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Abstract: Modular and scalable distributed generation solutions as combined cooling, heating and
power (CCHP) systems are currently a promising solution for the simultaneous generation of
electricity and useful heating and cooling for large buildings or industries. In the present work, a
solar-heated trigeneration approach based on different organic Rankine cycle (ORC) layouts and a
single-effect H2O/LiBr absorption heat pump integrated as a bottoming cycle is analysed from the
thermodynamic viewpoint. The main objective of the study is to provide a comprehensive guide for
selecting the most suitable CCHP configuration for a solar-heated CCHP system, following a
systematic investigation approach. Six alternative CCHP configurations based on single-pressure
and dual-pressure ORC layouts, such as simple, recuperated and superheated cycles, and their
combinations, and seven organic fluids as working medium are proposed and compared
systematically. A field of solar parabolic trough collectors (SPTCs) used as a heat source of the ORC
layouts and the absorption heat pump are kept invariant. A comprehensive parametric analysis of
the different proposed configurations is carried out for different design operating conditions.
Several output parameters, such as energy and exergy efficiency, net electrical power and electrical
to heating and cooling ratios are examined. The study reveals that the most efficient CCHP
configuration is the single-pressure ORC regenerative recuperated superheated cycle with toluene
as a working fluid, which is on average 25% and 8% more efficient than the variants with single-
pressure simple cycle and the dual-pressure recuperated superheated cycle, respectively. At
nominal design conditions, the best performing CCHP variant presents 163.7% energy efficiency
and 12.3% exergy efficiency, while the electricity, cooling and heating productions are 56.2 kW,
223.0 kW and 530.1 kW, respectively.

Keywords: trigeneration (CCHP); organic rankine cycle (ORC); solar thermal energy; parametric
optimisation; performance comparison

1. Introduction

One of the potential applications that combine the use of low or medium temperature
solar energy and organic Rankine cycle (ORC) is a trigeneration thermal system, which
can be defined as combined cooling, heating and power (CCHP) production
simultaneously from the same energy source [1]. In this regard, the thermodynamic
analysis to optimise the performance of this system is an important area of research to
improve energy efficiency.

In particular for ORC technology, in the last few years, different investigations have
been carried out aimed at evaluating its technical, economic and market penetration
differentiating its wide range of application according to the driven energy source [2-7].
In order to compare different configurations of the ORC system and different working
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fluids, Branchini et al. [8] carried out a parametric analysis through different performance
indexes, concluding that both the evaporation pressure and the maximum temperature of
the heat source are determining parameters in the performance of the power cycle.
Delgado-Torres et al. [9] carried out an analysis and optimisation of a low temperature
solar driven ORC system considering different solar collector technologies as well as
different cycle configurations and organic working fluids. The results obtained indicate
that a recovery stage downstream of the turbine implies higher average temperatures in
the cycle, and therefore, higher cycle efficiency.

Likewise, for CCHP systems based on ORC power cycle, several studies were done
in recent years to determine the thermal and economic performance for different system
configurations [10-15]. Al-Sulaiman et al. [16] analysed and compared three CCHP
systems with different prime mover approaches: a solid oxide fuel cell (SOFC), a biomass
boiler and SPTCs. The results indicated that the maximum electrical efficiency is achieved
for the SOFC system with a value of 19%, being 15% for the biomass system, and 15% for
the solar energy system. Al-Sulaiman et al. [17] designed and assessed a trigeneration
system driven by solar parabolic trough collectors (SPTCs) to produce 500 kW of
electricity through an ORC system. The results show that the maximum electrical
efficiency is 15%, while the overall efficiency of the CCHP is 94%. Suleman et al. [18]
proposed a new system combining solar and geothermal energy as prime movers for
multigeneration applications. The overall energy and exergy efficiencies of the system are
found to be 54.7% and 76.4%, respectively. Bellos and Tzivanidis [19] analysed a solar-
driven CCHP system through a parametric optimisation for different working fluids and
design parameters. In the optimum case, the electric exergy and energy efficiency found
are 27.9% and 22.5%, respectively, while the energetic performance varied from 130% to
180%.

The use of SPTCs in combination with different ORC layouts and absorption heat
pumps for trigeneration systems have been already examined to date. However, there are
no known studies aimed at optimising solar-powered trigeneration systems by means of
systematic comparison of multiple ORC configuration and the correspondent parametric
analysis. Therefore, the current investigation has a significant contribution by analysing
and optimising the use of concentrated solar energy and ORC technology as a prime
mover for a trigeneration plant. In this paper, the performance of six alternative CCHP
configurations based on single-pressure and dual-pressure ORC layouts, such as simple,
recuperated, and superheated cycles, and their combinations, is analysed and compared,
considering seven working fluids. All the analysed CCHP configurations are fed with
thermal input from SPTCs through a close loop that constrains the minimum temperature
of the heat source at the evaporator outlet. A single-effect H.O/LiBr absorption heat pump
is integrated as a bottoming cycle to meet heating and cooling demands simultaneously.

The objective of this work is twofold: on one hand, to provide a comprehensive guide
for selecting the most suitable solar-heated CCHP configuration in terms of system energy
and exergy efficiency by means of a fair systematic comparison between the six layouts
and the seven working fluids; on the other, to evaluate parametrically all the CCHP
alternatives for a wide range of solar field outlet temperature and ORC condensation
temperature aiming for the design of the most efficient system that may be coupled with
buildings or industries for combined generation, or as a back-up, of electricity, cooling
and heating.

2. Thermodynamic Analysis of CCHP Solutions

The CCHP system assessed in this study is mainly composed of an ORC as a power
generator, which is driven by a field of SPTCs. Six alternative ORC layouts are compared
under steady-state conditions and seven organic fluids are considered as working
medium. A single-effect H2O/LiBr absorption heat pump is integrated as a bottoming
cycle to meet heating and cooling demands simultaneously.
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2.1. Investigated Thermodynamic CCHP Configurations

In order to determine the most suitable solar-heated CCHP configuration, a
thermodynamic analysis is conducted for the six configurations represented in Figures 1-
6. The six ORC layouts are: (i) single-pressure simple cycle (1P SC), (ii) single-pressure
superheated cycle (1P SH), (iii) single-pressure recuperated cycle (1P REC), (iv) single-
pressure recuperated superheated cycle (1P REC + SH), (v) single-pressure regenerative
recuperated superheated cycle (1P REG + REC + SH) and (vi) dual-pressure recuperated
superheated cycle (2P REC + SH).

The selection of the appropriate working fluid plays a highly important role in the
system design as the ORC energy and exergy efficiency must be as high as possible, and
the fluid must be chemically stable in the selected working temperature range.
Environmental and safety issues must also be considered. For the present work, seven
organic working fluids have been selected in order to deal with solar field outlet
temperature values between 180 °C and 260 °C, typical values for a field of SPTCs used in
existing ORC systems.
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Figure 1. Case 1: CCHP with single-pressure ORC simple cycle (1P SC).
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Figure 3. Case 3: CCHP with single-pressure ORC recuperated cycle (1P REC).
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Figure 6. Case 6: CCHP with dual-pressure ORC recuperated superheated cycle (2P REC + SH).

2.2. CCHP Performance Indexes

The overall performance assessment equations of the CCHP considered

are

presented in this section. The energy and exergy efficiency of the ORC are calculated,
taking into account the efficiency of SPTC. The Petela model [20] is used for the exergy
flow of the solar irradiation presented in Equation (7).
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where:
Wiwrp = Mopc * (ha — hs);
Wern = Mope * (he — hy);

Wi = Thope * (hs — he);

Wiwrs = (Mogrc,a + More,) * hs — Mogrc,a * ho — Mogc,p * Ryo;

Wi = Mopea * (hin — hig) + (mORc,A + Mogrcp) - (13 — hya);

WORC,pump = Thope * (hy — hy);
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The energy and exergy efficiency of the trigeneration system are defined as
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The coefficient of performance (COP) of the heat pump for cooling and heating mode
is defined as

Qe
corp = —
0T Qq+ Ws.pump ®)
L QetQ
COPheat B Qd + WS.pump (9)

2.3. CCHP Thermodynamic Calculation Procedure and Numerical Assumptions

The mathematical modelling of the proposed trigeneration system with all its
variants is based on mass and energy balances applied to each component of the system
under steady-state conditions. For a given configuration and a given working fluid, the
inlet and outlet thermodynamic states of each component are calculated on the basis of
the same given input data and assumptions using Engineering Equations Solver (EES)
software.

The energy formulations of the SPTC model (Equations (10)—(14)) are based on the
equations presented in [21] for an absorber pipe with a glass envelope, as shown in Figure
7. The energy balance in a section of the absorber pipe depends mainly on: (i) radiation
losses from the glass envelope to the open sky (d’swad); (ii) convection losses from the
glass envelope to the environment (ci’sw,m, ); (iii) radiation losses from the selective
coating of the metal tube to the glass envelope (d'34rad); (iv) conduction losses through
metal pipe supports (q'cona pracket)-

All heat losses described in this section are evaluated in an analytical manner using
the thermodynamic and fluid-mechanical equations and correlations governing heat
transfers by conduction, convection and radiation. A stationary energy balance for the
cross-section of the absorber pipe is then proposed, applying the principle of energy
conservation to each of the surfaces of the section. Due to the complexity involved in this
type of development, numerous simplifying hypotheses have been made. Most of these
assumptions are made considering that temperatures, heat fluxes and thermodynamic
properties are uniform around the perimeter of the absorber pipe.
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Figure 7. One-dimensional steady-state energy balance of SPTC [21].

Absorber inner surface. The useful heat that the solar thermal oil receives is the result
of transfer by conduction through the absorber tube.

Cillzconv = d,23cond (10)

Absorber outer surface. The heat that the surface of the absorber receives from the
sun, after taking into account both the optical and geometric effects of the collector, is the
result of the sum of the heat fluxes due to the absorber-glass radiation, internal
convection, heat loss through the absorber pipe support brackets and the fraction of
energy that is finally conducted through the thickness of the absorber pipe into the fluid.

7 _ r ‘1 ‘1
q 3so1abs = 4 23cond + q 34rad + q 34conv + q cond,bracket (11)

Glass envelope inner surface. The heat that is evacuated from the absorber outer
surface through the space between the absorber and the glass envelope (regardless of
whether there is a vacuum or not) is the same as that is transferred by conduction through
the thickness of the glass.

q,34rad + q,34conv = q,4SCond (12)

Glass envelope outer surface. The heat that falls upon the external surface is in
balance with the heat that the system releases to the outside from the external surface of
the glass envelope.

QISSUIAbs + q,45wnd = qI56conv + q,57rad (13)

Considering that the region between the absorber pipe and the glass envelope has
been vacuumed, the convective heat transfer between the two surfaces (q.’34com,) can be
considered negligible. Hence, under these assumptions, the useful thermal power
((j’lzwnv) can be reformulated as follows:

) _ ‘1 " r ‘1
q'utit = q 3501abs T 4'ssotabs — (q'seconv + 4 s7rad + 4 cond,pracket) (14)

The overall efficiency of the SPTC considers all types of losses [21,22]: optical,
geometric and thermal, and it can be defined as the ratio between the useful thermal
power delivered to the solar thermal oil, and the solar resource available based on the
direct normal irradiance (DNI).
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‘1

e 0

Nspre = = = 77 (15)
q sol DNI - WaP
where ¢',, is defined as
d,u — msolcpsol(Tsol.out - sol.in) (16)

LSPTC

The solar field includes SPTCs (PTMx-24 from the company Soltigua) with a total
collecting area of 617.4 m? consisting of five rows with two collectors per row. The
specifications of the collector and the parameters of the solar system that have been
selected in this analysis are defined in Table 1. The selected values are reasonable, and
they were taken from Refs [9,17,19,21].

Table 1. Input data for SPTC model.

Parameter Value
Collector aperture width,—wap 2.36m
Collector length—Lsrrc 26.16 m
Collector nominal mass flow rate 1 kg/s
Absorber outer diameter 20.5 mm
Absorber inner diameter 22 mm
Glass envelope outer diameter 37.5 mm
Glass envelope inner diameter 40 mm
Number of collectors-Nsrrc 10
Solar field outlet temperature-Tr' 200 °C
Ambient temperature 30°C
Reference temperature 298.15 K
Sun Temperature 5770 K
Direct Normal Irradiance-DNI 800 W/m?
Solar incident angle 0°
Wind velocity 3 m/s

The ORC modelling is performed for the six CCHP configuration variants
represented in Figures 1-6. Apart from the inputs coming from the solar field model,
which are the solar field outlet temperature and mass flow rate, the key input
thermodynamic variables required for the calculations are:

e The turbine isentropic efficiency;

e  The ORC pump isentropic efficiency;

e  For SH cycles, the superheating temperature;
e  For REC cycles, the recuperator effectiveness;
e The condensation temperature.

For the ORC layouts corresponding to Case 5 and Case 6, the extraction pressure is
selected strategically between condensation and evaporation pressures with the aim to
obtain the maximum thermodynamic efficiency of each cycle.

The evaporator, or so-called heat recovery system, is the element that serves as the
link between the heat source, provided by the SPTCs, and the steam cycle. In the
evaporator, the fluid passes through different stages depending on the ORC layout
considered. Initially, in the economiser the fluid is heated to the fluid evaporation
temperature minus a Delta T, called the approach point (AP); in the evaporator, heat is
added to the saturated liquid to produce saturated vapor at constant temperature and
pressure. In case a superheater is considered, the saturated vapor is heated above the
evaporation temperature until design conditions are reached. The evaporator design
parameters used in the study are the pinch point (PP)—difference between the solar field
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mass flow and the organic fluid —the approach point (AP)—difference between the
organic fluid temperature leaving the evaporator and the saturation temperature—and
the live steam outlet temperature Tis. All these values are given in Table 2.

Figure 8 represents the correspondent heat transfer—temperature diagrams for a
single-pressure evaporator with superheater (a) that applies to Cases 2, 4-5, and for a
dual-pressure evaporator with low-pressure and high-pressure superheaters, (b) that
applies to Case 6.
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Figure 8. Scheme and heat transfer-temperature diagram for two variants of evaporators: (a) Single-pressure with

superheater; (b) Dual-pressure with low-pressure and high-pressure superheaters.

Table 2. Input data for ORC model.

Parameter Value
Condensation temperature-T: 90 °C
Turbine efficiency—nun 85%
Pump isentropic efficiency-1norcpump, nEecap,pump, 70%
Recuperator efficiency *—nrec 70%
Superheating **~ATsu 10 °C
Live steam outlet temperature ***~TLs T1-25°C
Live steam outlet temperature **~Trs T1-25 °C-ATsu
Pinch Point-PP 8K
Approach Point-AP 5K

* For recuperated cycles (Cases 3-6). ** For superheated cycles (Cases 2, 4-6). *** For non-
superheated cycles (Cases 1, 3).

With regard to the absorption heat pump, several modelling studies with
experimental validation for specific and generic absorption machines can be found in the
literature reviewed [23-26]. In the proposed absorption heat pump model, there is a total
of 18 states, each of which is determined by its temperature, pressure, enthalpy, flow,
H20/LiBr concentration, etc. The assumptions used in the single-effect absorption chiller
are:

e  Saturated liquid solution at states 1 and 4;

e  Subcooled liquid solution at states 2, 3 and 5;

e  Vapor-liquid mixture solution at state 6;
Superheated water vapor at state 7;

Saturated water liquid at high pressure at state §;
Vapor-liquid mixture (water) at state 9;
Saturated water vapor at low pressure at state 10.
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The input data used in the absorption heat pump model is given in Table 3. The
selected values are reasonable and conservative to avoid the formation of crystals from
the H20/LiBr solution.

Table 3. Input data for absorption heat pump model.

Parameter Value
Maximum solution concentration,—xs 65 %
Condensation temperature-Tis; Tis~ 20 °C
Condensation mass flow rate 12 kg/s
Evaporation temperature—T17~ 12 °C
Evaporation mass flow rate 15 kg/s
Solution heat exchanger efficiency—1soie 70%
UA desorber 30 kW/K
UA condenser 70 kW/K
UA absorber 20 kW/K
UA evaporator 30 kW/K

3. Results and Discussion

In the framework of the above constraints and assumptions, the methodology
pursued to analyse the CCHP configuration variants from the thermodynamic viewpoint
is organised as follow. First of all, for a given configuration and a given working fluid, an
analysis of each pair is performed according to the nominal conditions indicated in Tables
1-3. Then, a systematic comparison of each combination is carried out by means of the
evaluation of the performance indexes indicated in Section 2.1. Thereafter, a parametric
approach is conducted for the best pair (configuration variant and working fluid) to
evaluate the effect of different system operating parameters on the energy and exergy
efficiency of the ORC and on the overall CCHP system performance. Finally, for each of
the identified best pair, a muti-objective optimisation study is performed based on the
same operating parameters following the criteria of system energy and exergy.

With such methodology, it is possible to determine the best performing CCHP
variant in terms of system energy and exergy efficiency within the six analysed
alternatives and for the seven organic working fluids, and on the other hand, to assess
how the variation of some design operating parameters can affect the performance of the
system and what the optimum values for such parameters are for each variant in terms of
system performance.

3.1. Analysis of CCHP Variants

Tables 4-6 represent the energy and exergy efficiency of the ORC and the overall
CCHP system performance for each of the proposed CCHP configurations and organic
working fluids at nominal conditions, indicated in Tables 1-3.

Table 4. Results for Case 1: CCHP with single-pressure ORC Simple cycle (1P SC).

Fluid T]en,ORC T]ex,ORC Hen,tri Hextri Wturb Q- Q- Q-
[%] [%] [%] [%] [kW] [kW] [kW] [kW]

Toluene 9.64 10.33 166.10 10.58 48.19 228.83 302.41 241.42
Benzene 9.74 10.43 165.90 10.68 49.15 228.49 301.98 241.06
n-heptane 8.51 9.12 167.80 9.37 42.98 232.97 307.74 245.83
n-octane 8.56 9.16 167.70 9.42 42.77 232.80 307.53 245.65
n-nonane 8.53 9.14 167.70 9.39 42.42 232.89 307.64 245.74
n-decane 8.53 9.13 167.70 9.39 42.27 23291 307.67 245.76
MDM 7.32 7.84 169.50 8.10 36.51 237.32 313.35 250.46
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Table 5. Results for Case 2: CCHP with single-pressure ORC superheated cycle (1P SH).

Fluid Tlen,ORC T]ex,ORC Hen,tri Wex,tri Wturh Qe Qa Qc
[%] [%] [%] [%] [kW] [kW] [kW] [kW]
Toluene 9.58 10.26 166.20 10.51 47.85 229.06 302.71 241.67
Benzene 9.71 10.40 166.00 10.65 48.99 228.59 302.10 241.17
n-heptane 8.36 8.95 168.00 9.21 42.19 233.52 308.45 246.42
n-octane 8.38 8.98 168.00 9.23 41.87 233.44 308.35 246.33
n-nonane 8.36 8.95 168.00 9.21 41.55 233.52 308.45 246.41
n-decane 8.35 8.94 168.00 9.20 41.39 233.56 308.50 246.45
MDM 7.10 7.60 169.80 7.86 35.41 238.12 314.38 251.31

Table 6. Results for Case 3: CCHP with single-pressure ORC recuperated cycle (1P REC).

Fluid Ten,ORC T]ex,ORC Hen,tri Hextri Weury Q. Qs Q-
[%] [%] [%] [%] [kW] [kW] [kW] [kW]
Toluene 10.71 11.47 164.50 11.72 53.50 22494 297.41 237.29
Benzene 10.53 11.28 164.80 11.53 53.18 225.58 298.23 237.97
n-heptane 10.45 11.19 164.90 11.44 52.78 225.88 298.61 238.28
n-octane 10.57 11.32 164.70 11.57 52.83 225.44 298.05 237.82
n-nonane 10.63 11.39 164.60 11.63 52.84 225.22 297.77 237.59
n-decane 10.66 11.41 164.60 11.66 52.81 225.14 297.66 237.50
MDM 10.20 10.92 165.30 11.17 50.87 226.80 299.80 239.27

The performance indexes indicated in Tables 4-9 show that for the six CCHP
configurations and the seven organic working fluids analysed, the best performing
variant is the CCHP with single-pressure ORC regenerative recuperated superheated
cycle (Case 5) with toluene as a working fluid. The achieved energy and exergy efficiency
are: 11.24% and 12.04%, respectively, for the ORC, and 163.7% and 12.3%, respectively, for
the CCHP. The electricity, cooling and heating productions are 56.2 kW, 222.3 kW and
530.1 kW, respectively. On average for the seven working fluids considered, in terms of
ORC energy efficiency Case 5 is 25% more efficient than Case 1 (1P SC). In terms of which
organic working fluid is best suited depending on the configuration, benzene performs
best for Cases 1 and 2, and toluene for Cases 3-6.

Table 7. Results for Case 4: CCHP with single-pressure ORC recuperated superheated cycle (1P REC + SH).

Fluid 1en,ORC T]ex,ORC Hen,tri Hextri Whury Q. Qs Q-
[%] [%] [%] [%] [kW] [kW] [kW] [kW]
Toluene 10.95 11.73 164.20 11.97 54.69 224.06 296.27 236.35
Benzene 10.83 11.60 164.30 11.84 54.63 224.50 296.84 236.82
n-heptane 10.67 11.42 164.60 11.67 53.82 225.10 297.61 237.45
n-octane 10.76 11.52 164.40 11.76 53.73 224.77 297.18 237.10
n-nonane 10.78 11.55 164.40 11.79 53.57 224.68 297.07 237.01
n-decane 10.79 11.55 164.40 11.80 53.47 224.65 297.03 236.97
MDM 10.29 11.02 165.10 11.27 51.32 226.46 299.36 238.91
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Table 8. Results for Case 5: CCHP with single-pressure ORC regenerative recuperated superheated cycle (1P REG + REC

+SH).
Fluid T]en,ORC T]ex,ORC Hen,tri Hex,tri Whurp Q- Q- Q:
[%] [%] [%] [%] (kW] [kW] [kW] [kW]
Toluene 11.24 12.04 163.70 12.29 56.19 222.98 294.89 235.21
Benzene 11.17 11.96 163.80 12.20 56.41 223.26 295.24 235.50
n-heptane 10.77 11.53 164.40 11.78 54.42 224.71 297.11 237.04
n-octane 10.90 11.68 164.20 11.92 54.51 22422 296.48 236.53
n-nonane 10.96 10.55 164.10 11.98 54.49 224.02 296.22 236.31
n-decane 10.99 11.77 164.10 12.02 54.49 22391 296.08 236.19
MDM 10.36 11.09 165.00 11.34 51.67 226.23 299.07 238.66

Table 9. Results for Case 6: CCHP with dual-pressure ORC recuperated superheated cycle (2P REC + SH).

Fluid 1]en,0RC 1]ex,ORC Hen,tri Hextri Weurs Q- Qa Qc
[%] [%] [%] [%] [kW] [kW] [kW] [kW]
Toluene 10.31 11.04 165.10 11.29 51.46 226.40 299.29 238.84
Benzene 10.18 10.90 165.30 11.15 51.30 226.89 299.91 239.36
n-heptane 10.10 10.82 165.40 11.07 50.96 227.15 300.25 239.64
n-octane 10.09 10.81 165.40 11.06 50.39 227.20 300.31 239.69
n-nonane 10.10 10.82 165.40 11.07 50.19 227.16 300.26 239.65
n-decane 10.11 10.83 165.40 11.08 50.11 227.12 300.21 239.61
MDM 9.67 10.36 166.00 10.61 48.21 228.72 302.28 241.31

A CCHP with a single-pressure ORC superheated cycle (Case 2) only results in an
increase in efficiency if a recovery stage is available downstream of the turbine. The
performance indexes show that on average for the seven working fluids considered, in
terms of ORC energy efficiency, Case 2 is 1.6% less efficient than Case 1 (1P SC).

The main objective in evaporator design is to minimise losses and maximise heat
transfer from the solar heat source. This is achieved by introducing multiple pressure
levels; as the temperature curves of the heat source and the organic fluid are better
adapted to each other (see Figure 8b) the efficiency of the evaporator increases, but also
its complexity and cost, as more heat exchangers are introduced. The results obtained for
Case 6 (2P REC + SH) show that the fact to include two pressure levels in the evaporator
does not imply a performance improvement of the CCHP system in comparison with Case
3 (1P REC), Case 4 (1P REC + SH) and Case 5 (1P REG + REC + SH); in fact, on average, for
the seven working fluids considered, in terms of ORC energy efficiency Case 6 is about
8% less efficient than Case 5. This is explained because the temperature of the heat source
at the evaporator outlet is constrained by the close loop of SPTCs, which impacts on the
capacity of the dual-pressure evaporator to maximise the heat recovery from the solar heat
source.

3.2. Parametric Analysis

In this subsection, a parametric approach is conducted for the best pair analysed
previously (configuration variant and working fluid) to evaluate the effect of different
system parameters on the energy and exergy efficiency of the ORC and on the overall
CCHP system performance.

3.2.1.. Effect of the Solar Field Outlet Temperature

The selection of an optimal evaporation temperature for the ORC is determined by
the heat delivered by the solar field; a weakness of solar parabolic trough technology is
the limited outlet temperature of the solar field [27]. This study aims to illustrate the
influence of the solar field outlet temperature, varying in the range of 180-260 °C, on the
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efficiency of the ORC and on the overall trigeneration system. Table 10 and Figure 9
represent the system performance and electrical and thermal generation for each analysed
pair.

Table 10. Results of the parametric simulation with the solar field outlet temperature (7).

) Tr 1]en,ORC  1]ex,ORC Hen,tri Hextri Whurt Qe Q- Qc
Par — ocr el 1% 1%l 1%] kWl kWl kwl  powg  COTenr COPu

180 8.14 8.72 168.70 8.98 40.92 234.87 310.19 24785 0.7268 1.727

190 8.98 9.62 167.30 9.87 45.23 231.54 30591 24431 0.7266 1.727

Case 1. 200 9.74 10.43 165.90 10.68 49.15 228.49 30198 241.06 0.7264 1.726
w/ Benzene 220 11.04 11.82 163.60 12.06 56.00 223.08 295.01 23531 0.7261 1.726
240 12.08 12.94 161.50 13.18 61.70 218.41 289.06 230.34 0.7256 1.726

260 12.92 13.83 159.60 14.07 66.43 21441 283.92 226.09 0.7253 1.725

180 8.12 8.69 168.70 8.95 40.77 23496 31030 24794 0.7268 1.727

190 8.96 9.59 167.30 9.84 45.07 231.64 306.03 24441 0.7266 1.727

Case 2. 200 9.71 10.40 166.00 10.65 48.99 228.59 302.10 241.17 0.7264 1.726
w/ Benzene 220 11.01 11.79 163.60 12.04 55.83 223.17 295.12 23540 0.7261 1.726
240 12.07 12.92 161.50 13.16 61.54 218.47 289.14 23041 0.7256 1.726

260 12.91 13.83 159.60 14.06 66.32 214.42 28393 226.10 0.7253 1.725

180 8.75 9.37 167.80 9.63 43.6 232.65 307.33 24549 0.7266 1.727

190 9.76 10.45 166.10 10.71 48.71 228.69 30223 24127 0.7264 1.726

Case 3. 200 10.71 11.47 164.50 11.72 53.50 22494 29741 23729 0.7262 1.726
w/ Toluene 220 12.42 13.30 161.50 13.53 62.21 21799 288,52 22990 0.7256 1.726
240 13.90 14.88 158.80 15.12 69.89 211.76  280.52 22328 0.7251 1.725

260 15.16 16.23 156.30 16.46 76.56 206.19 27336 217.36 0.7247 1.725

180 8.96 9.59 167.50 9.85 44.61 231.90 306.36 244.69 0.7266 1.727

190 9.99 10.70 165.80 10.95 49.81 227.86 301.17 24040 0.7264 1.726

Case 4. 200 10.95 11.73 164.20 11.97 54.69 224.06 296.27 236.35 0.7261 1.726
w/ Toluene 220 12.69 13.59 161.10 13.82 63.55 217.00 28724 22884 0.7255 1.726
240 14.20 15.20 158.30 15.43 71.36 210.67 279.11 222.11 0.725 1.725

260 15.44 16.57 155.90 16.80 77.90 205.21 27211 216.32 0.7246 1.725

180 9.02 9.66 167.40 9.92 44.96 231.65 306.05 244.43 0.7266 1.727

190 10.18 10.90 165.50 11.15 50.78 227.18 300.28 239.67 0.7263 1.726

Case 5. 200 11.24 12.04 163.70 12.29 56.19 22298 29489 23521 0.7261 1.726
w/ Toluene 220 13.16 14.09 160.40 14.33 66.01 215.26 285.01 226.99 0.7254 1.725
240 14.83 15.87 157.40 16.10 74.71 208.36 276.15 219.66 0.7249 1.725

260 16.27 17.42 154.60 17.64 82.45 202.12 268.15 213.04 0.7243 1.724

180 8.15 8.73 168.70 8.98 40.57 234.84 310.15 234.84 0.7268 1.727

190 9.27 9.93 166.80 10.18 46.22 230.48 30454 23048 0.7265 1.727

Case 6. 200 10.31 11.04 165.10 11.29 51.46 226.40 299.29 22640 0.7263 1.726
w/ Toluene 220 12.23 13.10 161.80 13.33 61.24 218.67 289.34 218.67 0.7256 1.726
240 13.93 14.91 158.70 15.14 70.02 211.65 280.38 211.65 0.7251 1.725

260 15.45 16.54 155.80 16.77 78.07 205.11 27198 205.11 0.7246 1.725

As can be observed in Table 9 and Figure 10, higher values of the solar field outlet
temperature mean an increase in ORC energy and exergy efficiency, and in CCHP exergy
efficiency. This is due to a higher temperature of the heat source causing a higher organic
fluid evaporation pressure in the ORC, leading to higher heat recovery efficiency in the
evaporator. For Case 5, which is the best performing variant, with the increase in the heat
source inlet temperature, the efficiency of the ORC increases from 9.0% to 16.3%. In terms
of relative increase for the electricity produced by the turbine, the increase of the heat
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1 en,orc(%)

source inlet temperature of 180-260 °C represents an increase of 83% (from 45.0 kW to 82.5
kW).

For the CCHP with dual-pressure ORC (Case 6), the relative increase either for the
ORC energy efficiency and electricity produced by the turbine with respect to the increase
in the heat source inlet temperature of 180-260 °C is significantly greater: 90% for the ORC
efficiency (from 8.2% to 15.5%) and 92% for electricity produced by the turbine (from 40.6
kW to 78.1 kW).

N exeri(%)

190

200

—e—Casel. w/Benzene
Case4. w/Toluene

210

—»—Case2. w/Benzene Case3. w/Toluene
——Case5. w/Toluene —+—Case6. w/Toluene

220 230 240 250 260 180 190 200 210 220 230 240 250 260
Tsol_out (T;) Tsol_out (T;)

—e—Casel. w/Benzene ——Case2. w/Benzene Case3. w/Toluene
Case4. w/Toluene —+— Case5. w/Toluene —e—Case6. w/Toluene

(@) (b)

Figure 9. Effect of the solar field outlet temperature on: (a) ORC energy efficiency; (b) CCHP exergy efficiency.

3.2.2.. Effect of ORC Condensation Temperature

The single-effect absorption heat pump requires a certain heat input in the desorber
within a specific temperature range for its operation. This inlet temperature is determined
by the condensation temperature of the ORC, so it is important to identify which is the
optimal operating temperature based on the production that needs to be prioritised.

In this study, the effect of the ORC condensation temperature is examined from 85 to
105 °C, and system performance and electrical and thermal generation for each analysed
pair are presented in Table 11 and Figure 10.

Table 11. Results of the parametric simulation with ORC condensation temperature (T1).

) T: 1en,ORC  Mex,ORC Hen,tri Hextri Whur Q. Qs Q-
Pair Cl 1%l 1% %] (%] kWl (kWi [kwl  [kwg  COFeer COPar

85 10.26 10.99 165.20 11.24 51.75 226.57 29950 239.02 0.7263 1.726

Case 1. 90 9.74 10.43 165.90 10.68 49.15 228.49 30198 241.06 0.7264 1.726
w/ Benzene 95 9.21 9.87 166.70 10.12 46.55 230.42 304.45 243.11 0.7265 1.727
100 8.68 9.30 167.50 9.55 43.94 23234 30694 245.16 0.7266 1.727

105 8.15 8.73 168.30 8.99 41.32 23428 30943 24723 0.7267 1.727

85 10.24 10.97 165.20 11.22 51.60 226.65 299.61 239.11 0.7263 1.726

Case 2. 90 9.71 10.40 166.00 10.65 48.99 228.59 302.10 241.17 0.7264 1.726
w/ Benzene 95 9.18 9.83 166.80 10.08 46.37 230.52 304.59 243.23 0.7265 1.727
100 8.65 9.26 167.60 9.52 43.74 23246 307.09 24529 0.7266 1.727

105 8.12 8.69 168.30 8.95 41.11 234.41 309.60 24736 0.7267 1.727

85 11.31 12.11 163.60 12.35 56.45 222.71 29459 23492 0.7259 1.726

Case 3. 90 10.71 11.47 164.50 11.72 53.50 22494  297.41 23729 0.7262 1.726
w/ Toluene 95 10.11 10.82 165.40 11.07 50.53 22714 300.23 239.62 0.7263 1.726
100 9.51 10.18 166.30 10.43 47.55 229.34 303.07 24197 0.7265 1.726

105 8.90 9.53 167.20 9.79 44.56 231.55 305.92 24432 0.7266 1.727
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85 1156 1238 16320 1262 5770 22178 29340 23393 07259 1.726
Case d. 90 1095 1173 16420 1197 5469 22406 29627 23635 07261 1.726
wiTotene 1034 1107 16510 1132 5166 22630 299.15 23873 07263 1.726
100 972 1041 16600 10.66  48.62 22854 302.04 24112 07264 1.726
105 911 975 16690 1000 4557 230.80 30495 24352 07265 1.727
85 11.92 1277 16270 1301 5955 22046 291.69 23252 07258 1.726
c 90 1124 1204 16370 1229 5619 22298 29489 23521 07261 1.726
» ;quin . % 1055 1130 16470 1155 5277 22551 298.14 237.89 07262 1.726
100 985 1055 16580 1080 4928 22809 30145 24063 07264 1.726
105 913 977 16690 10.03 4570 23072 304.85 24344 07265 1.727
85 1096 1173 16410 1198 5465 22404 29624 23633 07261 1.726
Case 6. 90 1031 11.04 16510 1129 5146 22640 29929 23884 07263 1.726
w/ Tolene 5 966 1034 16610 1059 4824 22878 30235 24137 07264 1.726
100 900 964 16700 990 4500 23117 30543 24392 07266 1.727
105 835 894 16800 920 4174 23357 30852 24647 07267 1.727
0.13 o'
0.12 o013
0.11 L
§' 0.10 5
oo 85 90 95 100 105 o 85 90 95 100 105
Teond,orc (t;) Teond,orc (ty)

—e—Casel. w/Benzene

Cased. w/Toluene

—— Case2. w/Benzene Case3. w/Toluene
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—e—Case6. w/Toluene Al m il

(a) (b)

Figure 10. Effect of ORC condensation temperature on: (a) ORC energy efficiency; (b) CCHP exergy efficiency.

ORC condensation temperature can be a good parameter for controlling the cooling
and heating power to be produced by the absorption heat pump. It is observed that as the
ORC condensation temperature increases, both the ORC energy efficiency and CCHP
exergy efficiency decrease; the lower the condensing pressure, the higher the capacity to
extract work from the turbine. For Case 5, with the increase of the ORC condensation
temperature, the efficiency of the ORC decreases from 9.1% to 11.9%; in relative terms for
the electricity produced by the turbine, the increase in the ORC condensation temperature
of 85-105 °C represents a decrease of 23% (from 59.6 kW to 45.7 kW).

Regarding the energy efficiency of the trigeneration system, the effect is the opposite,
as the condensation temperature increases the overall efficiency of the system also
increases because the heat input to the absorption heat pump desorber is greater, and
therefore the heat of the evaporator, absorber and condenser are also greater.

3.3. Optimisation Analysis

The optimisation procedure proposed is based on the optimisation of the analysed
operating parameters (see Table 12), and not of the system devices, following strict energy
and exergy efficiency criteria. Therefore, a multi-objective optimisation approach is
considered for each of the identified best pairs requiring the simultaneous satisfaction of
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certain objectives, that is the ORC energy efficiency (Equation (1)) and CCHP exergy
efficiency (Equation (7)).

Table 12. Optimisation variables.

Parameter Default Value Examined Range
Solar field outlet temperature-Tr 200 °C [180-260] °C
ORC Condensation temperature—T1 90 °C [85-105] °C

The Pareto front is probably one of the most common approaches used for multi-
objective optimisation problems in thermodynamics [28,29]. However, the most
straightforward approach to solve these problems is the weighted sum method [30,31],
that combines all the multi-objective functions into one scalar by summing the
corresponding objectives with some appropriate weights. For the trigeneration system
analysis considered in this paper, the bi-objective optimisation is constructed by summing
the two beforementioned objectives with some appropriate weights, as follows:

MAX (MOF = wy *Nlenorc + W2 * Nextri)

0 <w,w, <1 (17)

wy+ w, =1
where w; and w, are the weighting coefficients for the ORC energy efficiency and CCHP
exergy efficiency, respectively. Though any set of optimal solutions can be chosen by
selecting the desired values of weighting coefficients, the two objectives are assumed to
be of the same importance. The “Conjugate Directions Method” which is supported by
EES is used in the bi-objective optimal design (Equation (17)). The results obtained for
each of the identified best pair are shown in Table 13.

Table 13. Results of the multi-objective optimisation.

Opt. Variables  Objectives Performance Indexes
Pair Tl ! TI Tlen, ORC  Mex,tri Hex,ORC Hen,tri Wturb Qe Qu Qc
COPCOO COP ea
[°C] [°C] [%] [%] [%] [%] [kW] [kW] [kW] [kW] : heat
Case 1. 260 85 1333 1453 1430 15890 6856 218.80 281.85 22438 07252 1.725
w/ Benzene
Case 2. 260 85 1336 1454 1430 15890 6847 21279 281.84 22474 07252 1.725
w/ Benzene
Case 3. 260 85 15.67 17.01 1678 15550 79.08 20430 27094 21535 0.7245 1.725
w/ Toluene
Case 4.
260 85 1602 1738 1716 15500 8078 203.02 26930 21399 07244 1.724
w/ Toluene
Case 5. 260 85 1682 1823 1802 153.80 8520 200.07 26551 210.86 07241 1.724
w/ Toluene
Case 6. 260 85 1600 17.36 17.14 15500 8078 203.10 269.39 21407 0.7244 1.724
w/ Toluene

The obtained results remark that the optimum design for all the analysed cases is
produced for the maximum solar field outlet temperature (260 °C) and the minimum ORC
condensation temperature (85 °C). The best performing pair is Case 5 with toluene,
presenting values of ORC energy efficiency and CCHP exergy efficiency of 16.82% and
18.23%, respectively. In comparison with nominal design conditions, the optimum design
for Case 5 is, in terms of ORC energy efficiency, 50% more efficient.

4. Conclusions

A comprehensive and systematic comparative thermodynamic analysis of six
different solar-heated CCHP systems based on ORC and absorption heat pump is
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conducted. Any configuration can produce electricity, heating and cooling in temperature
levels ideal for building or small-medium industry applications. The most suitable CCHP
configuration has been identified in terms of system energy and exergy efficiency, as well
as the best working fluid for each configuration variant. Through parametric and muti-
objective optimisation analysis, it has been possible to determine how the solar field outlet
temperature and the ORC condensation temperature affect the performance of the CCHP
system for each best pair (configuration variant and working fluid). The main findings of
the study are summarised below:

e  For the six CCHP configurations and the seven organic working fluids analysed, the
best performing variant is the CCHP with single-pressure ORC regenerative
recuperated superheated cycle (Case 5) with toluene as a working fluid. The achieved
energy and exergy efficiency are: 11.24% and 12.04%, respectively, for the ORC, and
163.7% and 12.3%, respectively, for the CCHP. The electricity, cooling and heating
productions are 56.2 kW, 222.3 kW and 530.1 kW, respectively.

e  For the seven organic working fluids analysed, benzene performs best for Cases 1
and 2, and toluene for Cases 3-6.

e  Atnominal conditions and on average for the seven working fluids considered, Case
5 is about 25% more efficient than Case 1, and about 8% more efficient than Case 6 in
terms of ORC energy efficiency.

e A CCHP with single-pressure ORC superheated cycle (Case 2) only results in an
increase in efficiency if a recovery stage is available downstream of the turbine.

e The use of a dual-pressure evaporator (Case 6) does not imply a performance
improvement of the CCHP system if the temperature of the heat source at the
evaporator outlet is constrained.

e A higher temperature of the solar heat source causes a higher organic fluid
evaporation pressure in the ORC, leading to higher heat recovery efficiency in the
evaporator and in CCHP efficiency. For Case 5 with toluene, the electricity produced
by the turbine presents an increase of 83% as with the increase of the heat source inlet
temperature from 180 to 260 °C.

e Asthe ORC condensation temperature increases, both the ORC energy efficiency and
CCHP exergy efficiency decrease. For Case 5 with toluene, the increase in the ORC
condensation temperature from 85 to 105 °C represents a decrease of 23% of the
electricity produced by the turbine.

e  The optimum design conditions for all the analysed cases are produced for the
maximum solar field outlet temperature (260 °C) and the minimum ORC
condensation temperature (85 °C). For Case 5 with toluene, in comparison with
nominal design conditions, the optimum design is 50% more efficient in terms of
ORC energy efficiency.
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Nomenclature

Symbols

CDZL*%EQ;zOga EHS-E‘

Acronyms
CCHP
ORC
SPTC
REC
REG
SC
SH
DNI
LS
PP
AP
cor
LP
H
UA
Subscripts
en
ex
sol
0
in
out
turb
cond
conv
rad
SolAbs
tri

Evap.pump
s.pump
cool
heat

heat transfer coefficient, W/(m? K)
mass flow rate, kg/s
temperature, °C
temperature difference, °C
efficiency
electric power, kW
thermal power, kW
heat rate per SPTC unit length, kW/m
aperture width of SPTC, m
length of SPTC, m
number of SPTCs
solar incidence angle on the SPTC, ¢

combined cooling heating and power
organic Rankine cycle
solar parabolic trough collector
recuperator heat exchanger or recuperated cycle
regenerative cycle
simple cycle
superheater heat exchanger or superheated cycle
direct normal irradiance
live steam
pinch point
approach point
coefficient of performance
low pressure
high pressure
overall heat transfer coefficient

energy
exergy
solar field
atmospheric conditions
inlet
inlet
turbine
heat conduction
heat convection
heat radiation
solar absorption
trigeneration
heat pump desorber
heat pump absorber
heat pump solution heat exchanger
heat pump condenser
heat pump evaporator
evaporator pump
solution pump
heat pump cooling mode
heat pump heating mode
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