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Abstract:

Absorption cycle is the leading technology among solar thermally driven cooling/heating systems thanks to its
high performance and favourable economics. Most studies deal with specific layouts or compare the
performance of different systems. However, a clear comparison of the main configurations at the same
boundary conditions and modelling approach is still missing, and the search for improved configurations is still
an open field. The goal of this article is twofold: searching for the conceptual development in the evolution of
the main existing configurations (single, half, double effect and GAX systems) and identifying new
configurations to improve system performance. The first goal is accomplished by analysing in detail the design
features and variables of all configurations and creating and running design models at the same cooling duty
and ambient conditions. The second one is accomplished by optimizing the design of each configuration using
the general methodology “HEATSEP”, which is able to take into account every possible internal thermal
interaction in each optimization step. Results include a complete conceptual overview of the development of
the existing configurations and the proposal of new ones, which show higher than 3% COP gains in comparison
with the best corresponding single effect configurations in the literature.

Keywords:
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1. Introduction

Nowadays the rising energy demand and the greenhouse gas emissions represent two severe issues
[1]. Moreover, the electricity consumption for conventional systems in heating and cooling of
buildings is quite high. In this context, absorption systems represent the main alternative to
compression chillers, being able to exploit environmentally friendly working fluids and low
temperature heat sources, such as waste heat and solar energy [2].

Solar cooling enables the exploitation of renewable solar energy for production of cooling, thus being
an appealing technology for minimizing fossil fuel consumption and related CO2 emissions.
Meanwhile, it can serve to reduce peak electricity demand, particularly in hot, rural, off-grid regions,
which are often encumbered by grid management problems [3]. Furthermore, it can be used as a
means of utilization of stored solar heat and thus decouple supply and demand, ensuring operational
flexibility. The first main solar cooling pathway involves photovoltaic (PV) panels and the utilization
of produced electricity for driving a vapor compression chiller based on the implementation of a vapor
compression cycle (VCC) [4]. Such systems are technologically mature, highly reliable and come at
a relatively low cost. However, to be fully autonomous, they depend on electricity storage (batteries)
to deal with intermittent electricity generation.

The second pathway involves solar thermal collectors for producing heat to drive thermally-activated
chillers. The most usually considered solar thermal cooling systems include sorption (absorption and
adsorption) chillers, desiccant cooling and solar ejector cooling systems. The above rely on replacing
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the mechanical compression of VCCs by a heat input process and, as a result, they have a significantly
lower electricity consumption. Compared to PV-VCCs, solar thermal cooling applications are less
mature and have higher installation costs. On the other hand, they have certain advantages. For
example, they enable energy storage in thermal storage tanks, which are less expensive than batteries.
An additional advantage is the possibility of being retrofitted to existing solar collector installations,
the number of which has been rapidly increasing at a high rate in the last years.

Among solar thermal cooling technologies, absorption chillers are the most mature technology as
demonstrated by the increasing number of patent applications [5, 6], featuring the highest efficiencies
and lower investment costs. Moreover, they are environmentally friendly, as they employ friendly
substances such as water, they are capable of quiet operation, their maintenance is easy and
inexpensive and, while they can last to up to 20-30 years [7]. Last but not least, their driving
temperature range (80-180°C) makes them fully compatible with highly efficient evacuated tube and
parabolic trough collectors, which typically operate at relatively higher temperatures. Consequently,
absorption chillers can be an essential component of highly efficient solar cooling systems and
represent the most competitive alternative to photovoltaic driven heat pumps [8].

Nevertheless, the absorption technology presents a limited diffusion owing to the low COP
(coefficient of performance) and the high initial investment cost in comparison with compression
chillers [9]. However, the low COP of absorption systems is compensated by the high availability at
low cost of the related solar sources [10] and this is a considerable benefit in areas with high electricity
prices [11].

Several studies focused on the performance maximization of specific absorption configurations over
a working range. Single effect systems have been widely studied in the literature, and represent the
most economically viable solutions for the commercial absorption technology [12, 13]. For instance,
Misenheimer and Terry [14] presented a dynamic model of a H,O-LiBr single effect system, where
the heat source is low pressure steam. The COP was 0.71 with generator and evaporator temperatures
0f' 94.9 and 3.26°C, respectively. Altun and Kilic [15] estimated a minimum payback period of 10.7
years for a solar absorption system installed in Turkey.

On the other hand, other studies investigated alternative absorption configurations, with different
driving temperature levels than the single effect system, including the half effect absorption system
(55-85 °C) and double effect system (at least 140 °C), or systems with additional components, such
as GAX (generator-absorber heat exchange) systems. Maryami and Dehghan [16] analysed a H>O-
LiBr half effect system and they found a COP of 0.438 with a generator temperature of 58.2°C, while
Lin et al. [17] analysed numerically a solar driven half-effect cycle resulting in a COP of 0.34.
Moreover, Ibrahim et al. [18] simulated the performance of a double-effect solar driven absorption
chiller with a nominal capacity of 15.4 kW. The results of the system, tested against meteorological
data of Saudi Arabia, revealed a maximum COP of 1.35. Finally, Velazquez and Best [19] focused
on a 10 kW air-cooled GAX system with a hybrid gas-solar heat source. Their work proved that the
higher the cycle temperature lift (difference between condensation and evaporation temperatures),
the lower the COP.

Towards the direction of further improving the performance of absorption systems and minimize the
gap towards the expansion of the solar absorption market, some authors have deployed specific
techniques to enhance the performance of absorption systems. Jawahar et al. [20] and Du and al. [21]
applied the Pinch Analysis to obtain the maximum internal heat integration in NH3-H>O single effect
and two-stage systems with COPs improvements of 50% and 14-31%, respectively. Gebreslassie et
al. [22] conducted an economic-environmental driven multi-objective optimization on single-effect
absorption system, achieving an optimal COP of 0.76. Alsagri et al. [23] highlighted the relevance of
future research on solar driven absorption systems coupled with multi-generation units as hydrogen
production subsystems and fuel cells. Xu and Wang [24] reviewed several absorption refrigeration
cycles categorized in external/internal circuit coupling cycles and cycles combined with
ejector/compressor. Nikbakhti and al. [25] reviewed strategies for the COP enhancement, remarking
the importance of designing new absorption configurations by applying original heat recovery
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optimization strategies. Thus, the performance improvement of absorption cycles is recognized as a
research priority [26] and it is also the driving force of this paper.

Despite the high number of publications about absorption systems in the literature, only few of them
analyse the conceptual development of the various configurations and compare their performances in
a homogeneous way. A great contribution was given in this direction by the book of Herold et al.
[12], which supplies a complete and detailed overview of the main absorption systems configurations,
specifying “typical” values of their main design variables. The present paper aims to go further, by
first analysing in detail every design variable of each of the main configurations, in order to evaluate
not only their typical values, but also their possible ranges of variations according to the existing
boundary conditions. This primary step is fundamental to achieve a complete, clear and conceptual
development of the main absorption systems configurations. The next goal is to find the optimal
values of the design variables within their ranges while considering, at the same time, all possible
internal thermal interactions in each configuration. This is done by applying and exploiting the
potential of the HEATSEP optimization methodology [34]. This includes, in the so-called “basic
system configuration”, the main systems components and their interconnections, and a “black-box”
where all possible thermal interactions occur among heat streams. Accordingly, the optimal values of
all the decision design variables are obtained, which include all temperatures at the black-box
boundaries, i.e., at the outlet and inlet of each basic system component. Thus, the obtained optimum
design certainly includes also all the optimal internal thermal streams within the above-mentioned
black-box. In this step, the heat exchangers network (HEN) remains undefined, and is built
subsequently after the completion of the optimization run.

This methodology allows achieving the optimal design, including the optimal internal heat transfers,
in one step only, so avoiding the several optimization runs associated with the several possible HENs
within the system. So far, the HEATSEP methodology has been applied to the optimization of several
power cycles [29, 30], supercritical CO> power systems for waste heat recovery [31] and the analysis
of compression refrigeration systems [32], but still not to absorption cooling cycles which inherently
present room for the internal heat recovery exploitation. The HEATSEP application here allowed a
homogeneous comparison among the optimized configurations at the same cooling duty and ambient
conditions, and same solar source temperature, when meaningful. The complete obtained picture of
the existing and new optimized configurations shows, unambiguously, where COP gains are still
possible in comparison with the best configurations in the literature.

2. Design features, variables and performance metrics of the
main absorption systems in the literature

This section presents design features, working pairs, design indexes and performance metrics of the
main absorption systems configurations analysed in the literature: single, half, double effect and GAX
ones. The focus is mainly on the design variables and COPs to understand their possible ranges of
variation according to the characteristics of the various layouts and working mixtures.

2.1 General definitions
The following general definitions [24] are considered:

e “Stage” or “loop” refers to the block containing the absorber, generator, solution heat exchanger
(SHX), solution pump and throttling valve. Absorber and generator are linked by two “legs” (see
e.g., Figure 1(a)).

e “Effect” is the number of times the major driving heat is used for cooling purposes.

e “Temperature lift” is the difference between the condensation and evaporation temperatures.
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e Mixture mass fraction refers to LiBr (solvent) in H,O-LiBr pair and to NH3 (refrigerant) in NH3-
H>0 one.

The figures of absorption configurations in the following sections already report values of
temperature (°C), pressure (kPa) and mass fraction (%) in each thermodynamic state. The values of
these properties were obtained by solving the models (Section 3.1) built in Engineering Equation
Solver (with the inner libraries for H2O-LiBr and NH3-H20). The input parameters are shown in Table
1 and Table 2 (Section 4.1).

2.2. Working pairs

The two most widely used working pairs in absorption systems are H>O-LiBr and NH3-H>O, where
the refrigerant is water and ammonia, respectively. Since the evaporation temperatures of water and
ammonia are similar in the generator of a NH3-H2O absorption system [33], the water partially
evaporates causing a reduction of the cooling effect. Thus, it is necessary to condense the vapor in a
rectification process after the generator. In contrast, H>O-LiBr ensures a higher performance, because
it does not require rectification. However, in H>O-LiBr absorption systems it is fundamental to avoid
the crystallization [4, 34] that could damage the components irreparably. Moreover, the utilization of
water as refrigerant implies avoiding evaporation temperatures below 0°C. Eventually, NH3-H>O and
H>O-LiBr absorption systems are more widespread for industrial (hundreds of kW) and commercial
(tens of kW) applications, respectively. In this article, half and double effect systems are simulated
with H2O-LiBr, the GAX one with NH3-H20 and the single effect system with both mixtures.
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Figure 1. H>O-LiBr (a) single and (b) half effect absorption systems with a solar source
temperature of 80°C and temperature (°C), pressure (kPa) and mass fraction (%) in all the state
PpOInts.

2.3. Operating characteristics

Figure 1(a) shows a H>O-LiBr single effect absorption system with a solar source at 80°C (lower
bound for this configuration) that achieves a COP of 0.84. Single effect systems are commonly used
in solar cooling applications, owing to the high compatibility of their working temperatures with non-
concentrated, mainly flat plate and evacuated tube, collectors. The refrigerant vapor, coming from
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the evaporator (point 1), is absorbed in the absorber by a rich solution (high concentration of LiBr)
releasing heat to an external cold sink. As a result, a poor solution is formed and moves from the
absorber outlet (point 2) to a solution pump, where its pressure is increased (point 3). Then, the
mixture reaches the saturation temperature (point 4) at the system high pressure by cooling of the rich
solution in the SHX (points 5-6). The external heat source drives the generator (or desorber) and
allows separating the refrigerant vapor (point 8) from the mixture (point 5). Thus, the rich solution
comes back to the absorber (point 7), whereas the refrigerant vapor moves to the condenser. An
isenthalpic throttling valve reduces the pressure of the condensed working fluid (point 9), and, finally,
the evaporator generates the cooling effect.

A H>O-LiBr half-effect system with the same solar source temperature (80 °C) is shown in Figure
1(b) for comparison. It includes three pressure levels, two stages in series and reaches a COP of 0.42.
Normally, half-effect systems tend to work with lower driving temperatures, making them suitbale
for coupling with flat plate collectors. In detail, the intermediate pressure absorber (IPA) absorbs the
vapor generated by the intermediate pressure generator (IPG). The mass flow rate of vapor from the
generator, driven by a low temperature heat source, would be very low (due to the low concentration
of refrigerant, about 40-45%) making the supply of the cooling effect more difficult. However, in the
half effect system, the solution in the higher stage is further enriched in refrigerant compared to the
mixture in the lower stage. Consequently, the low-grade heat at the HPG is compensated by a rich-
in-refrigerant solution and this guarantees the cooling effect to be provided [35]. The COP of the half
effect system (0.4-0.43) is lower than the single effect one (using H>O-LiBr) owing to the increased
heat load of the generator for a fixed cooling effect [36].

The H>O-LiBr double effect absorption system has been developed from the single effect one by the
addition of a high temperature stage. As a result, double effect systems operate at higher driving
temperatures, allowing only the coupling with concentrated solar collectors. This system shows two
principal layouts [37] regarding the link between the mass flow rates of the two stages: the parallel
and series flow configurations displayed in Figure 2(a) and Figure 2(b), respectively. In parallel flow,
after a splitting of the poor solution mass flow rate, two separated streams (points 5 and 7) move
towards the IPG and HPG simultaneously. On the other hand, in a series flow configuration the poor
solution is directly delivered to the HPG. In both layouts, the high temperature vapor at the HPG
outlet is exploited to generate additional vapor in the IPG. Thus, the cooling effect and the COP are
enhanced. However, higher solar source temperatures are required, compared to the single effect.
Moreover, this system could run with NH3-H>O pair presenting two pressure levels. A third higher
pressure level is usually avoided because it would be very high (above the atmospheric value).
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Figure 2. H>O-LiBr double effect absorption systems with (a) parallel and (b) series flow
configurations, given a solar source temperature of 166°C and 165°C, respectively, with
temperature (°C), pressure (kPa) and mass fraction (%) in all the state points.

The GAX system (Figure 3(b)) belongs to the category of the absorption heat recovery cycles [38].
The major characteristic is the internal heat exchange between absorber and desorber, which makes
the GAX system a “thermal development” of the NH3-H>O single effect one, Figure 3(a). However,
this condition requires limited changes of the refrigerant mass fractions to have a temperature overlap
between the two basic components. Owing to crystallization issues involving H>O-LiBr, NH3-H>O
pair is employed [39]. Various systems presented in the literature have cooling capacity of 10-250
kW [40-43].
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Figure 3. NH3-H>O (a) single effect and (b) GAX absorption systems with a solar source
temperature of 140°C and temperature (°C), pressure (kPa) and mass fraction (%) in all the state
points [44, 45].

2.4 Design Indexes and performance metrics

The following indexes are introduced to simplify the design analysis and optimization of the various
configurations:

e “Recirculation ratio”, for example in Figure 1(b), is the ratio between the mass flow rates through
the pump (m,) and evaporator (11,). It is a useful parameter in H>O-LiBr half effect systems [46]
for the control of the balance between the different mass flow rates.

e “Distribution ratio” is used in the H>O-LiBr double effect system with parallel flow, Figure 2(a),
and represents the ratio between the mass flow rates of the poor mixture in the high and low
temperature stages, respectively:

. myr 1

distrratio = e M)
LT stage
Myt stage = my, Myp stage — m,

This index allows finding the proper distribution of the poor solution mass flow rate between the two

stages.

e Degassing range (Figure 3) is the mass fraction difference between the two legs of a stage:
Ox = Xrich — Xpoor (2)

Xrich = X2, Xpoor = X7
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A similar parameter can be defined for H>O-LiBr double effect systems (d.is-) and its value should
be bounded to avoid crystallization owing to the high operating temperatures.

e PG outlet temperature for the H>O-LiBr half effect system (7ip¢ = T’5 in Figure 1(b)), which is
linked to the intermediate pressure level that splits the thermal compression in two stages.

e Subcooling (4Tsuscoorive) at the IPG outlet for H>O-LiBr double effect systems with parallel and
series layouts (states 18 and 13 in Figure 2(a) and 2(b), respectively).

e Cooling COP, defined as
Qv A3)

COPcooling = T
EN

is the only performance metric considered here.

The ensemble of the best absorption configurations with the design specifications and ranges of
variation is summarized in Figure 4.

Figure 4 also displays the conceptual development of the main absorption cycle configurations in the
literature starting from the single effect one. In particular, the GAX system is reported at the same
height of the single effect because, although the former achieves a “partial internal heat recovery” in
the NH3-H>O single effect system, it preserves the same basic configuration. Conversely, the half and
double effect systems are shown at a lower level to emphasize their different “basic configurations”
which derive from the single effect via a “configuration development”. The modifications to the
single effect configuration, leading to the other ones, necessarily imply a variation of the main design
specifications and solar source temperature, to maximize the COP. These values are shown in the
frame associated with each configuration, based on literature data [46-48].
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3. Methodology

3.1. Design Models

The following general assumptions are made in building the design models:

The absorption models are steady-state and of zero-order [12], i.e. only heat transfer
irreversibilities are evaluated by setting minimum temperature differences with the external
environment [37]. Moreover, according to the HEATSEP method (Section 3.2), all the main
components (evaporator, absorber, generator, condenser, SHX) constitute the “basic
configuration” and they are considered independent of design specifications associated with heat
exchangers (e.g., UA values). Pressure drops in the basic components and heat exchangers are
neglected.

The analysis and optimization of H2O-LiBr and NH3-H>O systems are conducted under the same
evaporation temperature of 5°C and cooling capacity, providing the same cooling effect. This
selection results in under-performance of the NH3-H2O systems, which are commonly used for
temperatures below 0°C. However, the need for an evaluation under the same conditions dictated
the selection of the mentioned evaporation temperature.

The design challenges and costs of the new heat exchangers in the optimal configurations and
second law analysis are out of the scope of the present paper.

The solar source and cold sink have an infinite thermal capacity (constant temperature).

Saturation states are fixed at the condenser and evaporator outlets for all the absorption systems
apart from NH3-H2O single effect and GAX systems, where this condition is valid only at the
condenser exit.

Phase equilibrium is considered at the absorber and generator (IPG, HPG too) outlets for all the
absorption systems. This hypothesis is also valid at the absorber and generator inlets in HoO-LiBr
single and half effect systems.

Given an external air temperature of 25°C (Tco sink) [20], we suggest verifying a minimum
calculated condensation temperature of 30 and 25°C (due to the temperature glide of NH3-H20 in
the condenser) for H>O-LiBr and NH3-H>O absorption systems, respectively. Therefore, all the
outcomes from the investigations that are out of this range are disregarded.

The IPG in the H>O-LiBr double effect systems is a co-current heat exchanger.

The mass fraction difference between the rich and poor solution mass flow rates in the H>O-LiBr
double effect systems is fixed (0.05) to prevent crystallization.

The models of the absorption systems include the following equations:

- mass and energy balances (Egs. 4-5);

- the relations regarding the efficiency and effectiveness of the main components (Eq. 6);

- state equations (Eq. 7);

- equations about the heat transfer feasibility at the HPG (Eq. 8), IPG in half effect (Eq. 9) and
in double effect (Eq. 10), absorber (Eq. 11) and GAX heat exchanger (Eq. 12).

Zmizzrnu (4)
Q:Zmu'hu_zmi'hi ®)

{n = f(p) (6)
e=f()
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x = f(T,p, qual) (7)
p = f(T, qual)
p=f(Tx

ATgen = Theat source — Teen (3)

with Toen=T5, Teen=T12, Tcen=To (parallel) or Ts (series), Tcen=Ts, for H2O-LiBr single, half,
double effect and NH3-H>O single effect and GAX systems, respectively

ATipg Harr = Theat source — Tipc )

with Tppg=T5s

ATpG pousLE = TH,IPG - TC,IPG (10)

with Ty 1p6=T1s (parallel) or 77; (series); Tc, ir=T11s (parallel) or 775 (series)
ATpps = Tz — Teota sink (11)

ATgax =Ts — Tj (12)

The “system” independent variables (i.e. the design specifications) are:

e The evaporator heat load (Qkr, Eq. 3) and the evaporation temperature (7¢y) for all the absorption
systems.

e The condensation temperature (7conp) for H2O-LiBr double effect systems.

The external ambient independent variables, for all the absorption systems, are:
e The solar source temperature (7solar source, Figs. 1-3 and Egs. 8-9).
e The ambient temperature (7o sink, Figs. 1-3 and Eq. 11).

The design independent variables are:
e The IPG outlet temperature (77p¢ = T5, Figure 1(b) and Eq. 9) in the half effect configuration.
e The degassing range in the NH3-H>O single effect and GAX systems (dx, Eq. 2).

e The distribution ratio (distrrario in Eq.1, only for parallel flow double effect), the mass fraction
difference between the rich and poor solutions (dziz-), the temperature difference of subcooling
(4Tsuscoorive) at the IPG outlet for the hot stream in H>O-LiBr double effect systems.

The independent variables associated with the components’ performance are:

e The SHX effectiveness (esux) and pump efficiency (#:s pump) for all the absorption systems (Eq.
0).

The heat transfer feasibility independent variables are:

e The temperature differences 47Gen, ATirG pousLe, ATass, ATcax (Egs. 8, 10, 11, 12).

The fluid independent variables are:

e The ammonia mass fraction of the mixture after the rectifier for NH3-H>O absorption systems (x;2,
Figure 3).

e The quality (dryness) of the fluid at the evaporator and condenser outlets for all the absorption
systems (qual, Eq. 7).
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The interaction among dependent and independent variables (within and outside the dotted loop in
Figure 5, respectively) must be completely clear. Figure 5 displays how temperatures, pressures and
mass fractions (dependent variables) have been computed within the stage of the H,O-LiBr single
effect system, Figure 1(a).

%=f(T,,p,)

_K3=XA
:[ Ps=T(TsXs) ] ( x7=fm,p-,)]. p,=f(T,,qual,)
=P3=Ps=Ps L =Xp=Xs =p _=l37 -

qual,

Figure 5. Graphical representation of the computation of the dependent variables (within the
dotted loop) from the independent ones within the stage of the H>O-LiBr single effect system.

3.2. Design optimization with the HEATSEP method

The synthesis-design optimization of a system can be radically facilitated by using the HEATSEP
methodology [27], the principles of which were first introduced in [29, 49]. This methodology
consists in separating the optimization procedure into two independent steps:

1. The first step considers the “basic system configuration” with the “thermal cuts” placed between
the so-called “basic components” (i.e., the components different from internal regenerative heat
exchangers) to make their outlet temperatures independent of those at the inlet of the subsequent
components. These temperatures (at the boundaries of the “black-box”) are included in the set of
the decision variables (y in Egs. 13) of the total system’s design optimization to find the best values
of the thermal streams associated with these thermal cuts. In particular, the Pinch Analysis [50] is
applied to guarantee the feasibility of the heat transfer between internal hot and cold streams and
to have a complete understanding of their optimal interaction. To this end, the optimal heating and
cooling requirements of the streams are represented graphically by the composite curves [29].

2. The second step consists in the design of the HEN (with the internal heat exchangers and their
interconnections) that realizes the optimal internal heat transfer obtained in the first step. The
purpose is limiting the number of new heat exchangers, to add in the basic configuration, to
maintain low investment costs.

Applications of the HEATSEP method to the design optimization of energy systems were presented
in several articles (e.g. [28] and [51]).

The design optimization problem is formulated as:
Find y* that maximises COP,yp;ing = f(¥) (13)

g(y)=0 - (design model + internal)

ettof
supject to I(y) >0 heat transfer constraints

The objective function is the cooling COP (Eq. 3) and the equality constraints, g(y)), include the
design model (Section 3.1). Moreover, the equality constraints, g(y), fix a null cumulated heat at the
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PP to achieve maximum internal heat integration. The inequality constraints, /(y)), impose a surplus
of heat at each temperature interval to guarantee the heat transfer feasibility condition [51] and a LiBr
mass fraction lower than 65% to avoid crystallization.

4. Results

This Section presents the results of the simulations (Section 4.1) of all absorption systems
configurations in the literature (Section 2), and the search for new optimized configurations with the
HEATSEP method (Section 4.2).

Engineering Equation Solver® (EES) [52] was used to implement and validate the design models of
all the absorption cooling systems and perform the related parametric analysis. The thermal properties
of H2O-LiBr and NH3-H>O were calculated using the inner libraries of EES and ASHRAE’s standards
[53]. The design optimization of all the configurations was conducted in Matlab® [54] and solved
using the SQP algorithm with a tolerance of 106,

4.1. Simulations of the main absorption systems in the literature at the
same cooling duty and boundary constraints

The simulations of the absorption systems configurations are performed here under homogeneous
conditions, i.e. at the same duty (evaporation heat flux) and external constraints (e.g., cold sink
temperature). Table 1 reports the values of the parameters. In the simulations, To/ar source, T1PG, Ox and
distrrario are varied in the ranges shown in Table 2.

Table 1. Values of parameters in the design simulations.

Parameter Value
Orv (kW) 14 (single, half, GAX)
300 (double effect)
SYSTEM Tey (°C) ;
Tconp (°C) 35 (double effect)
AMBIENT Tcorp sivk (°C) 25
DESIGN OLiBr 0.05 (double effect)
ATsuscoorivg (°C) 0 (double effect)
COMPONENTS — 0.7
ESHX 0.8
ATgen (°C) 10
ATipc pousre (°C) 10 (double effect)
HEAT TRANSFER ATaz5 (°C) 10
ATcax (°C) 7 (GAX)
X2 0.9996 (GAX)
1 (H2O-LiBr systems)
FLUIDS qualuey 0.975 (NH3-H:O systems)
qualu.conp 0
Table 2. Ranges of variation of the parameters.
Parameter Configuration Range
H>O-LiBr single 80-150
H>O-LiBr half 66-85
Tsolar source (OC) NH3'H20 SlIlglC, GAX 80' 1 60
H>O-LiBr parallel double 140-225
H>O-LiBr series double 156-225
TipG (°C) H,O-LiBr half 46-73

Ox NH3-H>O single, GAX
12

0.15-0.17 (Tsotar source =100°C)



390

391
392
393
394
395
396

397
398
399
400
401
402
403
404
405

406

407

408
409
410

411
412
413
414
415
416
417
418
419
420
421
422

423

distrrario H>O-LiBr parallel double 0.06-0.96

4.1.1. Single and half effect H.O-LiBr systems

The simulations of the single effect system with H>O-LiBr, Figure 1(a), are carried out in the
temperature range of the solar source 80-150°C [1]. Note that the condensation temperature, 79 in
Figure 1(a), depends on the heat source temperature (Figure 6(b)). In fact, the lower the heat source
temperature, the lower the generator outlet temperature (75 in Figure 1(a)) and T, with ATey fixed
(Table 1). With a heat source temperature of 80°C, the minimum allowed condensation temperature
of 30°C is found. (a) (b)

Figure 6(a) shows the linear decrease of the COP with increasing the heat source temperature.
Increasing the heat source temperature and, consequently, the generator outlet temperature, results in
a higher generator load. The linear profile owes to the fact that the enthalpy of the mixture at the
generator outlet, point 5 in Figure 1(a), increases, while all the other variables remain constant and
Qkv is fixed. A nearly linear decreasing COP, when the heat source temperature (or generator outlet
temperature) rises, is obtained in [55] with H>O-LiBr and a minimum generator outlet temperature of
65°C. The COP trend achieved is in accordance with the zero-order absorption model where the
increase of the heat source temperature causes higher irreversibilities in the heat transfer process at
the generator [37].
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Figure 6.(a) COP variation and (b) minimum allowed condensation temperature versus the solar
source temperature in the H>O-LiBr single effect system.

The analysis of the H>O-LiBr half effect system, Figure 1(b), is performed for solar source
temperatures in the interval 66-85°C (Table 2). The lower bound is still affected by the minimum
allowed condensation temperature. Moreover, given a constant heat source temperature, the outlet
temperature of the intermediate pressure generator, 7;pG, equal to 75 in Figure 1(b), may vary in
specific ranges (50-56, 46-66 and 46-73°C) for different heat source temperatures (66, 76, 85°C,
respectively, see Figure 7(b)). The lower value of Tipc (46°C) ensures a recirculation ratio in the low
temperature stage not over 50 (to avoid high losses and a higher electricity consumption by the pump)
and the minimum acceptable condensation temperature (30°C). The maximum value of 7}pg, for all
heat source temperatures, is found considering a minimum A47;p¢ of 10°C with the external heat
source. Figure 7(a) shows that rising the heat source temperature, with a fixed 7pg, causes a COP
reduction. Figure 7(b) displays the same trend when 77pg increases at fixed values of the heat source
temperature.
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Figure 7. (a) COP vs solar source temperature and (b) COP vs Tipc in the H>O-LiBr half effect

System.

4.1.2. Single effect and GAX NH3-H20 systems

The parametric analysis for the NH3-H,O single effect (Figure 3(a)) and GAX (Figure 3(b))
absorption systems is performed with a solar source temperature in the interval 80-160°C (Table 2).
Moreover, the degassing range dx (mass fraction difference of NHj3 between rich and poor solutions)
is characterized by a limited interval of variation in both configurations. Figure 8(a) and Figure 8(b)
report the outcomes from the simulations of the NH3-H>O single effect and GAX systems,
respectively. It is interesting to notice that in the region of low degassing ranges (0.05-0.2), the rise
of the heat source temperature (80-105°C roughly) induces a COP enhancement. However, with a
degassing range higher than 0.2, the COP is fairly constant and independent of the heat source

temperature.
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Figure 8. Degassing range effect on COP for several solar source temperatures in the NH3-H>O
(a) single effect and (b) GAX systems.
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4.1.3. Double effect H20-LiBr systems

The H»O-LiBr double effect systems with parallel (Figure 2(a)) and series (Figure 2(b)) flow
configurations are simulated with solar source temperatures of 140-225 and 156-225°C, respectively
(Table 2). Figure 9(a-b) and Figure 10 show the results of the analysis for the parallel and series flow
configurations, respectively. In particular, Figure 9(a) demonstrates that the COP decreases when the
heat source temperature rises at a fixed value of the distribution ratio. The same effect on the COP
appears in Figure 9(b) when the distribution ratio raises at a constant heat source temperature. Indeed,
the increase of this variable results in a higher poor solution mass flow rate in the high temperature
stage. Hence, its temperature rise in the SHX> (Figure 2(a)) is reduced and thus yields a colder poor
solution entering the HPG and a higher HPG heat load. Figure 10 displays a similar achievement for
the series layout compared to that in Figure 9(a).
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ey — Distribution ratios
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(a) (b)
Figure 9. (a) COP vs solar source temperature for different distribution ratios and (b) COP vs
distribution ratio for different solar source temperatures in the H>O-LiBr parallel flow double effect
system.
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Figure 10. COP vs solar source temperature in the H>O-LiBr series flow double effect system.

4.1.4. Comparison of the COPs

The main absorption configurations in the literature were already reported in Figure 4. Simulations
of these configurations were conducted in this Section, under the same boundary conditions (see
Table 1, Table 2 and Section 4.1), to validate the models and to achieve a “homogeneous” comparison
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among their COPs. Table 3 compares the COP ranges of the literature (Figure 4) with the maximum
COPs obtained from these “homogeneous” simulations. The higher COPs values between literature
and simulations were chosen as reference (last line of Table 3) to estimate possible improvements of
the optimal performances attained by the subsequent HEATSEP optimization (Section 4.2).

Table 3. COP values of the literature, the simulations conducted and as reference in all the simple
configurations (not optimized the internal heat transfers).

cop Single effect Half Double effect
effect
Workine pair  H20-LiBr  NH»H:0  NH:-H0 H:O-LiBr H:O-LiBr H,O-LiBr
gp (GAX) (parallel)  (series)

Literature 0.7-0.8 0.5-0.6  0.58-0.66 0.4-0.43 13-14  12-125
[13 2

I SELEOUS 0.84 0.54 0.66 0.43 1.4 .26
simulations
Reference value 0.84 0.6 0.66 0.43 1.4 1.26

4.2. HEATSEP design optimization

This Section highlights the outcomes from the HEATSEP [30] application to single, half and double
effect systems following the methodology described in Section 3.2, and keeping the same boundary
conditions of the homogeneous simulations in Section 4.1. The set of decision variables in the
optimization of the “basic system configurations” contains some of the independent variables listed
in Section 3.1 (Tsolar source, T1PG, distrratio, 4Tsucoorivg) and the final temperature of each thermal
cut. As an example, Figure 11 shows the basic configuration of the single effect system, in which all
the thermal cuts are identified clearly, and the states at the edges of each thermal cut are indicated
using the same number, followed by an accent referring to the final state of the cut. All the other
parameters in Table 1 (Section 4.1) are still considered here. Moreover, the optimal matching among
the thermal streams, associated with the thermal cuts, requires the design of the HENs. This step is
accomplished by applying the rules of the Pinch Analysis (e.g., Cpot = Coo1q fOr two streams
immediately below the PP and vice versa is valid over the PP). Thus, the number of heat exchangers
found for each optimal HEN is the sum of Nzerow pp and Nover pp:

Nggrowpp = (M + L — S)ggrow pp (14)

Noverpp = (M + L — S)over pp (15)

with: “n” number of streams, “L” number of closed loops and “S” number of independent
subsystems below or over the PP. Moreover, the minimum temperature difference at the PP is fixed
at 10 °C but its location (temperature) is an optimization finding.
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Figure 11. Basic system configuration for the H>O-LiBr single effect.

4.2.1. The New “HR” single and half effect H.O-LiBr systems

Figure 12(a) reports the optimal temperatures at the thermal cuts of the H>O-LiBr single effect (Figure
11) in the composite curves, attained by the design optimization, and the connection between each
flux and the corresponding thermal cut. The optimization outlines two cold streams (1-1', 3-3") and
three hot streams (9-9’, 6-6', 8-8"); the latter mainly allow the heating of the poor (weak) solution (3-
3”). Eventually, after the design of the HEN including four heat exchangers, the new optimal H>O-
LiBr single effect configuration is achieved (Figure 13(a)). This new system, named “H>0-LiBr
Single Effect HR”, is given the suffix “HR” to highlight the capability of exploiting the maximum
internal Heat Recovery. Indeed, the composite curves are quite parallel in the central part of Figure
12(a) owing to the similar heat capacities of the streams associated with 3-3°, 6-6” and 9-9°. The
optimal COP is equal to 0.864, obtained with a solar source temperature of about 122°C. This COP
is approximately 3% higher than the reference COP of the single effect configuration (0.84, Table 3).
This COP enhancement is mainly attributed to the heat recovery steps, which increase the energy
content of final exiting -from all inserted heat exchangers- streams 3-3’ (at the SHX inlet) and 1-1’
(at the absorber inlet), eventually leading to a higher temperature of the mass flow rate at the generator
inlet (point 4). Hence, in the energy balance of the generator less amount of driving heat is required,
which in turn, for the same level of cooling production, increases the COP, based on Eq. (3).

The optimal composite curves (Figure 12(b)) of the H,O-LiBr half effect system include the thermal
streams deriving from three thermal cuts, and comprise one cold stream (1-1") and two hot streams
(8-8', 16-16"). The optimization indicates that the maximum energy recovery within the internal heat
exchanger network, considered as isolated, cannot be obtained. In fact, the minimum temperature
difference (at the PP) is higher than 10°C and a part of the available heat is rejected externally (the
right part of the hot composite curve does not match the cold one in Figure 12(b)). The new
configuration (Figure 13(b)) is named (“H:O0-LiBr Half Effect HR”). It features three heat
exchangers (the numbered “2” is new) and shows an optimal COP 0f 0.432, obtained with solar source
and IPG outlet temperatures of almost 83°C and 63°C, respectively. In this case, the new internal heat
recoveries increase the energy content of the stream 1-1’ at the LP absorber inlet, which, for a constant
heat rejection load, results in an enhanced energy content of the weak solution (point 4) and eventually
in reduction of the driving heat of the IP generator. However, as observed, the COP gain compared
to the reference COP of the half effect configuration (0.43 in Table 3) is negligible, given the very
scarce possibility of an effective internal heat recovery, despite the three heat exchangers involved.
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Figure 12. Optimal composite curves for the H>O-LiBr (a) Single Effect HR and (b) Half
Effect HR systems.
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Figure 13. Optimal H>O-LiBr (a) Single Effect HR and (b) Half Effect HR configurations with
temperature (°C), pressure (kPa) and mass fraction (%) in all the state points.

4.2.2. The new “HR” single effect NH3-H20 system

The optimization of the NH3-H2O single effect system is still carried out considering as decision
variables the temperatures originated by the thermal cuts (3'-8, 7-4, 6-18 in Figure 14). The solar
source temperature and Jy are fixed at 140°C and 0.34 respectively, i.e. where the COP becomes
substantially independent of the solar source temperature (Figure 8(a)). Moreover, the thermal cuts
3'-8 and 7-4 include parts of the desorber and absorber heat loads of the basic configuration (Figure
3(a)), respectively. The optimal composite curves (Figure 14) demonstrate that a fraction of the
desorber heat demand (3'-8) could be accommodated by the hot streams (7-4 and 6-18). The optimal
system configuration, named “NH3-H;0 Single Effect HR” (Figure 15), includes two heat
exchangers and attains a COP of 0.681. Note that the heat exchanger “1” is already included in the
GAX configuration (Figure 3(b)). The new heat exchanger “2” has a lower heat duty (1.1749 kW
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against 4.3925 kW) and operates with high temperature differences (on the left of Figure 14), but it
is still significant for improving the COP, which increases by 3.2% (0.681 compared to 0.66, the
reference COP of the GAX system in Table 3). In a similar manner to the case of the new single effect
cycle with H, O-LiBr, the internal heat recovery steps allow here the increase of the energy content
at the generator inlet (point 8) and, eventually result in the reduction of the generator’s heat duty with

the increase of the COP.

HGCC, CGCC
130 — ¥ =
125F [6-18 (DES OUTLET STREAM)
120+ e e
15+ S
110 [
105+ LS
100 e

T

7-4 (ABS STREAM)

90 - T 1
85 T 1
80& o

v i, TR = = =3 o

T T T pp—— —
[=—HeeehH
|——ceeeh

o
=
70 e
65 - = ]
60 1 \'\'\\H\ B ]
585 ‘“ / "“\\,\ = ,“7\(5.5873,45.1 1H
50 g — i -
45 "\\\1 S —
picl B e
e ‘ ‘ ‘ ] ‘ ! ‘ ‘ (5.5673,35.11) |
0 05 1 15 2 2.5 3 3.5 4 45 5 55 6

Q° [kW]

Figure 14. Optimal composite curves for the NH3-H>O Single Effect HR system.
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Figure 15. Optimal NH3-H>O Single Effect HR configuration with temperature (°C), pressure
(kPa) and mass fraction (%) in all the state points.

4.2.3. “HR” double effect H2O-LiBr systems

The basic configuration of the HoO-LiBr double effect system with parallel flow includes six thermal
cuts: 1-1', 3-4, 7-8 (cold streams) and 20-20’, 12-13, 9-10 (hot streams). Four thermal cuts are placed
in the series configuration: 1-1’, 4-4" (cold streams) and 16-16’, 8-8" (hot streams). The optimal

19



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

587

588
589

590
591

592
593
594

composite curves of these two layouts are reported in Figure 16. The COP of the optimal parallel flow
configuration, Figure 17(a), is 1.382 with a solar source temperature of 166°C, a distrrario of 0.5 and
a ATsuscooring of 10°C. The COP of the optimal series flow configuration (Figure 17(b)) is 1.281
with a solar source temperature of 165°C and a 47suscoorivg of 5°C. It is worth highlighting that the
optimal H>O-LiBr double effect system with parallel flow layout has almost the same configuration
known from the literature (apart from the heat exchanger “1” in Figure 17(a) having a very low heat
duty). In fact, the COP obtained by the HEATSEP (1.382) is almost equal to the maximum attained
in Section 4.1.3 by the parametric analysis (1.39) and these two values are near to the reference value
(1.4 in Table 3). Conversely, the new configuration achieved for the series layout, named “H>0-LiBr
Series Flow Double Effect HR”, Figure 17(b), includes two new heat exchangers. The heat
exchanger “2” has a higher heat duty in comparison with the numbered “1” (45.33 kW against 3.54
kW) and the associated streams (8-8” and 4-4) display a good match, as shown by the almost parallel
traits in the composite curves (Figure 16(b)), which report negligible margins of improvement for this
configuration. The heat recovery results in an increase of the energy contents for the streams entering
the IP (point 8”) and HP generators (point 5), which in turn reduce the corresponding generators’ heat
loads and thus lead to a COP improvement. The optimal COP obtained here (1.281) is approximately
1.6% higher than the reference value (1.26 in Table 3).
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Figure 16. Optimal composite curves for the (a) H>O-LiBr double effect with parallel flow and (b)
H>O-LiBr Series Flow Double Effect HR systems.
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Figure 17. Optimal (a) H>O-LiBr double effect with parallel flow and (b) H2O-LiBr Series Flow
Double Effect HR configurations with temperature (°C), pressure (kPa) and mass fraction (%) in
all the state points.

4.2.4. Critical remarks about the new absorption systems configurations

The optimization results by the HEATSEP method have pointed out important information regarding
the evolution of the absorption configurations.

New internal heat transfers are detected by the total exploitation of the internal heat recovery, which
results in COPs improvements compared to the systems proposed in the literature. In particular,

1) The optimal NH3-H>O Single Effect HR configuration achieves a COP of 0.681 by recovering
also the high temperature heat at desorber outlet in the heat exchanger “2” (Figure 15). This
heat transfer is not considered in the basic NH3-H,O GAX system (Figure 3(b)), which
performs only a partial internal heat recovery in the heat exchanger “1”, so achieving a lower
COP (0.66) under the same boundary conditions.

2) The optimal H>O-LiBr Single Effect HR, Figure 13(a), achieves a COP enhancement of 3%
(0.864), but it requires four new additional heat exchangers. Although the economic
evaluation is out of the scope of this work, it is worth mentioning that this COP improvement
is paid by the supplementary costs of the four additional heat exchangers, each one having a
relatively low heat duty. Indeed, three of them are used to pre-heat the same stream (3-3’ in
Figure 13(a)) so that they could be grouped in a single one.

3) Another important outcome concerns the H>O-LiBr Series Flow Double Effect HR, Figure
17(b), attaining a COP equal to 1.281. There is high heat recovery in the heat exchanger “2”
(45.33 kW) between the poor and rich solutions in the low and high temperature stages,
respectively.

4) The subcooling of the hot stream in the IPG of the H>O-LiBr Series Flow Double Effect HR
enhances the COP.

The main physical reason for the previous COP enhancements is the increase of the energy content
of the poor solution entering the generator, thanks to the total exploitation of the internal heat recovery
both within and outside the stage(s) in each optimized configuration. Conversely, the optimal H>O-
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LiBr Half Effect HR, Figure 13(b), and H>O-LiBr double effect with parallel flow, Figure 17(a), show
only negligible improvements of the COPs, which certainly do not counterbalance the costs for the
additional heat exchangers required.

The optimal values of COPs and decision variables (solar source temperatures and design variables)
obtained by the application of the HEATSEP optimization are reported for each configuration in
Figure 18. The red coloured frames refer to new and optimal absorption configurations (H>O-LiBr
Single Effect HR, NH3-H>O Single Effect HR and H>O-LiBr Series Flow Double Effect HR), and
highlight their COP enhancements compared to the simple configurations not optimized in terms of
the internal heat transfers (reference COPs, Table 3). These results attained by the HEATSEP confirm
the best intervals found in the literature for most of the design variables (e.g., d» and distrrario),
whereas the optimal Tsolar source and prigr for the HR single (H2O-LiBr and NH3-H>O) and double
effect absorption systems, respectively, assume slightly higher values.
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Figure 18. Optimal solar source temperatures, design variables and COPs achieved by the
HEATEP method.

5. Conclusions

Absorption cycle is considered the leading technology for solar thermally driven cooling/heating
applications. In order to further enhance the solar absorption cooling market and, given the mature
level of solar thermal collectors’ technologies, it is crucial to investigate the potential improvement
of the main absorption systems configurations.

Within this study, the optimal values of the design variables were estimated, leading to the best
performances of the main absorption systems configurations in the literature and allowing to obtain
a complete picture of their conceptual development. Moreover, the performance of all the main
absorption configurations was compared in a homogeneous way, by running built-in models of each
configuration under the same boundary conditions and cooling output. Eventually, all developed
models for single, half and double effect systems, were optimized via the HEATSEP method to verify
whether further improvement could still be possible.

The results of the optimization showed that the new and optimal H>O-LiBr Single Effect HR, NH;-
H>0 Single Effect HR and H>O-LiBr Series Flow Double Effect HR reveal COP improvements of
3%, 3.2%, 1.6%, respectively, compared to the best “reference” COPs (Table 3). These improvements
are obtained with additional heat exchangers, the design challenges (e.g., regarding the areas) and
costs of which should be evaluated in a further analysis. On the other hand, the new H>O-LiBr Half
Effect HR and the optimal H,O-LiBr double effect with parallel flow do not achieve significant COP
gains. With regards to GAX system, the GAX heat exchanger exploits only partially the internal heat
transfers of the NH3-H2O single effect configuration.
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Based also on alternatives proposed in literature, there are new options to improve the internal heat
recovery, including the exploitation of the high temperature solution at the desorber outlet in the NH3-
H>O Single Effect HR configuration, which includes also the GAX heat exchanger, to complete the
internal heat recovery. Moreover, performing the subcooling of the hot streams in the IPGs of H>O-
LiBr double effect systems and realizing the thermal coupling between the two stages of the H>O-
LiBr Series Flow Double Effect HR configuration, are additional alternatives to enhance the internal
heat recovery.

In summary, the work gives all elements to judge the possible performance improvements of the main
absorption systems configurations, showing the reasons why they are quite strict, also because of the
extensive research conducted on this topic.

The further evolution of these configurations may pass through the synthesis of new alternative “basic
configurations” of absorption systems. This could be done by using a heuristic approach or,
alternatively, by defining specific rules to be implemented in automatic procedures, as suggested by
the SYNTHSEP and similar approaches ([28], [56], [57], [58]), still in the embryonic phase for these
systems.

Acknowledgments

The fourth author would like to report that this scientific article was supported by the Onassis
Foundation - Scholarship ID: G ZO 025-1/2018-2019.

Nomenclature

C thermal capacity, kW/K

cGgece cold grand (integrated) composite curve

distrrario distribution ratio

GAX generator-absorber heat exchange cycle

HEN heat exchangers network

HGCC hot grand (integrated) composite curve

H>O-LiBr water-lithium bromide

HR heat recovery

h specific enthalpy, kJ/kg

m mass flow rate, kg/s

NH3-H>O ammonia-water

PP pinch point

p pressure, kPa

0 heat load, kW

qual quality (dryness) of a two-phase fluid: ratio between the mass flow rate of the gas
phase and the total mass flow rate

RHX refrigerant heat exchanger

SHX solution heat exchanger

SOP sequential quadrating programming

T temperature, °C

X mass fraction, referring to LiBr in H,O-LiBr pair and NH3 in NH3-H,O

Greek symbols

) degassing range

€ effectiveness

n efficiency
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Subscripts and superscripts

ABS absorber

COND condenser

EV evaporator

GEN generator

HPG high pressure generator

1 inlet

IPA intermediate pressure absorber
IPG intermediate pressure generator
IS isentropic

LiBr lithium bromide

u outlet
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