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Abstract: The novel modified absorption heat pump (MAHP) with the H2O-LiBr working mixture
for cogeneration applications is introduced. The MAHP can simultaneously produce electric energy
and heat revaluation. The proposed system has the particularity that it can be powered by alternative
thermal sources (such as solar energy, biomass, geothermal) or industrial waste heat, thus promoting
the production and efficient use of clean energy. The effects of pressure ratio (RP), source or supply
temperature (TGH), and the energy revaluation gradient (GTL) are analyzed. The critical parameters
of the proposed system are evaluated, including thermal efficiency (ηTh), exergetic efficiency (ηEx),
revaluated heat (

.
QA), as well as net power produced (

.
Wnet). For the MAHP analysis, RP and TGH

operating ranges were chosen at 1.1–15.0 and 100–160 ◦C, respectively. The results show that ηEx of
87% can be obtained, having the maximum performance in TGH of 120 ◦C, RP of 1.1, and GTL of
35 ◦C. The ηTh varies between 51% and 55%, having a maximum GTL of 45 ◦C. On the other hand,

.
Wnet achieves values between 260 and 582 kW, depending on the defined operating conditions.

Keywords: cogeneration; absorption; heat pump; power; revaluated heat; H2O-LiBr

1. Introduction

Industrial development worldwide has generated a growing energy demand, bringing
an energy crisis and damage to the environment, having fossil fuels as the principal
sources [1]. It is estimated that world energy consumption will continue increasing in the
coming decades due to the forecast projected economic growth. In 2018, the economic
growth rate was 3.7%, exceeding the 3.5% average annual growth since 2010. However,
this also reflected a 2.3% increase in global energy consumption, nearly twice the average
growth rate since 2010, driven by more significant heating and cooling needs in some parts
of the world [2]. In this context, electricity plays a vital role in human life due to the gradual
demand for energy, the accelerated increase in population, and new lifestyle trends [3].

Regarding the 2015 Paris Agreement, the urgency of the climate change challenge is
highlighted [4], trying to keep the global temperature increase below 2 ◦C by reducing
CO2 production [5]. Therefore, several countries worldwide have adopted ambitious
targets to reduce their carbon footprint [4]. An alternative is using a sustainable energy
system, which implies achieving adequate energy efficiency and the potential use of
renewable energies; both can achieve industrial development while maintaining care for
the environment and social welfare [6]. In this background, more than 50% of the energy
used worldwide is wasted as heat [7]. Currently, technological developments are based
on promoting sustainable energy systems and where various thermal supply sources are
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used. Renewable energies and industrial waste heat have enormous potential for action to
address the problems caused by climate change.

Solar thermal energy can significantly boost renewable energy development. In turn,
it can largely offset the adverse effects of climate change and improve the world’s energy
supply. For example, solar thermal energy is used in industrial, commercial, and residential
applications through different technologies, including steam, heating, cooling, and even
electricity generation. Temperatures can be produced from 45 ◦C to over 300 ◦C, making
it potentially helpful energy for many sectors. By 2021, the annual solar thermal energy
yield amounted to 425 TWh, which correlates to savings of 45.7 million tons of oil and
147.5 million tons of CO2 avoided [8].

Fan et al. [9] presented a bibliographic review of the state of the art of solar sorption
systems (absorption and adsorption). The analysis shows that solar-powered sorption
technologies are attractive alternatives to demand energy conservation and environmental
protection. Ayou et al. [10] and López-Villada et al. [11] presented various systems for
simultaneous electrical energy and cooling production. They obtained high first and second
law efficiencies due to the greater internal use of the thermal resource, guaranteeing that
the absorption systems have a broad spectrum of applications. Arabkoohsar et al. [12,13]
analyze the effect of employing parabolic through solar collectors-Powered absorption
chiller for co-supply in heating and cooling systems. The results demonstrate that the sys-
tem feeds district heating with a heat supply rate of over 1 MW for about three months, and
the internal rate of return of the system is 5.7% for 8 years of operation. Rahman et al. [14]
implemented a simulation model of a solar absorption cooling system for air conditioning
in Pakistan. The evacuated glass tube collectors use R-410A as heat transfer fluid. The
system has successfully provided the desired room temperature of 26 ◦C with total reliance
on solar thermal energy. Düzcan et al. [15] analyze the usage potential of the evacuated
tube collectors (ETCs) and the flat plate collectors (FPCs) for assisting an absorption chiller
with the H2O-LiBr pair. Through the tests carried out, the evacuated tube collector obtained
the best results. Ali et al. [16] show the design and performance of an absorption system
using a non-tracking semi-circular trough (SCT) solar collector. The experimental results
show that a chilled water output temperature of around 10–15 ◦C, with a record 3.3 ◦C, was
achieved when the chiller reached an operating temperature of 120 ◦C. Behzadi et al. [17]
propose a novel hybrid renewable-based cold production system consisting of evacuated
solar collectors integrated with a biomass heater, thermal storage tanks, and an absorption
machine. The system’s performance is simulated and assessed for a study case hospital
in India. Nami et al. [18] propose a modeling and analysis of biomass- and solar-driven
combined cooling, heating, and power system. Results showed that the designed system
could feed 1241 kW of space heating, 101.5 kW of domestic hot water, and 55.35 kW of
chilled water as space cooling, besides delivering 1 MWe power. Nasir et al. [19] present
an assessment of a trigeneration system powered by biomass. The system analyzed was
designated to provide 250 kW of electricity, cooling values between 19 and 22 kW, and
heating values ranging from 879 to 1255 kW. Furthermore, the second law efficiency of
the system was found to be approximately 56%. Siddiqui et al. [20] present a new solar
and geothermal-based integrated system developed for electricity, fresh water, hydrogen,
and cooling. The system’s overall energy efficiency obtained was 42.3%. Chen et al. [21]
analyze a system for the combined production of heat and power (CHP), taking advantage
of a geothermal energy source. The results demonstrate that the increased allocation ratio
of mixed water for the heat pumps raised the output and coefficient of performance (COP).

On the other hand, many industries worldwide reject this energy into the atmosphere
at temperatures close to 230 ◦C. In addition, residual heat can produce helpful energy
products, reduce CO2 emissions, and create sustainable systems and efficiency. Waste heat
recovery systems are a promising group of technologies that can take energy wasted from
a process and transform it into usable thermal, electrical, or mechanical energy. Today,
conventional waste heat recovery technologies operate mainly with different systems
based on thermodynamic cycles, which can work with cleaner/sustainable sources such as
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solar thermal energy [22]. For the latter, the most suitable are the organic Rankine cycle
(ORC), the Kalina cycle (KC), the Goswami cycle (GC), absorption heat pump (AHP), and
cogeneration cycles to obtain energy, calefaction, and refrigeration [23]. KC is another
thermodynamic cycle for low and medium-temperature heat recovery. Unlike a pure
organic fluid, such as the one used in the ORC, it has the main characteristic of a non-
constant temperature during vaporization and condensation. Compared to its competitors,
it translated into better performance under the same operating conditions [24]. The GC
combines the power cycle with the absorption refrigeration cycle and thus provides various
operating conditions where the system offers both power and sensible cooling [25].

Regarding the implementation of sorption systems in cogeneration applications, a
detailed bibliographic review carried out by Kumar et al. [26] establishes that one of the
main advantages of using these systems is the low temperatures that are needed for their
operation, which can range between 50 and 95 ◦C, with applications in refrigeration, desali-
nation, and air conditioning. Köse et al. [27] conducted a theoretical comparison through
simulations between the KC and ORC, considered the most critical low-temperature energy
conversion systems in industrial waste heat utilization. The most attractive design for using
residual heat was ORC, obtaining a thermal efficiency of 25.95%, operating with the work-
ing fluid n-pentane. Nevertheless, KC was more economically viable, with an estimated
payback period of 3.93 years. Akimoto et al. [28] propose an analysis of the combined per-
formance of power generation and economic evaluation for integrating a system composed
of AHP coupled to KC, operating with a low-temperature heat source of approximately
100 ◦C. The conclusions showed that the system comprising KC + AHP + KC generally
delivers the best results, with a power generation between 10 and 25 kW, a thermal effi-
ciency of 1.2–2.9%, and an exergetic efficiency of around 10%. Aksar et al. [29] designed,
analyzed, and compared the KC, the Rankine cycle, and the simple cycle of pure ammonia
with residual gases at 350 ◦C. The results showed that the KC with cogeneration reported a
maximum thermal and exergetic efficiency of 72.13% and 78.60%, respectively. Marshall
et al. [30] performed a techno-economic evaluation of multi-cycle organic Rankine-assisted
heat pumps (AHP-ORC). The maximum values of COP and efficiency were obtained with
R161/n-pentane, with values of 13.2% and 4.1%, respectively. Liu et al. [31] proposed
the theoretical evaluation of a system composed of KC coupled to an H2O-LiBr absorp-
tion refrigeration system. The power generation was improved by 45% compared to the
conventional KC, and the COP increased from 0.1158 to 0.1678. Cao et al. [32] used a
thermodynamic analysis establishing a mathematical model for a simultaneous cooling
and power generation cycle based on an absorption refrigeration cycle coupled to KC,
driven by a low-temperature heat source between 100 and 135 ◦C. The results obtained
were that the exergetic efficiency increases with the expander inlet temperature, as well as
with the concentration of the basic NH3-H2O solution. Wang et al. [33] suggested a new
combined refrigeration and energy production at a maximum temperature of 200 ◦C. The
output power of the turbine, the cooling power, and the thermal and exergetic efficiency of
the system had their maximum values of 37.63 kW, 75.12 kW, 13.72%, and 5.40%, respec-
tively. Padilla et al. [34] present a parametric analysis of the GC using the binary mixture
NH3-H2O. The heat source temperature was selected between 90 and 170 ◦C, finding the
maximum theoretical energy and exergy efficiencies of 21% and 92%, respectively. To im-
prove the performance of the Goswami cycle, multiple researchers such as Zare et al. [35],
Xu et al. [36], and Demirkaya et al. [37] proposed the use of internal rectification, which
consists of dividing the flow at the outlet of the pump in such a way that one current goes
to the economizer. In contrast, the other goes directly to the rectifier.

As seen in the theoretical framework, alternative energy sources have a vast applica-
tion, coupled with a wide variety of systems that can take advantage of these resources.
For example, solar thermal energy and biomass can meet urban and rural needs. The waste
heat recovery systems are mainly used to meet industrial needs, and geothermal energy
can offer a wide range of possible applications in geographical areas where the resource is
available [38].
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Based on the bibliographic review, a novel modified absorption heat pump (MAHP)
study is presented for cogeneration applications. The system can simultaneously produce
electrical energy and revalued heat. The proposed method has the peculiarity that it can
be powered by alternative thermal sources (such as solar energy, biomass, or geothermal
energy) or industrial waste heat. In both cases, it is intended to produce clean energy to
promote the use of sustainable processes that are friendlier to the environment. For this
reason, it is essential to analyze the operating conditions, the amounts of energy, and the
energy performance achieved with the MAHP.

2. Description of the MAHP

The MAHP cycle is composed of the union of a type I heat pump, a type II heat pump,
and a turbine to take advantage of the pressure gradient in the system [39,40] (see Figure 1).
In the case of MAHP, the maximum pressure and temperature of the system are used to
provide mechanical energy for generating electricity. The expansion in the turbine is carried
out using the maximum and minimum pressure of the system, PH and PL, respectively,
to ensure higher power output. In addition, the revalued thermal energy or

.
QA from the

absorption process can be used in secondary subsystems [39], offering greater versatility in
operations and a higher performance system.
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The system operates on three pressure and four temperature levels (two temperatures
from a thermal source, a revalued energy temperature, and a thermal sink). The external
source (

.
QGH) exchanges heat in the high-pressure generator (GH) to produce refrigerant at

a high temperature and pressure (state 17). The water vapor is expanded in the turbine
(T), producing mechanical energy (

.
WT). The refrigerant leaves the turbine at low pressure

and temperature (state 18) and goes toward the condenser (C), where the water vapor is
condensed, extracting a quantity of heat (

.
QC).

A second heat source is supplied at an intermediate temperature to the evaporator (E)
and the low-pressure generator (GL). The heat provided to the GL is used to heat the dilute
solution (weak solution state 6) that arrives from the absorber to have a second production
of the refrigerant vapor (state 7). The concentrated solution (strong solution) leaving the GL
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is pumped (state 2) and preheated (state 3) in the heat exchanger (EcL) before entering the
absorber (A). The steam produced in the GL (state 7) passes to the condenser, which joins
with the current that leaves the turbine (state 18) and condenses. The liquid refrigerant
that exits the condenser (state 8) is pumped to the evaporator (state 9), where it receives
heat from the second heat source (

.
QE) to evaporate the refrigerant again. Subsequently, the

vapor refrigerant is sent to the absorber (state 10), where it is absorbed by the concentrated
solution that comes from the GL (state 3) and GH (state 16). As a result of the absorption
process, the available heat (

.
QA) is released, which is considered revalued because it is at

higher energy levels than the thermal loads supplied in the GL and E. The weak solution, a
product of the refrigerant absorption process, is divided into two streams (states 4 and 11).
Finally, flow 4 is sent to the GL and flow 11 to the GH to restart the thermodynamic cycle of
refrigerant production.

As mentioned above, the MAHP needs four energy levels to function correctly. First,
the high-temperature thermal source (between 100 and 160 ◦C [39,40]) has the enormous
potential of using various power sources, such as solar energy with evacuated tube col-
lectors or concentration systems [13–16], biomass [17–19], geothermal energy [20,21], or
industrial waste heat [1,3,4]. The medium-temperature thermal source (60–100 ◦C [39,40])
has excellent versatility in using different energy sources due to its low and easily at-
tainable temperature range [12]. Therefore, in both cases, it is preponderant to promote
renewable energies.

3. H2O-LiBr Work Solution Mixture

Absorption is a mass transfer process in which a substance can capture and hold
another substance within itself at low pressures and temperatures. In absorption cooling,
the property of a liquid substance (absorbent) is used to absorb into itself a gas vapor
(refrigerant) and thus form a solution (binary mixture) [41]. The gas vapor previously
absorbed can be separated by supplying thermal energy to the solution by increasing its
temperature and pressure [42]. Absorption systems and conventional ones use the latent
heat from the liquid-vapor phase change of the refrigerant to remove or transfer heat to
the environment. However, absorption systems use two working fluids: the refrigerant
responsible for removing and releasing heat and the absorbent that helps the movement
of the refrigerant within the cycle [43]. There are many binary mixtures for absorption
cycles. However, two of the most common mixtures are NH3-H2O (where NH3 is the
refrigerant and H2O is the absorbent) and H2O-LiBr (where H2O is the refrigerant and
LiBr is the absorbent) [44]. In the latter, the concentration of the LiBr solution is a ratio
between the constituent’s mass and the mixture´s mass [44]. H2O-LiBr is the only binary
mixture in which water is the refrigerant. The formation of solids due to their melting point
at 0 ◦C limits their application in conventional compression systems. LiBr is a chemical
compound of lithium and bromine that is hygroscopic, has the appearance of a white
crystalline powder, and its solubility in water is 177 g/100 mL. In absorption refrigeration
systems, there are two concentrations of LiBr, the concentrated (strong solution) that comes
out of the generator and the diluted (weak solution) that comes out of the absorber. Strong
concentrations of the solution range from 50% to 70% for normal operating conditions, as
can be seen in Figure 2.

As shown in Figure 2, the most significant limitation of the H2O-LiBr working solution
is the crystallization zone, an area where the absorption system will not operate. The
formation of solids begins when the solubility limit is exceeded, which would cause a pipe
to be blocked entirely or decrease the heat exchange power.



Processes 2022, 10, 1567 6 of 19

Processes 2022, 10, x FOR PEER REVIEW 6 of 20 
 

 

generator and the diluted (weak solution) that comes out of the absorber. Strong concen-
trations of the solution range from 50% to 70% for normal operating conditions, as can be 
seen in Figure 2. 

 
Figure 2. Pressure-temperature diagram for water-lithium bromide [45]. 

As shown in Figure 2, the most significant limitation of the H2O-LiBr working solu-
tion is the crystallization zone, an area where the absorption system will not operate. The 
formation of solids begins when the solubility limit is exceeded, which would cause a pipe 
to be blocked entirely or decrease the heat exchange power. 

4. MAHP Performance Parameters 
This section presents the performance parameters used to carry out the thermody-

namic analysis of MAHP operating with the H2O-LiBr working mixture. 

4.1. Thermal Efficiency (𝜂 ) 
Thermal efficiency can be expressed as the ratio of helpful energy produced to the 

energy supplied from the process. The thermal efficiency parameter can be applied to an 
absorption machine and is calculated based on the primary or secondary fluids. For the 
present study, the primary fluids or “internal flows” are considered, which are those used 
internally by the absorption machine (in this case, the solution H2O-LiBr) [40]. η =     =   , (1) 

where Q  is the revalued heat (useful heat) by the MAHP, the W  represents the net 
power produced (power produced by the turbine minus the power consumed by the 
pumps). Both terms describe the helpful energy obtained by the MAHP. On the other 
hand, Q  represent the thermal energy supplied to the MAHP to get the desired prod-
ucts. In this case, the thermal loads supplied in the generators and evaporator (Q , Q  
and Q ). 

4.2. Exergetic Efficiency (𝜂 ) 
Exergy refers to the maximum work achievable from a particular form of energy 

transformed from one thermodynamic state in equilibrium to another. Hence, it is possi-
ble to infer the true potential of different types of energies. However, due to thermody-
namic irreversibility, the exergetic efficiency indicates the degradation of the quality of 
different energies [46]. 

Figure 2. Pressure-temperature diagram for water-lithium bromide [45].

4. MAHP Performance Parameters

This section presents the performance parameters used to carry out the thermodynamic
analysis of MAHP operating with the H2O-LiBr working mixture.

4.1. Thermal Efficiency (ηTh)

Thermal efficiency can be expressed as the ratio of helpful energy produced to the
energy supplied from the process. The thermal efficiency parameter can be applied to an
absorption machine and is calculated based on the primary or secondary fluids. For the
present study, the primary fluids or “internal flows” are considered, which are those used
internally by the absorption machine (in this case, the solution H2O-LiBr) [40].

ηTh =
Useful energy output

Total energy input
=

.
Wnet +

.
QA

.
Qsupply

, (1)

where
.

QA is the revalued heat (useful heat) by the MAHP, the
.

Wnet represents the net power
produced (power produced by the turbine minus the power consumed by the pumps).
Both terms describe the helpful energy obtained by the MAHP. On the other hand,

.
Qsupply

represent the thermal energy supplied to the MAHP to get the desired products. In this
case, the thermal loads supplied in the generators and evaporator (

.
QGL,

.
QGH and

.
QE).

4.2. Exergetic Efficiency (ηEx)

Exergy refers to the maximum work achievable from a particular form of energy
transformed from one thermodynamic state in equilibrium to another. Hence, it is possible
to infer the true potential of different types of energies. However, due to thermodynamic
irreversibility, the exergetic efficiency indicates the degradation of the quality of different
energies [46].

ηEx =

.
Wnet +

.
QA

(
1 − T0

TA

)
∑

.
Qin

(
1 − T0

Tin

) , (2)

Using the thermodynamic states of Figure 1, Equation (2) can be expressed as:

ηex =

.
Wnet +

.
QA

(
1 − T0

TA

)
.

QGL

(
1 − T0

TGL

)
+

.
QE

(
1 − T0

TE

)
+ QGH

(
1 − T0

TGH

) , (3)
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The ambient temperature (T0) is equivalent to the sink temperature used for con-
densing the refrigerant (state 8). In this way, the four thermal levels of the MAHP
are contemplated.

4.3. Gross Temperature Lift (GTL)

This parameter illustrates the increase or gains in temperature depending on the
supply source. It represents the revaluation of energy obtained through the absorption
of refrigerant in the solution, starting from the established operating conditions. GTL is
defined as the temperature difference between the absorption temperature (revaluated
thermal energy) and the evaporation temperature (thermal source at medium temperature)
of MAHP [47].

GTL = TA − TE, (4)

Therefore, the higher the GTL, the higher the TA, which means that the MAHP can
produce a better revalued thermal load (

.
QA). The higher the

.
QA, the MAHP is expected to

perform better. In addition, there is more significant potential to use the thermal load in
secondary processes.

5. Mathematical Modeling

The thermodynamic simulation of the MAHP was carried out using the Engineering
Equation Solver (EES) software [48]. Different relevant assumptions were established for
the simulation:

• The system is in thermodynamic equilibrium and a steady state [31–33,49,50];
• Thermal losses to the surroundings are not considered, just as friction losses are

not [32,33,51];
• The H2O-LiBr solution at the generator/absorber outlet is saturated liquid [49];
• The coolant is water, and there is no carry-over of lithium bromide during the process;
• The processes in expansion valves are isenthalpic [32,33,49];
• The pumps and turbine’s isentropic efficiencies of 0.80 [10] and 0.85 [11] were consid-

ered, respectively;
• The thermal efficiency for the economizer is 0.7 [42].

The mass and energy balances for each component of the MAHP, supported by the
thermodynamic states of Figure 1, are shown below.

High-pressure generator (GH):

.
m13 =

.
m14 +

.
m17, (5)

.
m13x13 =

.
m14x14 +

.
m17x17, (6)

.
QGH =

.
m14h14 +

.
m17h17 −

.
m13h13, (7)

Absorber (A):
.

m3 +
.

m16 +
.

m10 =
.

m11 +
.

m4, (8)
.

m3x3 +
.

m16x16 +
.

m10x10 =
.

m11x11 +
.

m4x4, (9)
.

QA =
.

m3h3 +
.

m16h16 +
.

m10h10 −
.

m11h11 −
.

m4h4, (10)

Low-pressure generator (GL):

.
m6 =

.
m1 +

.
m7, (11)

.
m6x6 =

.
m1x1 +

.
m7x7, (12)

.
QGL =

.
m1h1 +

.
m7h7 −

.
m6h6, (13)

Turbine (T):
.

m17 =
.

m18, (14)
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.
m17x17 =

.
m18x18, (15)

.
WT =

.
m17(h17 − h18), (16)

ηT =
h17 − h18

h17 − h18s
, (17)

Evaporator (E):
.

m9 =
.

m10, (18)
.

m9x9 =
.

m10x10, (19)
.

QE =
.

m10(h10 − h9), (20)

Condenser (C):
.

m8 =
.

m7 +
.

m18, (21)
.

m8x8 =
.

m7x7 +
.

m18x18, (22)
.

Qc =
.

m18h18 +
.

m7h7 −
.

m8h8, (23)

Pump 1 (P1):
.

m1 =
.

m2, (24)

WP1 = V1(P2 − P1), (25)
.

WP1 =
( .
m1WP1

)
/ηp, (26)

Pump 2 (P2):
.

m11 =
.

m12, (27)

WP2 = V11(P12 − P11), (28)
.

WP2 =
( .
m11WP2

)
/ηp, (29)

Pump 3 (P3):
.

m8 =
.

m9, (30)

WP3 = V8(P9 − P8), (31)
.

WP3 =
( .
m8WP3

)
/ηp, (32)

Net power (
.

Wnet): .
Wnet =

.
WT −

.
WP1 −

.
WP2 −

.
WP3. (33)

6. MAHP Operating Variables

As mentioned in Section 3, solution concentration performs a fundamental role in the
design and operation of heat pumps. Primarily due to the operating variables range (T and
P) that can move concentrations into no-go zones (zones where the system cannot work
due to crystallization). The MAHP consists of two solution circuits, see Figure 1 (loop 1:
states 1–2–3–4–5–6, loop 2: states 11–12–13–14–15–16). These conditions determine two
concentration gradients: ∆X1 = X4 − X1 (between the absorber and low-pressure generator)
and ∆X2 = X11 − X14 (between the absorber and high-pressure generator). It is essential
to have a concentration gradient greater than zero so that the system has the potential to
produce refrigerant and can obtain the desired products (

.
Wnet y

.
QA). Figure 3a shows the

variation of the concentration gradients and mass flows of the MAHP for a particular study
case (RP = 1.3, TC = 30 ◦C, TGL = 60 ◦C, TGH = 140 ◦C). In Figure 3a, as the GTL increases
(higher GTL equals higher energy revalued by the MAHP), the concentration gradients
gradually decrease until ∆X1 and ∆X2 tend to 0 and 0.17, respectively (at a GTL of 34 ◦C).
The system operation stops at 34 ◦C because the ∆X1 = 0. This condition means no longer
a concentration gradient that allows the continuous production of refrigerant. For the
defined conditions, ∆X2 has concentration gradients far from zero. This condition allows
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the solution mass flow of the upper sub-cycle (states 11 –12 –13 –14 –15 –16) to be low
and stable. For example,

.
m11 reaches values below 5 kg/s, which guarantees low energy

consumption for pumping and, therefore, a better system’s net power. For its part, when
the GTL exceeds 24 ◦C, ∆X1 has concentration gradients close to zero. Moreover, as the GTL
continues to increase, ∆X1 tends to zero. This scenario makes the mass flows of the lower
sub-cycle (states 1 –2 –3 –4 –5 –6) increasingly larger, showing an exponential behavior.
The mass flow

.
m4 reaches values of up to 844 kg/s for a GTL of 34 ◦C. These results show

that it is essential to establish an adequate balance between obtaining revalued energy
(higher GTL) and high pumping consumption without sacrificing the overall efficiency of
the MAHP.
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Figure 3b shows the effect of the TGH variation compared to the case study. As can
be seen, TGH directly affects the conditions of the upper sub-cycle (∆X1 and

.
m4 remain

constant). By reducing the supply power from 140 to 120 ◦C, the high-pressure generator
has fewer resources to produce refrigerant. For this reason, ∆X2 is smaller, slightly raising
.

m11 up to values of 7.5 kg/s. Figure 3c shows the effect of the TC variation compared to the
case study (going from a TC of 30 to 35 ◦C). In this case, ∆X1 starts from 0.35, a value 9%
lower than in the case study. This reduction is mainly because the TC is closely linked with
the PL of the system. Increasing the TC, PL also increases, modifying the ∆X1 and limiting
the cycle operation. In other words, the system loses its ability to absorb the refrigerant.
The higher the temperature in the refrigerant, the less efficient the absorption process is.
Therefore, the energy revaluation capacity is reduced (GTL is reduced from 34 to 28 ◦C).

Figure 3d shows the effect of the TGL variation compared to the case study (the TGL is
increased from 60 to 70 ◦C). In this scenario, a combined behavior is presented because a
medium-temperature thermal source is supplied both in the low-pressure generator and
in the evaporator. In the first part, the increase in TGH allows the system to have a greater
refrigerant production capacity and to operate with better versatility since a higher GTL
range can be achieved (from 34 to 46 ◦C of revalued thermal energy). Secondly, increasing
TE also increases the system’s PM, gradually reducing ∆X2. Under these conditions, ∆X1
continues to be the limiting gradient in the operation of the MAHP, reaching mass flows of
.

m4 of up to 513 kg/s.
Finally, Figure 3e shows the effect of the RP variation compared to the study case

(the RP is increased from 1.3 to 3.0). Although the PL and PM are defined by the phase
change in the condenser and evaporator, PH is determined by the solution concentrations
outside the crystallization range. As expected, changes in PH directly affect ∆X2, reducing
its value and thus the operating range of the cycle (the lower sub-cycle remains intact).
In addition to the above, it is expected that by increasing the system’s PH, there will be
a greater capacity to produce

.
Wnet. However, this same increase reduces the operating

range. In conclusion, the thermodynamic conditions of operation of the MAHP establish
concentration gradients that depend on the desired applications, the levels of the thermal
sources, and the environment.

7. Thermodynamic Simulation and Results

To evaluate the results of the proposed model, different operating conditions where the
MAHP can work were varied. The operating ranges are based on the choice of pressures and
temperatures outside the crystallization zone of the H2O-LiBr working solution. Therefore,
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the RP (to define the concentrations of the solution), TGH (sources temperatures that feeds
the generators), and the TA were varied (this temperature is related to the GTL or revaluated
thermal gain). The ranges of operating conditions are defined in Table 1. In addition, the
TGH and TGL temperature ranges are achievable with renewable energy or industrial
waste heat. On the other hand, TE = TGL; this consideration is relevant to improving the
absorber’s energy recovery. Therefore, it is convenient to supply the medium-temperature
thermal source in the evaporator and low-pressure generator in parallel [39,40]. Finally,
the condensation temperature (TC) was established as constant, which depends on the
requirements of the environment where the system will be installed.

Table 1. Operating conditions of the MAHP.

Operating Parameters Range Unit

Condenser temperature (TC) 30 ◦C
Evaporator and low-pressure generator temperature

(TE–TGL) 70 ◦C

High-pressure generator temperature (TGH) 100–160 ◦C
Low pressure (PL) 4.3 kPa

Medium pressure (PM) 31.2 kPa
Pressure ratio (RP = PH/PM) 1.1–15 -

Refrigerant mass flow
( .
m7 ,

.
m17) 1 kg/s

Table 2 shows a MAHP case study where the system operates at 140 ◦C (40 ◦C as
energy revaluation) and with an RP of 1.1. For these conditions, the MAHP reaches the
highest exergetic performance. That is, the operating conditions of the case study offer the
best relationship between the products obtained concerning the sources supplied in the
MAHP. As seen in Table 2, the MAHP can produce 4762 kW of

.
QA and 265 kW of

.
Wnet,

getting 0.509 and 0.865 energy and exergetic performance in the system, respectively. The
RP variable is vital in the operating conditions of the cycle. Although expansion work is
expected to be high at high RP, it is a variable that cannot be deliberately increased, as
seen below.

Table 2. Thermodynamic simulation of the MAHP. Case study: TC = 30 ◦C, TGL = 70 ◦C, TGH = 120 ◦C,
RP = 1.1.

Thermodynamic
State

Ti
[◦C]

Pi
[kPa]

Xi
[-]

hi
[kJ/kg]

mi
[kg/s]

.
Wnet
[kW]

.
QA

[kW]
ηTh
[-]

ηEx
[-]

GTL
[◦C]

1 70.0 4.2 0.583 167.4 19.9 265 4762 0.509 0.865 40
2 70.0 31.2 0.583 167.5 19.9
3 100.9 31.2 0.583 229.6 19.9
4 110.0 31.2 0.556 241.7 20.9
5 82.0 31.2 0.556 182.6 20.9
6 64.2 4.2 0.556 182.6 20.9
7 70.0 4.2 0 2631.0 1
8 30.0 4.2 0 125.7 2
9 30.0 31.2 0 125.7 2

10 70.0 31.2 0 2626.0 2
11 110.0 31.2 0.556 241.7 17.9
12 110.0 34.3 0.556 241.7 17.9
13 116.3 34.3 0.556 255.2 17.9
14 120.0 34.3 0.589 270.0 16.9
15 113.0 34.3 0.589 255.7 16.9
16 117.4 31.2 0.589 255.7 16.9
17 120.0 34.3 0 2723.0 1
18 30.0 4.2 0 2457.0 1
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7.1. MAHP Products

The main products obtained from MAHP are shown in Figure 4. In each section
of Figure 4, the evolution of net power

( .
Wnet

)
and revaluated heat

( .
QA

)
is revealed

concerning the effect of TGH (in decreasing order from 160 to 100 ◦C). The system’s net
power is directly proportional to the TGH and RP, the latter variable affecting the most.
This behavior is expected because, at higher TGH, a refrigerant with a higher degree of
overheating is supplied at the turbine inlet. In addition, at higher RP, the net power
increases due to the pressure gradient between the high and low-pressure zone of the
MAHP, obtaining higher expansion power. As expected, by setting the TC and TGH (the
sink temperature and the source temperature, respectively), the pressure gradients remain
fixed, which causes the powers produced by the turbine to be constant throughout its
range of operation. Regarding the revalued thermal load, as the MAHP obtains a higher
GTL, the system shows a slight increase during the first 35 ◦C. However, as mentioned in
Section 5, concentration gradients limit the functioning of the cycle. For this reason, above
35 ◦C of GTL,

.
QA decreases abruptly, reducing its operating performance and reaching

a maximum GTL of 45 ◦C. Figure 4a shows variations in net power and revalued heat
between 283–582 kW and 2500–5100 kW, respectively. Furthermore, with a TGH of 160 ◦C,
the system can operate with a maximum RP of 15. As expected, increasing RP offers better
net power output. However, RP cannot be deliberately increased because it limits the
operation of the thermodynamic cycle (as explained in Figure 3e). For example, with RP
of 1.1, 45 ◦C of GTL is achieved, while with RP of 15, 7 ◦C is barely reached (having little
operating margin). Regarding Figure 4b–d, the source temperature gradually reduces from
160 to 100 ◦C. As expected, having the less thermal resource, the MAHP has less capacity
to produce

.
Wnet and

.
QA. The RP operating range is also reduced (to operate in areas far

from solution crystallization). For a TGH of 140, 120, and 100 ◦C, maximum RPs of 9, 5, and
3 are reached, with net powers of 515, 441, and 375 kW, respectively.
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7.2. Thermal Efficiency (ηTh)

The thermal efficiency of the MAHP, as observed in Figure 5, is directly related to the
pressure ratio (RP) and the changes in the temperature of the high-pressure generator (TGH).
As previously observed in Figure 4, reducing the source temperature can considerably
reduce the net power produced, not the revalued heat. These factors cause the thermal
efficiency of the system to show slight changes. However, the most noticeable effect on
the MAHP is the reduction in the RP’s operating ranges, mainly shortening the maximum
achievable GTL. For example, in Figure 5a, heat is supplied at 160 ◦C; with the energy level
of 160 ◦C, the MAHP reaches values of ηTh between 0.51 and 0.55 (for the first 35 ◦C of GTL,
the thermal efficiency varies very little). In addition, the MAHP can operate in a greater
range of operation between the RP of 1.1 and 3, reaching 45 ◦C of GTL. In addition, for RP
of 5, 7, 9, 11, 13, and 15, the GTL went reduced to 34, 22, 15, 11, 7, and 4 ◦C, respectively. The
maximum values of GTL are compared with poor thermal performances (tending to zero).
A better GTL point would be around 30–35 ◦C without sacrificing the ηTh and without
the need to operate outside the thermodynamic limit of the system. A more significant
pressure gradient serves to produce greater power in the turbine. Nevertheless, the system’s
thermal efficiency does not change significantly, mainly because the thermal supplies in
both generators and evaporators also increase, thus compensating for the output produced
concerning the required input of the MAHP. For example, in Figure 5b–d, the thermal
efficiencies achieved remain almost constant. Only the RP range and GTL reduction are
sacrificed with less thermal supplied. Having a greater thermal source, the MAHP operates
with greater fluidity.

7.3. Exergetic Efficiency (ηEx)

The exergetic efficiency, as already mentioned in Section 4, is related to the amount
of thermal energy that will be usable (it is a better way of equating the revalued thermal
load with the power produced). Finally, in Figure 6, the exergetic efficiency of MAHP is
observed as a function of GTL for different temperatures of the supply source.



Processes 2022, 10, 1567 14 of 19

Processes 2022, 10, x FOR PEER REVIEW 14 of 20 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 5. Thermal efficiency (𝜂 ) as a function of GTL at different pressure ratios (RP). (a) TGH = 160 
°C; (b) TGH = 140 °C; (c) TGH = 120 °C; (d) TGH = 100 °C. 

7.3. Exergetic Efficiency (𝜂 ) 
The exergetic efficiency, as already mentioned in Section 4, is related to the amount 

of thermal energy that will be usable (it is a better way of equating the revalued thermal 
load with the power produced). Finally, in Figure 6, the exergetic efficiency of MAHP is 
observed as a function of GTL for different temperatures of the supply source. 

Figure 5. Thermal efficiency (ηTh) as a function of GTL at different pressure ratios (RP).
(a) TGH = 160 ◦C; (b) TGH = 140 ◦C; (c) TGH = 120 ◦C; (d) TGH = 100 ◦C.

For example, in Figure 6, unlike Figure 5, more marked behaviors are shown for what
has been explained above. For a fixed source temperature and RP, increasing TA favors
exergetic efficiency as

.
QA continues to increase (

.
Wnet remains constant during operation).

The thermodynamic limit operative abruptly reduces the revalued heat of the system
(Figure 4), which directly affects the exergetic efficiency of the cycle (Equation (3)). For this
reason, efficiencies are constantly growing as GTL increases. Subsequently, a maximum
value is reached, and finally, there is an abrupt reduction in the efficiencies in the maximum
values of GTL. By increasing the RP, the pressure gradient of the MAHP is improved,
which benefits the

.
Wnet production of the system. Through the exergetic efficiency, it is

deduced that the RP cannot be increased without any control. For each condition, there
is an appropriate relationship between

.
Wnet and

.
QA that offers the best use of the energy

supplied concerning that produced. For each section of Figure 6, at the same RP (for
example, RP = 1.1), the exergetic efficiencies increase as there is a minor thermal supply
source (or at least for low RP). This behavior is to be expected because the exergy supplied
in the high-pressure generator has a more significant influence than that achieved with
the desired products. Secondly, operating at higher supply temperatures means higher
environmental thermal losses. Figure 6a shows that maximum ηEx (between 32 and 40 ◦C
of GTL) of 76%, 83%, 84%, and 80% are reached, for the RP of 1.1, 3, 5, and 7, respectively,
further reducing its exergetic efficiency for higher RP (0.72 with RP of 15). Figure 6b
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achieves its best performances for RP between 1.1 and 3, GTL between 30 and 35 ◦C, and
maximum ηEx of 0.86. Figure 6c achieves its best performances for RP between 1.1 and 2,
GTL between 30 and 39 ◦C, and ultimate ηEx of 0.87. Finally, Figure 6d is considered the
worst operating condition since the MAHP works with the least thermal resource. In this
case, it is only possible to operate between 1.1 and 2 RP and 27 ◦C of GTL. However, it is
essential to mention that despite the extreme conditions of the last scenario, the MAHP
continues to function and produce the desired outputs, greatly favoring its application in
various sustainable processes.
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As seen in Section 7, the MAHP is a novel system with high efficiencies compared
to the systems presented in the introduction. The proposed configuration of nested heat
pumps coupled with a turbine provides enormous versatility of operation. On the one hand,
MAHP can operate with various sources of supply; on the other, working conditions can be
sought to produce high revalued thermal loads or better expansion power. Otherwise, these
characteristics allow the MAHP to have an important field of development for applications
in the industrial and renewable energy sectors.
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8. Conclusions

The analysis of a modified absorption heat pump (MAHP) for cogeneration applica-
tions has been made. The MAHP works with the binary solution H2O-LiBr and simultane-
ously produces expansion work (

.
Wnet) and the revaluation of a thermal source (

.
QA). The

working mixture presents enormous potential for development in these new cogeneration
systems. However, operating the cycle in regions far from the crystallization zones is essen-
tial. In this way, the thermodynamic operation will not be affected. Instead, it will have a
more significant margin of process and obtain the expected products in a versatile way. In
addition to the problem of crystallization, it is essential to have operating conditions that
guarantee gradients greater than zero in the nested sub-cycles of the MAHP. This condition
can be fulfilled when there are three levels of pressure and four temperatures. For the
simulation conditions, the TGH (100 to 160 ◦C), the TA (to improve the degree of revalued
heat, GTL), and RP (1.1 to 15) were varied. The results showed that

.
Wnet increases with

TGH and RP and decreases with absorber temperature when maximum GTLs are reached.
Regarding the revalued thermal load, as the MAHP produces higher TA,

.
QA presents a

sustained increase grade by grade until the most restricted zone of operation is reached.
Therefore, above 35 ◦C GTL,

.
QA decreases sharply, reaching a maximum of 45 ◦C GTL. The

maximum
.

Wnet and
.

QA produced were 582 and 5100 kW, respectively. These significant
potencies were obtained for a TGH of 160 ◦C, RP of 15, and a GTL of 8 ◦C. The ηTh of the
MAHP is not significantly affected by the TGH and RP variables. However, for moderate
GTL gradients, the thermal efficiencies differ very little, reaching values between 51% and
55%. Secondly, rises above 35 ◦C cause a drop considerably in the thermal efficiency to
36% (this applies to TGH of 160, 140, and 120 ◦C). Finally, the maximum ηEx of 87% was
reached for a TGH of 120 ◦C and an RP of 1.1. Therefore, it is essential to mention that for
each TGH supply temperature, an optimal RP favors the relationship between the desired
products and energy consumption. The ηEx presents a behavior composed mainly of

.
Wnet

and
.

QA. Accordingly, low increases in GTL are accompanied by constant increases in ηEx
And for high increases in GTL, ηEx reaches a maximum value and subsequently has an
abrupt decay. The MAHP is presented as a versatile system with high performance to
improve the efficient use of energy, promote the use of alternative energy sources, and use
industrial waste heat.
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Nomenclatures

1,2, . . . , 18 thermodynamic state points
A absorber
AHP absorption heat pump
AHT absorption heat transformer
C condenser
CHP combine heat and power
COP coefficient of performance
E evaporator
EC economizer
EES engineering equation solver
ETC evacuated tube collectors
FPC flat plate collectors
G generator
GC Goswami cycle
GTL gross temperature lift [◦C]
h enthalpy [kJ/kg]
KC Kalina cycle
LiBr lithium bromide
H2O water
MAHP modified absorption heat pump
.

m mass flow rate [kg/s]
ORC organic Rankine cycle
P pressure [kPa]
.

Q thermal capacity [kW]
RP pressure ratio [PH/PM]
SHE solution heat exchanger
SRC steam Rankine cycle
T temperature [◦C]

.
W mechanical power [kW]
X concentration of the solution [-]
Subscripts
A absorption
C condensation
E evaporation
Ex exergetic
G generation
H high
L low
M medium
net net
0 ambient temperature
P pump
T turbine
Th thermic
Greek Symbols
η efficiency [-]
v specific volume [m3/kg]
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