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Abstract:

A hybrid heat pump cycle of the heat amplifier type integrating a booster compressor between the generator
and the condenser for distributed heating is simulated and analyzed. The interrelation between the two
sub-cycles and the hybridization principle are explored. The theoretical analysis is demonstrated by a
H20/LiBr based hybrid cycle simulation.

Investigation of the interaction mechanisms between the mechanical compression and absorption has shown
that there is an optimal compression ratio of about 1.2-1.8 for which the low-temperature driving heat can be
utilized most effectively (giving highest coefficients of performance). A study was also carried out to reveal the
energy saving mechanism in the hybrid system as compared with an individual absorption heat pump and a
simple vapor compression heat pump working within the same temperature regions. The results indicate that
replacement of a part of the mechanical work with low-grade heat makes the hybrid cycle achieves not only
significant energy saving of high-quality mechanical work, but also better use of low-grade waste heat
because of the cascade use of the two energy inputs. The coefficient of performance (based on both power
and heat input) and heat driving coefficient of performance in the hybrid cycle are found to be improved by
10.2% and 16.6%, respectively, in comparison with separate absorption and vapor compression systems.

Keywords:

low-grade heat, energy saving mechanism, hybrid heat pump cycle, thermodynamic performance, ultimate
temperature lift.

1. Introduction

The absorption cycle [1] has the potential of low-temperature waste heat recovery for
refrigeration/cooling or heating applications, and its performance can be improved by integration
with a mechanical compression process driven by a small fraction of mechanical work, such
hybridization is called absorption-compression hybrid cycle [2].

Boer et al. have analyzed a hybrid refrigeration cycle that includes a low-pressure compressor
positioned between the evaporator and the absorber [3]. For a constant evaporation temperature,
they stated that it can either increase the absorption temperature or reduce the generation
temperature. On the other hand, for a constant absorption temperature, it achieves a reduced
evaporation temperature for higher quality (lower temperature) refrigeration production. Kim et al.
proposed the integration of a compressor in an H>O/LiBr-based triple-effect absorption cooling
system to avoid the corrosion problem caused by the high generator temperature [4], and found that
the resulting generator temperature decrement increases with elevated compression ratios, and that a
40 K generator temperature decrement can be obtained at the cost of 3-5%
cooling-capacity-equivalent power input for driving the compressor.



For a given condensation temperature, a high-pressure-side compressor between the generator and
the condenser lowers the generator pressure and accordingly its temperature, thus favouring
external low-temperature heat recovery. Alternatively, for a constant generation temperature, it
increases the condensation temperature, enabling heat production from the heat of condensation.
Hybrid cycles of the heat amplifier type using the ammonia/water working pair were simulated in
[5], and confirmed their capability of utilization waste heat for cooling and heating mode with a
high level of efficiency. In addition to the basic configurations, some new cycle configurations were
also proposed for further improving the hybrid cycle performance [6-8].

Most of the past research focused mainly on case studies with parametric analysis and selection of
working solutions, Zheng and Meng tried first to explore the energy saving mechanism of the
hybrid refrigeration cycle with a low-pressure side compressor, by studying the thermodynamic
ultimate state and exploring the potential of lowering evaporation temperature [9, 10]. It was
concluded that the two sub-cycles compete in their contribution to the hybrid refrigeration system,
and there is an optimal compressor outlet pressure region under specified working conditions.

In this paper, a hybrid heat pump cycle of the heat-amplifier type integrating a booster compressor
between the generator and the condenser for distributed heating is simulated and analyzed. A
high-pressure-side compressor is incorporated, which consumes more mechanical power for the
same pressure ratio due to the higher inlet temperature, but at the same time offers an advantage of
smaller size because of the reduced specific volume of refrigerant vapour. The interaction
mechanisms between the mechanical compression and thermal compression was investigated to find
the effect of the compressor compression ratio on the effectiveness of low-temperature driving heat
use that would result in the highest coefficients of performance (COP). To explore thermodynamic
performance and the energy saving mechanisms of the hybrid cycle, a comparison study was also
conducted among the hybrid cycle, the conventional vapor compression cycle, and the absorption
heat pump cycle working within the same temperature regions.

2. The absorption heat amplifier (AHA) cycle and its ultimate temperature lift
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lower-temperature (Te) heat Qg in the evaporator and upgrades it, and delivers mid-temperature (Tc)
heat Qc and Qa in the condenser and absorber.

The cycle coefficient of performance (COPy) is thus defined as:

G

which expresses the specific heat production per unit heat input at Tg, for the heat amplifier cycle,
COPo >1. There exists an internal restriction between the specific heat production COPp and its
delivery temperature Tc. For given heat source and sink temperatures (T and Tg), the higher the
delivery temperature Tc is, the lower the specific heat production COPo will be.

The basic working principle of the AHA cycle can be explained by a logP-T diagram, as shown in
Fig. 2. Aiming at heat movement from the higher- and lower-temperature levels to the
mid-temperature  level, the evaporation/ condensation of the refrigerant and the
absorption/desorption of the refrigerant with the absorbent occur at low-/high-pressure levels,
forming the refrigerant loop GiCEAGi and the solution loop GiGAIAG:, respectively. Each state
point is positioned based on its pressure and temperature. In addition, from the left to the right, the
refrigerant concentration decreases for the phase equilibrium lines (Xr> xs > Xw). 4x represents the
concentration difference between the strong solution and the weak solution.

For heat production at a higher temperature (7’c > Tc) level, the condensation pressure needs to be
elevated. As shown in Fig. 2, under given heat source conditions (Tc/Ps, and Te/Pg), the
logP condensation isobar line thus moves up from Pc to
== P’c, it intersects the extension of CE at point C’, and
- intersects the isothermal line of Tg at point G’.
Keeping 7°A = T’c, another absorption cycle
G’iC’EAG’i- G’iG’A'A'G’jis formed, in which the
T heating supply temperature is increased to T’c, and
at the same time the solution concentration
difference drops to Ax’. Following the same
procedure, along with the increasing condensation
pressure, a series new absorption cycles will be
[y formed with continuous drop of Ax and increase of
P — LV temperature lift (AT = Tc-Te). Increasing the
IR condensation pressure until it reaches Pcy, an
Teun « " ultimate absorption cycle will eventually be reached
Fig. 2 logP-T diagram of the AHA cycle 85 GuCuEAWGy, in which Ax,=0. Correspondingly

the temperature lift is maximal for given Tg, ATuw =

Tcuo-Te. This ultimate cycle is impractical since the driving force Ax of the absorption process
drops to 0, thus no absorption occurs, and it losses the ability of heat amplification with

COP, = limCOP =1.
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3. The hybrid absorption compression heat amplifier (ACHA) system
and its simulation

3.1 The hybrid ACHA system description
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between the generator and the condenser, Fig. 3 Schematic diagram of the hybrid ACHA cycle
thus adding one more operational option to

the hybrid cycle: it enables condensation to occur at a pressure higher than that of generation. The
pressure rise in the hybrid cycle is thus accomplished by thermal compression and a succeeding
mechanical compression in a relay. As the compression ratio increases, the fraction of mechanical
compression increases, leading to corresponding changes in the operating parameters and
performance of both the thermal and mechanical compression because of their interactions.

3.2 The thermodynamic model and its validation

The lithium bromide aqueous solution (H>O-LiBr) is commonly employed for absorption air-
conditioning purposes because of its favorable operation conditions for evaporation temperature >
5°C. The large boiling point difference between LiBr (1265°C under atmospheric pressure) and
H.O eliminates the need for rectification. A comparison in [3] of 4 different working fluid pairs in
single-effect absorption cycles concluded that the classical working pairs including H.O-LiBr and
NHz-H20 offer the best combination of high vaporization enthalpy of the refrigerant fluid and low
solution circulation ratio. This working fluid pair is therefore selected as the absorption working
fluid in this paper because of its proven performance for the aimed temperature region application and
easy availability. The drawbacks of this working pair are the limitation of the working range due to
freezing point of water and crystallization, its corrosivity for the metal components of the machine
at temperatures above 200°C [4], and the large compressor size due to the large specific volume of
water vapour. The latter can be at least partially alleviated by incorporating the compressor at the
high-pressure side. Solar or industrial waste heat at 135 to 150 °C can be used, for example, as the
driving heat sources.

Some assumptions for cycle simulation are:

(1) Steady-state operation;



(2) The pressure losses in the generator, condenser, evaporator and absorber are 3% of the inlet
pressure;
(3) Expansion through the throttle valve is isenthalpic;
(4) Heat losses to the ambient are ignored;
(5) The outflow solutions of the generator and absorber are at saturated states.
(6) The outlet temperatures of the absorber and condenser are set to be equal, Tc = Ta.
Other major equipment specifications used in the simulation are listed in Table 1.

Table 1. Specified simulation parameters of major equipment

Item Value
Minimum temperature difference in SHX, /°C 5
Pump efficiency 0.7
Compressor isentropic efficiency 0.72
Mass fraction of the HO in the refrigerant 1

The systems are simulated with the Aspen Plus process simulation software [11], in which the
component models are based on the energy balance and mass balance and species balance, with the
default relative convergence error tolerance of 0.01%, which is the specified tolerance for all tear
convergence variables. The working fluid thermal properties are calculated with the ELECNRTL for
the binary solution and the STEAM - TA for water and steam, respectively. The generator is
simulated with the “Flash/Separators” module, and the absorber with the “Mixer/Heater” module.
To validate the simulation model, the VLE (Vapor-Liquid equilibrium) data are compared with those
in [12], showing that the largest relative error is 6.93%, and that the average relative error is no more
than 2.50%.

3.3 Evaluation criteria
The coefficient of performance (COP) based on the first law of thermodynamics is defined as:

cop=3%*% 2)
Qs +W

This definition is for both the absorption cycle (with W being the pump power consumption) and
the hybrid cycle (with W being the sum of the pump and compressor power consumptions).

Since the two energy inputs, mechanical work W and the generator heat input Qg e, are very
different in terms of their energy quality, especially when low-temperature heat or solar heat are
used as the heat source, a more proper accounting for the contribution of the low-temperature heat
input, the following heat driving coefficient of performance (COP), following [9, 10] is defined as:

COP = Qc +QA -W 'COPW (3)
Qe
Where COPy is the coefficient of performance of a vapor compression heat pump cycle operating at
the same evaporation and condensation temperatures as those of the hybrid one. The definition of
COP in Eq. (3) signifies the driving effect of low-temperature heat in the hybrid cycle, and makes it
possible to compare the performance between cycles with different configurations and parameters.




4. Discussion of System Performance and Hybridization Mechanisms

4.1 Performance of the AHA cycle

With lithium bromide aqueous solution (H2O-LiBr) as the working solution, Fig. 4 shows the
variation of the heat-driving COP, the corresponding concentration difference Ax and cycle
circulation ratio CR (the ratio of the strong solution mass flow rate over the refrigerant mass flow
rate) for the AHA cycle at given Tg=30°C and
Te=140, 145 and 150°C. In Fig. 4, the ultimate heat il

delivery temperature Tc,, and thus ultimate g °
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deteriorated quickly at high CR.
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Fig.4 Variation of COP, Ax and CR
in the AHA cycle
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decreases to xw while the strong solution concentration Xs remains the same, thus leading to the
increase of the concentration difference from Ax, to Ax, and a corresponding drop of CR, where the
thermal compression becomes feasible. As the generation pressure deviates from the ultimate value,
Fig. 4 shows that the performance of the thermal compression becomes improved significantly at
first and then more mildly. The hybridization therefore enables a heat amplification effect at Tc,
without increasing the low-grade heat temperature Te. Further increase of the compression ratio
causes the generation pressure to drop to P’g, thus forming a new hybrid cycle with a higher
concentration difference, AX’>Ax>Axy. Increasing the compression ratio thus creates a series of new
hybrid cycles with continuously dropping generation pressure, increasing concentration difference,
and decreasing CR.

Theoretically, the compressor inlet pressure (which equals to Pg) can be varied between given Pc
and Pe. Especially, when the compression ratio ¢ = 1 (Pc = Pc), the hybrid cycle degrades into an
absorption cycle; and when ¢ = Pc/Pg, (Pc = Pg), the hybrid cycle becomes a pure mechanical
compression one. Along with the increase of the compression ratio, the fraction of mechanical
compression increases, leading to the steady increase of the compression work, while the thermal
compression performance follows the pattern described in Fig. 4, it deviates away from the ultimate
state and exhibits changes in response to the variation of CR. Apparently, at the lower compression
ratio region, the rapid increase of the thermal compression performance overrides the steady
increase of the compression work consumption, and the hybrid cycle COP increases accordingly.
After reaching a certain pressure ratio, the gain in

the thermal compression performance becomes 16 - - -
more gradual so it cannot make up the rise in
compression work demand, thus causing a drop in
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increases as Tg is raised, while the corresponding eopt decreases. For example, when Tg is raised
from 140°C to 150°C, the maximal COP increase from 1.46 to 1.53, and the optimal pressure ratio
drops from 1.57 to 1.23. For the same pressure ratio, higher Tg not only enhances the refrigerant
vaporization but also raises the solution concentration difference, thus favors heat generation.
Driven by the increase of both pressure ratio and T, Ax increases more rapidly, and the optimal
COP is reached at a lower pressure ratio.

Comparing Figs. 6a and 6b, it is found that increase of the evaporation temperature Te has an effect
similar to that of raising Te. When Te increases from 30°C to 35°C, the maximal COP increases,
while the optimal pressure ratio drops. It is because when Tg increases, the evaporation pressure
increases as well, leading to the reduction of the total compression requirement, thus the fraction of
mechanical compression reaches a higher level although the absolute compression ratio is still low.

5. System comparison and energy saving mechanism

5.1 System comparison

A typical hybrid ACHA cycle is simulated under the conditions of Te= 145°C, Te=30°C and
Tc=80°C with corresponding compression ratio of ¢ = 1.5 and compressor outlet pressure Pout =
47.4 kPa. The strong solution (in respect of the refrigerant) concentration x, = 0.376 kg/kg. Other
related assumptions are summarized in Table 1.

The parameters of the major state points in the hybrid cycle are listed in Table 2. For comparison,
an absorption heat amplifier cycle with the same working solution and a compression heat pump
cycle with H2O as working fluid are also simulated. It should be pointed out that it is very
impractical to use H>O for a compression heat pump due to the large specific volume of water vapor,
and this hypothetical cycle is simulated only for thermodynamic performance comparison. The
separate systems are assumed to operate at steady state and under the same assumption as the hybrid
cycle. The results are summarized in Table 3.

The comparison absorption heat pump has a COP of 1.29, while the CHP cycle has a much higher
performance, of COP = 4.5. As compared with the two individual systems with the same heat input
from the higher-temperature heat source and electricity input, the hybrid system produces more
mid-temperature heat, 38.1 kW as compared to 33.1 kW in the individual systems. The output
difference comes from the different heat amount taken from the low-temperature heat source. The
hybrid system takes 14.2 kW low-temperature heat at 30°C and upgrades it to 80°C for useful
output, which is more than double the amount in the individual AHA cycle. The low-temperature
heat contribution to the total heat input is < 22.5% in the absorption heat amplifier cycle, and > 38%
in the hybrid system, all at an energy expense of only 3% electricity input (relative to the generator
heat input).

If compared with the CHP cycle which has a much higher COP, the hybrid cycle produces more
heat for the same electricity consumption (38.1 kW vs. 3.2 kW), attributed to the contribution of the
low-temperature waste heat. Based on the data in Table 3, the electricity consumption in the hybrid
cycle is 0.73 kW to produce 38.1 kW heat at 80°C. To produce the same amount of heat, the
electricity consumption in the CHP cycle will have to be increased to 8.7 kW. The mechanical work
saving ratio of the hybrid cycle is 92%. The hybrid cycle has therefore improved ability to use and
upgrade low-temperature heat as compared with either individual cycle, and achieves energy saving



with COPg and COP higher by 10.2% and 16.6%, respectively, as compared to the sum of the two
individual systems.

Table 2. Hybrid cycle state point parameters

Vapor  Mass flow Mass fraction
fraction rate (kg/s) LiBr H.O

Stream T(C) P (kPa)

1 1085 32.1 0 1 0.642 0.358
2 145 31.6 1 0.064 0 1
C 2042 474 1 0.064 0 1
3 80 46.8 0 0.064 0 1
4 30 4.2 0.086 0.064 0 1
5 294 4.1 1 0.064 0 1
6 145 31.6 0 0.936 0.686 0.314
7 1135 314 0 0.936 0.686 0.314
8 95.3 4.2 0.018 0.936 0.686 0.314
9 80 4 0 1 0.642 0.358
10 80.1 3.21 0 1 0.642 0.358
Table 3. Performance comparison between the hybrid and individual systems
. Individual systems Relative increase %
Item Hybrid - — A chp Total* \
Qs kw \
(145°C) 23.15 23.15 \ 23.15
Input | W kW 0.73 0.73 0.73
Qe kW
(30C) 1422  6.71 2.57 9.98
Qc +Qa kW \
Output (80°C) 38.1 29.91 3.20 33.11
COPy 1.598 1.290 4479  1.389 10.15
COP 1.507 \ \ 1.290 16.59

*The sum from the two individual systems

5.2 Analysis of energy saving mechanism

Increasing the temperature lift AT causes the COP to drop for both individual absorption and vapour
compression heat pump cycles in their different patterns. The vapour compression cycle has a much
higher performance, but its COP also drops more quickly with the increase of the compression ratio.
In contrast, the COP of the absorption cycle exhibits a relatively mild variation, except the dramatic
change near its ultimate state. When integrated into a hybrid cycle, an interrelationship between
them has been established: as the compressor compression ratio increases, the fraction of the
mechanical compression increases while that of the thermal compression drops, leading to the
continuous evolution of the parameters and performance of both sub-cycles and their interrelation.

Based on the understanding of the performance of the absorption heat amplifier and the vapour
compression heat pump, the energy saving mechanism is discussed with the help of log P-h diagram
(Fig. 7). The parameters of each state point are from the simulation results described in Section 5.1.
The AHA cycle is also included for comparison, for the same evaporation (30°C/4.2 kPa) and



condensation (80°C/46.8 kPa) parameters values.

Fig.7 describes the diagrams of log p-T of the hybrid (solid line) and absorption heat amplifier AHA
cycle (dotted line). The two cycles share the same parameters for the condensation and evaporation
processes (represented by path 4-5-6), and the same strong solution concentration and mass flow
rate. Main differences exist for the absorption (paths 5/8-9 for hybrid vs. 5/8a-9 for AHA) and
generation processes (paths 1-2/6 for hybrid and la-2a/6a for AHA) due to additional pressure level
of 31.6 kPa for the generation process in the hybrid cycle. Therefore in the hybrid cycle, the
compression pressure elevation from Pe to Pc is accomplished by a cascade of the thermal
compression (path 9-1) and mechanical compression (path 2-C), as compared with the thermal
compression alone (path 8a-1a) in the AHA cycle. From the left to the right, there are 3 phase
equilibrium lines with decreasing refrigerant mass concentration (Xr, Xs and xw, respectively), and
they are 1.0, 0.358, and 0.315, for the hybrid cycle; and 1.0, 0.358 and 0.344 for the AHA cycle.
The xw line for the hybrid cycle is on the right of that for the AHA cycle, i.e., xw is lower for the
hybrid cycle, despite the same generation temperature of 145°C in both cycles (T2 = T2a). For the
same strong solution concentration, lower xw indicates more refrigerant is vaporized in the
generation process, leading to more heat obtained from the evaporator and more heat delivery.

As mentioned, there exists an internal restriction between the heat production and its temperature
lift AT in the absorption heat amplifier cycle. Higher temperature lift lowers the heat production. By
sharing the compression with a mechanical

process, the temperature lift of the thermal I P
compression drops as the compressor 3 s
compression ratio increases, thus it has ter a
higher heat production than that in the pure
AHA cycle, and the increment comes from
the lower-temperature heat source via the
evaporation process. At the same time, the
performance of the mechanical compression 08l
drops but very importantly is still within the ool
high COP region. This explains how a small s k
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performance. The core is the balance of the Fig.7 Hybrid and absorption heat pump cycle

gain from the absorption side and the comparison

performance deterioration in the mechanical

side, and thus the objective is to maximize the enhancement of low-temperature heat absorption for
the least input of mechanical work, by cascade use of the two energy inputs. It is concluded that the
hybrid cycle enhances the low-temperature thermal compression performance to a level which can’t
be achieved by an individual absorption heat pump cycle.
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6. Conclusions

The absorption-compression hybrid cycle of heat-amplifier type was studied, focused on a
hybridization principle based on the interrelation between the two sub-cycles, and the resulting
energy saving mechanisms were analyzed. The theoretical analysis was validated by a simulation of
a hybrid cycle working with H2O/LiBr solution.

The compression in the hybrid cycle can be regarded as a combination of mechanical compression



and thermal compression. The interrelation between the two sub-cycles determines the hybrid cycle
performance and the existence of an optimal compressor compression ratio of 1.2~1.8.

To explore the thermodynamic performance and the energy saving mechanism of the hybrid system, a
comparison was also conducted with a conventional absorption heat amplifier and a vapor
compression heat pump cycle working within the same temperature regions. With the help of a small
fraction of mechanical work (<5% to the waste heat input to the generator), the hybrid cycle accepts
much more heat from the lower-temperature heat source than does the absorption heat amplifier
cycle, and upgrades it to useful output. If compared with the vapor compression cycle which has a
much higher COP, the hybrid cycle produces more heat for the same electricity consumption,
attributed to the contribution of the low-temperature waste heat. The mechanical work saving ratio
reaches up to 92%. The hybrid cycle has therefore improved ability to use and upgrade
low-temperature heat, and achieves energy saving exhibited by COPo and COP higher by 10.2%
and 16.6%, respectively, as compared to the sum of the two individual systems.

It was concluded that the hybrid cycle achieves significant energy saving of high-quality
mechanical work, and also improves the low-temperature thermal compression performance to a
level which can’t be achieved in an individual absorption heat pump cycle, i.e, it achieves
simultaneously the better use of low-grade waste heat and energy saving of mechanical work, both
attributed to the thermodynamically efficient cascade use to two energy inputs.
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Nomenclature

ACHA Hybrid absorption-compression heat amplifier cycle
AHA Absorption heat amplifier cycle

CHP Compression heat pump

COP Coefficient of performance, dimensionless
CR Cycle circulation ratio, dimensionless

m Mass flow rate, kg/s

P Pressure, kPa

Q Heat duty, kW

T Temperature,C

W Power consumption, kW

X Solution concentration, kg/kg

Ax Solution concentration difference, kg/kg
Greek symbols

& Compressor pressure ratio, dimensionless
Subscripts

A Absorber

C Condenser

E Evaporator

G Generator

opt Optimal value

r Refrigerant

S Strong solution



u Ultimate state
Weak solution
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