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Abstract: This paper presents the energy, exergy, and economic analysis of a new cogeneration
cycle for the simultaneous production of power and cooling operating with an ammonia-water
mixture. The proposed system consists of an absorption cooling system integrating a reheater, a
separation tank, a compressor, a turbine, and an expansion valve. In addition, internal rectification is
applied, improving the system’s performance. Mass, energy, and exergy balances were applied to
each system’s component to evaluate its performance. Additionally, the costs of each component were
determined based on economic equations, which take into account mass, heat flows, and temperature
differences. A parametric analysis found that the system reached an energy utilization factor of 0.58
and an exergy efficiency of 0.26 using internal rectification at Tg = 120 °C, T4 =30 °C, and T = 10 °C.
The power produced by the turbine was 26.28 kW, and the cooling load was 366.8 kW. The output
costs were estimated at 0.071 $/kW. The condenser was found to be the most expensive component of
the system, contributing 28% of the total cost. On the other hand, it was observed that the generator
was the component with the highest exergy destruction, with 38.16 kW.

Keywords: absorption cooling system; cogeneration; power and cooling; Goswami cycle

1. Introduction

Currently, world society is experiencing great difficulties, such as water scarcity, the
inability to supply 100% of energy demand, and high rates of environmental pollution,
among others. On the other hand, according to the United Nations, the world population
increased from 2.6 billion in 1950 to 8 billion in mid-November 2022. It is estimated that by
2050, the world population will be 9.7 billion [1]. These are quite alarming figures since the
problems mentioned above will increase considerably as the world population increases.
Environmental pollution from using fossil fuels for power generation is an urgent issue that
must be addressed immediately. Renewable energy sources, energy efficiency studies, and
developing and improving energy conversion systems are viable alternatives to combat
these problems. According to the International Energy Agency (IEA) [2], energy production
increased by 2% between 2018 and 2019, with the largest increases recorded for coal and
natural gas use. Renewable sources also were on the rise, as solar energy increased by 14%,
wind energy by 12%, and hydroelectricity remained stagnant at 15 E]J. Despite these gains,
fossil fuels still accounted for 81% of energy production, with oil contributing the most with
190 EJ. A significant portion of this energy is used to meet the demand for refrigeration,
which is essential in various sectors, from transportation to medicine. According to the
United Nations Environment Program [3], the energy demand for building cooling tripled
from 1990 to 2016, increasing from 600 TWh to 2000 TWh. It was observed that from 50%
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to 80% of the energy in buildings is used for air conditioning. Currently, 17% of the total
energy produced is consumed by refrigeration equipment. In 2018, refrigeration systems
were estimated to consume 3900 TWh/year of electricity worldwide.

Concerning energy systems, in the last decades, several investigations have been ad-
dressed to develop more efficient energy conversion systems, aiming to reduce their impact
on the environment. In this regard, polygeneration systems have gained the scientific
community’s attention due to their high versatility and the possibility to simultaneously
produce several useful effects, mainly power, cooling, and heating. Moreover, the integra-
tion of renewable energies or industrial waste heat with polygeneration has resulted not
only in economically feasible systems but also in lower environmental impacts.

1.1. Analyses Based on the Goswami Cycle

As for power and cooling production, the first reference cycle is the one proposed
by Goswami [4]. This system is based on the operating principle of a Rankine cycle and
an absorption refrigeration cycle. This cycle was proposed to use an ammonia-water
mixture in the absorption components and ammonia vapor in the turbine. Following the
configuration proposed by Goswami, a system producing 2 MW of power could supply up
to 50 tons of cooling. The cycle’s first-law efficiency using a heat source near 193 °C was
approximated to 32%.

The Goswami cycle deals with the production of different energy outputs (power and
cooling); on this subject, Vijayaraghavan and Goswami [5] and Sadrameli and Goswami [6]
developed a thermodynamic analysis to obtain the appropriate equations to objectively
evaluate polygeneration systems using basic concepts of thermodynamics applied to some
specific cases. Such methodology was adopted by Hasan et al. [7] to analyze the Goswami
cycle from the perspective of the first and second laws of thermodynamics, finding effi-
ciencies of 16.9% and 65.4%, respectively, while a power production and a cooling load
of 47.2 kJ /kgyo and 3.5 kK] /kgs,|, respectively, was achieved. They also determined that
the absorber was the component with the highest irreversibilities, contributing 44% of
the total. Although the Goswami cycle is designed to produce both power and cooling,
its configuration benefits the power over the cooling production. To increase the cooling
production compared to the Goswami cycle, Rivera et al. [8] proposed two configurations
to boost the cooling load over the power production. The first configuration presented a
split flow at the rectifier outlet, while the second cycle had a direct flow bleed from the
turbine. Both models had higher cooling loads and energy utilization factors (EUFs) than
the Goswami cycle, but the cycle with the turbine bleed presented the best performance.
This cycle decreases the turbine power by 23% but increases the cooling production by
almost six times compared to the Goswami cycle.

An extensive thermodynamic analysis of the Goswami cycle driven at temperatures
between 100 and 350 °C was performed by Demirkaya et al. [9]. The study included
the assessment of several operation and configuration parameters on the cycle perfor-
mance, finding that efficiencies between 25 and 31% and 60 and 80% for the first and
second perspectives, respectively, could be achieved by the cycle. This study considered
an ammonia-water working fluid, like many others in the literature. On the contrary,
Vijayaraghavan and Goswami [10] analyzed several mixtures based on organic fluids as
the working fluid in a Goswami cycle. The analysis included ammonia, methane, propane,
n-decane, isobutane, and n-dodecane. Among the characteristics analyzed for the working
fluids are corrosivity, toxicity, flammability, and stability. The performance achieved with
the organic fluids was found to be poorer than that with the ammonia—water mixture in
terms of efficiencies and cooling temperatures.

1.2. Analyses Based on the Kalina Cycle

In addition to the Goswami cycle, the Kalina cycle is another well-known reference
for power cycles driven by heat sources at temperatures lower than those required by
the steam Rankine cycle. The original Kalina cycle has been modified through the years
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to enable the production of additional energy effects, such as cooling. A configuration
for power and cooling involving a Kalina cycle usually integrates an absorption cooling
cycle. In this regard, Wang et al. [11] proposed a configuration of such a system to produce
power up to 35.8 kW and cooling up to 75.1 kW. This system operated with an ammonia—
water mixture and a heat source at 200 °C and obtained energy and exergy efficiencies of
13.72% and 5.40%, respectively. Notably, this cycle’s cooling/power rate is much more
significant than that in the Goswami cycle. Another configuration of Kalina/absorption
cycles was analyzed by Cao et al. [12], who developed an analysis of a system composed
of a Kalina cycle and an absorption refrigeration cycle. The analysis showed that 89.5 kW
of power and an exergy efficiency of 25.7% could be produced at 129.6 °C and 80% of
solution concentration.

A couple of configurations of a Kalina/absorption cycle were proposed by Feng et al. [13].
Such configurations were named the double-pressure series cycle (DSC) and the double-
pressure parallel cycle (DPC). Comparing both models under similar conditions, the DPC
cycle had energy and exergy efficiencies of 30.1% and 23.8%, respectively. In comparison,
the DSC cycle reached energy and exergy efficiencies of 34.44% and 24.63%, respectively.
For both models, increasing the source temperature and the solution concentration in the
NHj3-HO mixture benefited the system performance.

Instead of an absorption system, Seckin [14] integrated an ejector system into the
Kalina cycle for cooling purposes. An ammonia-water mixture was used as the working
fluid while R134a, R152a, and R290 were tested on the ejector system. The study determined
that the highest thermal efficiency and cooling loads were obtained using R290, while the
highest exergy efficiency was obtained using R134a.

The integration of a Kalina cycle, an absorption system, and an electrolyzer for the
production of power, cooling, and hydrogen was proposed by Azariyan et al. [15]. The
thermodynamic analysis considered that this polygeneration cycle was driven by geother-
mal energy, finding that at 400 °C, the system could produce 1272 kg/h of hydrogen,
80.11 kW of power, and 258.6 kW of cooling, with energy and exergy efficiencies of 22.2%
and 21.3%, respectively.

Due to the complexity inherent to such systems, the vast majority of polygeneration
studies in the literature rely on theoretical analyses. Among the few experimental studies,
Kumar et al. [16] investigated the combination of an absorption system and a Kalina
cycle using low-grade energy. The analysis was carried out using energy and exergy
approaches, finding that at a generation temperature of 133 °C, the first and second laws’
efficiencies were 13% and 48%, respectively, while the power and cooling load were 2.2 kW
and 15.26 kW, respectively. The modeled system can adjust the power or cooling load
as required.

1.3. Alternative Cycles

The proposals for new polygeneration cycles should be addressed through a systematic
design method. In the case of power and cooling cycles, Zhang and Lior [17] proposed a
methodology for the thermal design of such systems using binary working fluids, such as
the NH3-H,O mixture. Moreover, following that methodology, a series of power/cooling
models with different arrangements was developed. The thermal efficiency for the base
case studied was nearly 28%, while the exergy efficiency varied between 55 and 60%. That
system achieved a cooling load of 191.66 kW and 783.75 kW of power with a heat source
at 450 °C.

Some alternative cycles for simultaneous power and cooling production have also been
proposed in the literature. Suleman et al. [18] developed a system integrating two organic
Rankine cycles, an absorption chiller, and a drying system. Such a system is based on solar
and geothermal energy and can be useful for power, cooling, and drying. The energy and
exergy efficiencies of the integrated system were 54.7% and 76.4%, respectively. Rather,
Ayou et al. [19] analyzed the effect of adding a mechanical and a thermal compressor to a
simultaneous power and cooling cycle. It was found that this configuration contributed to
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reducing the energy supplied to the generator. The system produced 9.4 kW of power and
a cooling load of 64.1 kW at —12 °C. The energy and exergy efficiencies were reported as
12.2% and 60.7%, respectively. The second-law analysis showed that the absorber and the
heat exchanger had the highest irreversibilities, contributing 28% and 30.9%, respectively,
to the total irreversibility.

The working fluid utilized in an energy system has a significant impact on the system’s
performance. Research on the assessment of several working fluids for an alternative system
to produce power, cooling, hydrogen, and fresh water was carried out by Cao et al. [20].
This system included a flash-binary geothermal plant and an organic flashing cycle for
power and cooling. The working fluids analyzed were R123, R600, R1234yf, and R1234ze(e).
It was found that the maximum cooling load was obtained with the fluids R123 and
R1234ze(e), while the maximum power generation and exergy efficiency were obtained
with R600 and R1234yf.

Diverse strategies for enhancing the performance of polygeneration systems have been
reported in the literature; among them, Shankar and Rivera [21] integrated a dual and a
triple cogeneration cycle using an ammonia-water mixture for power/cooling production.
In addition to conventional components, the proposed system had an expansion valve and
a separator tank to produce more working fluid, which was introduced to a second turbine
to increase power production. The work obtained from both turbines was 67.25 kW, while
the cooling load and energy utilization factor were 75.12 kW and 0.33, respectively.

An alternative strategy proposed by Parikhani et al. [22] aimed to take advantage
of the solution leaving the generator in an absorption-power cycle to produce additional
ammonia vapor available for cooling production. The power produced was 161.2 kW, and
the cooling load was 221.4 kW. The thermal and exergy efficiencies were 16.4% and 28.95%,
respectively. Following such a strategy, Shankar and Rivera [23] passed this solution
through an expansion valve and later through a separator to obtain an extra amount of
refrigerant. This ammonia vapor at intermediate pressure was expanded by a low-pressure
turbine, producing an extra amount of power. The energy and exergy efficiencies were 47%
and 43.87%, respectively. The total power produced was 20.28 kW, while the cooling load
was 354.21 kW.

1.4. Economic Analyses

Besides the technical performance, an additional approach to take into consideration
while assessing new polygeneration cycles is the economic perspective. Several studies
on economic analyses of polygeneration systems have been reported, including different
methods and parameters to consider. In this regard, Dahad et al. [24] evaluated a power and
cooling system with a power capacity near 158.3 kW and a cooling load of approximately
1084 kW. Notably, the proposed system was more suitable for power than cooling. The
system had a first-law efficiency of 41.3% and an exergy efficiency of 27.4%. The cost for
cooling was 48.5 $/G]J, while for power production it was 97.16 $/GJ. An exergy analysis
showed that the absorber had the highest exergy destruction, contributing 93.4 kW. On the
other hand, Kordlar and Mahmoud [25] carried out the economic assessment of a system
driven by geothermal energy composed of an organic Rankine cycle and an absorption
cooling system. Three optimization cases were analyzed, considering (i) the maximum
energy efficiency, (ii) the maximum exergy efficiency, and (iii) the lowest cost. It was found
that, when optimizing the cost, the unit cost for total products was 20.4% and 24.3% lower
than the unit cost for the total products when optimizing energy and exergy efficiencies,
respectively. On the other hand, the analysis of a system based on a Kalina cycle and an
ejector refrigeration cycle for power and cooling was carried out by Ghaebi et al. [26], who
found that when optimizing the energy efficiency (20.4%), the system achieved an exergy
efficiency of 16.69% and a product cost of 2466.3 $/MWh. Ghaebi et al. [27] also investigated
a trigeneration system for power, cooling, and heating production. The proposed system
is based on the absorption refrigeration cycle and utilizes a geothermal heat source and
liquefied natural gas for energy recovery. The system evaluation was based on the power,
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cooling, and heating outputs, as well as on first- and second-law efficiencies and the sum
unit cost of the products (SUCP), which were equivalent to 405.1 kW, 1109 kW, 35.3 kW,
85.92%, 18.52%, and 68.76 $/G], respectively.

To enhance the efficiency of the power/cooling cycles, Wang et al. [28] proposed
a theoretical system based on the absorption power cycle and a booster-assisted ejector
refrigeration system to be driven by low-grade heat sources. The analysis included the
energy, exergy, and exergoeconomic approaches, finding that the booster compressor in
the ejector system improved the energy efficiency regarding traditional absorption power
cycles. The system reached energy and exergy efficiencies of 21.7% and 52.2%, respectively,
while the sum unit cost of the products was 93.52 $/GJ. Similarly, Abam et al. [29] analyzed
a modified Kalina cycle for power and cooling. The theoretical system’s cooling load and
power reached 1077 kW and 291 kW, respectively, while the energy and exergy efficiencies
were 16.97% and 8.15%. The economic analysis showed that the unit cost of energy at five
years was 0.0134 $/kWh.

As can be seen from the bibliographic review, although some systems have been
proposed for the simultaneous production of power and cooling, none of them considered
integrating a separation tank and a compressor to produce more ammonia refrigerant to
enhance the system’s performance. Therefore, this study proposes a novel thermodynamic
cycle designed for simultaneous power and cooling generation employing an ammonia—
water mixture as the working fluid, whose novelty is the incorporation of an expansion
valve, a separator, and a compressor to enhance the refrigerant mass flow rate, taking
advantage of the ammonia remaining in the solution after the desorption process; such a
stream undergoes a throttling and separation process to generate an additional quantity of
vapor with a high concentration of ammonia [8,22,23]. The produced vapor is subsequently
compressed until reaching the highest pressure in the system. By increasing the mass flow
rate in both the turbine and the evaporator, benefits will accrue in power generation and
cooling effects. The proposed system is comprehensively analyzed from the energy, exergy,
and economic perspectives. Furthermore, the performance of this system is compared with
similar studies previously reported in the literature.

2. System Description
2.1. Goswami Cycle

Goswami proposed a cycle to produce power and cooling simultaneously. The cycle
can be considered a combination of a Rankine cycle and an absorption cooling cycle, as can
be seen in Figure 1. An ammonia—water solution in the liquid phase leaving the absorber (1)
is pumped (2) to the generator, (3) passing first through the economizer. Heat is supplied
to this component to evaporate part of the solution with high ammonia concentration (7),
which then passes to the rectifier, where it is rectified, leaving the component as almost
pure ammonia (9). Then, the ammonia vapor is reheated in the reheater, increasing its
temperature before entering the turbine (10). In the turbine, the ammonia expansion
produces an amount of power, reducing its pressure and temperature before entering the
cooler (11). In this component, the cooling effect is produced, and the ammonia in the vapor
phase leaving this component (12) is absorbed by the solution coming from the generator
at low ammonia concentration (4), preheating first in the economizer the solution with
intermediate ammonia solution concentration. The solution at a lower temperature, on
leaving the economizer (5), passes through a valve that reduces its pressure before entering
the absorber. In this component, ammonia vapor absorption takes place, producing the
solution with an intermediate solution concentration and starting the cycle again.

One of the first modifications of the Goswami cycle was internal rectification [30].
Figure 1b shows the Goswami cycle but with internal rectification. This consists of the
rectification process using one of the internal currents of the cycle, specifically the one
leaving the pump. The mass flow rate at the pump outlet is divided; a fraction enters the
economizer, and the remaining fraction passes through the rectifier. The fraction entering
the rectifier increases its temperature due to the heat transfer from the vapor entering the
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Absorber |

Qu

rectifier, while the fraction going to the economizer also increases its temperature by the
heat transfer from the hot solution coming from the generator. The internal rectification
benefits the system since the heat delivered from the rectification process is used to preheat
the solution entering the generator, thus decreasing the heat supplied to this component
and increasing the system’s efficiency.

12

a) ' b)
Figure 1. Goswami cycle, (a) without internal rectification, and (b) with internal rectification.

2.2. Proposed System

Figure 2a shows a schematic diagram of the proposed cogeneration cycle for power
and cooling (CCPC). An ammonia-water solution leaving the absorber (1) is pumped to
the economizer (2), where it is preheated before entering the generator (3). In the generator,

a quantity of heat (Qg)is supplied to produce vapor with a high ammonia concentration
and a liquid solution with a low ammonia concentration. This liquid solution leaves
the generator (4) and passes through a valve (5), reducing its pressure and producing a
flashing effect. In the separation tank, an extra amount of vapor with a high ammonia
concentration and saturated liquid at the lowest ammonia concentration are produced.
The solution leaving the separation tank (6) passes through the economizer (7), preheating
the solution to the generator. Then, the solution reduces its pressure before entering the
absorber (8). On the other hand, the saturated vapor leaving the separator (9) is compressed,
increasing its pressure and temperature (10). At these conditions, the vapor mixes with the
ammonia vapor produced in the generator (11) before entering the rectifier (12). In this

component, heat (Q r) is removed to condense the water contained in the vapor, which
returns to the generator (13). The ammonia vapor—almost pure—leaving the rectifier (14)
is reheated in the reheater utilizing an amount of heat (Qr), increasing its temperature
before entering the turbine (15). In the turbine, an amount of power (WT) is produced by
the working fluid expansion. The working fluid leaving the turbine at a lower pressure
and temperature (16) passes to the condenser, where it is condensed, delivering an amount
of heat (QC). The liquid ammonia leaving the condenser at saturated conditions (17) is
precooled in the precooler (18). Then, the ammonia is expanded in the expansion valve,
reducing its pressure and temperature before entering the evaporator (19). In the evaporator,
the working fluid produces a cooling effect by removing an amount of heat (Qf). The
ammonia leaving the evaporator (20) as a saturated vapor is used to precool the stream
going to the evaporator. Then, the ammonia goes to the absorber (21), where it is absorbed
by the solution from the separation tank, starting the cycle again. Figure 2b shows the
proposed cycle but with internal rectification in a similar way to the Goswami cycle.



Processes 2024, 12, 1288 7 of 26

Compressor

16
17

21
Q A‘ Absorber |« O

(b)

Figure 2. Schematic diagram of the proposed CCPC without (a) and with (b) internal rectification.

Comparing the Goswami cycle with the proposed system, and from Figures 1 and 2,
it can be observed that a separator, a compressor, a condenser, and an evaporator were
added to the proposed system, and the cooler was replaced with a precooler. The separator
and the compressor have the purpose of increasing the ammonia refrigerant produced by
taking advantage of the relatively high ammonia concentration leaving the generator; the
condenser and evaporator have the purpose of increasing the amount of cooling produced
by the system by using the latent heat of evaporation of the refrigerant in the evaporator.

In both cycles, with and without internal rectification, heat is supplied to the systems
in the generator and in the reheater. Because these cycles operate at relatively low tempera-
tures, the heat supplied to the system could be from renewable energies, such as solar or
geothermal, and also from industrial waste heat.
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3. Mathematical Model

Mass, energy, and exergy balances were realized to determine the thermodynamic
states for each component. With the thermodynamic properties at the input and output
of each component, the energy utilization factor (EUF) was determined. The EUF is a
parameter analogous to the first-law efficiency since it indicates the amount of useful
energy produced and the total energy supplied to the system. However, this parameter
does not consider whether the useful energy is heat or power. An alternative performance
parameter to avoid adding different kinds of energy outputs is the exergy efficiency (1gy),
defined as the useful exergy obtained from the system divided by the total exergy supplied
to the system [8]. Table 1 shows the balance equations for each system’s component.

Table 1. Mass, energy, and exergy balances for each system’s component.

Mathematical Model

Generator

m3 + my3 = my +my;

m3X3 + my3Xis = myXy +my Xig

mghs + myzhys + Qg = myhy +myrhyg

EXdG =Qq <1 - *) +mg(hg — Tos3) + myz(hiz — Tosiz) —
my (hy — Toss) — myq (hyy — Tos)

Reheater
myghig + Qg = myshis
Exqr = Qg (1 - %) + myy[(h1g —his) — To(s14 — 515)]

Economizer
mphy + mghg = mzhs + m7h;

Exgec = mp[(ha —hg) — To(s2 — s3)] +me[(he —h7) — To(s6 — 57)]

Turbine
Wi = ¢ (hushis — myghye)
Exge = myg[(hys —hig) — To(s15 — s16)] — Wi

Absorber

Ih21 + Ihg =m

my Xz + mgXg = myXg
thyihyy + tghs = myhy +Qy

Exqa = m21 (ha1 — Tosp1) +mg(hg — Tosg) — my (hy — Tosy)—

QA( -1

Condenser )
myehie = myzhi7 + Q. A
Exge = mag[(hig —hi17) — To(s16 — 517)] — Q¢ (1 - %)

Pump
Wp =my(hy —hy)/np
Exdp = Wp +1’i’11[(h1 — hz) — To(S] — Sz)]

Precooler
my7hyy + mpohyg = myghyg +mypihyy
Exgpr = my7[(h17 —hig) — To(s17 — s18)] + mao[(h2o — h21) —

To(s20 — s21)]

Separator

ms = mg +mg

m5X5 = moXg + meXg

Exgs = ms(hs — Tgss) — mg(hg — Tosg) — mg(hg — Tose)

Evaporator
myohyg + Qg = myohag
Exqr = Q¢ (1 - *) +myg[(hyg —hag) — To(s19 — 520)]

(;ompres§or Energy Utilization Factor

Weom = m9 (th - h9)/7’]cam FUF (WT+QE)

EXcom = Weom + mg[(hg — hig) — To(s9 — s10)] B (WB+WC+QG+QR)

Valves Exergy efficiency

m;,hiy = mouthout WT*( o~ )Q

Exdv = my [(hin - hout) - TO(Sin - Sout” HEx = ( )*QR( **o>+WB+WC
T,

Rectifier

myp = myy + my3
myphyy = myghys + myshys + Qge,

Exgrec = mya(hi2 — Tos12) — m14(h14 —Tos14) —
iz (hys — Tos13) — Qg (1 -

TRL’L

To evaluate the proposed system, a computational model was developed using the EES
(Engineering Equation Solver V10.836-3D) software. This software has been chosen because
it has the validated subroutines of the working mixture with which the CCPC operates.

3.1. Assumptions

The typical considerations used in the literature [21,23,25] for analyzing this type
of system were adopted to develop the mathematical model. These considerations are

the following:
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The system operates in steady-state conditions.

There are no temperature or pressure losses in the component connections.
The processes in the valves are considered isenthalpic.

The working fluid in states 1, 4, 6, 13, and 17 is saturated liquid.

The working fluid in states 9, 11, and 14 is considered saturated vapor.
The temperature and pressure of the dead state are 25 °C and 101.325 kPa.

3.2. Input Data

For the system evaluation, different operating conditions were analyzed by varying
parameters such as generation, absorption, condensation, evaporation, and reheating (AR)
temperatures. Table 2 shows the ranges of the variables analyzed in the modeling and some
other parameters of interest.

Table 2. Operating range of the analyzed variables.

Variable Operation Range Increment

Tg (°C) 0-16 2
Tp=Tc(°C) 20-40 2.5
Tc (°C) 100-140 5
AR (°C) 0-50 10
Pc/Ps () 1-10 1

X4 () 0.44-0.60 0.02
egc (5) 0.90 -
epy (-) 0.90 -
T () 0.90 .
() 0.90 -
1com () 0.90 -
my (kg/s) 1 -

3.3. Flowchart Diagram of the Mathematical Model

To solve the computational model, the variables to be analyzed are introduced to the
model together with the considered assumptions. With this information, the model can
determine the remaining properties for each state. Determining each thermodynamic state
requires three parameters: either thermodynamic properties or fluid conditions. Figure 3
shows the flowchart of the mathematical model developed. It starts with the input data
and ends with calculating the heat loads, powers, and efficiency parameters, such as the
EUF #Ey, and L
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Calculate States
State;(T4, X 4), Statey; (T, Xi)

)
Calculate States
Wp(P11,¢ep), Ps = P1/F, hy(hy, Wp)
v
Calculate States
Statey (P11, x4, hy), State4(Tg, Pr1), States(Ps, x4, hy), Stateg(Ts, Ps), Stateg(T5, Ps)

(]

Calculate
T7(Ts, T, €ec), T3 (T2, Tt , €ec)

'

Calculate States
State;(T7, Ps, x¢), States (T3, P3, x1), Stateg (P, X6, hg), Stateio (P11, X9), State14 (P11, X:)
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Figure 3. CCPC solution flowchart.

4. Economic Study

Equations (1)—(11) determine the cost for each component. These equations have
previously been used for similar systems, such as power generation, cooling systems, and
plants operating with the Kalina cycle [23,29,31]. However, the system components’ costs
have changed since the equations were proposed due to economic inflation. Therefore,
the Chemical Engineering Plant Cost Index (CEPCI) is used to update the costs for a more
accurate economic study [32].
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Generator cost [23,29]:
o 0.85
_ G
Zg = 309.14 [O.ZATC 1)
Reheater cost [23]:
AR 0.60
Zr = 16000 [100] 2)
Turbine cost [23,24,26,29,31]:
. 7070
Zr = 4405 [WT} 3)
Condenser cost [23,29]:
Qc
Zc = 516.62 4
c =o166 0.15AT¢ @)
Precooler cost [23]:
- o 0.85
Zpy = 309.14 Pr
pr =309 _O.ZATPY] ®)
Evaporator cost [23,29]:
r Q 0.85
_ E
Zg = 309.14 O.ZATJ (6)
Absorber cost [23]:
_ Qa
Pump cost [23,29,31]:
. 0.80
Zp = 1120 [wp] ®)
Economizer cost [23]:
Ap, 1060
Zge = 12500[106} 9)
Valve cost [26]:
Zy =114.5 [mv} (10)
Compressor cost [27]
. 0.46
Zcom = 9624.2 [WCOm] (11)
The component’s area is determined by Equation (12):
Q; = U;A,ATML (12)

ATy — AT,

ATML = In(AT;/AT>)

where ATML is the logarithm medium temperature, and it can be calculated by Equation (13):

(13)

By knowing the cost of each component, the total investment cost of the system can be

determined by Equation (14) since it is the sum of the cost of all the components.

Ztotal = ZZComponents

(14)
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The CEPCI was used in Equation (15), and the costs were updated until 2019.

CEPCIyo

Z =7 15
2019 Total X CEPClano (15)

where Z1,;,; is the cost of the system, CEPCIpnp9 = 394.1, and CEPClyp19 = 652.9.

Another important aspect to consider in the economic analysis is the degradation
of the components, which affects the system’s performance. The following equation was
used to determine the turbine degradation, which gave a value of 1.69% in plant lifetime,
which was included in the analysis [33]. Because the cycle is a closed system and the
heat exchangers were considered made of stainless steel, no corrosion and fouling effects
were considered. Therefore, the system degradation was considered negligible in the
heat exchangers.

HPST degradation — | THESTSMTP) 7 THPSTis(AP) ) 9 (16)
"THPST,is(MTP)
where: L "
NHPST,is = (15_16”6> x 100 (17)
h1s — h1e,is

To carry out a more detailed economic analysis, the operating time of the system must
be known, which is considered to be 10 h per day with a plant lifetime of 25 years. The
interest rate was considered to be 7.2% [34].

The capital recovery factor (CRF) can be determined by Equation (18) by knowing the
parameters mentioned above.

. A
CRF = M (18)
(1+6i)" -1
The sinking fund factor (SFF) can be estimated as follows:
SFF= — (19)

(1+i)" -1

The annual capital cost can be calculated once the two previous parameters have
been determined.
ACC = 22019 X CRF (20)

The salvage value (SV) can be calculated as follows:
SV =0.20 X Zyp9 (21)
Meanwhile, the annual salvage value (ASV) can be estimated using Equation (22).
ASV = SV x (SFF) (22)
The maintenance cost (CM) per annum is considered 10% of the annual capital cost.
CM = ACCx0.1 (23)

Therefore, the annual total cost (ATC) is the sum of the annual capital cost plus the
maintenance cost per annum minus the annual salvage value, expressed by the follow-
ing equation:

ATC = ACC + MC — ASV (24)

Considering the annual equivalent of electrical energy, the cooling power must be
transferred in terms of electrical energy to determine the cost of the cogeneration products.
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For this reason, a COP of 2.5 is considered [23], with which the following equation gives
the cogeneration cost of the products:
ATC

cCCCP= ——— 25
WTu + QEe ( )

5. Results
5.1. Analysis of the CCPC as a Function of the Generation Temperature

Figure 4 shows the ammonia vapor mass flow rates produced in the generator, separa-
tor, and the flow entering the turbine.

0.35 —
....'.“_""_:_'_‘__‘_'"'“ —~ _mG
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.--’-.-- T — _\_____-_- —ms
~— e
025 | ™~ e
L 0 1
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8015 o F 0
E | R=20 CC
0.10 r
0.05
" | . . ! \ . :

110 115 120 125 130 135 140 145 150
Tg [°C]

Figure 4. Generator mass flows as a function of the generator temperature.

For the CCPC, the increase in the generation temperature limits the refrigerant des-
orption in the generator due to heat losses to the environment. On the other hand, when
the production of the ammonia vapor in the generator decreases, the mixture concentra-
tion does not evaporate, leaving the generator to increase. Therefore, although the vapor
production with a high concentration of ammonia in the separator tends to increase as the
temperature in the generator rises, it cannot compensate for the decrease in the mass flow
of refrigerant produced in the generator. For this reason, the total inlet flow to the turbine
decreases with an increase in generation temperature.

The cooling effect on the CCPC decreases by having a lower mass flow, as shown in
Figure 5, where three evaporation temperatures are analyzed. Ata Tr =5 °C, increasing
T from 110 to 150 °C causes a decrease in the cooling effect by 34%, from 369 kW to

244.1 kW. Due to the decrease in Q E, it is expected that WT would have a similar effect
due to the decrease in mass flow due to the increase in Tg. However, in Figure 5, there

is an increase in W as T increases. This is because although refrigerant production in
the generator decreases, the refrigerant comes out with a higher amount of energy and at
a higher pressure. For this reason, the expansion of the turbine mass flow is higher, and
there is an increase in power production. That is, the increase in energy of the working
fluid compensates for the decrease in mass flow produced in the generator. It can be seen
that the power of the turbine increases from 15.33 kW to 41.64 kW when the generation
temperature increases from 110 °C to 150 °C.
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Figure 5. Cooling load and turbine power as a function of the generator temperature.

The EUF and exergy efficiencies as a function of the generation temperature are shown
in Figures 6 and 7, respectively. Figure 6 shows that the EUF is higher at the higher
evaporation temperatures but decreases with the increment of T. For example, at a
TE =5 °C, increasing T from 110 °C to 150 °C causes the EUF to drop by almost 22%, from
0.47 to 0.37. The decrease in EUF is mainly the result of the decrease in the mass flow
produced in the generator and, therefore, the cooling effect reduction in the CCPC.

0.52 |

. - TE=5°C
050 k- TE=10°C
| TE=15°C

0.38

036 1 1 1 1 1 1 L 1 L 1 1 1 1 1 1
110 115 120 125 130 135 140 145 150
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Figure 6. Energy utilization factor as a function of the generator temperature.
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Figure 7. Exergy efficiency as a function of the generation temperature.

In Figure 7, the exergy efficiency of the CCPC increases until it reaches a maximum
point and then begins to decrease. The increase in Wr is related to the fact that the fluid
at the turbine inlet has a higher pressure and energy; therefore, the expansion process is
higher, thus producing more power in the turbine. The fact that the efficiency drops after
a maximum point is related to the abrupt decrease of the flow produced in the generator,
and although this flow has higher energy, the energy does not compensate for the decrease
in mass flow. At T = 5 °C, when increasing T from 110 °C to 140 °C, the exergy efficiency
increases from 0.22 to 0.27, while when increasing from 140 °C to 150 °C, the exergy
efficiency decreases from 0.27 to 0.24.

5.2. Analysis of the CCPC as a Function of the Absorption and Condenser Temperatures

From the system assumptions, it was considered that the absorption temperature was
the same as the condensation temperature. Figure 8 shows the trend of the cooling load
and the power produced by the turbine as the absorber temperature increases. When the
absorption and condensation temperature increases, the system pressure also increases
since the solution leaving the condenser and the absorber is in saturation conditions. For
this reason, if T4 = T¢ increases, the expansion process in the turbine decreases, in addition
to the fact that the fluid enters the evaporator with a higher amount of energy, thus limiting
the evaporation process. For example, when T4 increases from 26 °C to 40 °C at Tg = 15 °C,

the cooling load decreases by 16.71%, and Wt drops by almost 60%. W decreased from

384.7 kW to 320.4 kW, while Q g decreased from 33.36 kW to 13.36 kW. On the other hand,
it can be seen that at evaporation temperatures below 5 °C, the system cannot carry out the
cooling process at absorption temperatures above 30 °C since the working fluid enters the
generator at a higher temperature than desired.

With the reduction of the turbine power and the cooling load, the EUF and the 7,
decrease. Figures 9 and 10 show the trend of EUF and 7/g, as a function of T4, respectively.

Figure 9 shows that the EUF presents lower values at relatively high temperatures
of T4 = T¢ for the absorption and condensation processes. Increasing T4 from 26 °C to
46 °C ata Tr = 10 °C decreased the EUF by 8.16%, from 0.497 to 0.455. Also, ata Tr =10 °C,
the system can operate at T4 lower than 36 °C, while at Tr = 5 °C, the maximum absorber
temperature is 30 °C.
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Figure 8. Cooling load and turbine power as a function of the absorber temperature.
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Figure 9. Energy utilization factor as a function of the absorber temperature.

Figure 10 shows that #g, shows the same tendencies as those shown in Figure 9 for

the EUF, but #g, reduces by 24%, decreasing from 0.25 to 0.19.
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Figure 10. Exergy efficiency as a function of the absorber temperature.

5.3. Analysis of the CCPC as a Function of the Evaporator Temperature

One of the main operating parameters is the system evaporation temperature since the
CCPC applications depend on it. Figures 11-13 show the system’s analysis as a function of
Tk at different reheating temperatures.

. : : : - /1 380
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Figure 11. Cooling load and turbine power as a function of the evaporator temperature.
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Figure 12. Energy utilization factor as a function of the evaporator temperature.
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Figure 13. Exergy efficiency as a function of the evaporator temperature.

As shown in Figure 11, the power produced is not affected by the increase in Tf since
the conditions of the working fluid at the turbine outlet are delimited by the condenser.
On the other hand, the reheating only benefits the power output. When the ammonia in a
vapor phase receives a reheat of 50 °C at a T = 8 °C, the power production improves by
19.6%, going from a value of 26.28 kW to 31.43 kW. While increasing Tr from 6 °C to 16 °C,
the cooling effect improves by 7.3%, from 353.6 kW to 379.4 kW.

In Figure 12, it can be seen that improving the cooling load due to higher reheating
temperatures benefits the EUF. Figure 12 also shows that higher EUF is obtained by
increasing the evaporation temperature. At a reheating temperature (RT) = 30 °C, increasing
Tk from 6 °C to 16 °C increases the EUF by 6.52%.

On the other hand, the lowest EUF values are found for the cases where the reheating
is higher. This is because the energy supplied in the superheater is higher than the benefit
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obtained in the turbine. At a Tr = 8 °C and no overheating in the system, the EUF is 0.49,
but when 50 °C overheats the working fluid, the EUF drops to 0.47.

It is expected that the exergy efficiency of the CCPC has the same behavior as the
energy utilization factor when increasing the evaporation temperature. However, as seen
in Figure 13, the exergy efficiency shows the opposite behavior since the variation of T
only affects the cooling load produced by the system. At higher evaporation temperatures,
the exergy of the cooling load decreases. When the system does not have overheating, the
exergy efficiency drops from 0.25 to 0.17 when the T increases from 6 °C to 18 °C.

5.4. Comparison of the CCPC with and without Internal Rectification (IR)

Figures 14 and 15 show the comparison of the performance of the CCPC operating
with and without internal rectification (IR).
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Figure 14. Energy utilization factor and 7, for the CCPC with and without internal rectification as a
function of Tg.

It has been previously discussed that the increment in the generation temperature of
the CCPC diminishes the mass flow rate of the vapor phase leaving the generator, and
although the increment of T benefits the vapor generation in the separator, it does not
compensate for the decrement of the desorbed fluid.

In Figure 14, the EUF and the 7g, with and without IR are shown as a function of Tg.
As mentioned, IR consists of dividing the flow at the pump outlet, where a fraction of the
working fluid passes through the rectifier, extracting heat from this component. The IR
does not allow the system to increase the power generation or the cooling effect but reduces
the heat supplied to the generator. As seen in the figure, this reduction allows the system to
achieve higher EUF and #g,. Thus, the EUF and the #g, improve when the system operates
with IR. At a Tg = 130 °C, the system without IR reaches an EUF of 0.47, while with IR,
this parameter reaches 0.54, an increase of almost 15%. Similarly, the 77, improves from
0.25 to 0.29.

In Figure 15, the EUF increases while the 3, decreases with the increment of T be-
cause of the reasons previously explained in Figures 12 and 13. Also, it is demonstrated that
the system with IR achieves higher EUF and #g, than without IR. Ata Tg = 10 °C, the EUF
is 0.585 with IR, while without IR, it is 0.494, and the 7, are 0.572 and 0.534, respectively.
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Figure 15. Energy utilization factor and 7, for the CCPC with and without internal rectification as a

function of TE.

5.5. Analysis of EUF as a Function of X4

Figure 16 shows the energy utilization factor of the system as a function of X4 for
different Tr. When the concentration increases, it can be observed that the EUF tends to
increase in all the cases analyzed; however, a maximum point is reached, and subsequently,
a decay is noted, which is the result of the working fluid entering the evaporator at a
temperature almost equal to Tg, causing the cooling effect to not be carried out. When X,
increases from 0.5 to 0.55, with Tg of 0 °C, the EUF reaches a value of 0.42 to 0.46. It is
important to mention that the temperature of the fluid in the evaporator inlet is almost 2 °C
for X4 = 0.55; if the concentration increases, the temperature in this part will decrease, and
the cooling effect cannot be produced. It can also be observed that the highest concentration
under which the system can operate at evaporation temperatures of 5 °C or higher is 0.55
for the established conditions of T and T4.
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Figure 16. Energy utilization factor as a function of T 4,,.
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5.6. Analysis of the Ambient Temperature

Figure 17 shows the variation of the exergetic efficiency of the system as a function of
ambient temperature (T 4,,3,) for different cases of Tr. As shown in Table 1, ¢, depends on
the interactions of power and heat in each component of the system. When T 4,,;, increases,

the exergy is related to Q e too; however, the term of exergy for QG and Q g decreases, and
for this reason, 7, increases when T 4,,,, increases. When the T 4,3, is 30 °C and the system
evaporates at 10 °C, the exergetic efficiency is 0.30, while at the same T4,,;, but evaporating
at 5 °C, the exergetic efficiency is 0.33, which is 10% higher.

0.48
| Te=120°C
x=0.55
0.43  PgPs=2
| Ta=30°C ’
038
P
-

0.33

0.28

0.23 i 1 i 1 " 1 " 1 " 1 " L i L i
26 28 30 32 34 36 38 40 42

T [°C]

Figure 17. Exergy efficiency as a function of T 4,,,p.

5.7. Analysis of the Irreversibilities of the System with IR

The previous section clearly showed that the CCPC operating with IR is more effi-
cient; therefore, the analyses carried out in this and the following sections are based on
this configuration.

An exergy analysis determined that the generator, the evaporator, and the absorber
are the components with the highest irreversibility contribution, reaching values up to
38.16 kW, 16.57 kW, and 10.42 kW, respectively. The highest irreversibilities in the generator
and evaporator are directly related to the phase change from liquid to vapor. On the other
hand, the absorber’s highest irreversibility is related to the exothermic reaction product of
the ammonia absorption by the solution.

Table 3 shows the irreversibilities for each system component at T¢ = 120 °C, T = 10 °C,
and T4 =30 °C.

Table 3. Irreversibilities of the system for each one of the components of the CCPC with IR.

Component I [kW]
Absorber 10.42
Evaporator 16.57
Generator 38.16
Rectifier 14.37
Condenser 3.63
Economizer 3.65
Turbine 2.65

Other components 6.81
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5.8. Economic Analysis of the System

Tables 4 and 5 present the results obtained from the economic analysis of the CCPC
with IR. The analysis was conducted at the operating conditions of T¢ = 120 °C, Tr =10 °C,
and T4 = 30 °C, at which one of the highest EUFs was obtained (0.58).

Table 4. Cost contribution by component.

Components % Cost
Absorber 13.22
Compressor 8.63
Condenser 47.37
Evaporator 9.45
Turbine 15.31
Other components 5.99

Table 5. Results of the economic analysis for the CCPC and CCPCIR.

Parameter Unit Value CCPC Value CCPC IR

Ztotal [$] 469,753 453,459
CRF [-1 0.087 0.087

SFF [-1 0.015 0.015
ACC [$] 41,039 39,615

SV [$] 93,951 90,692
ASV [$] 1443 1393

MC [$] 4104 3962

ATC [$] 43,699 42,134
CCCP [$/kW] 0.071 0.070

Table 4 shows each component’s cost contribution. The condenser has the highest cost,
followed by the turbine and the absorber.

Table 5 shows the different costs of the system determined with the equations pre-
sented in Section 4.

In Table 5, the capital recovery and the sinking found factors are similar to those
reported in the literature [23] since it was considered the same interest rate and the lifetime
of the equipment. Utilizing the CEPCI, which is a cost correction factor, the system total
cost (Ztotal) is $469,753, which increased by 65% compared with the cost that the system
could have had in the year 2000. On the other hand, the salvage value was considered 20%,
which means that at the end of the system lifetime, $93,951 could be recovered.

To show the relevance of the proposed system, its performance is compared with the
Goswami cycle [30], which is also proposed for the simultaneous production of power
and cooling.

Table 6 shows a comparison of the proposed system with the Goswami, both operating
with IR at similar operating conditions (Tg =127 °C, T4 =7 °C, Tg =7 °C, and X4 = 0.53).
From this table, it can be seen that although the power produced with the proposed cycle
is almost half of that of the Goswami cycle, the cooling load is about nine times higher
with the proposed cycle, increasing from 25.9 kW to 228 kW, thus achieving a considerably
higher EUF of 0.61. It is almost three times higher than that with the Goswami cycle. The
significant difference in the cooling loads results from the extra mass flow rate produced by
the added components to the CCPC. It is important to mention that the exergy efficiency of
the Goswami cycle was not reported in the original work; this was calculated using the
operating conditions reported in the investigation of Xu et al. [30]. The results shown in
Table 6 clearly show that the highest #g, is obtained with the Goswami cycle since a higher
power is produced with this system. However, the cooling effect is too low compared with
the proposed system, which can produce almost ten times more cooling than the Goswami
cycle, thus increasing the EUF.
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Table 6. Comparison of the proposed system’s performance with the Goswami cycle with IR.

Parameter Goswami with IR [30] Present Model
Qc [kW] 390.4 390.1
Qg [kW] 31.3 26.48
Qf [kW] 25.9 228
Wr [kW] 76 39.72
W [kW] 2.7 1.87
EUF 0.23 0.61
NEx 0.70 0.42

In order to evaluate the results obtained from the proposed system’s modeling and
economic analysis, the CCPC was compared with a system for the same purposes recently
proposed by Shankar and Rivera [23]. The results of this comparison are shown in Table 7.
The models were compared using the same operating temperatures and the energy supplied
to the generator. The table shows that although the exergy efficiency is lower with the
proposed system, the power produced by the turbine was more than double, and the
cost per kW produced was 0.58, which is 27% lower than the system proposed by the
other authors. It is important to mention that, in the system proposed by Shankar and
Rivera [23], the cost of the expansion valves was not considered, and they did not consider
the CEPCI index.

Table 7. Comparison of the proposed system with the system proposed by Shankar and Rivera [23].

Parameter Shankar and Rivera [23] Present Work
Te [°C] 140 140
Tr [°C] 15 15
T, [°C] 35 35

Qg [kw] 773.52 772.8
Qr [kW] 354.21 342.4
Wr [kW] 20.28 472
Weom - 18.56

Wp 7.71 3.97

EUF 0.47 0.48

HEx 0.43 0.25
CCPC ($/kW) 0.079 0.058

It is worth noting that the analysis was conducted for a system supplying approxi-
mately 400 kW in the generator. However, the system’s capacity can be easily scaled up
to a higher capacity without significant modifications. This is due to the availability of
microturbines and heat exchangers capable of generating megawatts of power [35]. This
scalability underscores the potential of the proposed system for future applications.

6. Conclusions

The working fluid entering the turbine decreases with an increment in the generation
temperature, reducing the cooling load but augmenting the power production. This hap-
pens due to the higher pressure at the turbine inlet, producing a higher expansion process.

By increasing the system’s generation temperature, the energy utilization factor de-
creased due to the reduction in the cooling load. However, the exergy efficiency improved
because of the higher power produced by the turbine.

Increasing the condenser and absorber temperatures reduces the production of the
working fluid, affecting the cooling effect and the system’s power.

Reheating the fluid before entering the turbine only improves the system’s power
production but has no effect on the cooling load since the condenser temperature limits it.



Processes 2024, 12, 1288

24 of 26

Internal rectification was found relevant since its use significantly reduces the heat
supplied to the generator, thus increasing both the energy utilization factor and the ex-
ergy efficiency.

At Tg =120 °C, T4 = 30 °C, and Tr = 10 °C, the energy utilization factor was 0.58
and the exergy efficiency 0.26. At these conditions, it was observed that the generator, the
absorber, and the evaporator were the components with the highest exergy destruction,
while the condenser and the absorber were the most expensive components, contributing
28.6% and 7.98% to the total cost, respectively.

Comparing the proposed system with the Goswami cycle revealed that although the
power production was about half that in the Goswami cycle, the cooling load increased
almost ninefold, going from 25.9 kW to 228 kW, thus considerably improving the energy
utilization factor from 0.23 to 0.61.

The comparison with the system proposed by Shankar and Rivera found that for
similar operating conditions, the cooling load was almost the same for both systems.
However, the power produced with the proposed system was considerably higher, while
the cost was approximately 27% lower.
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Glossary
Nomenclature
Q Heat MTP  Modeling test performance
W Power PR Pressure ratio
m Mass flow R Reheater/Reheating
Abbreviations Rec Rectifier
A Absorber, Area S Separator
ACC Annual capital cost SFF  Sinking fund factor
ASV Annual salvage value sy Salvage
ATC Annual total cost value
AP Actual performance t Turbine
C Condenser \Y% Valve
ccep Cost of cog?neration out.put by considering 7 Component cost
annual equivalent electric energy
Com Compressor Thermodynamic properties
. . h Enthalpy
CPSC Cycle with separator for power and cooling P Pressure
. S Entropy
CRF Capital recovery factor T Temperature
d Destruction X Concentration
E Evaporator Greek letters
Ec Economizer € Effectiveness
EUF Energy utilization factor | Efficiency
Ex Exergy Units
G Generator °C Degrees Celsius
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i Interest rate J Joule

MC Maintenance cost 4 Watt

n Number of years Wh  Watt-hour
P Pump $ Dollar

Pr Precooler
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