1.847). STC-FT has a higher COP
than STC-EE since under the given condition it has both a lower W3 and a higher Qr than STC-

EE.

Increasing thermal efficiency nm in Figure 8(a) is further testament to the rise in Wyer with PR1.
Since Qr impacts nex much less than Wiyet, Nex also increases alongside PR1. The nw for all the
cycles are quite similar. STC-EE, however, has a lower nm due to increased Wc3. The mass flow
rate across the compressor in STC-EE is higher than the flow across the compressor in STC-VCRS

as well as either of the compressors for STC-FT and STC-EI owing to entrainment.
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For constant Tt higher PR decreases the turbine outlet temperature Ts. As a result, HTR hot side
inlet temperature increases, so does HTR cold side exit temperature T4 Temperature difference of
COz across WHE1, ATwane; is thus increased and WHEI inlet mass m4 decreased. The™ decreased
mass flow rate contributes to diminishing cost for LTR, HTR, T1 and C1. Cost must also decrease

due to increase in Wper. The trend of cioral reduction with PR is seen in Figure 8(c).
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Figure 8: Effect of HTPC Pressure Ratio (PR1) variation on the cycle (a) ¢, and Mgy (b)COP
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5.1.2 Effect of LTPC Pressure Ratio (PR2)

Raising PR2 raises UF as per Figure 9(b). Higher pressure difference means higher expansion of
fluid across turbine, which must produce more work. Therefore, raising PR2 under constant turbine
2 inlet temperature, TT2 increases the work done by turbine, W just like in case of PR1. This
positively affects UF and COP remains unaffected by PR2. Growing W also increases nm and nex

in Figure 9(a).

Figure 9(b) illustrates the variation of ciar in the cycles with PRo. Initially increasing PR> results
in a decrease in cCotal. But after reaching a minimum the ciotal starts increasing. As PR» increases UF
and thus the total product. Increased product decreases cost per unit product, Ciotar. Since the fluid

needs to be pumped across a greater pressure difference more work is required. This increases
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investment, operation and maintenance cost of both pump and turbine. Besides, raising PR> at
constant Tt2, decreases the fluid temperature difference ATwnr2 across WHE2. Consequently, the
mass flow across LTPC increases. The increased mass flow contributes to further increase costs
for T2 and pump. Therefore, increased cost eventually manages to overwhelm the cost drop due
to Whet. Thus, we see a higher cost at high pressure ratios. This however implies, a minimum cost
can be obtained for a particular PR, Additionally, Figure 9(c) shows STC-VCRS has the highest

crotal followed by STC-EE, STC-EI and STC-FT.

A heatmap for UF and contour plot for cial in Figure 10 presents the interaction between the two
pressure ratios in influencing the objectives for STC-VCRS. Similar, interactions are expected in
other three cycles. At low HTPC inlet pressure remains unaffected by LTPC pressure changes. The
same is true for UF. At high PR; we see an optimum PR> where the cost is the lowest, then it rises
again. PR> marginally weighs in on UF at high PRi. So UF is largest at highest PRz and PR;. The

Ciotal hOWever, has an optimum PR,
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5.1.3 Effect of HTPC Turbine Inlet Temperature (Tr1)

A constant COP proves Tt has no impact on refrigeration section of any of the cycles. UF reduces
with increasing T in the Figure 11(b). Increasing Tt also increases T4 and thus reduces WHE1
exit temperature, Tgo. This limits the heat recovered through WHE1 and reduces the flow rate in
HTPC along with the flow across its turbine. The result is a reduction in Wri. Reduced heat
exchange in WHE1 also means more heat in WHE?2 and thus, more mass flow rate at T2 (m12). As
a result, Wr2 increases. But since W1 makes up the larger portion of Wy the effect of its change
is dominant. Consequently, there is reduction in Wyt and therefore in UF. Drop in Wye also results

in a drop in nm and nex in Figure 11(a). A positive correlation between Tti and ciota 1S given in
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Figure 11(c). Since, Wyetand cioal has an inverse relation, with Wyet diminishing cioral must increase.

Thus, minimizing Tti will also minimize cotal.
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5.1.4 Effect of LTPC Turbine Inlet Temperature (Tt2)

Increasing T> at constant pressure raises outlet temperature, Ti3. This in turn raises hot side inlet
temperature Tg for LTR and raises cold side exit temperature T4. Since Ty is related to T4 by a pinch
condition it increases as well. As a result, heat transfer in WHE?2 increases, and so does mass flow
across turbine 2, mi,. The consequent rise in Wr is the primary reason for the increase in UF. As
usual, the refrigeration cycle remains unaffected by power cycle parameters. Therefore, in Figure
12(b) we see no variation in COP with the increase in Tt2. In Figure 12(a) significant increase in
Wr2 also increases N and Mex. Crotal. Figure 12(c) shows a completely opposite scenario of the
previous Tt graph. Here, increasing Whe contributes directly to decreasing Ciotal. S0, maximizing

Tt will minimize cotal. From the contours presented on Figure 13, Tt has a larger impact on Cyotal
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of STC-VCRS than Tt is apparent. The influence of Tt slightly declines as Tt increases. Thus,

reducing Tt1 will more readily help reduce the cost than increasing Tt2. The largest UF is found at

high Tt and low Tr1.
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5.1.5 Effect of Evaporator Mass Flow Rate (mev)

Increasing mey increases the mass flow across compressors in refrigeration cycle, W in STC-
VCRS and STC-EE and increases W3 alongside W2 in STC-FT and STC-EI This decreases Whet
when top cycle outputs remain hardly affected. The decline in Wyt contributes to the decline in ne.
Also, as stated before, nex is affected more severely by changes in Wyet than that in Qr. This is
because 1ex directly takes into account Er which is only a smaller multiple of Qr. So, nex is also
seen to reduce in the Figure 14(a) with increasing mev. Contrary, to nex, UF is affected as severely
by Qr as it is by Whet. As mey increases, cooling load is bound to increase. This growth offsets the
decline in Whet. So, the overall effect is an increase in UF as seen in the Figure 14(b). Though all
the cycles show this trend, the steepness varies among them. STC-EE and STC-EI have the steepest

increase followed by STC-FT and then STC-VCRS.

Additionally, the Figure 14(c) plots variations in crwrl for the cycles against mey. The change in
Crotal 1 the inverse of UF. So, we see a decline with increasing mey. The decline is least steep for
STC-VCRS but becomes increasingly steep for STC-FT, STC-EI and STC-EE. In case of STC-FT
the cost soars again after hitting a minimum. Higher mey besides increasing UF also increases
operation cost for the components in the refrigeration cycle. This effect of increased mey eventually
overwhelms that of UF atleast for STC-FT. So, STC-FT has an optimum mey for which the cost is

minimum.
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5.1.6 Effect of Evaporator Temperature (Tev)

In refrigeration cycle increasing Tey decreases the enthalpy of saturated vapor state at evaporator
exit. Even though inlet enthalpy slightly decreases as well, it fails to compensate for the loss in
exit enthalpy. On the whole enthalpy difference across the evaporator (Ahey) declines and so does
Qr for constant mass flow rate. On the other hand, compressor has to compress the saturated vapor
across a smaller pressure difference owing to the increased Tev. This decreases We2/c3 and increases
Wiet. In the case of nm and nex where the effect of Wyet is more prominent we see a rise with
increasing Tey in the Figure 15(a) The rise in both nm and mex is much sharper in case of STC-
VCRS and STC-EE than in the other to cycle. The effect of declining compressor work is much

more direct in these cases due to lack of a flash tank.
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It can be seen in Figure 15(b); COP is no longer unaffected unlike in case of the previous
parameters. Instead, it rises more sharply as Tey increases. Even though both W¢yc3 and Qr
declines, the decline in W3 is more effective as is the case in most refrigeration cycles. In the
Figure 15(b) for UF we see a decline followed by an initial rise. That is to be expected since Wiet
and Qr can both affect UF. While initially UF rises due to an increase in W, the decrease in Qr
has the major impact in the later part. STC-EE and STC-FT hit optimum close to -7.5°C. STC-EI
however, appears more stable. But STC-VCRS keeps increasing. The trend for ciora1 Seen in Figure
15(c) is the opposite of that of UF. Unit cost cioral initially falls with rising Tey until a minimum is
reached then a rise in coal 1S seen. The growing net product cuts down the cost. However, as the

UF declines, the cost starts growing.

In Figure 16 we can see, at low mev and high Tey the impact of mev On cost is more prominent.
That’s why the cost lines to the top-left are more vertical. The cost does not vary much with mey in
this region. Mey becomes impactless at high mass flow and medium temperatures, apparent from
horizontal lines to the right. Both high mey and high Tey increases UF. So, both minimum cost and

maximum UF can be found when mey and Tev is high in the case of STC-VCRS.
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5.2 Exergoeconomic Evaluation

The exergoeconomic results for each component of STC-VCRS, STC-FT, STC-EE and STC-EI
have been shown in Table 11, Table 12, Table 13, and Table 14 respectively. The total cost rate
for each component (Z;, + C D.,k) accommodates both CIOM cost rate (Z) and exergy destruction
cost rate (Cp) which is a key parameter for exertic cost analysis. Higher value of (Z, + C ,j’k)
implies that the component should get the maximum importance. Besides the exergoeconomic
factor (fj) denotes the ratio of CIOM cost to the total cost rate. A high value of f}, suggests that a
decrease in the investment cost of these components can be achieved at the expense of its

component efficiency [60].

For STC-VCRS, the highest Z, + C L;,k value appears in the Coolerl (9.22 $/h) followed by the
LTR (6.566 $/h) and WHEI (5.011 $/h). For coolerl, this is due to low exergy value of fluid
incoming to it, which results in higher exergoeconomic cost than that of other components. For
LTR and WHEI, the significant mass flowrate difference between the hot and cold fluid increases
the exergy destruction cost rate. The f; value for these components are 1.755%, 16.02% and
45.57% respectively which suggests component exergy efficiency of coolerl and LTR can be
improved at the expense of higher CIOM cost. For WHEI, as it is one of the most critical
components, has significant CIOM cost with higher exergy destruction cost rate. It needs to be
emphasized that here more expense will increase the overall exergy efficiency, therefore efficiency
cost trade-off should be weighted before any decision. In the bottom VCRS cycle, Cooler2 with
the highest relative cost difference (1) of 295.5% has lower f; value (2.218%) meaning that the

irreversibility is very high. This continues to be high for Evaporator (80.32%) and Coolerl
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(64.79%) which is because the useful exergy flow is highly limited for these components. The
highest f}, value consists in the Turbinel (51.79%) followed by the Pump (47.82%) which indicates
that these components required the largest capital investment. For compressor 1 and compressor
2, fx values are 24.91% and 14.25%. Choosing a more expensive compressor will help to improve
the exergoeconomic performance, which generally means a higher pressure-ratio will be required.
The overall exergoeconomic factor of STC-VCRS is 32.66% which means about 67% of the total
cost is related to exergy destruction. So, it is a reasonable to pick the components with better
performance because the improvement of the exergoeconomic performance would overcome the

rise in total investment cost.

For STC-FT, STC-EE and STC-EI, highest Z, + C ,j_k value also belongs to the Coolerl for the
same reason as of STC-VCRS system. In STC-EE and STC-EI, Ejector was introduced which has
relatively lower Z, + C L;,k value (<1 $/h). This is primarily because Ejector being an expansion
device, has similar C [',,k value of a Expansion valve, which in ideal scenario should be 0. For STC-
EE, adding only a Ejector with one flash tank increases irreversibility in SLHX, and therefore C L;, K
is relatively higher than that of other bottom cycles. The 7}, values are also consistent with the
STC-VCRS for other three systems. For all the cases, Cooler2 has the highest 7, value due to
irreversibility. The value becomes maximum for STC-EI which is 448% because of the addition
of flash tank which increases the temperature of the inlet stream entering Cooler2. The
exergoeconomic factors of sCO» turbines (Turbine 1) are all around 50%, indicating that their costs
are mostly related to investment costs. Again, the Pump has the second highest f; value around
47% for other three systems. So, most of the COIM cost are held by Turbinel and the Pump for

all four systems. This suggests, if the requirement is a low costing design, then lowering their
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thermodynamic performance and exergy efficiency should be the best decision. But in that case,

efficiency cost trade-off must be considered before providing any recommendations.

The exergoeconomic impact factor of the total system for STC-FT, STC-EE and STC-EI are
28.86%, 30.14% and 33.03% respectively. This implies that, STC-FT has the most cost associated
with exergy destruction. Here, increasing exergy efficiency of the components will inevitably
increase the performance of the system. Among all four systems, STC-EI has the highest overall
exergoeconomic factor, which is associated with the most expensive components that exhibit
relatively higher exergy efficiency. Comparing the exergoeconomic factors of all four systems
reveals a scenario of similar behavior with average f;, value of around 30%. Therefore, it is

beneficial to choose more expensive components to gain significant performance improvement.

Table 11: Exergoeconomic results of the STC-VCRS cycle for the base design.

Epx  Cprx  Crik Cpk Zy Zx+Cpr T [k
Components
(KW)  ($/h) (8/G)) (8/G)) ($/h) ($/h) (%) (%)

Turbinel 28.73 1.68 16.24  17.15 1.805 3.485 5.548 51.79

WHEI1 1099 2727 68.94 7047 2.284 5.011 2218 45.57

WHE2 97.14 1512 4325 6541  0.4238 1.936 51.26 2.726

HTR 36.52 1.84 1399 1584 2.534 4.373 13.21 121
LTR 25.64 2255 2443 2837 4.301 6.556 16.17 16.02
Cl 1522 1.037 1894 21.79  0.3442 1.382 15.07 2491

Coolerl 68.79  7.823 3159 2363 1.397 9.22 64.79 1.755

Turbine2 14.43  0.8128 15.65 17.53  0.2528 1.066 12.03 23.72

Pump 6.505 0.5109 21.81 26.77 0.4681 0.979 2272 47.82

C2 3.547 0.2357 1846  20.78  0.0392 0.2749 12.57 14.25
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EV 7.568 0.4403 16.16 16.16  0.0011 0.4414 0.024 0.252
SLHX 1.064 2.7 7047 26776  0.0851 2.785 28 0.314
Evaporator  8.084  4.047 139.1 1256 0.0915 4.139 80.32 2.211
Cooler2 0.699 2436 9673 38262 0.5524 2.988 295.5 2.218
Total
3249  30.06 14.58 44.64 32.66
System

Table 12: Exergoeconomic results of the STC-FT cycle for base design.

. . CF,k . . .
Epr  Cpk Cpk Zy Zi+ Cpy Tk fk
Components ($/GJ
(KW)  ($/h) ($/GJ) (8/h) ($/h) (%) (%)
)

Turbinel 2848 1.727 16.84 17.78 1.79 3.517 5.545 50.89
WHEI1 1229 294 66.47 68.02 2.378 5.319 2.342 44.72
WHE2 82.73 1.384 46.46 68.65 0.4448 1.829 47.75 3.114

HTR 52.69 2.469 130.2 154 2.441 491 18.33 8.997
LTR 3282 3.773 3193 414 3.838 7.611 29.65 9.234
Cl 15.12  1.065 19.57 22.52 0.3413 1.406 15.1 24.27

Coolerl 65.23 8.097 3448 2577 1.405 9.502 64.75 1.706

Turbine2 13.17 0.7689 16.21 18.16 0.2312 1 12.01 23.11
Pump 6.044 04898 22.51 27.73 0.4358 0.9256 23.16  47.08

C2 1.682 0.1151 19.01 2232 0.01075 0.1259 17.41 8.543
EVI 4612 0279 16.8 16.8  0.001695 0.2806 0.02217 0.604
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8920 77249
SLHX 0.144 4.653 0.1248 4.778 76.6 0.267
6 4
Evaporator 12.05 4.354 1003 906 0.1159 4.47 80.29  2.592
EV2 1.88 0.1113 1645 16.44 0.00111 0.1124 0.02267 0.987
C3 2.553 0.1743 1897 21.7  0.01643 0.1907 14.4 8.612
Cooler2 0.887 2.575 8063 32660  0.6138 3.189 305.1 2.328
Total

3324 3497 14.19 49.16 28.86

System

Table 13: Exergoeconomic results of the STC-EE cycle for the base design.
Component Ep,  Cpy Crk Cpk Zy Zi+ Cpy Ty fr
s (KW) ($/h) ($/G]) ($/G])  ($/h) ($/h) (%) (%)

Turbinel  28.76 1.764 17.03 17.98 1.806 3.57 5.549  50.59
WHE1 10.88 2.843 7257 74.17 2.275 5.118 2208  44.46
WHE2 98.43 1.595 45 68.21 0.4226 2.017 51.56  2.581
HTR 3521  1.89  149.1  168.2 2.542 4.432 12.8 11.86
LTR 2289 2.164 2625 2993 4.789 6.953 14.01 18.12
C1 1521 1.083 19.77 22.75 0.3444 1.427 15.05  24.13
Coolerl 71.41  8.663 337 2509 1.437 10.1 64.44  1.632
Turbine2  14.51 0.8563 164 1836  0.2547 1.111 12 22.93
Pump 6.667 0.5434 22.64 27.89 0.471 1.014 23.19  46.43
C2 4956 0.3433 19.24 2178  0.04443 0.3877 13.19 1146
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EV 0.389 0.0224 16 16 0.00111 0.02355 0.02271 4.713
SLHX 2445 6454 7332 20192 0.126 6.58 1754  0.194
Evaporator 13.96 4.347 86.51 781.2 0.1263 4.473 80.3 2.824
Ejector 6.076 0.3667 16.77 17.24 0.2686 0.6353 2.85 42.28
Cooler2  0.628 2.87 12689 49063  0.5374 3.407 286.7  1.838
Total
3324 358 15.45 51.25 30.14
System
Table 14: Exergoeconomic results of the STC-EI cycle for the base design.
Components Ep,  Cpyp  Crk  Cpk Zy Zi+ Cpy L fr
(KW) ($/h) ($/GI (3/G))  ($/h) ($/h) (o) (%0)
)

Turbinel 28.68 1.698 1645 17.36 1.8 3.498 5.552 5145
WHEI 11.37 2787 68.09 69.62 2313 5.1 2254 4535
WHE2 92.63 1472 4414 663 0.4289 1.901 50.2 2.832

HTR 4129 2.032 136.7 156.7 2.504 4.536 14.69  10.97
LTR 19.86 2.033 2842 3239 4.583 6.616 13.94 18.4
C1 15.1  1.041 19.15 22.02 0.3433 1.385 14.99  24.79

Coolerl 68.68 821 332.1 2506 1.429 9.639 65.46 1.71

Turbine2 14.05 0.801 15.84 17.74 0.2462 1.047 12.03 2351
Pump 6.277 0.4982 22.05 27 0.4582 0.9565 2246 4791

C2 2.08 0.1395 18.63 21.72 0.01596 0.1555 16.6 10.26
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EV1 1.251 0.0761 16.92 1691  0.00131 0.07749 0.02181  1.69
SLHX 0.095 1.611 4674 78765  0.1246 1.735 6.85 0.767
5
Evaporator 13.03 4471 9534 860.8 0.1213 4.592 80.29  2.641
EV2 1.005 0.0603 16.67 16.66  0.00111 0.06142 0.02208 1.807
C3 2.081 0.1387 18.52 21.28 0.01142 0.1502 14.85  7.603
Ejector 2.74 0.1641 16.64 16.93 0.1272 0.2913 1.751  43.66
Cooler2 1.028 2926 7907 43327  0.3645 3.29 448 1.23
Total 321.2  30.16 14.87 45.03 33.03
System
Table 15: Decision Variable Range for optimization
Decision Variables Range
PRi 2.0~3.5
T (°C) 445 ~ 455
PR: 20~35
Tr2(°C) 235 ~245
mey (Kg/s) 0.1~0.5
Tev °C) -25~5

5.3  Single-objective Optimization
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The main output of a power system is Wnet. A powerplant also requires refrigeration. The main
output of a refrigeration system is Qr. Often Wyt and Qr have a negative correlation as seen in
parametric analysis. The goal is to balance the two and obtain maximum output as measured by
UF. However, this must be done at minimum Ctotal. Therefore, maximum UF and minimum Ciotal
have been chosen as objectives to be optimized. The six decision variables are PR1, PR2, Tti, T2,
mey and Tev. The ranges for which the decision variables have been optimized is displayed in Table
15. The optimization was conducted using Genetic Algorithm (GA). The results have been

presented in Table 16 and Table 17.

As seen in Table 16, the UF is maximum for maximum PR;, minimum T, maximum PR,
maximum Ttz and maximum mey in all four STCs. However, Tey varies between the systems.
Among the four, STC-EI has the highest UF followed by STC-EI, STC-FT and STC-VCRS in
order. In terms of exergy, STC-VCRS performs best followed by STC-EI, STC-EE and STC-FT
in order. From Table 17 it is seen Ciotal is maximum for maximum PR, Tt and mey. But T2, PR>
and mey are different for different cycles. STC-FT gives us the lowest ciotal followed by STC-EI,
STC-EE and STC-VCRS in order. PRz and Tey vary vastly between the objectives. Clearly, a single

operating condition where simultaneously UF is maximum and cota1 IS minimum does not exist.

Table 16: Results of single objective optimization for maximum UF using GA

Items RSTC Se STC-FT  STC-EE  STC-EI
VCRS
PR; 3.5 3.5 3.5 3.5 3.5
Tri (°C) 445 445 445 445 445
PR, 3.5 3.5 3.5 3.5 3.5
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Tr2(°C) 245 245 245 245 245
mev (Kg/s) - 0.5 0.5 0.5 0.5
Tev °C) - 5 -5.2 -4.8 -9.4
Qr 0 68.936 100.257 115.079 110.445
Net Output 530.206 570.818 582.977 601.65 596.436
MNex 65.44 63.9 62.2 62.9 63.1
UF 30.761 33.118 33.823 34.906 34.604
Ccop - 3.810 3.662 3.254 3.476
C total 7.609 7.506 7.422 7.524 7.413
Table 17: Results of single objective optimization for minimum cost using GA
Items RSTC STC- STC-FT STC-EE STC-EI
VCRS
PR, 3.5 3.5 3.5 3.5 3.5
T (°C) 445 445 445 445 445
PR> 2.069 2.51 2.17 2.29 2.24
Tr2(°C) 245 245 238.942 245 245
mev (Kg/s) - 0.5 0.5 0.5 0.5
Tev (°C) - 5 -4.6 4.52 1.1
Qr 0 68.937 99.648 102.419 100.289
Net Output 499.385 561.909 564.714 585.3 580.463
MNex 62.99 62.6 60.0 61.8 61.6
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UF 28.97 32.56 32.763 33.958 33.68

COP - 3.810 3.731 4.603 4.779

C total 7.302 7.330 7.037 7.305 7.159

5.4  Multi-objective Optimization

The optimum performance lies at a high UF and low cta. Non-dominated sorting algorithm
(NSGA-II) was used from Pymoo library in Python to search for a series of Pareto front solutions
that meet those requirements. From the Pareto fronts displayed on Figure 17 it is evident that an
increase in UF also results in an increase in cworl. Therefore, a tradeoff between the two objective
exists. A solution with least distance from the origin, the co-ordinate representing highest UF and
lowest crota1 Of the front, is chosen as the optimum. The output of the solution for all four STCs has

been compared in Table 18.

It shows STC-EE has the most energetic performance of the four with STC-EI a close second.
STC-EE and STC-EI respectively raise the UF by 16.22% and 15.49% from the base cycle. STC-
EE improves upon the UF of STC-VCRS and STC-FT by 4.93% and 3.32% respectively.
Moreover, all the proposed systems at their optimum have lower cost than the base RSTC. STC-
FT outperforms the proposed systems along with the base system in terms of cost. The unit cost at
the optimum operating condition for STC-FT is 4.13% lower than the cost of RSTC. It also shows
a 12.36% increase in UF. COP is the largest in STC-EI with a difference of 2.09% and 6.26% from

STC-EE and STC-VCRS. STC-FT has the lowest COP. All the advantages, however, come at the
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cost of reduced exergy. A significant portion of the work is lost in producing refrigeration effect

which has a lower exergy value than work.

Table 18: Results of multi-objective optimization for maximum UF and minimum Ciotal

Items RSTC STC-VCRS STC-FT STC-EE STC-EI
PR, 3.5 3.5 3.5 3.5 3.5
T11 (°C) 445 445 445 445 445
PR> 2.904 3.0 2.935 2.934 3.030
Tr2(°C) 243.156 245 239.262 245 245
mey (Kg/s) - 0.5 0.5 0.5 0.5
Tev (°C) - 4716 -7.345 0.521 -4.349
Qr 0 69.047 102.378 108.159 105.682
Net Output 514.037 567.532 577.122 596.932 593.264
Mex 64.842 63.4 61.4 62.8 62.9
UF 29.8 32.927 33.483 34.633 34.417
COP - 3.762 3.429 3.929 4.013

C total 7.435 7.391 7.128 7.369 7.264
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Figure 17: Pareto Fronts obtained after Multi-Objective Optimization

A Sankey diagram for the optimum operating condition of STC-EI is provided in Figure 18. The
highest exergy destruction, Ep is seen in case Cooler, WHE2 and HTR in order. They are
respectively responsible for 27.26%, 16.11% and 15.3% of the total Ep. So, to reduce irreversibility
within the cycle performance Cooler] and WHE2 performance needs to be improved. Tt for the
optimum operation of three of the studied systems is the maximum temperature considered for this
analysis. This is not the case for RSTC. Attaching the cooling cycles to RSTC has increased Tg.
Maximum T, 245°C falls behind this significantly. This results in an increased exergy loss in
WHE2. The loss may be recovered by increasing maximum T2 inlet temperature. This excludes
STC-FT since its T2 is already at optimum. A trigeneration system with combined cooling, heating

and power (CCHP) can help recover the exergy loss in cooler.
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Figure 18: Exergy flow diagram for STC-EI under optimized condition
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6. Conclusion

In this study, four novel cogeneration cycles with regenerative sCO>—tCO; are proposed for engine
waste heat recovery. The cycles are subjected to energy, exergy, economic and parametric analysis.
They are optimized and compared with a reference cycle to find the best layout for cogeneration

through waste heat recovery. The following conclusions can be drawn from these:

o High refrigerant mass flow helps improve both thermodynamic and economic performance
of cycle. But there is an optimum evaporation temperature that largely varies for each cycle.

This can be a deciding factor in determining the application for the proposed layouts.

o A cost improvement is achieved in four cases. Among the four systems STC-FT reduces
costs by 4.13% and improves UF by 12.36% optimally. The STC-EI gives 15.29% more
UF at 2.3% lower cost than RSTC and 6.26% higher COP than STC-FT. Considering
overall performance STC-EI is the best choice for cooling and power production. STC-FT

may also be chosen to reduce complexity.

o Ejector vapor injection thus can have considerable advantage over other VCRS as part of
fully integrated systems. Cogeneration causes an exergy loss which is an acceptable
compromise in high-exergy cycles like RSTC for the considerable cost reduction it can

provide. Therefore, STCs are the economic choice for WHR in IC engine powerplants

o Exergy efficiency of the cycle can be improved by reducing exergy destruction at coolerl

and WHE?2. This may be done by increasing Tt following further study.
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The comprehensive mathematical formulations for calculating Z, of the power cycles examined
herein are presented in the Table A1l that heat exchanger area must be computer in order to
calculate its cost. The LMTD method should be used as described in the section 3.3. Besides, the
investment cost of the mixing chamber and flash tank is so low to be neglected. It is important to

acknowledge that the predicted cost functions shown in Table A1 were formulated in the year

Appendix

2019. The transformation formula for calculating cost of present year is, as shown below [29]

) o Cost index for present year (39)
Cost in present year = Original cost X ( - — )
Cost index for original year
Table Al: Cost functions of the power cycle components [29],[71],[72],[73]
Components Cost Functions
Zp = 479.34 X My, X [ﬁ] x In(PR;) x (1 +
93-nT
Turbine
¢ (0.036Tin=544))
Compressor Ze =711 Xmy, X [O v ] X PR¢ X In(PR()
Pump Zpymp = 1120 X Wpump
Heat Exchangers Zyg = 2681 x A%>°
Throttling valve Zry = 1145 X my,
Ej@CtOI’ ZE] = 1000 X 16.14 x 0.989 x Meyit X (W) P_0'75
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