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Abstract: Combined systems for power production and thermally activated cooling have a high
potential for improving the efficiency and utilisation of thermal systems. In this regard, various
configurations have been proposed and are comprehensively reviewed. They are primarily based
on absorption systems and the implementation of multiple levels of complexity and flexibility.
The configuration of the absorption power and cooling combined cycle proposed herein has wide
commercial applicability owing to its simplicity. The configuration of the components is not new.
However, the utilisation of aqueous salt solutions, the comparison with ammonia chiller and with
absorption power cycles, the focus on parameters that are important for real-life applications, and
the comparison of the performances for constant heat input and waste heat recovery are novel. The
proposed cycle is also compared with a system based on the organic Rankine cycle and vapour
compression cycle. An investigation of its performance proves that the system is suitable for a given
range of boundary conditions from a thermodynamic standpoint, as well as in terms of system
complexity and technical feasibility. New possibilities with regard to added power production have
the potential to improve the economics and promote the use of absorption chiller systems.

Keywords: absorption cycle; Kalina cycle; absorption power cycle; LiBr; combined power and
cooling; absorption cooling; salt solution

1. Introduction

With increasing environmental awareness, the sustainable use of primary resources,
the introduction of renewable energy sources, improvements in the fields of energy effi-
ciency, and lowering the dependency on fossil fuel imports are being pursued. Utilisation
of low temperature and waste heat resources, especially at a temperature of approximately
100 ◦C and in distributed applications at industrial sites, has considerable untapped poten-
tial [1–4] and could contribute to achieving these energy goals. In the cooling sector, there
is pressure to make a transition to natural refrigerants with zero ozone depletion potential
and negligible global warming potential and to phase out many current ones [5].

Absorption chillers should offer an answer to both issues, yet their high capital cost
and low capacity limit their spread. In order to overcome the current drawbacks, there is
extensive research ongoing. On the component level, the crucial and most investigated is
the absorber with a complicated phenomenon of simultaneous mass and heat transfer. A
review of experimental designs [6] shows that the most common falling film type often
suffers a wettability problem worsening absorption performance, therefore non-traditional
geometries or other types as adiabatic and bubble absorbers are often considered as more
compact and cheaper components can be used. Alternatively, a concept with hydrophobic
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membrane was proposed [7] for both absorber and desorber, with application especially
to compact micro-sized chillers. Demonstration of the entire chiller was presented with
absorption and desorption rates higher than in previous studies. The second crucial
component, desorber, is commonly of a flooded type where the working solution is boiling
and optimisation of this process and overall volume has been performed by [8] for LiBr
chiller. The second type, falling film, has as a higher heat transfer coefficient requires a
small amount of refrigerant, but it is difficult to control [9]. Except for the mentioned
membrane type, a flat plate heat exchanger with a subsequent vapour separator has been
explored [10,11]. Due to high pressure drop, they were found suitable for compact solutions
with high heat source temperatures. In the system level experimental studies, solar cooling
and miniaturisation is the most common application, where for example 4.5 kW air cooled
LiBr chiller with flat plate collectors achieved a COP of 0.53 while at ambient temperatures
above 30 ◦C managed to chill water to 14 ◦C [12]. A similar 6 kW chiller with evacuated tube
collectors has shown large performance variation with ambient air and chilled water outlet
temperature, could achieve a seasonal average COP of about 0.6. The average electrical
COP of the entire system was no less than a third of a simple vapour compression system.

If the absorption chiller could provide another product when the cooling load is not
required, the improved capacity would boost its economic performance and widen its
application. The transformation of primary energy resources for the generation of more
than one product can be beneficial because it increases resource utilisation. It may also help
to adjust the system products depending on the current needs of customers. Cogeneration
of electricity with a by-product of heat (combined heat and power, or CHP) is a well-known
concept. However, other cogeneration options are increasingly attracting attention, such as
combined cooling and power (CCP) and trigeneration—combined cooling, heat, and power
(CCHP). Electricity, heat, and cooling are three products that have different significances
depending on the season, ambient temperature, and other factors, while all are often
consumed at the same site. A combination of power production and cooling appears to be
a suitable and beneficial step.

The cooling effect in cogeneration is, in most concepts, added to the system by ther-
mally activated chillers that process the heat input using absorption, adsorption, desiccant
cooling, and other technologies [13,14]. Sorption systems are the only thermally activated
systems considered in many studies, and a combination of standalone absorption chillers
with different power cycles as the prime mover is the most common [15–17]. Looking at
the options of absorption cycles, different levels of integration and combination for CCP
have been examined in previous studies, including a comprehensive review [18,19]. It
shows a wide range of cycle complexity; in some cases, pursuing theoretical improvement
in performance makes it difficult for the system to be built and operated. The literature
also offers several possibilities on how to assess and compare the performances of power
production and chiller heat duty because the two are typically in a different order. The
solution was typically found using a weight factor between the two. The systems utilised a
water–ammonia mixture as a working fluid with only a few exceptions, such as mixtures
of ammonia and lithium nitrate or of ammonia and sodium thiocyanate.

Ejector cooling can be used as well for thermally activated chillers in CCP systems [20],
where one subcycle is used to obtain the driving force of the ejector, thus creating a vacuum
and cooling in the other subcycle. Then, the work potential does not need to run only the
ejector. It can be converted to useful power in the expander, which is then used for running
a compressor in a standard vapour compression chiller as in a previous study [21], thus
combining the power cycle and compressor chiller into a thermally activated chiller.

The range of the CCP systems based on thermodynamic cycles found in the literature,
regardless of the often high level of complexity, can be classified into four main categories
based on the general working principle. These categories, outlined in Figure 1 with
illustrative T-s diagrams and examples, are as follows:
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• Separate thermodynamic cycles coupled by heat
• Separate thermodynamic cycles coupled by work
• Single-branch thermodynamic cycle for both power and thermally activated cooling
• Branched thermodynamic cycle for either power or thermally activated cooling

1.1. Separate Thermodynamic Cycles Coupled by Heat

A thermally activated cooling cycle can be used as a bottoming cycle in the cogen-
eration configurations schematically shown in Figure 1a. Almost any power cycle can
be used as the topping cycle, as long as the heat rejected at a sufficient temperature level
can drive thermally activated cooling. Therefore, this system is feasible for a higher heat
source temperature. This configuration is beneficial when commercially available power
production systems and absorption chillers are combined. Studies have typically focused
on overall performance, annual utilisation of power, cooling and heating, economic perfor-
mance, and optimal control regimes for maximal utilisation of products [13,15–17,22–24].
The coefficient of performance (COP) of the chiller is typically around 0.7 (in the case of a
typical single-effect absorption chiller), while the efficiency of power production depends
on the heat source temperature and type of topping cycle(s).

The cycles can also be more integrated, as the utilisation of only a part of rejected heat
from compressor intercooling [25] or as a complex set of recuperation heat exchangers in a
combination of the Kalina power cycle and bottoming H2O–LiBr absorption chiller [26,27],
which is depicted as the example in Figure 1a. The benefits of such integrated systems are
typically an improvement in overall efficiency and a possible reduction in cogeneration
annual costs.

1.2. Separate Thermodynamic Cycles Coupled by Work

Power and cooling cycles can be coupled by produced work instead of heat, as
illustrated in Figure 1b. In this review, three forms are differentiated: mechanical work,
electricity, and motion of the fluid in ejector cooling.

Mechanical and electrical coupling of the systems is primarily considered as a combi-
nation of existing technologies. Studies have often focused on the overall performance or
experimental validation. In an experimental study on mechanical coupling and application
of a motor generator [28], a 1 kWe experimental solar energy system based on an organic
Rankine cycle (ORC) and vapour compression cycle (VCC) was constructed using mainly
the off-the-shelf components. The unit used a 93 ◦C heat source and exhibited a chiller
regime COP of 0.71, similar to absorption chillers. The authors of the aforementioned
study stated that greater benefits could be achieved with higher-temperature heat sources.
A similar system was explored in another study [29], although with a fixed mechanical
coupling of the expander and compressor. Thus, no power could be produced; nevertheless,
the resulting COP was less than 0.6. A specific case of cycle combinations for trigeneration
from waste heat has been reported [30], where an additional absorption chiller is used
between the ORC and VCC to ensure that the condenser of the VCC remains at a lower
temperature. All the systems were coupled electrically, which provides flexibility, making
a purely power or cooling regime possible. The system had a COP of 0.2 and a thermal
efficiency of 57%. For electricity production, the efficiency was 6%.
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Figure 1. Schematic process diagrams of CCP systems with: (a) two separate cycles coupled by heat (example redrawn
from [26]), (b) two separate cycles coupled by work (example redrawn from [31]), (c) single-branch thermodynamic cycle
(example redrawn from [18]), and (d) two-branch thermodynamic cycle (example redrawn from [32]).
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This concept can be simplified using the same working fluid and condenser for both
cycles. Such a solar ORC–VCC system was proposed [33] with an expander, compressor,
and generator on the same shaft so that electricity or cooling loads can be preferred.
Additionally, in winter, the condenser heat can be used for heating in a heat pump regime.
A recuperator can also be added to the ORC and VCC to improve the efficiency, thus,
the COP, for example, up to 0.66 [27]. Other researchers considered similar systems with
combined condensers but without the generator and electricity output. A piston expander–
compressor unit proposed in [34] (COP between 0.1 and 0.6, based on the heat source
temperature and working fluid) or an ORC heat pump [21] can serve as examples. For
a more detailed summary of ORC–VCC systems, the reader is referred to a previous
report [33].

The ejector cycles can be combined with power production cycles in several config-
urations. The simplest and most flexible configuration is a parallel configuration, where
the steam at the boiler outlet is routed between the expander and ejector based on the
required share between the two products. The vacuum port of the ejector is then connected
to the evaporator of the chilling circuit, as shown in Figure 1b. The simplicity of such a
system allowed for experimental verification of a small system with cooling capacity up
to 5 kW and electrical output up to 1.5 kW (COP around 0.3, electricity production 3% to
4%) [31]. When the heat source temperature and vapour generator pressure are higher than
needed for the ejector, extraction turbines have been proposed with the vapour extraction
fit for the ejector [35,36]. Another option is to design the expander operating between
the vapour generator pressure and optimal ejector driving pressure so that these two are
connected serially [37–39], where flexibility between the products is, however, lost. To
maximise the theoretical output, more complex configurations have also been proposed
and investigated [40].

1.3. Single-Branch Thermodynamic Cycle for Both Power and Thermally Activated Cooling

Absorption cycles can be designed in such a way that a vapour stream exiting the
vapour generator is used first for power production and then for cooling, as in Figure 1c.
The most commonly considered is the Goswami cycle and its modifications, which have
been theoretically explored in numerous works [41–50]. This cycle is based on a simple
absorption power cycle (APC) with the utilisation of subambient temperatures at the ex-
pander outlet, thus providing a small amount of additional cooling on top of the produced
power (typically one third of the turbine work as cooling output). Water–ammonia mix-
ture is considered almost exclusively with only a few exceptions [44,51,52], that operate
with different working fluids, such as amyl acetate, propane–decane, or isobutane–decane.
The advantage of the Goswami cycle is its simplicity, which utilises an additional heat
exchanger added at the expander outlet, because its temperature can be below the ambient
temperature. Among the disadvantages are the pressure loss at the vapour side or limited
control of the chiller output parameters. The cycle has a fixed chiller output-to-power ratio
with a rather low share of cooling, the performance of which depends highly on ambient
conditions and expander efficiency.

The Goswami cycle with ammonia has been experimentally explored on a laboratory-
scale system with an expander power output of approximately 50–100 W at a nominal
vapour generator temperature of 85 ◦C using a water–ammonia mixture [14,53,54]. At this
small scale, owing to thermal losses and low expander efficiency, it was nearly impossible
to obtain a subambient temperature at the expander outlet.

Among the modifications of the Goswami cycle, a recuperator has been proposed
between the outlet of the expander and evaporator to boost the cooling performance [55].
Other configurations suggested add a condenser after the turbine, effectively splitting
the pressure potential by the saturation temperature to reject the heat [56]. Turbine work
is partially limited, but the cooling load can be ensured. This concept with an added
condenser was suggested not only for the water–ammonia mixture but also for an LiBr–
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water solution [57]. The cooling load can be further boosted by adding a flashing tank to
the stream of the returning solution, thus routing more vapour to the condenser [58].

1.4. Branched Thermodynamic Cycle for Either Power or Thermally Activated Cooling

Finally, the components of the APC and absorption chiller can be arranged into
two branches, as illustrated in Figure 1d. The simple form of the cycle shown as an
example corresponds to the proposal in an earlier work [59]. This configuration provides
very high flexibility because the splitter can freely specify the ratio of vapour passing
to the expander or chiller branch. When a water–ammonia mixture is used, a rectifier
is typically considered for improved performance, even for simple configurations [60].
Such a system has been experimentally analysed [61], providing a chiller regime COP
of approximately 0.6 from a 133 ◦C temperature of the generated vapour. The expander
was only simulated using only an orifice. Several authors have proposed the addition
of a superheater upstream of the expander to improve its performance [62] and change
the configuration to a generator–absorber–exchanger (GAX) cycle for higher heat source
temperatures, as other studies [60,63], or with a separate boiler for turbine and vapour
generator [64]. In addition to the water–ammonia mixture, a mixture of ammonia and
salts, such as LiNO3 or NaSCN, has been proposed [62,65], where the configurations are
simplified by omitting the rectifier. In the simplest configuration, this system was also
proposed for the water–LiBr solution, giving a brief idea of the expected parameters [32].

An alternative approach for the water–ammonia system is to route all purified ammo-
nia from the rectifier into the chiller branch of the system. The lean stream of ammonia
is then fully evaporated in a separate boiler, and the vapour is fed to the expander and
follows as lean input into the absorber [66–68]. However, this approach does not allow
for control of the ratio between cooling and power. The opposite approach to the cycle
configuration [69] excludes the rectifier and routes vapour from the generator into a turbine.
The lean solution is flashed at an intermediate pressure, and the vapour is condensed and
throttled to the evaporator in the chiller branch.

1.5. Prospects for Aqueous Salt Solution Systems

An aqueous solution of several salts, but mainly LiBr, has been widely used for
absorption chillers, especially when a low-temperature heat source is available and chilled
temperatures above 0 ◦C (refrigerant is water) are required. Such a working fluid is
environmentally friendly and has low toxicity. Overall, the low pressure level of the system
results in fewer legal requirements for installation [70]. However, absorption chillers cost
more than double the vapour compression chillers and more expensive is also auxiliary
equipment [71]. For example, only less than 2000 of solar absorption cooling systems are
installed annually worldwide [72], which also confirms our experience that absorption
chillers are not widely used when the cooling load is required only temporarily, mainly
because of economic reasons.

Absorption cycles used solely for power production typically adopt an H2O–NH3
and are known as ‘Kalina cycles’. They have been the focus of many researchers, as can
be seen in several works [73–77]. Newer approaches to APCs also consider other working
fluids [78–80], where alcohol mixtures of aqueous salt solutions are particularly promising.
The salt solutions for power cycles mainly utilise LiBr [32,80–83], but other salts, such as
LiCl or CaCl2 [78] or LiBr:ZnBr:CaBr2 mixture [84] have been proposed. When applied
to low-temperature heat sources at approximately 100 ◦C, i.e., a domain of single-effect
LiBr chillers, these APCs have shown superior performance to ORC with respect to cycle
efficiency and utilisation efficiency referenced to the heat source. It was also found that
these APCs are more suitable for small distributed energy systems rather than large-scale
systems, among others, because of low pressures and associated large volumetric flows
of vapour. Therefore, an efficient turbo-expander can also be designed for systems with a
small power output [85,86].
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As one of thermodynamic cycles with two branches, the absorption combined power
and cooling cycle (APCC) using an aqueous salt solution (Figure 1d) can enable a potentially
beneficial variability in the power and chiller output, allowing for higher annual utilisation
of absorption system. Technical implementation of this system has not indicated any major
obstacles. Regardless of the apparent advantages, a detailed analysis of this system has
not been reported in the literature. Hence, in this study, the performance of this system is
analysed with three salt solutions: LiBr, LiCl, and CaCl2. The performance is compared
with that of a reference system based on ORC and VCC, which represents a system utilising
technologies readily available on the market, as well as a system based APCC with same
layout and the water–ammonia mixture.

2. Methods

A thermodynamic model was set up for the proposed APCC with a range of in-
vestigated working fluids and specified boundary conditions. The same procedure was
performed for the reference ORC–VCC system. Performance indicators were considered
primarily from the perspective of prospective customers. Application to closed-loop heat
source types (cycle efficiency is essential), as well as an open loop for waste heat recovery
(utilisation efficiency and absolute output values are essential), was considered in the
reported parameters. Additionally, the effect of power consumption of auxiliary systems
for heat rejection, an important but often neglected parameter, is included. It is reflected
by considering a power requirement of a heat rejection fan. Aiming at high clarity and
illustrative value of the results, other parasitic loads are not included in this analysis.

2.1. Proposed Cycle Configuration

A schematic diagram of the proposed APCC (the same for all fluids) is shown in
Figure 2. The two-branch arrangement of the cycle is characterised by a separate power
branch that corresponds to underscored state in the cycle 1-2-3-4-5-6-7-12-16-17 and by a
separate chiller branch that goes through underscored states in the cycle 1-2-3-4-5-8-9-10-11-
12-16-17. Apart from this modification, the cycle includes the typical components of the
absorption cycle, where the LiBr-rich solution passes through a liquid loop 1-2-3-4-13-14-15-
16-17. The configuration is identical to that of the absorption chillers, just with the added
power branch.

Figure 2. Schematic diagram of the proposed combined cooling and power cycle.

The lean solution at pressurised liquid state 1 is preheated in the recuperator to state 2,
where it is close to its liquid saturation point. This solution enters the desorber, providing
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heat input into the cycle, reaches the saturated liquid temperature (state 3 within the
exchanger), and is partially vaporised. During this isobaric process, part of the more
volatile substance (water for a salt solution, NH3 in the H2O–NH3 system) evaporates,
and the liquid solution becomes more concentrated by the less volatile one. After the end
of heat addition process 4, the steam at state 5 is separated from the liquid at state 13. A
splitter divides the steam flow into two branches based on the required ratio between
power and cooling, defined by the splitting ratio SR. In the chiller loop, the vapour is first
condensed (states 8 and 9), and the condensed water is throttled and evaporated in an
evaporator to produce a cooling effect. The low-pressure steam then joins the flow from
the turbine in state 12. This low-pressure steam is absorbed into a LiBr-rich liquid from
state 15, first adiabatically (steam 16), and then with heat rejection in the absorber until
saturated liquid at state 17. The heat rejected in the absorber and condenser is transferred
to a water circuit passing through a dry cooling tower.

The reference ORC–VCC system is shown in Figure 3. It consists of an organic Rankine
cycle (states 1–8) and VCC (states 11–15). Points not shown in the diagrams correspond to
the pinching points within the heat exchangers. To make possible a flexible ratio between
the produced work and chiller output, the systems are entirely mechanically decoupled.
ORC has a separate generator at the expander, and the vapour compression cycle has a
separate motor for the compressor. The ORC utilises R245fa, a typical working fluid for
a low-temperature ORC. For the vapour compression cycle, R1234ze(e) was chosen as a
typical refrigerant representing new, environmentally friendlier fluids.

Figure 3. Schematic diagram of the reference combined cooling and power system: ORC and VCC.

2.2. Calculation Method and Boundary Conditions

The models are based on pinch point analysis, which limits the heat transfer in heat
exchangers. The following typical assumptions are involved: steady-state operation with
the fluid in thermodynamic equilibrium in all nodes, constant isentropic efficiency of
components, no heat loss in the components, and no pressure loss (unless specifically
mentioned for air in a dry cooling tower). No subcooling is considered at the absorber and
condenser outlet, and the effect of varying fluid velocities is neglected. The electrical and
mechanical efficiencies are neglected as well.

The system of balance equations of all states accounting for every component is solved
using the software Engineering Equation Solver (EES) [87]. One of the most elementary
principles used in modelling is the conservation of mass flow and energy for each com-
ponent, presented in Equations (1) and (2). The working fluid can be a mixture; thus,
ξ ji represents the ratio of the mass flow of fluid component j to the total mass flow in
stream i. In the two-phase fluid, the components are evaluated separately for each phase.
The term

.
mi stands for the mass flow rate in each of the streams i. In Equations (2)–(4),
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.
Wpump/comp/ f an represents the power of the adequate components, hin is the enthalpy of
the working fluid at the inlet of the component and hout,is is the enthalpy at the outlet
considering an isentropic process.

∑
i

∑
j

ξ ji
.

mi = 0 (1)

∑ hi
.

mi +
.

Q −
.

W = 0 (2)

Rotating components, such as expanders, pumps, compressors, and a fan for a dry
cooler, are calculated using isentropic efficiency ηis, as shown in Equations (3) and (4). The
consumed work (pump, fan) has a negative sign to comply with Equation (2).

.
Wexp =

.
m(hin − hout,is) ηis (3)

.
Wpump/comp/ f an =

.
m(hin − hout,is)/ηis (4)

The cycles are modelled together with secondary fluids for heat input, heat rejection,
and chilled water. Heat transfer in heat exchangers is limited by the specified pinch points.
The pinch point may be at the heat exchanger inlet or outlet (in the case of the recuperator,
evaporator, dry cooler, and, in some regimes, desorber) or at the point when phase change
begins (condenser, desorber). However, because of the temperature glide of the working
fluid during the phase change, it might have an arbitrary position in the middle of the heat
exchanger (absorber). To evaluate the heat exchangers with temperature glide (desorber
and absorber) properly, they are discretised into 30 elements, and the mass flow rates in
the model are iterated to satisfy the specified pinch points. Because pinch point analysis is
implemented, the results represent a set of design points.

In these models, the heat source is considered to be hot (pressurised) water. The heat
rejection circuit uses a water loop and dry cooler. The heat transfer and temperature levels
are given by the pinch point requirements in all the heat exchangers.

The parameters controlling the APCC are as follows: the chiller branch evaporation
temperature Teva, concentration of salt or ammonia in the lean solution ξ1 (which defines
absorber pressure), and temperature at the desorber outlet T5 provided by the pinch point.
Another control parameter is required, which can be either a concentration difference
between rich and lean solutions (used as optimisation parameters for waste heat recovery
applications) or a fixed heat source outlet temperature (i.e., constant heat input, used for
baseline analyses).

The ORC–VCC model differs based on the pinch point of the ORC at the point of a
saturated liquid. The ORC evaporation temperature is in the baseline case (constant heat
input) resulting from the required heat source outlet temperature, whereas, in the case of
waste heat recovery, it is an optimisation parameter. The condensing temperature of the
ORC is optimised to provide the maximum net power output. The condensing temperature
of the VCC is then set to the same value.

Finally, the parameter SR, which determines the ratio of the power and chiller output,
is defined. The In the APCC, it provides the ratio between the steam mass flow rate to
the expander branch and the steam mass flow at the separator outlet. For the ORC–VCC
system, this ratio describes the portion of the expander work used as the power output,
while the remaining power is used to drive the VCC compressor.

Fluid properties were taken as inbuilt in EES, particularly the IAPWS-95 [88] for-
mulation for pure water, the water–ammonia mixture properties came from a previous
report [89], and the LiCl solution is based on another report [90]. The properties of the H2O–
LiBr solution were taken from the external EES library [91], which is an implementation of
a formulation that can be found elsewhere [92]. The properties of the CaCl2 solution were
determined separately using the correlations from earlier work [93]. However, because of
the absence of enthalpy, the provided heat capacity and ideal mixing rules were used; thus,
caution should be exercised when assessing the results of this fluid.
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The boundary conditions of the model that are constant in this analysis are sum-
marised in Table 1. The values are taken to reflect similar actual systems of absorption
chillers [70]. The expander efficiency is taken as a state of the art from micro turboexpander
experimental investigations [94,95].

Table 1. Boundary conditions of the models.

Tamb pamb RHamb Ths Teva T51 ∆Tmin, HX

(◦C) (kPa) (%) (◦C) (◦C) (◦C) (◦C)
25 101.325 70 95 5 15 5

ṁhs phs pcw ∆pDC ηis ξsol,1 Ths, out
(kg s−1) (kPa) (kPa) (kPa) (%) (%) (◦C)

2.5 8 000 200 0.15 80 56 85

The controlled variables are the temperatures of the heat source fluid Ths (mass flow
fixed for all cases) and of ambient air Tamb, which provide cooling water from the dry cooler
after rejecting heat. A higher pressure is used for the heat source water so that it remains
liquid for sensitivity analysis with respect to higher heat source temperatures.

2.3. Performance Analysis Methods

Energy and exergy analyses of cogeneration systems in the literature have been
performed with various degrees of complexity. A comprehensive approach is to account
for primary energy conversion from a global perspective, including a comparison of the
average power production efficiency of the electricity from the grid, as proposed for CCP
and CCHP cycles by Ayou et al. [18]. The authors of this work, however, believe that
in the current state of technology, for a clear assessment of the parameters of the cycle,
and from the viewpoints of potential users, manufacturers, and operators, simpler and
more-straightforward performance indicators are suitable.

The simple energy efficiency ηcycle is defined using Equation (5), where
.

Wcycle is the

net work of the cycle,
.

Qchill is the chiller output and
.

Qhs,used is the total thermal input used
from the heat source. It can be divided into the efficiency of power production ηcycle,pow
and the COP of the chiller COPcycle, which are defined in Equations (6) and (7), respectively.
The power production efficiency may be negative when the power production drops below
zero (Wexp < Wpump) for a higher chiller output.

ηcycle =

.
Wcycle +

.
Qchill

.
Qhs,used

=

.
Wexp +

.
Wpump +

.
Qchill

.
Qhs,used

(5)

ηcycle,pow =

.
Wcycle
.

Qhs,used

(6)

COPcycle =

.
Qchill
.

Qhs,used

(7)

When the auxiliary power requirements of the system are considered (here represented
by fan power for heat rejection), the formula for power efficiency ηcycle,pow,net changes in
its numerator according to Equation (8). The net overall efficiency or COP with respect to
the overall energy input is not reported in such a manner because the gross and net power
efficiencies already show the difference between the two.

ηcycle,pow,net =

.
Wnet

.
Qhs,used

=

.
Wcycle +

.
W f an

.
Qhs,used

(8)
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Exergy efficiency is determined to assess the useful products, work, and cooling
output from the perspective of the second law of thermodynamics. For the cycle itself, the
exergy efficiency ηex,cycle is defined by Equation (9), while the net exergy efficiency ηex,net,
including that of auxiliary systems, is given by Equation (10). The change in exergy of the
heat source ∆

.
Exhs and chilling streams ∆

.
Exchill is represented by Equations (11) and (12),

with the states corresponding to Figures 2 and 3. State 0 corresponds to the ambient
temperature (T0 in K units);

.
mcool represents the mass flow rate of the coolant.

ηex,cycle =

.
Wcycle + ∆

.
Exchill

∆
.

Exhs
(9)

ηex,net =

.
Wnet + ∆

.
Exchill

∆
.

Exhs
(10)

∆
.

Exchill =
.

Exc f ,out −
.

Exc f ,in =
.

mcool [(h52 − h51)− T0(s52 − s51)] (11)

∆
.

Exhs =
.

Exhs,in −
.

Exhs,out =
.

mhs[(h21 − h23)− T0(s21 − s23)] (12)

In applications with an open-loop heat source (such as waste heat recovery), utilisation
efficiency (ηutil,net for the 1st law evaluation and ηex,util, net for the 2nd law evaluation) is a
more important parameter than cycle efficiency. The reference, in this case, is the heat re-
leased when the heat source is cooled to the ambient temperature. Therefore, the capability
of the cycle to extract heat from the heat source is also considered. This is particularly the
area where the cycles with temperature glide should provide an advantage by better match-
ing their Q–T profile to the heat source [96,97]. Efficiency functions, therefore, change the
denominator term, as shown in Equations (13) and (14). The utilisation efficiency of power
production and COP are analogous to Equations (6)–(8) with

.
Qhs,all in the denominator.

ηutil,net =

.
Wnet +

.
Qchill

.
Qhs,all

=

.
Wnet +

.
Qchill

.
mhs

(
h21 − hT0

) (13)

ηex,util, net =

.
Wnet + ∆

.
Exchill

.
Exhs

=

.
Wnet + ∆

.
Exchill

.
mhs

[(
h21 − hT0

)
− T0

(
s21 − sT0

)] (14)

3. Results and Discussion

First, the overall parameters of the systems are reported for the APCC with the
most typical working fluid, the LiBr solution, and for the reference ORC–VCC system. A
sensitivity analysis shows the performance with respect to the major inputs. The effect
of auxiliary equipment consumption on the net performance is shown, as well as the
difference in the results for constant heat input and for an open-loop heat source. Finally, a
comparison of the APCC parameters with the optimal parameters of absorption power-only
cycles and a comparison of different working fluids are presented.

3.1. Baseline APCC and Comparison with VCC–ORC

The parameters of the cycles for the baseline condition, when the heat source outlet
temperature is fixed at 85 ◦C, and the splitting ratio SR has a value of 0.5, as shown in
Table 2. Moreover, Tables A1 and A2 list the reported thermodynamic parameters in all the
system nodes, where the controlling parameters of the cycles are highlighted in bold. The
parameters as concentrations were chosen as typical for absorption chillers and were the
baseline parameters for further analyses.

The cycle efficiency is mainly affected by the cooling output, while the exergy efficiency
is affected by the power output. This was further demonstrated in the sensitivity analysis.
The APCC, in comparison with the ORC–VCC system, provides nearly double chiller
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capacity while having at the same time an approximately 25% higher net power output.
The power requirement of the auxiliary equipment (

.
W f an) is similar for both cases.

Table 2. Main resulting parameters of the APCC and ORC–VCC at baseline conditions with SR 0.5.

Parameter Unit APCC ORC–VCC

ηcycle % 43.5 24.8
ηcycle,pow % 4.24 3.81
COPcycle 1 0.39 0.21
ηcycle,pow,net % 1.88 1.51
ηex,cycle % 33.3 26.4
ηex,net % 20.1 13.6
.

Qchill kW 41.3 22.0
.

Qhs,used kW 105.1 105.1
.

Qrej kW 141.9 123.1
.

Qreg kW 43.3 3.0
.

Wexp kW 4.46 8.58
.

Wpump kW −0.003 −0.29
.

Wcomp kW 0 −4.29
.

W f an kW −2.48 −2.42
.

Wnet kW 1.98 1.58

Figure 4 shows T–s and T–S diagrams (with specific and absolute entropy) of the
APCC to provide a clear idea of the processes occurring in the cycle. It can be seen that the
recuperated heat and sensible heat input to the solution are large compared with the heat
input and heat added for the phase change process. This is caused by a small concentration
difference in the solution, which is common for absorption chillers. This is different from
the situation of the APC optimised for waste heat recovery [78], where the concentration
difference must be significantly larger to obtain a larger temperature glide. As the pressure
difference in the absorption cycle is low, the entropy change during throttling or expansion
in the diagrams is also considerably small.

Figure 4. Temperature entropy diagrams of the combined cycle for the baseline conditions for specific entropy (a) and
absolute entropy (b) of the working fluid.

3.2. Sensitivity Analysis of Cycle Parameters

Sensitivity analysis is performed first for the parameters from the cycle perspective
(situations with constant heat input and a closed-loop heat source). The following is an
analysis performed for operation in waste heat recovery applications, where the goal is to
maximise the utilisation efficiency (regardless of cycle efficiency and the amount of heat
extracted from the heat source).
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The APCC and ORC–VCC are designed for flexible operation with variation between
power and cooling output defined by the splitting ratio SR, so its impact on the performance
indicators is significant and is shown in Figure 5. As expected from the SR definition, all
the considered parameters depend linearly on the splitting ratio. However, the results
clearly illustrate the disproportion between the quantity and quality of the products—
cooling output and electricity. The energy efficiency is largely affected by the cooling
output because the absolute value of the electrical output is low. The situation is nearly
the opposite for the exergy efficiency. As the exergy of chilled water is rather low, the
exergy efficiency is highest when only electricity is produced. The net efficiencies then
show the extent of power needed to run the fans. In the regime for the maximum cooling
load (SR = 0), the negative net electrical efficiency represents the power consumption of all
auxiliary systems. The absolute value is more than half the positive net power production
in the purely power-producing regime (SR = 1). The disproportion between the low exergy
of the chilled water output and the high exergy of the electrical output then causes low
exergy efficiency for the chiller operation. It can even result in negative values for SR
between 0 and approximately 0.2. The exergy output of chilled water is, in this case, lower
than the required electricity (pure exergy) input.

Figure 5. Sensitivity analysis of cycle performance with respect to the splitting ratio for APCC (a) and ORC–VCC (b).

In the power-only production regime, the absorption cycle has only slightly better
performance than the ORC (gross and net power efficiencies of 8.5% and 6.9% for APC
against 7.9% and 6.1% for ORC). However, a large difference was observed for the chiller
regime with a COP of 0.79 for the absorption system and 0.42 for the ORC–VCC, respec-
tively, while the net power efficiency is nearly the same (−3.2% versus −3.1%). A clear
advantage of the absorption system for the combined system is shown.

The difference in the lean and rich concentrations is among the most important
controlling parameters of the absorption cycles. Figure 6 shows its impact when the heat
source temperature is kept constant, and the concentration difference ∆ξ is used as an
input in the model instead of the outlet temperature of the heat source. As ∆ξ increases
at a nearly constant desorber temperature, the pressure drops. A limit for the high ∆ξ is
the pressure in the condenser so that the condensation temperature is sufficiently high for
heat rejection to the ambient. Under the pinch point constraints, a low condenser pressure
causes the cooling water and air mass flow rates to increase, similar to the parasitic load.
As a result, a sharp decline in the net power efficiency can be seen when the chiller branch
is in operation, whereas only a moderate decrease is observed for producing only power.
The gross power efficiency has a maximum at a very low ∆ξ, where the cycle extracts
only a small amount of heat from the heat source at high temperature. The net efficiency
maximum is at higher values before it declines owing to the low-temperature difference
in the condenser and absorber and the associated high parasitic load. The COP increase
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with ∆ξ is only moderate, while there is a sharp drop in the net power efficiency after
its optimum.

Figure 6. COP and gross and net APCC system efficiencies at varied concentration differences.

Sensitivity analyses of the heat source temperature (two operating regimes) as well as
the ambient and evaporator temperatures agree with the typical behaviour of absorption
chillers or power cycles. This can be found in Figures A1 and A2 (in Appendix A).

3.3. Sensitivity Analysis of Utilisation Parameters

To maximise the utilisation of a heat source, fixing its outlet temperature is not suitable.
Searching for the optimum is straightforward by varying the specified boiling temperature
of the ORC, maximising the net power output of the cycle. The VCC is independent of
the ORC. For the APCC, the net power and COP work against each other. The approach
adopted in the optimisation is to search for a concentration difference ∆ξ and lean solution
concentration ξ1, which together provide maximal net power output at SR = 0.5. The
resulting parameters for each node for both systems are presented in Tables A3 and A4
(in Appendix A).

The values of utilisation efficiency and COP are shown for both systems in Figure 7.
The trends are similar to that of the efficiency with respect to the transferred heat, but the
values are significantly lower because the cycles can utilise only a small portion of the heat
from the heat source. The APCC again provided a significantly higher COP in the pure
chiller regime. Therefore, the overall exergy efficiency is approximately zero for the APCC,
whereas it attains negative values for the ORC–VCC owing to the low exergy of the cooling
output. The point where the net utilisation efficiency and COP intersect is the point at
which the net power output is zero. When the system is used only for power production,
the ORC-VCC has a higher efficiency, although only by 0.1%.

Figure 7. Energy and exergy efficiency and COP for heat source utilisation with respect to the splitting ratio, for APCC (a)
and ORC–VCC (b).
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Figure 8 shows the impact of the heat source temperature and concentration difference
on the utilisation parameters. Because it is fairly common for absorption chillers, increas-
ing the heat source temperature results in a notable decrease in the COP (but a higher
cooling capacity from the same heat source mass flow rate). For the power production,
the efficiency with the temperature difference increases. The sharp decrease in the net
power efficiency at low temperatures is caused by the decreased temperature difference
for heat rejection, mainly from the condenser. Therefore, this drop is not observed in the
power-only production regime. By varying the concentration difference, the maximum
efficiency point of the power-only production was beyond the displayed region. This
is explored further in Section 3.5 on the comparison of APCC with APC for power-only
production. A higher concentration difference, however, causes a decrease in the desorber
and condenser pressure (and, thus, the condensing temperature), limiting the operational
possibility of the APCC and increasing the parasitic load, regardless of an increase in the
COP. Therefore, for specific applications, optimisation with respect to the required power
and cooling output can be performed.

Figure 8. Utilisation COP and gross and net APCC system efficiencies at varied heat source temperature (a) and varied
concentration difference (b).

3.4. Comparison of Working Fluids

To compare the results with the possibilities of other working fluids, an investigation
was conducted to include an ammonia–water mixture and alternative aqueous solutions
with LiCl and CaCl2, which are also considered for absorption chillers. With ammonia,
the combined system has been considered with and without a rectifier, where the rectifier
would increase the ammonia concentration from the separator outlet. To provide coherent
work with the same layout and system complexity, the basic configuration without the
rectifier is considered. The water–ammonia system has a vapour quality at an evaporator
outlet lower than one and corresponds to the fluid temperature limit provided by the
minimum required temperature difference. The reason is the temperature glide, and
the excessively high evaporation temperature after most of the ammonia is already in
a vapour form.

The parameters of the concentrations were chosen to agree with the typical values and
to provide a reasonable trade-off in performance between the auxiliary (fan) consumption
and the cycle performance. The same issue has already been discussed for the LiBr APCC.
Table 3 lists the results for the major cycle parameters. The performances of the cycles with
a salt solution were quite similar. The best chiller performance was achieved using the
LiCl solution. The COP was 0.79, which is the same as that of the LiBr solution, which had
a slightly higher net power consumption. The highest power production resulted from
the LiCl solution. The water–ammonia working fluid provided the poorest performance
with an approximately 30% lower COP in chiller operation (partial improvement could be
achieved with an added rectifier) and 20% lower net power output.
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Table 3. Main resulting cycle parameters of the different working fluids: salt solutions and water–ammonia mixture.

ξ1 (1) ξ2
(1)

p1
(kPa)

p2
(kPa)

SR
(1)

COPcycle
(1)

ηcycle,pow
(%)

ηcycle,pow,net
(%)

ηex,cycle
(%)

ηex,net
(%)

H2O-LiBr 0.56 0.60 8.7 0.87 0 0.79 0.0 −3.2 19.2 1.5
0.5 0.39 4.2 1.9 33.3 20.1
1 0.00 8.5 6.9 47.4 38.8

H2O-LiCl 0.44 0.52 9.1 0.87 0 0.79 0.0 −3.1 19.3 2.2
0.5 0.40 4.4 2.0 34.0 21.0
1 0.00 8.7 7.1 48.7 39.7

H2O-CaCl2 0.56 0.68 7.7 0.87 0 0.74 0.0 −3.3 18.2 −0.3
0.5 0.37 3.8 1.6 30.4 17.9
1 0.00 7.6 6.5 42.6 36.3

NH3-H2O 0.50 0.45 1512.2 458.6 0 0.56 −0.9 −3.6 8.3 −6.3
0.5 0.28 3.1 1.0 23.9 12.2
1 0.00 7.1 5.5 39.6 30.7

Table 4 lists the results of the heat source utilisation parameters. The pressures and
concentrations were optimised in the same way as described in the previous section. There
was a small difference in the cycle parameters, regardless of the optimisation for heat source
utilisation. This is discussed in the Section 3.5. The LiCl and LiBr solutions again exhibited
the best chiller performance, followed by the water–ammonia and CaCl2 solutions. The
LiBr and LiCl solutions also provided the highest power production efficiency. The best
performance of these two salts was also observed in the exergy efficiency of heat source
utilisation. The NH3–H2O mixture again proved to have the lowest chiller performance
(even negative exergy efficiency) with the highest power requirement and lowest COP.
However, in power production, it surpasses the CaCl2 solution.

Table 4. Main resulting utilisation parameters of the different working fluids: salt solutions and water–ammonia mixture.

ξ1
(1)

ξ2
(1)

p1
(kPa)

p2
(kPa)

SR
(1)

COPutil
(1)

ηutil,pow
(%)

ηutil,pow,net
(%)

ηutil
(%)

ηutil,net
(%)

ηex,util,net
(%)

H2O-LiBr 0.56 0.61 8.1 0.87 0 0.14 0.0 −0.6 14.2 13.6 0.2
0.5 0.07 0.7 0.3 7.8 7.4 6.2
1 0.00 1.5 1.2 1.5 1.2 12.1

H2O-LiCl 0.43 0.52 9.2 0.87 0 0.13 0.0 −0.5 12.5 13.0 0.7
0.5 0.07 0.7 0.3 6.9 7.2 6.2
1 0.00 1.4 1.2 1.2 1.4 11.7

H2O-CaCl2 0.55 0.67 8.0 0.87 0 0.10 0.0 −0.5 10.6 11.0 0.0
0.5 0.05 0.6 0.2 5.8 6.1 4.7
1 0.00 1.1 1.0 1.0 1.1 9.4

NH3-H2O 0.51 0.43 1417.7 455.1 0 0.11 −0.1 −0.7 10.5 10.0 −2.0
0.5 0.05 0.6 0.2 6.0 5.5 4.4
1 0.00 1.4 1.1 1.4 1.1 10.9

Clearly, the LiBr and LiCl solutions provided the best performance for closed-loop and
open-loop heat source utilisation. Because LiBr is the most commonly applied salt in absorp-
tion chillers, it appears to be the best candidate for the application of the proposed system.

3.5. Comparison of APCC with APC for Waste Heat Recovery

Because APC has been proposed for power production with the same range of working
fluids, there is an opportunity for comparison. APC showed a thermodynamic benefit for
low-temperature heat utilisation and waste heat recovery [32,78,81,82]. The operating con-
ditions of APCC and APC for waste heat recovery, however, differ significantly, especially
regarding the optimal concentration level and concentration difference. This is because of
the fixed concentration of the APCC lean solution given by the heat rejection temperature
from the absorber and the absorber pressure given by the required evaporator temperature.
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Figure 9 shows the effect of the concentration difference in the power cycle (SR = 1) when
the rich solution concentration and absorber outlet temperature are constant (heat source
outlet temperature and absorber pressure are no longer fixed). The cycle efficiency has
a maximum point at a low concentration difference near the APCC nominal point. The
utilisation efficiency has a maximum, but at much higher concentration differences. This is
partly because of the heat source outlet temperature, which indicates the amount of heat
recovered by the cycle from the heat source. The evaporator temperature rises with the
concentration difference, which is the reason this regime is suitable for power production,
but not very suitable for the chiller regime.

Figure 9. APC system (SR = 1) parameters at varied concentration difference for higher heat recovery from the heat source:
cycle and utilisation efficiency (a) and heat source outlet and evaporator temperature (b).

These results show that the absorption chiller regime can utilise only a small fraction
of energy from the heat source. APC is commonly deemed more suitable for waste heat
recovery because it does not have the limitation of the evaporator (absorber) pressure to
ensure the evaporator temperature. By changing the concentration difference by approxi-
mately threefold under the same boundary conditions, the utilisation efficiency can almost
be doubled. This provides a prospect for a real system, where the charge of the working
fluid with a lower concentration could be used for long-term power-only operation. An
example could be winter operation when the cooling output is not required.

4. Conclusions

The concept of a combined cooling and power absorption cycle operating with aque-
ous solutions of salts (such as LiBr) was investigated. The configuration of the cycle was
purposely kept in its simplest form to ensure that a real-life application could be feasible
for such a system. The system can be gradually adjusted between the power and chiller
operation regimes according to demand. The application field is identical to that in cases
where absorption chillers are already considered, in terms of both heat source temperatures
and sizes. The added flexibility can thus improve the capacity factor of the installed unit
or ensure better utilisation of the waste heat stream, thereby changing the economics in
favour of the installation of the absorption systems.

The proposed system is compared with an organic Rankine cycle coupled with a
vapour compression cycle as a benchmark. The models are based on pinch point analysis
and include parasitic loads related to heat rejection, an important parameter for small-scale
low-temperature systems. Two operation cases were analysed: a closed-loop heat source,
when cycle parameters are essential, and an open-loop heat source, where utilisation
efficiency is of interest. With a 95 ◦C water heat source and LiBr solution working fluid,
the proposed absorption system shows superior performance for all the parameters but
the pure net power production efficiency with respect to heat source utilisation, where
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the values were around 1.2% (exergy efficiency around 12%), nearly the same as those
of the benchmark system. For thermally activated cooling without power production,
the absorption system on a closed-loop heat source between 95 ◦C and 85 ◦C provided a
roughly double COP (0.79), while power consumption was maintained at similar or better
values. For heat source utilisation, the COP (0.14) was higher by more than one-third. In
the power-only production regime, the absorption cycle has still a better performance with
gross and net power efficiencies of 8.5% and 6.9%, though the difference against ORC is
less than one percentage point. The exergy efficiency is highest in power only regime with
values of 47% and 39% (gross and net), while in the chiller regime the net value approaches
zero due to parasitic load.

A comparison of several salt solutions and water–ammonia mixture showed the best
performance of LiBr and LiCl, but all salt solutions exhibited rather similar efficiency as
well as COP. The water–ammonia mixture showed the worst performance in all but heat
source utilisation efficiency of power production.

When the maximum utilisation of the heat source is preferred, the absorption chiller
regime can utilise only a small fraction of the energy from the heat source owing to the
limitation in cycle parameters so that the evaporator temperature can be kept sufficiently
low. In this regime, the cycle efficiency is near its maximum (gross 9%), but the utilisation
efficiency is low, net around 0.68%. However, for periods of prolonged power-only opera-
tion, the utilisation efficiency can be improved over 1.9% by changing the cycle parameters
by charging the cycle with a lower concentration of the solution working fluid as at such
conditions the cycle can extract more heat from the heat source.

For low-temperature heat sources, the proposed absorption system is a suitable choice
from a thermodynamic standpoint, as well as the system complexity and technical feasibil-
ity. The LiBr solution appears to be the most promising working fluid because of its good
performance, and it is the most common fluid in current absorption chillers. Low tempera-
tures and pressures, along with the environmental friendliness of LiBr, can result in fewer
safety requirements. A high volumetric flow rate of vapour makes it possible to design a
highly efficient turbo expander for small-scale distributed units, such as absorption chillers.
The design calculations in this study can serve as a starting point for sizing and off-design
studies before this technically feasible concept can be explored experimentally.
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Nomenclature

COP Coefficient of performance of the chiller (1)
.

Ex Exergy flux (kW)
h Enthalpy (kJ kg K−1)
.

m Mass flow rate (kg s−1)
p Pressure (kPa)
.

Q Thermal power (kW)
RH Relative humidity of air (1)
s Specific entropy (kJ kg−1 K−1)
S Entropy (kJ K−1)
SR Splitting ratio (1)
T Temperature (◦C/K)
v Specific volume (m3 kg−1)

.
W Power (kW)
x Vapour quality (1)
Greek symbols
ξ Mass concentration (1)
η Efficiency (1)
∆ Difference (1)
Subscripts
0 Dead state, corresponding to ambient temperature
abs Absorber
amb Ambient
cf Chilled stream flow
chill Regarding chiller, cold production
cond Condenser
comp Compressor
cw Cooling water
DC Dry cooler
exp Expander
hs Heat source
i Numbering of streams
in Inlet
is Isentropic
j Fluid component
out Outlet
pow Regarding power production
reg Regenerator
rej Rejected
sol Solution
util Utilisation (of heat source)
Abbreviations
APC Absorption power cycle
APCC Absorption power and cooling combined cycle
CHP Combined heat and power
CCP Combined cooling and power
CCHP Combined cooling, heating, and power
EES Engineering equation solver
ORC Organic Rankine cycle
VCC Vapour compression chiller
LiBr Lithium bromide
LiCl Lithium chloride
H2O Water
CaCl2 Calcium carbonate
NH3 Ammonia
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Appendix A

Table A1. Parameters of the APCC in its nodes for baseline conditions (imposed values in underscored bold).

Node T (◦C) p (kPa) h (kJ kg−1) ṁ (kg s−1) s (kJ kg−1 K−1) ξ (1) x (1)

1 36.4 8.683 92 0.499 0.221 0.560 subc
2 79.1 8.683 179 0.499 0.484 0.560 subc
3 80.1 8.683 181 0.499 0.490 0.560 0
4 90.0 8.683 389 0.499 1.072 0.560 0.030
5 90.0 8.683 2669 0.035 8.463 0.000 sup
6 90.0 8.683 2669 0.018 8.463 0.000 1
7 5.0 0.8725 2417 0.018 8.689 0.000 0.963
8 90.0 8.683 2669 0.018 8.463 0.000 sup
9 43.1 8.683 180 0.018 0.613 0.000 0
10 5.0 0.8725 180 0.018 0.649 0.000 0.109
11 5.0 0.8725 2510 0.018 9.025 0.000 1
12 5.0 0.8725 2463 0.035 8.857 0.000 0.981
13 90.0 8.683 215 0.463 0.508 0.603 0
14 41.4 8.683 122 0.463 0.231 0.603 subc
15 41.4 0.8725 122 0.463 0.232 0.603 0.017
16 44.7 0.8725 288 0.499 0.847 0.560 0.028
17 36.4 0.8725 92 0.499 0.221 0.560 0

21 95.0 800 399 2.500 1.250
22 85.1 800 357 2.500 1.135
23 85.0 800 357 2.500 1.134

30 30.0 200 126 3.665 0.437
31 30.0 200 126 2.404 0.437
32 39.7 200 167 2.404 0.569
33 30.0 200 126 1.261 0.437
34 38.4 200 161 1.261 0.550
35 39.3 200 164 3.665 0.563

41 25.0 101.3 61 14.860 5.823
42 34.3 101.3 70 14.860 5.855

51 15.0 200 63 1.969 0.224
52 10.0 200 42 1.969 0.151

Table A2. Parameters of the ORC-VCC in its nodes for baseline conditions (imposed values in underscored bold).

Node T (◦C) p (kPa) h (kJ kg−1) ṁ (kg s−1) s (kJ kg−1 K−1) x (1)

1 43.3 841.7 257 0.524 1.192 subc
2 47.4 841.7 263 0.524 1.210 subc
3 82.5 841.7 313 0.524 1.358 0
4 82.5 841.7 463 0.524 1.781 1
5 53.9 275.3 447 0.524 1.794 sup
6 48.3 275.3 441 0.524 1.776 sup
7 43.0 275.3 436 0.524 1.759 1
8 43.0 275.3 257 0.524 1.192 0

11 35.0 831.5 249 0.158 1.165 subc
12 5.0 261.2 249 0.158 1.174 0.23
13 5.0 261.2 388 0.158 1.674 1
14 45.3 831.5 415 0.158 1.691 sup
15 43.0 831.5 412 0.158 1.682 1
16 43.0 831.5 260 0.158 1.202 0

21 95.0 800 399 2.500 1.250
22 87.5 800 367 2.500 1.163
23 85.0 800 357 2.500 1.134
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Table A2. Cont.

Node T (◦C) p (kPa) h (kJ kg−1) ṁ (kg s−1) s (kJ kg−1 K−1) x (1)

30 30.0 200 126 3.584 0.437
31 30.0 200 126 2.811 0.437
32 38.0 200 159 2.811 0.546
33 38.2 200 160 2.811 0.549
34 30.0 200 126 0.773 0.437
35 38.0 200 159 0.773 0.546
36 38.2 200 160 0.773 0.548
37 38.2 200 160 3.584 0.549

41 25.0 101.3 61 14.530 5.823
42 33.2 101.3 69 14.530 5.852

51 15.0 200 63 1.052 0.224
52 10.0 200 42 1.052 0.151

Table A3. Parameters of the APCC in its nodes after optimisation for heat source utilisation (imposed values in
underscored bold).

Node T (◦C) p (kPa) h (kJ kg−1) ṁ (kg s−1) s (kJ kg−1 K−1) ξ (1) x (1)

1 35.5 8.089 88 0.502 0.218 0.555 subc
2 77.5 8.089 174 0.502 0.479 0.555 subc
3 77.6 8.089 174 0.502 0.479 0.555 0
4 90.0 8.089 435 0.502 1.211 0.555 0.030
5 90.0 8.089 2669 0.045 8.496 0.000 sup
6 90.0 8.089 2669 0.022 8.496 0.000 1
7 5.0 0.8725 2424 0.022 8.715 0.000 0.963
8 90.0 8.089 2669 0.022 8.496 0.000 sup
9 41.7 8.089 175 0.022 0.595 0.000 0
10 5.0 0.8725 175 0.022 0.629 0.000 0.109
11 5.0 0.8725 2510 0.022 9.025 0.000 1
12 5.0 0.8725 2467 0.045 8.870 0.000 0.981
13 90.0 8.089 218 0.458 0.502 0.609 0
14 40.5 8.089 124 0.458 0.224 0.609 subc
15 40.5 0.8725 124 0.458 0.224 0.609 0.017
16 45.9 0.8725 331 0.502 0.993 0.555 0.028
17 35.5 0.8725 88 0.502 0.218 0.555 0

21 95.0 800 399 2.500 1.250
22 82.5 800 346 2.500 1.105
23 82.5 800 346 2.500 1.105

30 30.0 200 126 4.624 0.437
31 30.0 200 126 2.717 0.437
32 40.8 200 171 2.717 0.582
33 30.0 200 126 1.907 0.437
34 37.0 200 155 1.907 0.532
35 39.2 200 164 4.624 0.562

41 25.0 101.3 61 18.750 5.823
42 34.2 101.3 70 18.750 5.855

51 15.0 200 63 2.480 0.224
52 10.0 200 42 2.480 0.151
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Table A4. Parameters of the ORC-VCC in its nodes after optimisation for heat source utilisation (imposed values in
underscored bold).

Node T (◦C) p (kPa) h (kJ kg−1) ṁ (kg s−1) s (kJ kg−1 K−1) x (1)

1 43.3 725.7 257 0.905 1.192 subc
2 46.2 725.7 261 0.905 1.205 subc
3 76.6 725.7 304 0.905 1.334 0
4 76.6 725.7 460 0.905 1.777 1
5 52.3 275.3 445 0.905 1.788 sup
6 48.3 275.3 441 0.905 1.776 sup
7 43.0 275.3 436 0.905 1.759 1
8 43.0 275.3 257 0.905 1.192 0

11 35.0 831.5 249 0.237 1.165 subc
12 5.0 261.2 249 0.237 1.174 0.23
13 5.0 261.2 388 0.237 1.674 1
14 45.3 831.5 415 0.237 1.691 sup
15 43.0 831.5 412 0.237 1.682 1
16 43.0 831.5 260 0.237 1.202 0

21 95.0 800 399 2.500 1.250
22 81.6 800 342 2.500 1.094
23 77.9 800 327 2.500 1.050

30 30.0 200 126 3.584 0.437
31 30.0 200 126 4.854 0.437
32 38.0 200 159 4.854 0.546
33 38.2 200 160 4.854 0.549
34 30.0 200 126 1.155 0.437
35 38.0 200 159 1.155 0.546
36 38.2 200 160 1.155 0.548
37 38.2 200 160 6.009 0.549

41 25.0 101.3 61 24.360 5.823
42 33.2 101.3 69 24.360 5.852

51 15.0 200 63 1.571 0.224
52 10.0 200 42 1.571 0.151

Figure A1. COP and gross and net APCC system efficiency at varied heat source temperature when (a) temperature
difference of heat source is constant (10 ◦C) and (b) outlet temperature of the heat source is constant (85 ◦C).
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Figure A2. COP and gross and net APCC system efficiency at (a) varied ambient temperature and (b) varied
evaporator temperature.
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