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Abstract: This study applies the SPecific Exergy COsting (SPECO) methodology for the exergoeconomic
assessment of a compact electricity-cooling cogeneration system. The system utilizes the exhaust gases
from a 126 hp Otto-cycle internal combustion engine (ICE) to drive a 5 RT ammonia-water absorption
refrigeration unit. Exergy destruction is higher in the ICE (67.88%), followed by the steam generator
(14.46%). Considering the cost of destroyed exergy plus total cost rate of equipment, the highest
values are found in the ICE, followed by the steam generator. Analysis of relative cost differences and
exergoeconomic factors indicate that improvements should focus on the steam generator, evaporator,
and absorber. The cost rate of the fuel consumed by the combustion engine is 12.84 USD/h, at a
specific exergy cost of 25.76 USD/G]J. The engine produces power at a cost rate of 10.52 USD/h and
specific exergy cost of 64.14 USD/G]J. Cooling refers to the chilled water from the evaporator at a cost
rate of 0.85 USD/h and specific exergy cost of 84.74 USD/G]. This study expands the knowledge base
regarding the exergoeconomic assessment of compact combined cooling and power systems.

Keywords: thermoeconomics; combined cooling and power; combustion engine; absorption
refrigeration; SPECO

1. Introduction

Compact combined cooling and power systems, which couple a combustion engine or gas
turbine to an absorption refrigeration system, are considered a suitable alternative to single-generation
systems [1,2]. This arrangement can also be referred to as compact electricity—cooling cogeneration
systems, and has been applied to industries [3,4], the tertiary sector [5-7] such as in supermarkets and
shopping centers, and also to meet the domestic energy demands of residential buildings [8-13].

Absorption refrigeration presents several advantages when compared to traditional vapor
compression refrigeration systems: utilization of low-quality heat (e.g., exhaust gases or from renewable
sources such as solar [14]), low energy costs [15], no need for a compressor [16], and low levels of
pollution as these systems do not employ halogens [17,18]. The global exergy efficiency is higher than
vapor compression systems due to the utilization of waste heat [19], with consequent lower levels of
losses and irreversibilities. Absorption refrigeration has become technically, economically, and even

Energies 2020, 13, 5417; doi:10.3390/en13205417 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2254-8793
https://orcid.org/0000-0002-8524-3452
https://orcid.org/0000-0001-7597-3358
https://orcid.org/0000-0002-4730-8964
http://www.mdpi.com/1996-1073/13/20/5417?type=check_update&version=1
http://dx.doi.org/10.3390/en13205417
http://www.mdpi.com/journal/energies

Energies 2020, 13, 5417 2 0of 18

environmentally viable and has been the focus of several studies in different sectors [20-24]. Absorption
refrigeration has also been part of optimization studies that synthesized energy systems from economic
and environmental viewpoints [25-27], although it was not always present in the optimal solution.

Different perspectives can be applied to assess electricity—cooling compact cogeneration systems.
Exergy analysis is fundamental to characterize the utilization and destruction of exergy in the various
steps of the process [28,29]. As the irreversibilities can be pinpointed and quantified, equipment that
could benefit from energy improvements can be identified [30-32]. Therefore, exergy analysis is crucial
to complement energy analysis and the evaluation of thermal efficiency indicators.

Going a step further, exergoeconomics (exergy-aided cost-reduction method) combines exergy
and cost analyses to provide information not available through separate conventional energy, exergy,
or cost analyses. The results of exergoeconomic analyses can guide towards the cost-effective design
and operation of energy systems. Marques et al. [33] reported a detailed exergoeconomic assessment
for a micro-trigeneration system, while Sharifi and Khalilarya [34] focused on a combined power and
absorption-ejector refrigeration cycle. Hou et al. [35] addressed a waste heat power generation project
based on an Organic Rankine Cycle (ORC), and a novel ORC-based electricity—cooling cogeneration
system was the focus of an exergoeconomic analysis and optimization by Kordlar and Mahmoudi [36].

Within this context, there is a clear need to carry out adequate and effective analyses to compare
different thermal alternatives for the generation of cooling, including the utilization of waste heat from
the exhaust gases of an engine or turbine [37,38]. The association of energy, exergy, and economic
analyses is a rational path for studying energy systems, being a technical decision-making tool
in energy projects. Some authors have applied exergy and exergoeconomic evaluations to energy
systems, and recent studies have focused on a natural gas—proton-exchange membrane fuel cell [39],
novel trigeneration systems using solid oxide fuel cell [40], biomass and solar energy, a combined cycle
integrated with biomass gasification [41], a liquid carbon dioxide energy storage system [42], and even
included environmental data in the assessment of an eucalyptus biomass-fired power plant [43].
The review presented by Wang et al. [44] advocates for the application of exergoeconomics to the
evaluation, optimization, and synthesis of energy systems.

Among the different methodologies to perform exergoeconomic analysis, the SPECO (Specific
Exergy Costing) method was developed by combining and improving two other methods: AVCO
(Average Cost) and LIFO (Last in First out) [45]. SPECO-based exergoeconomic assessments have been
carried out for different applications, such as the work of Mazloum et al. [46], who present a proposal
for the utilization of exergoeconomic parameters in the optimization of an adiabatic compression
system. Kerdan et al. [47] developed an exergoeconomic-based parametric study to examine the effects
of active and passive energy retrofit strategies for buildings. Fathia et al. [48] carried out a SPECO-based
optimization for the equipment of a desalination unit used in an industrial steam production plant in
Tunisia, and Mahmoudi et al. [49] optimized the heat exchangers of a single-effect LiBr-H,O absorption
refrigeration system. Among different cogeneration systems, those producing cooling and power
have been the focus of more recent investigations, mainly when low-grade heat is employed as a heat
source [50-58].

To the best of the authors” knowledge and after systematic reviews, a compact electricity—cooling
cogeneration system has not been the focus of any SPECO-based exergoeconomic assessment, which is
precisely the knowledge gap we aim to fill. Besides providing exergoeconomic results for this niche
application, the study makes a case for the adoption of co- and tri-generation systems. The objective
of this study is to develop an exergoeconomic assessment, employing the SPECO methodology for a
stationary cogeneration unit. The system is constituted by an Otto-cycle internal combustion engine
and a water-ammonia single-effect absorption chiller. The contribution is to provide a detailed
guide for the application of the exergoeconomic assessment, promote the dissemination of compact
electricity—cooling cogeneration systems (unique application), and provide results to be compared
with other (future) studies. A step-by-step, clear, and straightforward guide to the application of
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exergy-based methods is presented herein, with sufficient information to guarantee reproducibility
and replicability.

2. Case Study: Description of the Compact Cogeneration Unit

The cogeneration module analyzed herein is proposed to attend industrial processes, supplying
cooling and electricity. The module is constituted by an internal combustion engine (ICE, Otto cycle),
maximum engine power is 126 hp (92.67 kW) at 5250 rpm, driven by gasoline, and by a single-effect
absorption refrigeration system, 5 RT (17.58 kW) cooling capacity, which employs the pair ammonia-water
(NH3/H;O) as refrigerant and absorbent fluids. The refrigeration system is based on a ROBUR-SERVER
equipment (model ACF-60), which includes a steam generator with a steam rectifier, a condenser,
an absorber, one evaporator, an intermediate heat exchanger, a pump, and two expansion valves. Figure 1
presents the operation scheme of the cogeneration unit.
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Figure 1. Scheme of the compact cogeneration module.

The ICE receives the air + fuel mixture, produces mechanical work, and rejects exhaust gases
from the combustion process via exhaustion pipes. Due to the high temperature of these exhaust gases,
heat can be harnessed and utilized by the steam generator of the refrigeration system, which contains the
ammonia-water mixture. This mixture is heated until ebullition, generating high-pressure vapor that
flows through the steam rectifier. This device is employed to guarantee that only highly concentrated
ammonia vapor (approximately 99.8%) reaches the condenser. When this vapor enters in contact
with the fins of the equipment, the water condenses, and only ammonia vapor (less dense) flows to
the condenser. The condensed water returns to the steam generator, diluting the ammonia solution
inside. The highly concentrated ammonia solution that exits the rectifier is cooled in the condenser,
transferring heat to ambient air, and changes to the liquid phase. This fluid flows through an expansion
valve and has its pressure abruptly decreased, causing an unbalance of pressures within the system and,
consequently, the cooling effect is produced in the evaporator. In the evaporator, the ammonia solution
suffers evaporation due to heat transfer from water. The absorber contains the weak ammonia solution
(and therefore more water), which immediately absorbs the vaporized ammonia in the evaporator
due to the high chemical affinity between these two elements. Part of the solution contained in the
absorber flows to the steam generator, with the help of a hydraulic pump (which consumes electricity).
When the solution flows from the absorber to the steam generator, it is pre-heated in the intermediate
heat exchanger by the weak solution from the generator. This increases the efficiency of the cycle
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because it requires lower temperatures from the exhaust gases. The weak ammonia solution that exits
the generator and enters the absorber flows through an expansion valve to maintain thermal balance
and system pressure, closing the cycle and ensuring the correct operation of the system.

All analyses were performed individually for each equipment of the proposed unit. This means
that each piece of equipment was analyzed as a control volume, except for the valves, which were
incorporated into the subsequent equipment.

3. Thermodynamic Model

The following assumptions are invoked during modeling, following Reference [29]:

e  Steady state,

e  Effects of kinetic and potential energy were not considered,

e Isoentalpic expansions were considered for the expansion valves,

e  Pressure drops were considered negligible within the overall system,

e Compression and expansion processes were considered adiabatic,

e  All processes were internally reversible,

e  Combustion air and exhaust gases were considered as ideal gas mixtures,
e  Complete combustion was considered for gasoline.

The thermodynamic analysis was divided into two steps: (i) internal combustion engine, and (ii) each
component of the absorption refrigeration system. A computational code was built in the Engineering
Equation Solver [59] to carry out the thermodynamic and exergoeconomic balances.

Internal Combustion Engine:

The cogeneration module engine is an 14 Ford, 16 valves, internal cylinder bore 87.5 mm, piston
stroke 83.1 mm, four cylinders, and compression rate 10:1. The combustion process was simulated
using fuel composition as the input parameter.

The stoichiometric balance for the combustion is given by Equation (1):

C8H18+eXCXa~(Oz+3.76N2) —-b-CO;+c-H,O+d-Ny +e-0, 1

where “exc” represents the excess air of combustion, and the terms “a”, “b”, “c”, “d”, and “e” are the
parameters that balance out the equation. CgHjg, O, N, CO,, and H,O refer to gasoline, oxygen,
nitrogen, carbon dioxide, and water, respectively. The air-fuel ratio was then determined, followed by
determination of the air-fuel combustion energy.

The solution of the energy balance in the engine provided the energy contained in exhaust gases
and the exergy associated with combustion products.

Absorption Refrigeration System:

The following physical-chemical characteristics were considered for the refrigeration system [60]:
condenser temperature is ambient temperature plus 10 °C, evaporator temperature is 5 °C, refrigerant
concentration at the steam rectifier is 0.999634, concentrations of strong and weak ammonia solutions
are, respectively, 0.368 and 0.268.

The thermodynamic analysis begins with the application of mass conservation for each control
volume. Then, the First Law of Thermodynamics was applied to obtain energy flows at inlets
and outlets of each equipment as well as energy efficiency values. Mass and energy balances are
straightforward and therefore not presented herein. Entropy balances followed to determine entropy
generation at each equipment. The thermodynamic study also includes the determination of exergy
flows at inlets and outlets of each equipment, as these values are fundamental for the development of
exergoeconomic evaluations.



Energies 2020, 13, 5417 50f 18

4. Economic Model

The capital costs of the ICE and absorption refrigeration system were USD 386.85 and USD 348.16
respectively, as per purchase receipts (1 USD @ 5.17 BRL, Brazilian currency). The interest rate was
assumed to be 5%, and a 10-year lifetime was considered.

The capital cost of the absorption refrigeration unit was divided into its internal components,
according to their importance to the unit, as depicted in Table 1.

Table 1. Allocation of capital costs to each subsystem of the absorption refrigeration unit.

Subsystem Factor (%)
Generator 25
Absorber 25

Evaporator 20

Condenser 14

Regenerator 14
Pump 2

The monetary cost of each piece of equipment (Z) is determined by Equation (2) [61]:

(A/P)
top

Z:

- ()

where “A/P” is the capital recovery factor, “F;” represents the capital costs associated with each piece
of equipment within the unit, and “top” is the lifetime of the equipment.

The capital recovery factor took into account the interest rate (i) and the total lifetime of the
equipment (1) [62], as expressed by Equation (3):

A i(1+1)"
i T ®)
r (1+9)" -1
The cost rate of fuel is determined by Equation (4):
. _ mcomh .
Ceomp = —— - Tarif feomp - 1000 4

comb

No costs were associated with the consumption of electricity because a DC battery is used for
this purpose. No cost was associated with the water inlet to the evaporator, as it is a closed water
recirculation system. In this model, it is important to emphasize that the valves are incorporated into
the following equipment (no differences between the entry and exit costs).

5. Exergoeconomics: Application of the SPECO Method

As mentioned earlier, there are different exergoeconomic methods employed in studies that
combine monetary values and exergy flows. The SPECO method [45] is constituted by three steps:
(i) determination of the exergy flows for each point of the system, (ii) definition of fuel and product
for each energy flow within each control volume, considering the desired result (produced) by each
piece of equipment and the resource consumed for such, and (iii) utilization of auxiliary equations that
associate the cost of a thermal system with the environment and its irreversibilities.

Lazzaretto and Tsatsaronis [45] define the product as being all exergy flows that leave a component,
plus all exergy increases between inlet and outlet that are in accordance with the function of the
component. Fuel is defined as all exergy flows that enter a component, plus all the exergy decreases
between inlet and outlet minus all the exergy increases (between inlet and outlet) that are not in
accordance with the function of the component.
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Auxiliary equations are established based on the Fuel (F) and Product (P) principles, being an
important characteristic of the SPECO method.

The F principle refers to the removal of exergy from a current within a given component, when for
this current, the difference in exergy between input and output is considered in the definition of fuel.
The specific cost associated with this removal of exergy must be equal to the average specific cost in
which the removed exergy was supplied to the same current of the upstream component. In this way,
an auxiliary equation is obtained for each removal of exergy, so the number of auxiliary equations
provided by the F principle is always equal to the number of exergy flows from the fuel.

The P principle refers to the supply of exergy to an exergy flow within a component. Each unit of
exergy is supplied to any current associated with the product at the same average cost (cp). As each
flow to which exergy is supplied corresponds to an existing flow, the number of auxiliary equations
provided by the P principle is always equal to the number of outflow exergy that are included in the
product definition. Thus, principles F and P together provide the number of auxiliary equations needed.

SPECO [45,63,64] utilizes the exergy of inlet and outlet flows, monetary tariffs for each input,
exergy efficiency, and auxiliary equations. The first step is to apply the exergy cost balance for each
equipment:

Z (Ce EXe)y + (cw W) = cq-Exq + Z (ci- Exq)y + Zx (5)
e i

"

where “c” represents the specific monetary cost, “ W .” is the power of the equipment, Exq is the exergy
Ilill

associated with heat flows, “7” is the total cost rate of equipment, and “e” and
to the outputs and inputs of each analyzed control volume.

refer, respectively,

- CI
The total cost rate of equipment is constituted by the capital cost rate (Z ) and the operation and

. .OM
maintenance cost rate (Z ):

. - CI - OM

Z=7 +Z72 (6)

The exergy efficiency of each equipment (¢) can be determined by the relationship between the
exergy of the products (Exp) and the exergy of the fuels (Exg):
EXP
= B @)
The difference between the exergy of the fuels and products represents the rate of exergy destruction
in each equipment (Exp):
EXD = EXF - EXP (8)

The product of the specific cost of fuels (cf) by the exergy destroyed in the equipment (Exp) is the
cost of the exergy destroyed (Cp):
CD = Cf- EXD (9)
In SPECO, the cost of adding exergy to a flow is determined and charged to the unit that makes
use of that exergy, i.e., a component can obtain the exergy from a flow at different costs, depending on
the components that supplied the exergy [65]. In other words, SPECO provides a price rate to every
exergy component of each flow entering and exiting the components.
The relative cost difference, ry, indicates the relative increase in the average cost per exergy unit
between the fuel (cf) and the product (cp):
PO . | (10)
ot
Exergy destruction and capital costs have the highest impacts on the relative cost difference.
Manesh et al. [66] mentioned that special attention should be directed to components with a high relative
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cost difference, especially when the cost rates associated with capital costs and exergy destruction
are high.
The exergoeconomic factor (fy) is another relevant parameter when evaluating exergy costs with
the SPECO method, indicating the viability of investment in each component:
= — 2 (11)
Cf* EXD +Z

The exergoeconomic factor compares the capital costs with the cost rate of exergy destruction in
a specific piece of equipment. Low fy values indicate that the costs associated with irreversibilities
are significant compared to the capital cost of the equipment. This situation can be minimized by
decreasing irreversibilities in the equipment.

Table 2 presents the exergoeconomic balances for each equipment, as well as the auxiliary
equations employed.

Table 2. Exergoeconomic balances (Specific Exergy Costing, SPECO) for each equipment of the system.

Equipment Product Fuel Auxiliary Equation
Internal combustion engine 19 - Ex1g c3-Exz —cy - Exy €4 =0C3
Steam generator 5+ Ex5 + (c11 ‘E'xn —c10° Exlg) Cy- EX4 5 = %
X11—Ex10
Condenser + valve c16 - Ex16 ¢5 - Exs —cg - Exg C6 = C5
Evaporator c15 - Ex15 —c14 - Ex1a c6 - Exg —c7-Exz 7 ==¢Ce
. . . . CoC
Absorber + valve c17 - Exyy c12 - Ex1p + (c7 - Exy — cg - Exg) c12 = E; Ei
7—LA8
Pump o Exg —cg - Exg c1g - Exig Not applicable
Intermediate heat exchanger c10 - Ex10 — 9 - Exg c11 - Ex11 —c12 - Expp 12 =C11

6. Results and Discussion

This section presents the results of the thermodynamic and exergoeconomic assessments for the
compact cogeneration unit.

6.1. Thermodynamic Results

All thermodynamic states were determined for the points indicated in Figure 1. These points
represent the inlet and outlet conditions for each equipment within the system studied herein. Table 3
presents the results of the thermodynamic analysis.

Table 3. Thermodynamic assessment results.

# Flows m T P H S
(kg/s) “Q) (bar) (kJ/kg) (kJ/kg-K)

3 Fuel 0.0035 25.0 1.00 — —

4 Exhaust gases 0.0525 680.5 3.20 — —

5 Refrigerant 0.0219 39.9 13.51 1297.00 4.24
6 Refrigerant 0.0219 =125 2.63 166.00 0.65
7 Refrigerant 0.0219 5.0 2.63 1296.00 497
8 Strong solution 0.1599 42.6 2.63 -30.81 0.51
9 Strong solution 0.1599 449 13.51 -20.27 0.54
10 Strong solution 0.1599 96.5 13.51 210.10 1.21
11 Weak solution 0.1380 124.3 13.51 369.60 1.57
12 Weak solution 0.1380 62.8 2.63 102.70 0.85
14 Inlet water 1.1800 12.0 — 50.51 0.18

15 Outlet water 1.1800 7.0 — 29.53 0.11
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Table 3 shows that the highest temperature is found in the ICE exhaust gases, as expected (point
#4). The high- and low-pressure levels of the refrigeration system can be seen when comparing the
pressures of points 5-12 (2.63 bar and 13.51 bar).

It must be highlighted that temperature at #4 is extremely high—the heat of exhaust gases can
be employed to drive an absorption chiller. A waste heat recovery scheme for a submarine was
proposed in Reference [67] to harness heat from exhaust gases and cooling jacket water and drive
a mixed effect absorption chiller. Following the same concept, exhaust gases from a natural gas
engine were used in a recovery boiler in Reference [68], producing steam and hot water. The latter
was used to drive an absorption chiller in a trigeneration system that met the energy demands
of an ice cream factory. Nevertheless, excess heat could also be used to heat a secondary fluid
(water or oil, for example) for another process. Waste heat recovery can speed up the warming of
lubricant oil, with a significant reduction of fuel consumption and pollutant emissions experimentally
demonstrated in Reference [69]. Different waste heat recovery schemes for natural gas engines were
presented by Reference [70], based on an ORC coupled with a thermal oil circuit. Reference [71]
used natural gas to fuel an ORC + absorption chiller scheme, producing electricity, heat, and chilled
water to satisfy the demands of a university building. Other waste heat recovery options have been
reported by Reference [72], which encompass direct uses (radiation/convection recuperator, passive
air preheater, waste heat boiler, economizer, plate heat exchanger, to name a few) and indirect uses
(heat-to-heat conversion, heat-to-cooling conversion, and heat-to-power conversion). The enthalpy and
entropy values obtained herein are in accordance with scientific literature values for absorption-based
refrigeration systems [73-76].

6.2. Exergoeconomic Results

Table 4 shows the results of the exergoeconomic evaluation via the SPECO method. The tariff
considered for gasoline was USD 0.72/1.

Table 4. Results of exergy costs: SPECO method.

ex . C C

# Flows e  BEOW) wspm  wspjep
3 Fuel 39790 138.51 12.84 25.76
4 ICE * gases 7205 25.08 2.32 25.76
5 Refrigerant 354.20 7.76 1.70 60.83
6 Refrigerant 314.00 6.88 1.51 60.83
7 Refrigerant 135.80 2.98 0.65 60.83
8 Strong solution 3.29 0.53 0.12 63.48
9 Strong solution 5.05 0.81 0.12 41.53
10 Strong solution 35.41 5.66 2.06 101.32
11 Weak solution 61.75 8.52 2.69 87.72
12 Weak solution 10.51 1.60 0.51 87.72
14 Inlet water 1.22 1.44 0.00 0.00
15 Outlet water 2.37 2.80 0.85 84.74
16 Condenser heat — 0.80 0.19 66.94
17 Absorber heat — 1.81 1.28 196.32
18 Electricity: pump — 1.69 0.00 0.00
19 ICE * power — 45.55 10.52 64.14

* Internal Combustion Engine.

As expected, the highest costs are associated with the entry of air and fuel at the unit (#3). The inlet
and outlet flows of the steam generator (#10, #11) present high costs when compared with other flows
of the refrigeration unit. The monetary costs associated with electricity and cooling are, respectively,
64.14 USD/G] and 84.74 USD/G]J.
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The specific exergy cost is presented in the far-right column of Table 4. The heat transfer at
the absorber (#17) presents the highest exergy cost, followed by the inlet of strong solution in the
generator (#10). Two essential processes in the absorber can explain this behavior (higher exergy costs):
heat transfer between the cooling stream and the ammonia-water solution, and mass transfer between
ammonia vapor and water, which releases a high amount of energy (with an exergy cost). The strong
ammonia-water solution also presents a high energy potential, which also contributes to increasing
the exergy cost of this current.

Table 5 presents more results of the exergoeconomic assessment: exergy destroyed (Exp), cost rate
of equipment (Z k), exergy efficiency (¢), relative cost difference (ry), and exergoeconomic factor (fy).

Table 5. Exergoeconomic parameters.

Equipment Exp (kW)  Zg (USD/Year) (°Z ) (ﬁ/l:) (5/1:)
Internal combustion engine 67.88 5.01 40.16 149.00 0.0091
Steam generator 14.46 1.13 42.34 136.20 0.0096
Condenser 0.08 0.63 90.91 10.04 0.4092
Evaporator 2.54 0.90 34.87 186.80 0.0185
Absorber 2.24 1.13 44.69 123.80 0.0182

Pump 1.41 0.09 16.57 0.00 100
Intermediate heat exchanger 2.07 0.63 70.09 42.69 0.0110

The first column of Table 5 presents the destruction of exergy in each equipment. The highest
exergy destruction occurs in the ICE, followed by the steam generator. The exergy destruction of
the absorption refrigeration system is relatively small due to the low flow rate of the working fluid.
Regarding the high destructions of exergy, the ICE and steam generator could benefit from reducing
their heat losses. Higher efficiency heat exchangers could be employed to improve this situation
and system performance. The highest exergy destruction rates and costs also occurred in the engine
studied by Reference [77], but as mentioned by References [78,79], are inherent to the combustion
process. Reference [80] investigated the factors affecting exergy destruction and identified that the most
sensitive parameters for ICE were the thermodynamic state before combustion and the fuel employed.

Figure 2 depicts the costs associated with exergy destruction (Cp).

6.5
6.0
5.5
5.0
45
40
3.5
3.0
25
20
15
1.0

0.5
I B B =

Internal Steam Absorber Intermediate Evaporator Condenser  Solution
combustion generator heat pump
engine exchanger

Cost of exergy destruction [USD/h]

Equipment

Figure 2. Costs associated with the destruction of exergy, in USD/h.
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The second column of Table 5 (Zx) accounts for capital costs, operation, and maintenance of
equipment, which are the inputs of the simulation. The highest costs are associated with the ICE,
followed by the steam generator. Regarding the costs related to destroyed exergy (Cp), shown in
Figure 2, again, the ICE presents the highest value, followed by the steam generator. When considering
the combination of Cp + Zy (cost of destroyed exergy plus total cost rate of equipment), the highest
value is associated with the ICE, which indicates the higher fraction of the total cost of the system.
The second-highest value of Cp + Z was for the steam generator. The other components have low
values for CD + Zk, which indicates that improvements should focus elsewhere. The same conclusions
were obtained by Shokati et al. [81,82]. As mentioned by Reference [33], such a level of knowledge on
the cost-benefit assessment of improvements is provided by exergoeconomics only.

Table 5 shows that the condenser of the absorption system presents the highest exergy efficiency
() (90.91%), followed by the intermediate heat exchanger of the refrigeration unit (70.09%). The pump
presents the lowest exergy efficiency, followed by the evaporator and then the ICE. Table 5 also presents
two essential parameters for the exergoeconomic evaluation: the relative cost difference (rx) and the
exergoeconomic factor (f) of each component. Figure 3 shows the graphic relationship between ry and
fy for each piece of equipment. For visualization purposes, Figure 3 shows ry/10? and f/10°.

200 100
mrk mik

& 160 80
2
) T
= £
5 3
ki 120 60 %
5 E
E: =
S 80 0 g
v 9
> o
= 0
= g
B x
o

= 40 20

0 0
Evaporator Internal Steam Absorber Intermediate Condenser Solution
combustion  generator heat pump
engine exchanger
Equipment

Figure 3. Relative cost difference (r,/10%) and exergoeconomic factor (f,/10°) for each piece of equipment.

In Figure 3, attention should focus on the combination of high values for the blue columns and
low values for orange columns (high ry and low fi), which will indicate the optimization priorities.
This combined analysis of ry and fx shows where optimization efforts should focus: steam generator,
evaporator, and absorber. The values obtained for the ICE indicate that there are margins for improvement;
however, this piece of equipment is commercially available and mass-produced, preventing interventions,
and therefore, substituting the engine for another with higher efficiency has limited applicability.
This approach was also followed by the authors of Reference [33], who identified that the absorber heat
exchanger, steam generator, and heat recovery unit could benefit from improvements.

Cavalcanti [83] applied the same methodology to an integrated solar combined gas/steam cycle system
and verified that the condenser presented the lowest exergoeconomic factor. In Cavalcanti et al. [84],
a cogeneration system producing steam and electricity was analyzed, for which the lowest exergoeconomic
factor was found for the combustor. These low fi values indicate the importance of decreasing irreversibilities
in the equipment. Wu et al. [85] studied a combined supercritical CO, recompression Brayton/absorption
refrigeration cycle and obtained high fi values for the reactor and turbine, indicating that a decrease
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in their capital costs could be obtained at the expense of their efficiency. Rashidi and Yoo [86] studied
power-cooling cogeneration systems and verified that optimization efforts for the Kalina-based system
should focus on the absorber (highest r and lowest f) and then on the superheater.

Shokati et al. [81] analyzed an ammonia-water double effect absorption refrigeration/Kalina
cogeneration cycle, and obtained very low fi values for the condenser, high-pressure steam generator,
and boiler, and concluded that selection of these components with higher quality and price can
improve the overall performance of the cogeneration cycle. Mousavi and Mehrpooya [87] reported on
a cascade absorption-compression refrigeration system, and after evaluation of r and fi, decided that
the compressor and gas heat exchanger presented the best potential for optimization. Wang et al. [88]
explored a novel cooling and power cycle and identified the vapor generator #1 and solution heat
exchanger as possibilities for optimization due to the high ry and low fi. Souza et al. [71] proposed
a cogeneration system based on the coupling of ORC and an absorption refrigeration system for a
university building in Northeast Brazil and verified that further efficiency enhancement actions could
be considered for the ORC steam generator.

Although exergoeconomics is as diagnosis tool and provides indications on where to concentrate
improvement efforts, the decision-making process itself is beyond the scope of the method. Suggestions
to improve the performance of the compact cogeneration unit include the consideration of a different
heat exchanger (different materials and geometry, improving the heat exchange area) and pre-heating
of input air. Also, other refrigerant fluids can be studied.

Regarding the design of the heat exchanger, investigations encompass the number and orientation
of tube passes in the shell, longitudinal fins’ length and thickness, and materials for shell, tube, and fins.
Passive intensification of heat transfer in the form of baffles was studied by Andrzejczyk et al. [89],
who obtained higher energy efficiency of the heat exchanger. Yan et al. [90] carried out numerical
simulations with twisted tapes on the shell side of a shell and tube heat exchanger, verifying that the
heat transfer coefficient increased with decreasing twist ratio and that the geometric and structural
modifications improved design optimization. Considering that a significant component of a shell-tube
heat exchanger is the tubes, Tahery et al. [91] studied different tube count, tube layout, and tube
diameter at different baffle sections and obtained better heat transfer and lower exergy destruction
rate for shell-tube heat exchangers with segmental baffles. Regarding materials, Khan et al. [92]
demonstrated a significant effect on the thermal performance and observed that copper, aluminum,
and aluminum 6063 presented a better thermal performance than steel AISI 4340. Because of the wide
range of applicability of these heat exchangers, these improvements enhance domestic and commercial
heat storage applications.

Although Riffat et al. [93] mention that volatile fluids will continue to be employed in cooling and
power generation, new refrigerant fluids are required to optimize energy efficiency, increase safety,
and decrease environmental impacts. The experimental results on the exergy behavior of R513A vs.
R134a were discussed by Mota-Babiloni et al. [94], with higher exergy efficiency verified for R513A
with the advantage that the system does not require retrofitting. Employing a mixture of nanomaterials
with pure conventional working fluids (such as refrigerants) presents significant benefits, such as
lower global warming potentials, zero ozone depletion potential, higher energy efficiency, lower power
consumption, non-flammability, non-toxicity, heat transfer enhancement, and better tribological and
rheological behavior [95]. Most research is still primarily focused on the use of R141b and R134a
as working fluids [95], but the possibilities of using non-standard refrigerants must be considered
(such as hydrofluoroolefins, either pure or mixed). Investigation and analysis of R463A as an alternative
refrigerant to R404A was carried out successfully by Saengsikhiao et al. [96], while Zyczkowski et al. [97]
focused on R1234ze(E) due to the restrictions against the use of many refrigerants in the European
Union since 2015.
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6.3. Finals Remarks

A detailed guide has been presented herein, which can be applied to other energy systems (even
industrial processes). Special attention must be focused on the adequate selection of control volumes,
establishment of the input and output locations for the energy flows, data collection (temperature,
pressure, and flow), determination of other thermodynamic properties, correct application of first and
second laws of thermodynamics, and finally, correct application of the SPECO method to define the
costing equations.

Regarding the choice of prime mover, Reference [33] has already made a case for the utilization of
ICE as the prime mover. ICE has several advantages related to drivability, durability, availability of
equipment in different sizes, and easy maintenance. Also, ICE can operate with other fuels, such as
biodiesel; however, the economic and environmental advantages are not straightforward. The emissions
obtained by Reference [98] for biomass syngas were much lower than fossil diesel, and confirmed the
potential to mitigate climate change, but Reference [99] obtained much higher emissions for soybean
biodiesel than for fossil diesel.

Concerning the depletion of fossil fuels and the consequent uncertainties regarding the security
of supply, the development and analysis of combined cooling and power systems has been attracting
increasing interest in recent years [100-102]. The overarching purpose of combined cycles is the
improvement of overall energy conversion efficiency in comparison with separate production.
These combined systems can operate with low-grade heat sources and are very promising to supply
power and refrigeration simultaneously. Traditional applications of electricity—cooling cogeneration
systems include beverage and food industries, medical research facilities (storage of medicines and
sensitive products), and marine transportation (marine engines are the largest category of ICE). Some of
the advantages of compact electricity—cooling cogeneration units include: (1) possibility of meeting
smaller-scale energy demands, such as for the tertiary sector (shopping centers, hospitals, hotels,
supermarkets), (2) wide utilization in distributed generation schemes and outside large urban centers,
(3) use of internal combustion engines, which are cheaper and easier to maintain than turbines, and (4)
enables the use of renewable energy resources.

The advantages of utilizing exergoeconomics for the diagnosis of energy systems have been the
overarching aim of this study, and demonstrated herein, taking into account the energy and exergy
balances of system components. In this case, exergoeconomics enables the diagnosis of thermodynamic
inefficiencies and identification of where exergy is destroyed within the system. Thus, it is clear which
equipment needs to be prioritized regarding improvements in the project or even in the process as a
whole. This demonstration is followed by a discussion on the method and productive structure.

Finally, when considering energy efficiency strategies and levels of greenhouse gases, electricity—cooling
cogeneration systems are interesting options for the industrial sector but can also meet the cooling
and electricity requirements of a district or a city. As of August 2020, the crisis precipitated by the
COVID-19 pandemic has cascaded across socio-economic sectors [103]. The energy sector has been
affected, which could potentially be averted by implementing stimulus plans to boost clean energy
technologies [103] and energy efficiency schemes [104]. Pina et al. [105] mention that in the wake of the
pandemic, countries must kickstart their economies while consolidating climate change commitments,
and energy efficiency is a crucial pillar of the energy transition (along with renewable energy and
energy storage). Due to the deceleration of most energy transition programs and considering the
scarcity of studies on the impacts of COVID-19 on the electric sector, cogeneration systems can and
must be part of energy efficiency solutions to enhance economic competitiveness, providing more
affordable energy services, and reducing environmental impacts.

7. Conclusions

This study carried out an exergoeconomic assessment, using the SPECO method, for a compact
electricity—cooling cogeneration unit (Otto internal combustion engine and a water-ammonia
single-effect absorption chiller). A step-by-step, clear, and straightforward guide to the application
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of this exergy-based method was reported, with sufficient information to guarantee reproducibility
and replicability.

With this work, it was possible to demonstrate the effectiveness of the SPECO method as a tool
for diagnosing the inefficiencies of energy systems. From the combined analysis of exergoeconomic
parameters (ry and fy), it is possible to prioritize interventions aimed at increasing energy use and
reducing irreversibility and destruction of exergy.

Exergy destruction was higher in the internal combustion engine (67.88%), followed by the steam
generator (14.46%). For the engine, this indicates that there are still margins for better utilization of its
heat (e.g., heating of a secondary fluid). Regarding the steam generator, the high value was expected,
as this component receives much more heat from the engine than it actually requires. Optimization
efforts concentrate on the steam generator. Regarding the difference in relative costs for the absorber,
this device could benefit from energy optimization as well.

The results of exergoeconomic assessments can aid in the promotion of more efficient electricity—cooling
cogeneration units, especially in the aftermath of the COVID-19 crisis. Energy efficiency schemes,
implemented through cogeneration systems, can play an essential role in the energy transition.

Future work by the authors includes considering the chemical exergy of the combustion products of
the engine and exergoenvironmental assessment with the information provided through the application
of the Life Cycle Assessment methodology.
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