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ARTICLE INFO ABSTRACT

Keywords: The present study comprehensively analyses the thermodynamic performance of a zero-emissions solar driven
Orsamc R{mkme Cycle trigeneration system using a numerical approach. The analysis is conducted from both the First and Second law
T"‘lge“;ra“or; of Thermodynamics viewpoints, employing a novel and coherent exergy approach. Solar parabolic trough col-
:zeirg; ermat energy lectors (SPTCs) provide the heat input to an organic Rankine cycle (ORC) system, while a single-effect HoO/LiBr

absorption heat pump is coupled in cascade to the ORC. The proposed ORC layout is based on a single-pressure
regenerated, recuperated and superheated cycle. There is divergence of opinion among researchers regarding key
aspects of the exergy analysis of trigeneration systems. Therefore, this study proposes the definition of the dead
state conditions for each subsystem individually, taking into account their specific constraints. Unlike temper-
ature, specific dead state conditions for pressure and composition are defined separately. An energy-exergy
parametric approach is conducted to evaluate the effects of different system parameters on the system perfor-
mance. The system is also optimized following single and multi-objective approaches with different criteria. The
optimum system achieve an energy efficiency of 152.4%, an exergy efficiency of 21.1%, and an electrical-exergy
efficiency of 17.5%. The electricity, cooling and heating productions are 82.1 kW, 200.4 kW and 471.7 kW,
respectively. The SPTCs are identified as the main source of exergy destruction, responsible for 73% of inlet
exergy is destructed. In addition, the systers performance is shown to be sensitive to the variations in the solar
field outlet temperature and in the ORC condensation temperature. Consequently, controlling these parameters
could be effectively utilized for regulating power generation as well as cooling and heating production.

Novel approach

[5].

Careful selection of cycle layout and working fluid are key criteria for
optimizing an ORC. Lecompte et al [6] carried out a literature review
focused on cycle configurations. Branchini et al. [7] compared different
arrangements of the ORC system and different working fluids following
a parametric analysis, concluding that both the evaporation pressure
and the heat source temperature are key parameters in power cycle
performance and in the selection of the best ORC configuration. Li et al.
[8] assessed and compared single-pressure and dual-pressure evapora-
tion ORCs using pure working fluids with heat source temperatures
ranging 100-200 °C and without restriction on the outlet evaporator
temperature; the results showed that for a heat source temperature
above a certain value, the ORC with a dual-pressure evaporator offers no
advantage. Wang et al. [9] determined that some key thermodynamic
design parameters like turbine inlet pressure and temperature, pinch
and approach temperature difference in the heat recovery vapor

Introduction

The use of Organic Rankine Cycle (ORC) as a prime mover of a tri-
generation thermal system is a promising alternative to produce cooling,
heating, and power simultaneously from the same energy source [1].
Based on the market review provided by Wieland et al [2], the cumu-
lated ORC installed capacity to date exceeds 4 GW. There are several
studies focused on the technical and economic evaluation for power
generation with ORC that conclude that this is a viable and mature
technology to convert low-medium temperature heat into electricity.
Colona et al. [3] consider that ORC systems are suitable for distributed
cogeneration applications. The use of waste heat and renewable energy
as heat source of ORC technology has enormous potential for power
generation and heating/cooling applications [4]. Unlike steam cycle,
ORC systems are better suited for moderate power ranges applications
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Nomenclature

Symbols

heat transfer coefficient, W/(m2 K)
mass flow rate, kg/s

temperature, °C

temperature difference, °C

entropy, kJ/kg K

efficiency

electric power, kW

thermal power, kW

heat rate per SPTC unit length, kW/m
exergy, kW

specific exergy, kJ/kg

aperture width of SPTC, m

length of SPTC, m

number of SPTCs

solar incidence angle on the SPTC,
mass fraction

chemical potential, kJ/kg

exergy destruction ratio
irreversibility ratio

N NExez-IgpAaoES AR

Acronyms
CCHP combined cooling heating and power
ORC organic Rankine cycle

SPTC solar parabolic trough collector

SH superheater heat exchanger or superheated cycle
EVA evaporator heat exchanger

ECO economizer heat exchanger

DNI direct normal irradiance

LS live steam

PP pinch point

AP approach point

COP coefficient of performance

UA overall heat transfer coefficient

LMTD  log mean temperature difference
HX heat exchanger

Subscripts

en energy

ex exergy

el electricity

sol solar field

0 dead conditions

in inlet

out inlet

turb turbine

cond heat conduction

conv heat convection

rad heat radiation

SolAbs  solar absorption

hp heat pump

e evaporator of the heat pump
c condenser of the heat pump
d desorber of the heat pump
tri trigeneration

s.he solution heat exchanger
s.pump solution pump

cool heat-pump cooling mode
heat heat-pump heating mode
ph physical

ch chemical

k component

z subsystems

i substance

j state

P product

F fuel

D destruction

L loss

Tot total

generator, and the working fluid, have an influence on the net power
output and surface areas of the heat exchangers.

Numerous works in the literature investigated the selection of
organic fluids based on thermodynamic, technical, and economic per-
formance criteria. Wet fluids are not suitable for ORC applications due to
larger vaporizing enthalpy [10,11]. On the contrary, isentropic fluids
are the best working fluids candidates for ORC systems [11]. Rayegan
and Tao [12] developed a procedure to compare capabilities of working
fluids in solar driven regenerative ORCs; they selected eleven fluids as
good candidates for low-medium temperature solar ORC applications.
Following an analysis of internal and external exergy efficiencies of ORC
systems, Long et al [13] concluded that the selection of working fluids
depends greatly on the optimal evaporation temperature. In terms of
fluid composition, Zeotropic mixtures normally present higher effi-
ciencies than pure fluids due to better glide matching of temperature in
the evaporation process [14].

The most typical heat sources of an ORC are either waste heat, solar
energy, geothermal heat or biomass combustion [6,15]. Different tem-
perature ranges can be used to categorize sources, from the limit values
(100-300 °C) for geothermal and solar applications, up to values of
400-600 °C related to topping power systems (such as gas turbines,
steam Rankine cycle and reciprocating engines). Specifically for solar-
driven ORC applications, Loni et al. [16] recently presented a com-
plete review on the use of a wide range of different solar collectors to be
coupled to ORC systems; the authors concluded that SPTCs are one of the
most effective technologies presenting an overall system efficiency

above 20%. The combination of solar driven ORC power cycles with
combined cooling and heating applications based on absorption tech-
nology, the so called solar driven ORC-absorption based CCHP, have
recently been under investigation [17,18]. Numerous studies were
conducted recently to evaluate the thermal and financial performance of
various system configurations. Suleman et al. [19] analysed a novel
integrated solar and geothermal energy system with two ORCs for power
generation and an absorption chiller for cooling production. The overall
energy efficiency was estimated at 54.7%. Concerning net zero energy
building applications, Hassoun and Dincer [20] proposed a multigen-
erational system reporting an overall system exergy efficiency of 44.7%.
A trigeneration system powered by SPTCs was evaluated by Al-Sulaiman
etal. [21] to generate 500 kW of electricity through an ORC system. The
findings revealed that the CCHP’s overall energy efficiency was 94%,
while the electrical efficiency was 15%. Bellos and Tzivanidis [22]
investigated a solar-powered CCHP system using parametric optimiza-
tion for various working fluids and design parameters. In the best-case
scenario, electric exergy and energy efficiency ratios found were
27.9% and 22.5%, respectively, while energy performance ranged from
130% to 180%. The CCHP layout configuration is an important factor on
the system efficiency. Garcia-Dominguez and Marcos [23] compared six
alternative solar heated ORC-absorption based CCHP configurations
derived from single-pressure and dual-pressure ORC layouts with
different organic fluids. The results indicated that for a heat source
ranging 180-240 °C the dual-pressure evaporation ORC is unbefitting,
and the most efficient layout is the single-pressure regenerative
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recuperated superheated ORC with toluene as working fluid; the overall
energy and exergy efficiency found were 163.7% and 12.3%,
respectively.

Although numerous investigations have been conducted on the en-
ergy analysis and performance evaluation of solar driven ORC-
absorption based CCHP from the first law viewpoint, very limited
reviewed papers in the literature have appeared on detailed exergy
analysis and performance assessment of such systems. Al-Sulaiman et al.
[24] assessed the exergetic performance of a solar driven ORC-
absorption based CCHP system under three modes of operation (solar,
solar and storage, and storage). For a SPTCs outlet temperature of 600 K
and an ORC condensing temperature of 365 K, the maximum
trigeneration-exergy efficiency for the best operating mode was 20%.
Karellas and Braimakis [25] analysed a micro-scale CCHP system based
on the combined operation of an ORC and a Vapor Compression Cycle
(VCQ) utilizing biomass fuel and solar power. The maximum electrical-
exergy efficiency for an ORC evaporator temperature of 159 °C was
estimated at 7.5%. Eisavi et al. [26] conducted a thermodynamic anal-
ysis of an ORC based CCHP system with SPTCs as a heat source and a
double effect H,O/ LiBr absorption chiller to produce cooling power. For
a solar source outlet temperature of 327 °C and an ORC condensing
temperature of 120 °C, the exergy efficiency ratios for electricity,
heating-cogeneration, and cooling-cogeneration were 4.4%, 12.8%, and
4.5%, respectively. A novel solar trigeneration energy system consisting
of a heliostat field, ORC and an ejector-absorption chiller is introduced
and analysed by Khaliq et al. [27]. The maximum trigeneration-exergy
efficiency found is about 14%. A new solar-based CCHP involving
SPTCs, ORC, two heating processes, and two single-effect absorption
chillers was developed and investigated by Haghghi et al. [28]. For a
pure solar mode, the overall energy and exergy efficiency found are 98%
and 17%, respectively. Two solar powered trigeneration systems based
on different ORC configurations and double-effect absorption chiller
were analysed and compared from energetic and exergetic viewpoints
by Jafary et al. [29]. The results revealed that the overall exergy effi-
ciency for the best configuration was 12.7%. Aghaziarati and Aghdam
[30] proposed and investigated a novel solar ORC integrated cascade
refrigeration system including both a vapor absorption and a vapor
compression refrigeration system to meet heating, cooling and elec-
tricity demands for a hospital. The energy and exergy efficiency ratios of
the CCHP system found were 89.4% and 8.70%, respectively.

The cited studies reveal a disparity on methodologies and hypothesis
considered for the calculation of the exergy streams, for the dead state
definition, and for the definition of the exergy efficiency of the different
components. The selection of the dead state conditions in the above-
mentioned references follows the common approach to set the envi-
ronmental pressure and temperature as dead state condition (i.e.,
ambient pressure 100 kPa, ambient temperature 15-25 °C); however,
the choice of a suitable dead state is important in the exergy calculation
and deserves special attention. Exergy is defined as the maximum
amount of work that a flow or system can produce in a given environ-
ment or relative to a dead state. The greater the difference between the
energy source of a system and its environment, the greater the capacity
to extract work from the system. Rosen and Dincer [31] proved that
although the energy and exergy values depend on the dead state con-
ditions, the main results of energy and exergy analyses are usually not
significantly sensitive to reasonable variations in these properties when
the state of the system is significantly different from that of the selected
dead state. On the other hand, Blanco-Marigorta and Marcos [32] with a
new approach for the exergy analysis of H;O/LiBr absorption cooling
systems confirmed certain discrepancy in the exergy results for some
components of an absorption heat pump with respect to other authors
following different methodologies. They proved that the choice of the
ambient pressure as the dead state condition for closed refrigeration
cycles does not seem logical.

None the cited papers consider the calculation of the chemical exergy
of the streams in the analysis; however, in the solution side of the HyO/
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LiBr absorption heat pump there are changes in the composition of the
fluid, so the chemical exergy must be considered in the exergy balances
of some components. Another discrepancy is how the results of the
exergy analysis are presented for the overall system and for each
component separately. The abovementioned cited articles use the so-
called rational efficiency which relates exergetic gain (fuel exergy) to
exergetic expenditure (product exergy) [33,34]. However, some authors
are just interested either in the overall exergy efficiency or in the overall
exergy destruction [24,28,29]. A specific exergy analysis at the
component level is carried out by other authors, but they only provide
the exergy destruction or losses [26,27]. The exergy efficiency of each
device of the system is analysed by Refs. [25,30].

The main objective of the present study is to conduct a detailed
thermodynamic analysis of solar heated ORC-absorption based CCHP
system using a novel exergy approach. The evaluated CCHP system
primarily consists of a regenerative recuperated and superheated ORC
layout for power generation driven by SPTCs. A single-effect HoO/LiBr
absorption heat-pump is coupled in cascade to the ORC as a bottoming
cycle to simultaneously fulfil heating and cooling demands. The exergy
analysis performed in this study focuses on defining the dead state
conditions and calculating the exergy stream for each subsystem indi-
vidually, i.e., solar field, ORC, and absorption heat pump. The proposed
methodology considers that the working fluids are confined in each
subsystem, meaning they are not in mechanical or chemical equilibrium
with the environment. Therefore, only thermal equilibrium can be
reached in the dead state. Consequently, assuming that the dead-state
pressure is equal to atmospheric pressure is not valid.

The novelty of this study can be summarised as follows:

a) the utilization of an ORC cycle arrangement as a prime mover for a
solar driven CCHP to maximise the overall efficiency, that is, a
single-pressure ORC regenerative recuperated superheated cycle,

b) the definition of the dead state for each subsystem of the CCHP
system individually, taking into account their unique constraints,
and

c) the definition and calculation of the exergy of the material streams
and the exergy efficiency of each component within the CCHP,
including both individual components and the overall system.

Description of the system and assumptions

The trigeneration system evaluated in this study is presented in
Fig. 1. It mainly consists of three subsystems which are thermally con-
nected: (i) an ORC for power generation, states 1-11, which is driven by
a solar field of parabolic trough collectors (ii), states 1 7,4, and finally a
single-effect HoO/LiBr absorption heat pump (iii), states 1- 16, which is
integrated as a bottoming cycle to meet heating and cooling demands
simultaneously.

Organic Rankine cycle

In addition to the input from solar model, which is the outlet tem-
perature of the solar field, the selection of the ORC layout is key on the
overall performance of the CCHP system. Among the different possible
cycle configurations, the regenerative recuperated superheated ORC is
selected. According to [23] the proposed ORC configuration is 16%
more efficient than the simple cycle.

The evaporator is the element that connects the heat source supplied
by the SPTCs and the ORC. The layout selected for the single-pressure
evaporator consists of three elements: i) economiser, where the work-
ing fluid is heated up to the fluid evaporation temperature minus the
approach point (AP); ii) evaporator, where the evaporation process is
produced at constant temperature and pressure; and iii) superheater,
where the saturated steam is heated above the evaporation temperature
up to the outlet temperature of the live steam (Ts). The design pa-
rameters for the ORC model are given in Table 1. One of the key
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Fig. 1. CCHP with ORC Regenerative recuperated superheated cycle.

Table 1

Input data for ORC model [21,34].
Parameter Value
Condensation temperature (T7) 90 °C
Turbine isentropic efficiency (77urs) 85%
ORC pump isentropic efficiency (17orc,pump) 70%
Recuperator efficiency (rgc) 70%
Superheating (ATsy) 10 °C
Live steam outlet temperature (Ts) Ti-(35-ATsy)
Pinch Point (PP) 7K
Approach Point (AP) 5K

parameters that is examined in the parametric analysis is the ORC
condensing temperature; the rest of the chosen parameters are coherent
with possible thermophysical constraints of the different heat ex-
changers of the system. Fig. 2 represents the correspondent heat trans-
fer-temperature diagrams for the complete evaporator and Fig. 3 the T-s
diagram for the proposed ORC configuration.

On the other hand, it is crucial to choose a suitable working fluid that
maximizes the efficiency of the ORC, but at the same time is a chemically
stable fluid in the chosen working temperature range. The environment

AT,

1

Pinch Point

Saturation Temp.

I

Approach Point

Organic working fluid

Heat Transfer

Fig. 2. Heat transfer-temperature diagram in the evaporator.
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Fig. 3. T-s diagram for the regenerative recuperated superheated ORC.

and safety concerns must also be considered. Although a significant
number of working fluids have been considered in the literature, only a
very small fraction of them meets the criteria of industrial applications.
From the literature review [22,23,29,35-37], toluene has been selected
as a working fluid in order to meet with SPTCs outlet temperature and
ORC condensing temperature, typical values between 180 and 260 °C,
and 80-110 °C, respectively. Some of the thermodynamic properties of
toluene are listed in Table 2.

Table 2
Toluene thermodynamic properties [29,38].

Fluid Parameters Properties
Molecular formula C;Hg
Molecular weight 92.14 g/mol
Melting point —-95°C
Boiling point 110.6 °C
Critical temperature 318.6 °C
Critical pressure 4.1 kPa
Vapor pressure 2.8 kPa
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Heat source

The heat input to the ORC is provided by a solar field formed by
SPTCs (PTMx-24 from the company Soltigua [39]) with a total collecting
area of 617.4 m?, consisting of five rows with two collectors per row.
Solar irradiation is selected to be constant in order the emphasis the
comparison analysis and the parametric study of the CCHP system;
however, further investigations could cover a dynamic simulation
considering solar irradiation variation along the day and along the year.
The design parameters of the solar system and the solar collector’s
specifications are described in Table 3.

For an absorber pipe with a glass envelope, as depicted in Fig. 4, the
equations presented in [40] are considered for the energy modeling of
the SPTC.

The energy balance in a section of the absorber pipe depends mainly
on: i) Radiation losses from the glass envelope to the open sky (¢'sy,qq);
ii) Convection losses from the glass envelope to the environment
(q's6cony); iii) Radiation losses from the selective coating of the metal
tube to the glass envelope (q's4,,4); i) Conduction losses through metal

pipe supports (q/condbracket)‘

The working fluid selected in the solar collector receiver is
Therminol-66, see Table 4. It is a commercial oil suitable for the tem-
perature range for this application, with low relative pressure and non-
sensitive to the increase in the temperature.

Absorption heat pump

Regarding the modeling of the absorption heat-pump, the literature
review contains several studies with experimental data validation for
H20/LiBr absorption heat pumps [42-45]. In the present study, a model
with 18 states of a water-cooled single-effect absorption heat pump is
proposed. Each state is defined by its temperature, pressure, enthalpy,
flow rate, HoO/LiBr concentration, etc.

Besides the mass and energy balance, UA-LMTD method is proposed
for the three heat exchange processes with the external streams, that are
evaporator, condenser and absorber [46]. This method is a realistic way
to specify the size and performance of a heat exchanger in a single
parameter providing that UA is relatively constant throughout each heat
exchange process.

Table 5 provides the input data used in the proposed model. The
chosen values are reasonable and conservative in order to prevent the
crystals formation from the H,O/LiBr solution.

Thermodynamic modeling

The proposed trigeneration system is thermodynamically assessed
from both the first and second law viewpoints, based on mass, energy
and exergy balances applied to each component of the system under
steady-state conditions. The CCHP system can be divided into several
subsystems, such as solar system, ORC, and absorption heat pump. The

Table 3

Input data for SPTC model [21,22,39,40].
Parameter Value
Collector aperture width (wg,) 2.36m
Collector length (Lsprc) 26.16 m
Absorber pipe diameter 38.0 mm
Glass envelope diameter 62.0 mm
Number of collectors (Nsprc) 10
Solar field outlet temperature (T7) 200 °C
Ambient temperature (Tgmp) 25°C
Working pressure (P,) 300 kPa
Sun Temperature (Ty,,) 5,770 K
Direct Normal Irradiance (DNI) 800 W/m?
Solar incident angle 0°
Wind velocity 3m/s
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Fig. 4. One-dimensional steady-state energy balance of SPTC [40].

Table 4

Therminol 66 Property Data [41].
Fluid Parameter Properties
Service temperature —3t0345°C

1020-770 kg/m®

1.49-2.78 kJ/kg-K

0.118-0.089 W/m-K

2.92 @110 °C / 0.5 @270 °C mPa-s
0.2 @ 280 °C atm

Density

Specific heat
Thermal conductivity
Dynamic viscosity
Vapor pressure

Table 5

Input data for Absorption Heat Pump model [43,46].
Parameter Value
Maximum solution concentration (X4) 62 %
Condensation temperature (T Ty37) 25 °C
Condensation mass flow rate (m.) 12 kg/s
Evaporation temperature (T767) 7 °C
Evaporation mass flow rate (i) 10 kg/s
Solution heat exchanger efficiency (#sor.ne) 65%
UA evaporator 35 kW/K
UA condenser 45 kW/K
UA absorber 25 kW/K

thermodynamic inlet and outlet states of each component are calculated
using the Engineering Equation Solver (EES) software based on the given
input data and assumptions.

Energy and exergy analysis relations

The mass and energy balances for each component can be formulated
as follows [47]:

D it =) iy =0 @

in out

Zhinmin - Zhummom + w + Q =0 2)

out

The exergy analysis is used to determine the maximum work
extractable from a system that interacts in equilibrium with the envi-
ronment (i.e., dead state). The general exergy balance of a control vol-
ume can be written as follows:

To\ . : . . .
; (1 - T/) 0 —-W+ ;mmex,-n - %mamexnm —Ex;=0 3)
where Ex; and ex are the exergy destruction rate and exergy per unit
mass flow rate, respectively. Qj is the heat transfer rate through the
boundary at temperature T; at state j, and W is the work rate. The
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subscript O is the value of the property at dead state conditions.

In the absence of electricity, magnetism, surface tension and nuclear
reaction, the total exergy of a system can be divided into four compo-
nents: physical exergy, kinetic exergy, potential exergy, and chemical
exergy [48]. In the present study, the kinetic and potential effects are
negligible, so only the physical and chemical components of the exergy
are considered. For those subsystems where there is no change in the
composition of the fluid, such as the solar system and the ORC, the
chemical exergy does not need to be calculated because its value does
not change.

The physical exergy per mass flow rate, Ex h, at a given state is
defined as follows [49]:

-+ ph

Ex —m[(hfh()) —T()(S—S(])] (4)
For the mixture or solution of the absorption heat pump, the chem-

ical exergy per mas flow rate, ExCh, at a given state is calculated by means
of [32,50]:

ZXi (ﬂi.o - ﬂ;io) ] ®

. ch ,
Ex =m

where y;, (kJ/kg) is the chemical potential of “i” at the dead state
pressure and temperature, and the composition of a given state; /«l: o (kJ/
kg) is the chemical potential of “i” at dead state conditions when the
system reaches chemical equilibrium with the environment; X; is the
mass fraction of component “i”.

Ex = Exph + E.xﬁh 6)

Exergy is a function of state that relates the first and the second law
of thermodynamics through a reference state, that normally coincides
with the surrounding environment. A system is said to be in thermo-
dynamic equilibrium with the surroundings when it is in thermal, me-
chanical, and chemical equilibrium [51]. However, the definition of the
reference state is not trivial and can impacts on the analysis results. Most
of the cited authors assumed that the dead state pressure should equal
atmospheric pressure. Some other authors propose a reference envi-
ronment defined as the variable outdoor environment surrounding the
application of the thermal system [52-54] following a dynamic
approach, and, thus, representing a more complex analysis.

In this study, the CCHP system is divided in the following sub-
systems: the solar system, the ORC, and the absorption heat pump. All
the working fluids for each subsystem are confined as closed-loop, thus,
none of them are directly in contact with the environment. They are
unable to maintain a balance with the environment surrounding the
system, either in terms of pressure or composition. For this case, Gag-
gioli [55] proposes as dead state the state reached when the system was
shut down, once the system reaches the thermal equilibrium with the
environment.

Ambient temperature (Tp = 25 °C) is selected as dead state condition
for all the subsystems. However, a different dead state condition for
pressure is selected here for each subsystem. For the solar field, despite
the thermal oil properties are not influenced by pressure, the dead state
pressure can be taken as an intermediate value between the working
pressure of the Therminol-66 and the ambient pressure; here, Py, =
150 kPa. For the ORC subsystem, the appropriate dead state pressure
(Po.orc) would be the working fluid saturation pressure at Ty [48]. For
the absorption heat pump subsystem, according to Blanco-Marigorta
and Marcos [32] and Viswanathan et al. [56], the dead state pressure
can be taken as the pressure of state 1 (Posp = P1). The composition of
the dead state is calculated when the chemical equilibrium is reached,
then Xo 1igr(Top, Porp)-
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CCHP performance indexes

This section presents the formulation of the performance assessment
of the CCHP system. The energy and exergy efficiency ratios of the net
electricity generation by the ORC are presented in Eq. (7)-(8). Accord-
ing to Eq. (12), the Petela model [57] is used for the calculation of the
exergy flow of the solar irradiation, Ex;,.

~ Wb — Wore pump

Nenet = - )
’ Oui
W!urh - W()RC./mmp
= P 8
”ex,el Exm ( )
where:
me = torchs — Morcaly — fioreshs (C)]
WORC.pump = torca(ha — hy) + more (hs — ho) (10)
Q:o[ = DNI Wap Lsprc Nspre 11)
; . 4T, 1/T\*
Ex;, = 1—- - 12
Xin = Quor [ 3T, + 3 (Tm> } 12)

The energy and exergy efficiency ratios of the trigeneration system
are formulated as:

Wrurll - WORC,pump - WS.pump + QC(/OI + Qlwat

Nenri = o 13)
N = Wy — WORC,pump - EW;:ump + E.v,mot + Ep hear (14)
where

Oeoor = 1t (15> — hug) 15)
Opear = 1|1z — hup) + (g — hiz) ] (16)
Ws.pump = titg (o — hy) 17)
Ep cont = Exi67 — Exys (18)
Eppeas = (Exlz" - Exll") + (EXM“ - ExlB") 19

The overall efficiency of the solar collector considers all types of
losses described previously (i.e., optical, geometric and thermal), and it
can be defined as the ratio between the useful thermal energy supplied
to the solar thermal oil, and the available solar energy based on the
Direct Normal Irradiance (DNI).

7. 7.
Npre = L0 = (20)
SPTC 7 DNIw,,

sol

where ¢',, is defined as

- ispreCP i (Tootowr — Totin)

u

(21)

Lsprc

The coefficient of performance (COP) of the heat pump for cooling
and heating mode is defined as

cop, — Qo

: 22)
Qd + WS.pmnp
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COP), = % (23)
Qs+ Wspump

Where

0, = rigre(hyy — ) 24)

For a better understanding of the exergy performance of the specific
components and subsystems z of the trigeneration system, additional
parameters are calculated through specific exergy balances following a
fuel-product formulation [33].

EF,: - EP,: = ED,: - EL,: (25)
Ep,
= 26
Nex:z Er. (26)

where Ep, corresponds to the fuel exergy, Ep, is the product exergy, Ep
is the destroyed exergy, and Ej , is the exergy loss.

Assuming that the waste heat produced in the condenser and
absorber of the absorption heat pump can also be usable for low tem-
perature heating processes, the exergy loss of the CCHP system can be
considered zero.

Exergy balance in the Solar field:

Ep o = Exi, 27)

Epgo = Ex — Exy (28)
EP sol

Nexsol = (29)
! Er o

Exergy balance in the ORC:

Erorc = Ex; — Exy (30)

Epore = Wiy — WORC,pump - (Exll — Exl) (31)
E

Nex.orc = L (32)
Er orc

Exergy balance in the Absorption heat pump:

EF,hp = (Exll - Exl) + WS,pum/) (33)

Epyp = Ep oot + Ep peat (34)
Epsp

Nexip = 7 (35)
g Erpp

The fuel-product formulation cannot be directly applied to dissipa-
tive elements like the expansion valves of the absorption heat pump,
therefore, the approach followed in this paper is to consider the valve as
elements that serve the evaporator and absorber [58].

The relation between the destroyed exergy of a component k with the
total fuel exergy of the system can be defined as the exergy destruction
ratio (Ypy), and it is formulated as:

Ypr=—=— 36
e =g (36)

The irreversibility ratio of a component k, which relates the
destroyed exergy of a component and the total destroyed exergy of the
system, is defined as

Ypg ==~ (37
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Validation of the system

There is lack in experimental data of a similar trigeneration system in
literature; hence, with the aim to validate the accuracy of the proposed
modeling, three different validation procedures are described for each
subsystem.

The validation of the solar collectotrs model is conducted by
comparing the heat losses of the SPTC with test results reported by
Dudley et al. [59] at Sandia National Laboratory. The validation results
are based on the design data for the black chrome receiver material case
for a vacuum space between the absorber pipe and the glass envelope,
and are shown in Table 6 and Fig. 5-a. Moreover, the model is compared
to the numerical results obtained from Ref. [24,28]. In the present study,
the solar driven CCHP system is examined for an absorber fluid tem-
perature ranging 150-230 °C above ambient temperature. Therefore,
the proposed SPTC model is in good agreement with the experimental
results and the simulation outcomes of the mentioned literature. The
deviation in the calculations can be mainly attributed to differences in
geometry and size of the SPTC proposed in the study, the thermal cor-
relations, and the approximations used to calculate the heat loss co-
efficients (i.e., boundary conditions, mass flow rates, etc).

Regarding the ORC, the developed model is compared with literature
results from Branchini et al. [7] because this is the only study where an
ORC layout with toluene as organic working fluid is examined in
detailed. The examined parameter for the validation is 7., versus the
evaporation pressure, normalized with respect to the critical pressure
(Peva/Pcr) of the working fluid. To conduct an appropriate comparison,
some changes are made to the developed model; for instance, the
condensation temperature was set equal to 33 °C. In this study, the
CCHP system is examined for a solar field outlet temperature ranging
180-260 °C, equals to a value of P, /P, in the range 0.07-0.3. The
validation results reported in Table 7 and Fig. 5-b show that the ORC
model is in good agreement with the results of the mentioned literature.

Finally, the absorption heat pump model is validated with experi-
mental data presented by Bakhtiari et al. [43] for a laboratory single-
stage HoO/LiBr absorption heat pump. This literature study is selected
because the COP for cooling operation is analysed for different generator
inlet temperature as it is the case for the present investigation. Some
modifications have been made in the input data of the model in order to
perform an appropriate comparison with the literature results, such as
the mass flow rates for the external loops. The comparison results pre-
sented in Table 8 show small deviation up to 2.7% for the COP. The
deviation is higher on the desorber and evaporator heat loads; never-
theless, the model agrees well with the experimental results. The devi-
ation in the calculations is attributed to the approximation used for the
overall heat transfer coefficients for each heat exchangers.

Results and discussion

The methodology followed to evaluate the proposed solar-
trigeneration system from the energy and exergy viewpoints is orga-
nized as follow. First, a detailed exergy analysis is conducted to assess
the exergy performance and to identify and quantify the sources of the
exergy destruction in the system considered. Then, a parametric

Table 6
Validation of the SPTC model based on heat loss versus average temperature
above the ambient of the fluid inside the absorber pipe.

Temperature [°C] 149.1 196.7 245.8 293.3

Heat loss [W/m?] This study 25.2 31.7 41.9 56.2
Ref [59] 19.3 30.6 45.4 62.9
Deviation 30.5% 3.7% 7.7% 10.6%
Ref [24] 19.3 34.2 53.0 75.5
Deviation 30.5% 7.2% 20.9% 25.5%
Ref [28] 19.7 34.4 52.5 74.5

Deviation 27.8% 7.8% 20.2% 24.5%
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Fig. 5. Validation of the SPTC model (a) and ORC model (b).

Table 7
Validation of the ORC model based on energy efficiency versus the evaporation pressure, normalized with respect to the critical pressure.
Peya/Per 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Nenet [%] This study 28.54 30.72 32.19 33.25 34.05 34.66 35.13 35.45
Ref [7] 28.12 29.71 30.79 31.62 32.29 32.81 33.29 33.60
Deviation 1.5% 3.4% 4.5% 5.2% 5.5% 5.6% 5.5% 5.5%
Table 8
Validation of the heat pump model based on COP and heat loads versus generator inlet temperature.
Temperature [°C] COoP Qq[kW] Qeoot [KW]
T:{ T1e" YTl This study Ref [43] Deviation This study Ref [43] Deviation This study Ref [43] Deviation
79.9 26.8 14.9 0.75 0.76 1.3% 11.0 13.5 18.5% 8.2 10.2 19.6%
89.9 27.1 15.2 0.76 0.76 0.0% 14.7 15.9 7.5% 11.2 12.1 7.4%
100.1 27.2 15.1 0.76 0.74 2.7% 18.4 20.4 9.8% 14.0 15.2 7.9%
109.7 26.8 14.9 0.75 0.73 2.7% 22.2 22.8 2.6% 16.8 16.5 1.8%

approach is conducted with the aim to evaluate the effects of different
system parameters on the energy and exergy efficiency for the power
generation and for the overall CCHP system. Finally, the system is
optimized based on the same operating parameters under different
optimization criteria using single and multi-objects approaches.

Energy and exergy analysis

A detailed exergy analysis is presented and discussed in this section.
The objective is to identify and quantify the sources of the exergy
destruction in the overall CCHP system through an exergetic assessment
of all the components of the trigeneration system. The thermodynamic
properties of the streams for the design conditions are shown in Table 9.
On the other hand, Table 10 provides important information about the
sources of irreversibility and key exergy parameters, such as the exergy
rate of the fuel and the product, the exergy efficiency, the exergy
destruction rate, the exergy destruction ratio, and the irreversibility
ratio. The results indicate that the main source of exergy destruction is
the solar collectors, 335.6 kW (85%). The absorption heat pump de-
stroys 38 kW (10%), while the ORC 18.7 kW (5%). It is important to note
the low contribution of the ORC in the total exergy destruction
compared to similar CCHP systems found in the literature [24,26,28]. In
those systems, the ORC accounted for 28%, 25%, and 32% of the total
exergy destruction, respectively. This finding demonstrates the sound-
ness of choosing the regenerative recuperated superheated cycle.

Fig. 6 shows the fuel and product exergy rate of the overall trigen-
eration system, and the destroyed exergy rate of each subsystem. The
exergy efficiency found for the solar subsystem is 27.0%, for the ORC is

84.9%, and for the absorption heat pump is 31.4%. The main reason of
the large exergy destruction in the SPTCs (335 kW) is the high tem-
perature difference between the collector and the environment, what
provokes important heat losses in the receiver, thus, special attention
needs to be paid on the selection and design of an efficient component.

The overall exergy destruction rates and their percentage are rep-
resented in Fig. 7. Specifically for the absorption heat pump, the per-
centage share of the exergy destruction by each component is as follows:
desorber 31%, absorber 30%, evaporator 18%, condenser 13%, and
solution HX 8%. There are relevant works in the literature focused on
the exergy analysis of single H,O/LiBr absorption systems at component
level. However, few of them consider the calculation of the chemical
exergy of the streams. Fig. 8 shows a comparison of the exergy destroyed
in the different components with the results obtained by other authors
[32,60-62]. No major differences with the other authors are identified.
The most significant deviations are found in the condenser and absorber,
where the values obtained are —6% and + 5%, respectively, with respect
to the average results of the other authors.

Parametric analysis

Effect of the outlet temperature of the solar field

The energy source provided by the solar field is what determines the
ORC’s optimal evaporation temperature. The purpose of this study is to
show the effect of varying the output temperature of the solar field in the
range of 180 to 260 °C on the efficiency of the ORC and on the overall
CCHP system. Table 11 and Fig. 9 represents the performance of the
system as well as the power and thermal energy generation.
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Table 9
Thermodynamic properties of the streams.
Subsystem State no. Fluid m[kg/s] T[°C] P[kPa] hlkJ/kgl s[kJ/kgK] B kw1 Ex™ [kw] Ex[kW]
Solar 1’ Therminol-66 5.34 200 300 378.5 1.031 394.0 368.8
2’ Therminol-66 5.34 198.6 300 375.4 1.025 388.1 363.0
3’ Therminol-66 5.34 172 300 318.7 0.900 282.9 260.2
4 Therminol-66 5.34 168.7 300 311.5 0.884 269.7 243.4
ORC 1 Toluene 0.815 90 54.7 —40.5 —0.108 9.3 9.4
2 Toluene 0.815 90.1 221.6 —40.2 —0.108 9.5 9.5
3 Toluene 0.913 140.6 382.1 62.1 0.155 32.5 24.9
4 Toluene 0.913 160 382.1 103.9 0.253 43.8 41.6
5 Toluene 0.913 165 382.1 435.9 1.011 140.8 133.8
6 Toluene 0.913 175 382.1 454.0 1.052 146.2 139.0
7 Toluene 0.815 131 54.7 394.0 1.079 75.2 76.2
8 Toluene 0.098 161.7 221.6 437.0 1.059 13.8 5.43
9 Toluene 0.913 140.5 221.6 61.7 0.154 32.3 24.7
10 Toluene 0.815 118.8 221.6 16.6 0.042 19.2 19.4
11 Toluene 0.815 92.7 54.7 337.3 0.931 64.7 65.6
Absorption heat pump 1" water-LiBr 1.165 34.6 0.75 89.7 0.211 0.36 5.53 5.89
2" water-LiBr 1.165 34.6 5.07 89.7 0.211 0.36 5.53 5.89
3" water-LiBr 1.165 60.0 5.07 141.0 0.369 4.48 5.53 10.01
4" water-LiBr 1.068 80.5 5.07 202.9 0.451 9.31 18.35 27.66
5” water-LiBr 1.068 50.7 5.07 147.1 0.285 2.10 18.35 20.45
6" water-LiBr 1.068 45.2 0.75 147.1 0.253 1.32 18.35 19.67
7" water 0.097 69.3 5.07 2,629.4 8.599 26.13 26.13
8" water 0.097 33.1 5.07 138.8 0.479 19.22 19.22
9" water 0.097 2.8 0.75 138.8 0.503 18.54 18.54
10" water 0.097 2.8 0.75 2,505.7 9.08 0.15 0.15
11" water 12 25.0 104.5 0.367 0 0
12" water 12 30.9 129.4 0.450 3.07 3.07
13" water 12 25.0 104.8 0.367 0 0
14" water 12 29.8 124.9 0.434 2.08 2.08
15" water 10 12.5 52.4 0.187 10.97 10.97
16" water 10 7.0 20.4 0.106 23.23 23.23
Table 10
Results of the exergy analysis of all the components of the CCHP system.
Subsystem Component WoQ Er[kW] Ep[kwW] Ep[kW] N [%] Yo Yo
[kw]
Solar SPTCs 358.1 459.9 124.3 335.6 27.0 72.98 85.53
ORC Economizer 38.2 13.2 11.3 1.9 85.6 0.41 0.48
Evaporator 303.3 105.2 97.0 8.2 92.2 1.78 2.09
Superheater 16.6 5.8 5.4 0.4 92.8 0.09 0.11
Turbine 50.6 57.2 50.6 6.6 88.4 1.44 1.68
Recuperator 46.3 10.4 9.7 0.7 93.2 0.15 0.18
Regenerator 56.4 33.0 32.2 0.8 97.6 0.17 0.20
ORC Pump 1 0.24 0.24 0.18 0.06 75.4 0.01 0.01
ORC Pump 2 0.28 0.28 0.22 0.06 78.4 0.01 0.01
Absorption heat pump Desorber 308.0 55.4 43.7 11.7 78.9 2.53 2.97
Evaporator 230.0 19.1 12.3 6.8 64.3 1.47 1.73
Absorber 295.0 14.7 3.1 11.6 20.8 2.53 2.97
Condenser 242.0 6.9 2.1 4.8 30.2 1.05 1.23
Solution HX 59.7 7.2 4.1 3.1 57.2 0.67 0.78
Total - - - 392.4 - - 100
As it can be observed, as the solar field outlet temperature increases, destroyed.

both the electrical and trigeneration energy and exergy efficiencies in-
crease, while the exergy destruction rate decreases. This is because a
higher heat source temperature results in a higher working liquid
evaporator pressure in the ORC, resulting in a higher heat recovery ef-
ficiency in the evaporator. As long as the exergy loss is lower than the
exergy destruction, the exergy efficiency exhibits an inverse relationship
with the exergy destruction rate. Thus, an increase in the solar field
outlet temperature results in a decrement in the amount of exergy

When the heat source’s inlet temperature rises from 180 °C to 260 °C,
the rate of increase for the electrical energy and exergy efficiencies is
92%, the power generated in the turbine is double, and the rate of
decrease for the destroyed exergy is 8%.

Effect of the condensation temperature of the ORC
The desorber of the absorption heat pump, coupled in cascade to the
ORC, requires a specific amount of heat input within a defined
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Fig. 8. Percentage share of the exergy destruction in the absorption heat pump.

temperature range to operate effectively. The inlet temperature is gov-
erned by the ORC condensation temperature, making it crucial to
determine the optimal operating temperature based on preferred cool-
ing and heating generation, without compromising the ORC perfor-
mance. The impact of the ORC condensation temperature is examined in

10

the range 80-105 °C, and systems energy and exergy performances, as
well as electrical and thermal generation are presented in Table 12 and
Fig. 10.

The ORC condensation temperature proves to be an effective
parameter for regulating the absorption heat pump’s capacity to
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Table 11

Results of the parametric simulation with the outlet temperature of the solar field (T7).

Henet [%] Nexet [%] Heneri[%] Hesari[%] W [KW] Qeoot [KW] Qheat [kW] COP, Ep 10 [kW] Ep 5ot [kW] Ep orc kW] Ep jp [KW] Hexsot %] Nex,orc[%0] Hesp [%6]

T{

[°Cl
180
190
200
220
240
260

31.21

84.06
84.34

25.02

39.7

18.3
1

344.8
339.8
335.6
325.8
318.3
310.8

402.9

235.6 556.2 0.735

39.4

12.40
13.58
14.67
16.63
18.31
19.74

168.2
166.9
165.6
162.9
160.2
157.4

8.49
9.73
10.89
12.97
14.76
16.30

7.90
9.06

10.14

26.11 31.33
31.42
31.56
31.65
31.71

38.8

8.8

397.4

232.8 547.0 0.741

45.2

27.02 84.89
84.26

38.0

18.8

392.4

0.747

538.0
520.8
504.7

230.0

50.6

21.1 36.5 29.16

22

383.4

0.756

224.2

60.5

12.07
13.75
15.18

30.79 84.32
32.41

35.2

.2

375.7

0.763

218.4
212.8

69.1

83.71

34.0

24.3

369.1

0.769

489.5

76.7
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produce cooling and heating. The results demonstrate that as the ORC
condensation temperature increases, both the electrical and trigenera-
tion energy and exergy efficiencies decrease. This decrease is attributed
to the fact that with decreasing condensing pressure (and thus temper-
ature), the capacity to extract work in the turbine of the ORC increase
while the heat input to the desorber of the heap pump decreases.

When the ORC condensation temperature rises from 80 °C to 105 °C,
the rate of decrease in the electrical energy and exergy efficiencies, as
well as power generated in the turbine, amounts to 30%. On the other
hand, the rate of increase in the destroyed exergy is 4%. In contrast, the
overall CCHP energy efficiency increases as the ORC condensation
temperature rises; this is due to the increased heat input supplied to the
desorber, resulting in higher production levels in the evaporator,
absorber and condenser.

Effect of the heat pump evaporation temperature

Variations in the external temperatures have an impact on the ab-
sorption heat pump’s performance. The effect of the evaporation tem-
perature of the absorption heat pump is evaluated in this section. The
evaporation temperature (T7¢) is examined from 5 to 15 °C, and the
variation of the COP, the cooling capacity and the exergy indicators are
presented in Table 13 and Fig. 11.

The evaporation temperature of the heat pump is a crucial design
parameter of the trigeneration system. The selection of this parameter
depends on the specific cooling application; for instance, air condi-
tioning applications in commercial buildings based on fan-coils units
requires chilled water at 7 °C, while radiant systems can operate at
12 °C. The results indicate that as the evaporation temperature in-
creases, both the cooling and heating production, as well as the COP,
and COPy increase. However, both the trigeneration and heat pump
exergy efficiencies decrease. The rate of decrease for the heat pump
exergy efficiency within the analysed range amounts to 37%.

Optimization of the system

The optimization procedure analysed in this section is based on
single and multi-objective approaches. The operating parameters are
simultaneously varied in their specific range, see Table 14. From the
several optimization methods are available in the EES software, the
conjugate directions method is used.

The traditional weighted-sum method is used for multi-objective
optimization for the present study. This method combines all the
single-objective functions into one scalar by adding the corresponding
objectives with appropriate weights [63,64]. For the proposed CCHP
system, different multi-objective functions (MOF) with some appro-
priate weights are considered based on different objectives selected.

MAX(MOF, = wi Wy +w20.001)
OSW“WZSI (38)
wi+w, =1

MAX(MOF> = Wil]oy o + Wallyy i + W3’7n,m)
0 <wi,wy,w; <1

wy =1/3;w, =1/3

wi+w, +w; =1

39

The results presented in Table 15 outline all the optimum solutions,
as well as the default case, for the analysed trigeneration system
following different optimization criteria based on single and multi-
objective methods. These results provide a range of optimal designs,
each with their own set of benefits and drawbacks. This enables the
designer to choose those design conditions that best suit the project
requirements. When considering the overall exergy efficiency as the sole
optimization goal, the emphasis is placed on electricity production. In
this scenario, the power generated by the ORC is 62% higher than the
default case. However, both the cooling and heating production
decrease by approximately 13%. When both power generation and
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Fig. 9. Effect of the outlet temperature of the solar field on the system performance (a) and on the exergy destruction rate and exergy efficiency (b).

Table 12
Results of the parametric simulation with the condensation temperature of the ORC (T;).
T Nenal%]  Neeal®]  Nengil%]  Nexil%] Wiy (kW] Qoot kW] Queae[kW1  COPc  Epqo [kKW]  EporclkW]  Eppp[kW1  flecorcl%] Moy [%]
[°cl
80 11.46 12.30 164.3 16.02 57.1 226.7 528.2 0.752 386.2 20.5 30.1 83.55 36.19
85 10.80 11.60 165.0 15.35 53.9 228.4 533.1 0.749 389.3 19.6 34.1 84.24 33.61
90 10.14 10.89 165.6 14.67 50.6 230.0 538.0 0.747 392.4 18.8 38.0 84.89 31.42
95 9.47 10.17 166.3 13.99 47.3 231.5 542.8 0.744 395.5 18.0 41.9 85.51 29.54
100 8.80 9.45 166.9 13.30 44.0 233.1 547.7 0.741 398.7 17.3 45.8 86.09 27.91
105 8.12 8.72 167.5 12.61 40.6 234.5 552.5 0.738 401.9 16.6 49.7 86.64 26.47
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Fig. 10. Effect of the ORC condensation temperature on the system performance (a) and on the exergy destruction rate and exergy efficiency (b).
Table 13
Results of the parametric simulation with heat pump evaporation temperature (T;¢").
Ti Nenri[%] Nex i [%0] Qeoot [kW] Qtear (kW] COP, COPy Ep 1o [kW] Ep jp [KW] Nex p [%]
[°cl
5 160.1 14.85 216.4 524.5 0.703 1.703 391.6 37.2 32.89
7 165.6 14.67 230.0 538.0 0.747 1.747 392.4 38.0 31.42
10 170.4 14.25 241.8 549.8 0.785 1.785 394.4 40.0 27.87
12 172.7 13.92 247.5 555.5 0.804 1.804 395.9 41.5 25.15
15 175.7 13.39 254.9 562.9 0.828 1.828 398.3 43.9 20.80
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Fig. 11. Effect of the evaporation temperature on the heat pump performance (a) and on the exergy destruction rate and exergy efficiency (b).

Table 14
Optimization variables.

Parameter Default value Examined range

Solar field outlet temperature (T7) 200 °C [180-260] °C
ORC Condensation temperature (T;) 90 °C [80-105] °C
Heat pump evaporation temperature (T;67) 7°C [5-15] °C

cooling production are used as optimization targets, the performance
indicators are higher than those of the default case, but lower that for the
exergy efficiency optimum.

Conclusions

A complete thermodynamic analysis of a solar driven ORC-
absorption based CCHP system is conducted following a novel exergy
approach not used so far for trigeneration applications. Key questions
related to the exergy assessment of the proposed system are identified
and addressed. The proposed CCHP system can produce electricity,
heating and cooling simultaneously from a clean energy source, such as
solar energy, which makes this technology a highly competitive solution
to be used in buildings and industries applications as opposed to con-
ventional fossil fuel energy systems. The following findings can be
concluded from this study:

e Each subsystem is formed by confined working fluids that are not in
mechanical equilibrium with the environment. Therefore, the envi-
ronmental pressure is not selected here as dead state condition.
Instead, a different dead state pressure is selected for each subsystem
individually.

In the exergy calculation, chemical exergy must not be neglected in
the analysis of the absorption heat pump due to the chemical sepa-
ration processes involved.

For the default case, the main source of exergy destruction is the
SPTCs, which account for 85% of the total exergy destructed. This is
followed by the desorber and the absorber of the absorption heat

Table 15
Optimization results with various optimization criteria.

pump, each contributing 3% to the total exergy destruction. The

energy and exergy efficiency ratios found are: 10.1% and 10.9%,

respectively for the ORC, and 165.6% and 14.7%, respectively for the

trigeneration. The electricity, cooling and heating productions are

50.6 kW, 230.0 kW and 538.0 kW, respectively.

As the solar field outlet temperature increases, both the energy and

exergy efficiency of the CCHP system increase. In the analysed range,

the net power produced in the ORC can be doubled.

The electrical energy and exergy efficiency ratios decrease as the

ORC condensation temperature increases. The rate of decrease in the

analysed temperature range is about 30%.

e As the evaporation temperature of the absorption heat pump in-
creases, both the cooling and heating production, as well as the COP,
increase. However, both the trigeneration and heat pump exergy
efficiencies decrease.

e The utilization of different optimization methods yields varied re-
sults, providing the designer with the flexibility to tailor the system’s
operation to specific requirements. Electricity generation signifi-
cantly influences the exergy efficiency of the overall system. The
highest exergy efficiency values can be attained through the utili-
zation of single-objective optimization techniques, with values of
21.1% and 17.5% achieved for the overall system and the ORC,
respectively.

The exergy efficiency of the overall trigeneration system is primarily
influenced by the low exergy efficiency rates of both the SPTC and the
absorption heat pump. Enhancing the utilization of the inlet exergy
would lead to higher performance rates. To achieve this, future de-
velopments of this work will explore design modifications for certain
components and different system layout modifications, aiming to opti-
mize the utilization of the solar source. Additionally, the incorporation
of double-stage absorption refrigeration systems, which exhibit higher
COP values, will also be considered.

Optimization criteria Ti T; T16"

Nen,e1 [%0] Hex.el [%] Nenyri [%0] Nex.tri [%] erb [kw] Qcaol [kw] Qheaz [kw] COP. ED.Tot [kw]
[°C] [°Cl [°C]
Default case 200 90 7 10.14 10.89 165.6 14.67 50.6 230.0 538.0 0.747 392.4
Nex.tri 260 80 5 16.27 17.48 152.4 21.06 82.1 200.4 471.7 0.738 363.1
Nen.uri 180 104.3 15 5.82 6.25 182.5 8.96 29.0 270.8 601.6 0.818 418.6
Wb, Qeool 247.3 80 15 15.43 16.57 161.4 18.77 77.6 228.6 505.6 0.825 373.6
Nex.els Nenri> Mex.uri 210.9 80 15 12.49 13.42 170.7 15.79 62.4 243.1 538.5 0.822 387.3
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