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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The novel ORC-VCE combination has an 
average 18% COP increase. 

• The proposed R1234ze(E) system can 
increase power generation by 58% more 
than a conventional ORC. 

• The system has a wide operation range 
of ground source temperatures with 
higher thermal efficiency. 

• Additional heat exchangers increase 
energy efficiency and waste heat valor
isation potential.  
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A B S T R A C T   

This work analyses a novel combined organic Rankine-compound ejector vapour compression cycle for power, 
cooling and heating production using a low-grade ground heat source as the primary heat source. Ultra-low 
global warming potential working fluids (R1234ze(E), R1243zf, and R1234yf) and parameters quantifying en
ergy and exergy efficiency are considered. The system can be adapted to three operating modes, depending on 
the ground source temperature, ranging from 55 to 90 ◦C: power-cooling, power-heat pump heating, and power- 
ground source heating. The results indicate that this system notably increases the overall performance of all 
investigated refrigerants. Compared to conventional organic Rankine and vapour compression cycles (ORC and 
VCC), the R1234ze(E) power-cooling mode shows the highest coefficient of performance (COP) increase, 18 %. 
Besides, including a recapture heat exchanger for condenser waste heat recovery can increase power generation 
by 58 %. At ground source temperatures up to 65 ℃, power generation and thermal efficiency increased in the 
power-heating mode due to the absence of the compressor power consumption. The exergy efficiency follows the 
ground source temperatures for all modes. In power-ground source heating mode, the exergy efficiency notably 
increased due to the absence of the heat pump exergy destruction.   
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1. Introduction 

Approximately half of the net electricity generated in the European 
Union (EU) comes from fossil fuels (natural gas, coal, and oil) [1]. In 
November 2018, the European Commission (EC) released decarbonising 
strategies to achieve “carbon neutrality” by 2050 [2]. In September 
2021, the EC increased restrictions on the EU’s 2030 greenhouse gas 
(GHG) emission target from 40 % to 50 % (below 1990 levels), with 
32.5 % energy efficiency improvement and 32 % renewable energy 
share. 

Electricity and heating processes represent the primary source of 
global emissions (25 % of 2010 global GHG emissions) [3]. As a result of 
the global mean surface temperature increase due to GHG emission, 
according to a European Commission report, by 2030, heating and 
cooling electricity demand will increase by 35 % compared to 2012 [4]. 
Electricity generation should reach net-zero emissions globally in 2040 
and provide almost half of total energy consumption [5]. Therefore, 
green electricity generation and highly efficient heating and cooling 
systems represent future challenges. 

This requires electricity based on solar, hydropower, wind, and 
ground sources. Ground source energy is a reliable, sustainable, cost- 
effective (lowest cost per kWh among all renewable energy sources), 
and environmentally friendly energy source. It is a constant energy 
source, contrary to wind and solar, with a capacity factor (ratio of actual 
power production to production potential) of up to 96 % [6]. Moreover, 
ground-source power plants have an average emission of 122 kg CO2-eq 

per MWh [7]. 
Organic Rankine Cycles (ORC) have evolved until being considered 

promising technologies in recovering low-grade thermal energy. Their 
working fluids can operate at moderate pressure and with low-cost 
materials. Moreover, ORC can be constructed even for small-scale ap
plications [8,9]. Attending to the Carnot efficiency, only 10 % to 20 % of 
the input heat was utilised by ORC [10]. This causes extremely low 
electric efficiency and limits large-scale deployment [11]. In recent 
years, the ORC energy performance has been evaluated with different 
low global warming potential (GWP) refrigerants. Yang et al. [12] 
compared R1224yd(Z), R1233zd(E), R1234ze(Z), R245fa, and 
R1336mzz(Z). R1224yd(Z) thermal efficiency was 11.2 % higher than 
R245fa. Javanshir et al. [13] simulated a regenerative ORC (RORC) with 
14 dry refrigerants. The regenerator increased thermal efficiency while 
not affecting net power generation. The highest specific work was ob
tained with butane (R600), R600a (isobutane), and R113. Liu et al. [14] 
evaluated energy and exergy ORC performance using twelve refrigerants 
R1225ye(Z), R1234yf, R1234ze(E), R1234ze(Z), R1243zf, R1225ye(E), 
R1225zc, R1234ye(E) with a ground source heat source. R1234yf fits 
with low ground source temperatures (around 120 ◦C), while R1234ze 
(Z) presents the highest system efficiency (8.9 %) at high supply tem
peratures. Molés et al. [15] theoretically evaluated the ORC perfor
mance using low GWP refrigerants R1234yf and R1234ze(E) as 
alternatives for R134a. R1234ze(E) presents a 13.9 % net efficiency 
increase compared to R134a, while R1234yf results in the lowest values. 
Li et al. [16] compared R1234ze(E) and R600a as R134a alternatives for 

Nomenclature 

Ėx Exergy rate (kJ s− 1) 
h Specific enthalpy (kJ kg− 1) 
ṁ Refrigerant mass flow rate (kg s− 1) 
P Pressure (bar) 
Q̇ Heat transfer rate (kW) 
s Specific entropy (kJ kg− 1 K− 1) 
SI Sustainability index (-) 
T Temperature (◦C) 
UA Overall heat transfer coefficient (kW K-1) 
Ẇ Power consumption or generation (kW) 

Greek symbols 
η Efficiency (-) 
ε Effectiveness (-) 
µ Entrainment ratio (-) 
ρ Density (kg m− 3) 

Subscripts 
b Bulk 
C Compressor, cooling mode 
cri Critical condition 
D Diffuser, Discharge 
des Destruction 
e Evaporator 
EC Economic 
ej Ejector 
ek Evaporative-condenser 
em Electromechanical 
exp Expansion valve 
FT Flash tank 
0 Dead state conditions 
G Ground source 
h Hot stream, heating mode 
HT High temperature 

HX Heat exchanger 
HP Heat pump 
in Inlet 
is Isentropic 
II Second law of Thermodynamics 
K Condenser 
L Cold stream 
LT Low temperature 
M Mixing 
out Outlet 
P Pump 
pn Primary nozzle 
r Refrigerant, ratio 
R Recapture 
sn Suction nozzle 
T Turbine 
th Thermal 
v Volumetric 

Abbreviatures 
COP Coefficient of Performance (-) 
CO2-eq Equivalent carbon dioxide emissions 
ASHRAE The American Society of Heating, Refrigerating and Air- 

Conditioning Engineers 
EES Engineering Equation Solver 
GWP Global Warming Potential (100 years time horizon) 
GHG Greenhouse gas 
HFC Hydrofluorocarbon 
ODP Ozone Depletion Potential 
ORC Organic Rankine cycle 
ORC-VCC Organic Rankine cycle - vapour compression cycle 
ORVCE Organic Rankine cycle - vapour compression ejector cycle 
MORVC Modified organic Rankine cycle - vapour compression 

cycle 
NBP Normal Boiling Point (◦C) 
RORC Regenerative organic Rankine cycle  
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subcritical and transcritical ORC conditions and using hot water as a 
heat source. The temperature range of 100 to 160 ◦C is suitable for 
subcritical operation, whereas 160 to 200 ◦C for transcritical conditions. 
R1234ze(E) shows the highest net power generation. Zhi et al. [17] 
optimised energy and exergy performance for R1234ze(E) transcritical 
ORC. Turbine and pump efficiency and the inclusion of a regenerator 
remarkably impact system performance. Zhang et al. [18] numerically 
evaluated ORC performance (net power generation, thermal efficiency, 
and condenser load) using R1234yf, R1234ze(E) and R1336mzz(Z). 
R1234ze(E) resulted in the highest performance for transcritical cycles. 

A few experimental studies evaluated the ORC performance with 
different waste heat sources. Navarro-Esbrí et al. [19] proved that an 
R1224yd(Z) drop-in replacement increases net efficiency by 7.7 % over 
R245fa small-scale ORC. Haghparast et al. [20] predicted that ejectors in 
R245fa ORCs increase power generation. Furthermore, a 6 % higher 
ejector normal shock section diameter increased power generation by 
13 %. Rijpkema et al. [21] evaluated an R1233zd(E) ORC with waste 
heat recovery from diesel engine cooling. At 8 bar and 92 ℃, the ther
modynamic efficiency is between 1.1 % and 1.8 %, with a maximum 
expander power generation of 0.7 % relative to the engine power con
sumption. Li et al. [8] proved in a 3 kW R245fa ORC that a higher waste 
heat mass flow rate decreases heat recovery effectiveness. 

ORC combined with vapour compression cycles (ORC-VCC) to cool 
and generate electricity or heat and electricity has been proposed. Molés 
et al. [22] showed that the R1234ze(E) presents a slightly higher energy 
performance than R1336mzz(Z). In contrast, if the latter is used as the 
ORC working fluid, it results in modestly higher thermal and signifi
cantly higher electrical efficiency. Yu et al. [23] concluded that ORC- 
VCC does not always increase system energy performance. Javanshir 
et al. [24] considered ground source water a low-temperature heat 
source. Both turbine and boiler represent the highest exergy destruction 
source, whereas R22 and R143a present the highest energy and exergy 
efficiency. 

A few studies have investigated the ORC-VCC system efficiency by 
connecting various waste heat recovery sources. Liu et al. [25] theo
retically evaluated a built-in evaporator, which increased thermal effi
ciency and waste heat recovery by 6.4 % and 1.2 % compared to a 
traditional system. R1233zd(E) showed the highest thermal and exergy 
efficiency, 32.2 % and 38.9 % (other refrigerants considered were R601, 
R365mfc, R245ca, R1233zd(E), R1224yd(Z), R600, R600a, R290, and 
R114). Ashwni et al. [26] simulated an ORC-VCC with a flash tank, 
waste heat from solar collectors, and a biomass burner operating with 
different refrigerants (hexane, heptane, octane, nonane, and decane). 

Similarly, only a few works have studied the increase of the ORC- 
VCC performance by employing additional cycle components. Yang 
et al. [27] showed that if an ejector is added to the VCC, an exergy and 
thermal efficiency increase of 10.3 % and 10.8 % is achieved with an 
R600a/R601 mixture (40 %/60 %). Pektezel et al. [28] connected the 
ORC to two VCC (single and dual evaporators) using R134a, R1234ze 
(E), R227ea, and R600a. The boiler and compressor represent the 
highest exergy destruction source. The evaporator and boiler tempera
ture increase and condenser temperature decrease results in a higher 
system COP. 

Studies have suggested that ORC-VCC efficiency can be enhanced by 
using various waste heat recovery sources. Liao et al. [29] theoretically 
evaluated the energy-exergy performance of trigeneration ORC-VCC 
actuated by coal-fired plant bottom slag waste heat, using (R227ea, 
R1234ze(E), R600, R245fa, R123, R601a, Hexane, Cyclohexane, Hep
tane) as working refrigerants. The study observed that the chilled water 
mass flow rate has a positive influence on the system COP and refrig
eration capacity while having a reduction influence on the total exergy 
production rate. The heptane-R601a pair shows the highest energy and 
exergy performance. Nasir et al. [30] performed an energy and exergy 
evaluation of the combined ORC-VCC for Simultaneous heating, cooling 
and power generation using Biomass waste heat as an ORC heat source. 
The study indicated that the heat capacity rate and system exergy 

destruction are directly proportional to boiler saturation temperature. 
The system can provide 30 kW of cooling and 528 kW of heating. Zhar 
et al. [31] carried out an energy-exergy analysis for combined ORC-VCC 
for cooling, and power generation purposes with exhaust gases waste 
heat utilisation as an ORC heat source. With R123, R11 and R113 as the 
working fluid. The system with R123 shows the highest energy and 
exergy efficiency, 10 and 53 %, respectively. Eisavi et al. [32] presented 
a compound ORC-VCC and PV/T system for power and water distillation 
actuated by the geothermal and PV/T waste heat with R245fa. The 
system can produce 141 m3.d-1 distilled water by consuming 38.7 kW. 

Another way of increasing ORC efficiency is by combining sub- 
systems like heat pumps, absorption chillers, and solar collectors. Sun 
et al. [33] simulated an ORC combined with an absorption cycle and 
R113 ejector refrigeration cycle to recover waste heat from low- 
temperature flue gas. The ORC evaporation temperature decreases 
exergy efficiency. The combined system performs better until an evap
orating temperature of 153 ℃. Wang et al. [34] performed an energy 
exergy performance analysis for solar actuated combined ORC- 
absorption system for power and cooling. The system produces 6.4 kW 
refrigeration capacity and 1 kW electricity with an ARC COP of 0.8, 
while overall exergy efficiency ranges from 56 % to 74 %. Roumpedakis 
et al. [35] did an energy-exergy evaluation for flue gas waste heat 
actuated combined ORC-ARC for power and cooling purpose. The study 
concludes that ORC-ARC has less exergy destruction and performs better 
than the combined ORC-VCC systems. Lu et al. [36] evaluated the 
energy-exergy performance of combined ORC-ARC using boiler flue gas 
waste heat. The results proved that the waste heat recovery heat 
exchanger increases energy and exergy efficiency by 37.7 % and 35.6 %, 
respectively. Zheng et al. [37] theoretically investigated a solar-powered 
ORC-VCC using five zeotropic mixtures and eight pure refrigerants. Dry 
fluids show more advantages than wet because of a higher specific heat 
value, being R600a the most promising pure refrigerant. Saini et al. [38] 
proposed a trigeneration system (power, cooling, and heating) consist
ing of evacuated tube collectors coupled with thermal energy storage, 
ORC, ejector refrigeration cycle, and water heater. 

A few studies experimentally evaluated the potential of combined 
ORC-VCC. Demierre et al. [39] used R134a in a 20 kW prototype in 
which the compressor-turbine unit represents the most critical compo
nent. Liang et al. [40] used R245fa and R134a for a lab-scale ORC-VCC. 
At a 95 ℃ heat source temperature, the system produces 1.8 kW cooling 
power at (− 4 ℃), with 18 % overall heating-to-cooling efficiency. 
Grauberger et al. [41] combined an R1234ze(E) ORC and a 264 kW 
chiller. The condenser glycol outlet temperature had the most significant 
impact on the overall performance. They measured an overall COP, ORC 
thermal efficiency, and VCC COP of 0.56, 7.7 %, and 5.25, respectively. 

To improve the thermo-economic performance of combined ORC- 
VCC systems, many studies focused on single and multi-objective opti
misation by employing the most powerful technique genetic method. 
Akbari Kordlar et al. [42] carried out an exergeoconomic analysis and 
optimisation for combined ORC-ARC for power and cooling purpose. 
The optimisation result indicated that the optimum energy and exergy 
performance increased total cost by around 20.4 % and 24.32 %. 
Modifications should be prioritised for the turbine, condenser, and 
absorber. Xia et al. [43] performed a multi-objective optimisation for a 
low-grade heat source ejector-driven transcritical CO2 Rankine cycle. 
The optimisation result indicated that the system costs and benefits go 
hand in hand. Salim et al. [44] presented a multi-objective optimisation 
of a combined ORC-VCC using R245ca and R236ea as working fluid. 
According to the optimisation results, the R245ca shows the highest 
performance associated with a high cost, whereas R236ea shows the 
lowest. Cao et al. [45] used a genetic algorithm to optimise the perfor
mance of a flue gas waste heat-actuated combined ORC-ejector refrig
eration system. The optimisation results improve the system’s thermal 
and exergetic efficiencies by 28 % and up to 10 %, respectively. Santiago 
et al. [46] did an energy-exergy analysis with multi-objective analysis 
for a trigeneration system consisting of a gas turbine cycle absorption 
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system and ORC using R600a and R141b as ORC working fluid. After 
optimisation, the system presented the highest energy and exergy effi
ciency of 80.55 % and 41.89 %, respectively; using an R600a leads to 
cost reduction more than 12 times that of R245fa. 

According to the state-of-the-art review, it is evident that there is a 
great deal of interest in ORC-VCC trigeneration. However, the devel
opment of ORC-VCC systems powered by ground source energy and VCC 
improved through heat exchangers, and ejectors still face proven 
research gaps. Previous trigeneration studies have yet to be conducted 
on all proposed configurations. The work aims to delve into three 
different arrangements of combined ORC and compound ejector VCC 
(VCE) from energy and exergy perspectives. 

The novel system arrangements gathered two promising techniques 
that contribute to overall system performance ameliorate: VCE 
condenser waste heat recuperation (more heat added to ORC, more 
generated power) and ejector-compressor combination (leads to 
compressor consumption power reduction so as enhance VCE COP). An 
associated renewable energy source that is a ground source heat source 
utilised for power generation is used the surplus ground source water 
from the ORC evaporator to satisfy the building and greenhouse heating 
demand. Moreover, two chilled water evaporators of different supply 
temperature levels are obtained to meet the building’s cooling demand 
and greenhouse. 

In the power-cooling mode, the heat pump condenser waste heat is 
employed to enhance the ORC power generation at low-grade ground 
source heat temperature. In the power-heat pump heating mode, the 
heat pump utilised all ORC condenser waste heat and upgraded this heat 
to beneficial temperature levels (60 ℃, typical district heating delivered 
temperature), which is actuated when the ground source temperatures 
are less than 65 ℃. The final mode is the power-ground source heating 
mode, where the surplus ground source waste heat from the ORC 
evaporator is used directly for heating purposes. R1234ze(E), R1234yf, 
and R1243zf are working refrigerants. 

This work proposed several compound system configurations that 
generate power, cooling, and heating. This work is mainly concerned 
with the proposal of several novels combined ORC-compound ejector- 
VCC system (ORVCE) configurations for three purposes: power-cooling, 
power-heat pump heating, and power-ground source heating, with a 
higher overall system COP under different conditions. Ultra-low GWP 
refrigerants and condenser waste heat utilisation were proposed, and the 
system feasibility under different conditions and comparing energy and 
exergy with covenantal ORC and VCC systems was evaluated. The 
simulation analyses are established by Engineering Equation Solver 
(EES) software. 

2. System description 

2.1. Configurations 

The new arrangement consists of an ORC combined with a com
pound greenhouse waste heat-driven ejector-VCC for energy-efficient 
power-cooling and heating purposes. The system operates in a wide 
range of ground source temperatures with moderate to low energy 
consumption and high power generation. The system can utilise heat 
sources for power generation in three modes: power-cooling, power- 
heat pump heating, or power-ground source heating modes. 

This system uses waste heat from two different sources for multi
purpose simultaneous cooling, heating, and power generation, with an 
associated ground source that supports the ORC. System configurations 
align with the International Energy Agency’s vision of the 2050 tech
nology roadmap, which recommends designing systems for simulta
neous heating, cooling, and power production. 

The power-cooling mode system components are shown in (Fig. 1.a). 
In this arrangement, ORC and VCE are coupled by a flash tank inter
cooler. The system uses heat from a ground source to produce power and 
cooling at two levels (residential air conditioning and greenhouse 

cooling). The condenser waste heat increases the ORC performance, 
while greenhouse waste heat is used as the evaporator heat source. The 
vapour generated in an evaporative-condenser is the ejector driving 
force (removing the ejector pump). The VCE operates with lower con
sumption power and higher COP than traditional VCC. This configura
tion is proposed when there is no heating demand. 

The refrigerant undergoes several thermodynamic processes in the 
power-cooling mode, explained in the following. Firstly, superheated 
refrigerant is expanded in the turbine to the condenser pressure (state 
17). Then, in the low-temperature recapture, it exchanges heat with the 
second stream (10). Constant pressure heat rejection occurs at the first 
condenser (10′), where the refrigerant is in a two-phase state. The 
refrigerant is divided into two streams; one passes to the second 
condenser, which is wholly condensed and exits as saturated liquid (11). 
The other goes to the separation tank, where an adiabatic separation 
occurs and leaves liquid refrigerant from the bottom (5) and saturated 
vapour from the upper side (4). The first one undergoes throttling at the 
first expansion valve (5′). Heat exchange takes place between saturated 
vapour (4) and mixture refrigerant (5′) at the evaporative-condenser and 
becomes saturated liquid (8). Next, it absorbs heat from the building in 
the low-temperature evaporator and fully converts it to superheated 
vapour (9). On the other side, after exchanging heat in the evaporative- 
condenser, the two-phase refrigerant absorbs heat from the greenhouse 
(7). A mixing process occurs in the ejector and exits at suction 
compressor pressure (1), where it is suctioned and compressed to 
condenser pressure (2), exchanging heat in the high-temperature 
recapture heat exchanger. After exchanging heat at the high- 
temperature recapture (2), it undergoes a direct contact cooling pro
cess with the saturated liquid stream at the intercooler tank (11). The 
saturated liquid refrigerant is pumped to turbine pressure by the ORC 
pump (13). Then, it is separated into two streams, one exchanging heat 
in the low-temperature recapture (14′) while the other exchanges heat in 
the high-temperature recapture (14). The two streams are again mixed 
(15). The heat exchange in the ORC evaporator with ground source 
water takes place and becomes superheated refrigerant (16), and finally, 
it is delivered to the turbine. 

In the power-heat pump heating mode (Fig. 1.b), the system includes 
all ORC components (without the condenser) and a VCC compressor, 
condenser, back-pressure valve (reducing the heat pump condenser 
pressure to the flash tank pressure), and flash intercooler tank. The heat 
pump uses all ORC waste heat by direct contact flash intercooler tank 
and increases it to district heating temperatures. The surplus heat from 
the water leaving the ORC evaporator is utilised for greenhouse heating 
instead of being rejected to the well. This Modified Organic-Vapour 
Compression system (MORVC) mode is actuated when the ground 
source temperatures are below 65℃. This arrangement can operate with 
the lowest ground source temperature and highest performance. 

Again, the refrigerant undergoes the processes described in the 
following: Superheated refrigerant expansion in the turbine to a 
condenser pressure (leaving at state 8). Then it passes through the low- 
temperature recapture, which exchanges heat with the second stream 
(9). The flash tank is fed, and the refrigerant undergoes a constant 
pressure direct contact cooling process with the stream exiting the 
condenser. Next, after a separation process, liquid refrigerant is taken 
from the bottom of the tank (4) and saturated vapour from the upper 
part (1). The ORC pumps the liquid refrigerant to the highest pressure in 
the cycle (5). It passes through the low-temperature recapture and ex
changes heat with the expanded refrigerant exiting the turbine (6). It 
undergoes constant heat exchange with ground source water and be
comes superheated (7). The saturated vapour from the flash tank’s upper 
side is compressed to condenser pressure, exchanges heat with the 
building, and condenses to a saturated liquid (3). Finally, it undergoes a 
throttling process by the back-pressure valve to the flash intercooler 
pressure (3‘), and direct contact cooling takes place at the flash 
intercooler. 

In the power-ground source heating mode, the system comprises only 
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Fig. 1. Schematic and P-h diagram of the studied system, modes: a) power-cooling (ORVCE), b) power-heat pump heating (MORVC), and c) power-ground 
source heating. 
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ORC components (Fig. 1.c), which is actuated at higher ground source 
temperatures (more than 65 ℃). The system uses surplus ground source 
waste heat from the ORC evaporator outlet directly for heating, which is 
more efficient than increasing ORC condensing temperature (a higher 
condensing temperature results in lower ORC performance, power 
production, and thermal efficiency). In this configuration, the condenser 
waste heat is utilised for greenhouse heating purposes rather than 
released into the surrounding air (in the absence of a cooling tower). For 
this reason, flash tanks eliminate gas bubbles flowing into pump suction 
(preventing pump cavitation in case of incomplete condensation). 

2.2. Working fluids 

Assessing the proposed system in-depth is essential to determine the 
most suitable alternative refrigerant. The current study considers three 
ozone-friendly and ultra-low GWP (lower than 10) refrigerants, 
R1234ze(E), R1243zf, and R1234yf, which present comparable perfor
mance in previous studies [47]. Table 1 shows the important properties 
of the studied refrigerants. Only minor differences will likely impact the 
operating parameters and system efficiency. 

Table 1 
Important properties of studied refrigerants [48 49].  

Refrigerants Molecular weight (g mol− 1) Tcrit (◦C) Pcrit (bar) NBP (◦C) ρ v 

(kg m− 3) 
hfg (kJ kg− 1) ODP GWP100 Safety class ASHRAE 

R1234ze(E)  114.0  109.4  36.32  –19.28  5.71  195.6 0 7 A2L 
R1234yf  114.0  94.7  33.82  –29.49  5.98  180.2 0 4 A2L 
R1243zf  96.1  103.8  35.18  –25.43  4.95  217.2 0 1 A2L 

*At a pressure of 1.01325 bar. 

Fig. 2. Modelling flow chart: a) power-cooling and b) power-heating modes.  
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3. Methodology 

3.1. System modelling 

The Engineering Equation Solver (EES) software [48] is used in 
system modelling, including the built-in thermodynamic properties of 
different refrigerants, the proposed system models, and all assumptions, 
boundary conditions, and inputs. Moreover, the model also considers 
different configurations, the influence of ground source temperatures, 
ORC, and heat pump ejector sub-models, among others. Fig. 2 presents 
the methodology flow chart for the different modes of the ORVCE. 

3.2. Simulation method and conditions 

To present a sensitive energy and exergy performance analysis, the 
ground source temperatures, condensing temperature, and greenhouse 
inlet temperature are varied individually with constant evaporator 
building load and temperature (low-temperature evaporator). An ideal 
flash tank intercooler is considered a saturated liquid from where the 
refrigerant leaves. The flow and heat losses in pipes and connections are 
abandoned. All boundary conditions and assumptions used in system 
modelling are summarised in Table 2. 

3.3. Mathematical models 

3.3.1. Energy model 
The energy mathematical model for each system component is 

summarised in Table 3. More details about the ejector model used in the 

current study are mentioned and validated by Al-Sayyab et al. [47]. 
Sub-system ORC and VCE performances are combined to determine 

the overall system performance. The VCE energy performance in cooling 
and heating modes is determined by the COP, which can be calculated 
through Eq. (1) and (2), respectively. 

COPC =
Q̇e

ẆC
(1)  

COPH =
Q̇K

ẆC
(2) 

The ORC’s thermal efficiency can be obtained by Eq. (3). 

ηth =
Ẇnet

Q̇in
(3) 

In the power-cooling mode, Eq. (4) and (5) are used, whereas, in 
power-heating modes, Eq. (6) and (7). 

Ẇnet = ẆT − ẆP − ẆC (4)  

Q̇in = Q̇e,ORC + Q̇R,LT (5)  

Ẇnet = ẆT − ẆP (6)  

Q̇in = Q̇e,ORC (7) 

Finally, by using Eq. (8), the overall system performance can be 
evaluated as follows: 

COPSystem = COPηth (8)  

3.3.2. Exergy model 
The irreversibility source and magnitude are crucial to increasing 

and optimising system performance. The exergy analysis indicates the 
inefficient part of the thermal system. Ambient conditions are taken as 
the reference state. The nominal exergy balance equation can be written 
as indicated in Eq. (9) and (10) [56]. 

0 =

(

1 −
T0

Tb

)

Q − Ẇ + Ėxin − Ėxout − ĖxDes (9)  

Ėx = ṁ(h − h0 − T0(s − s0)) (10) 

The exergy destruction mathematical models of each ORVCE 
component are summarised in Table 4. 

Also, the heat pump total exergy destruction rate is obtained by Eq. 
(11). 

Table 2 
Assumptions and boundary conditions.  

Parameters Assumed value 

TK,ORVCE 27 to 35 ◦C 
TLT,e 2 ◦C 
ΔTcooling media 5 ◦C 
TK,heat pump 60 ◦C 
Cooling capacity 120 kW 
Tgreenhouse 28 to 38 ◦C 
TG 55 to 90 ◦C [50] 
ṁ G 7.5 kg s− 1[51] 
ṁ r 11 kg s− 1 

ηnp 0.90 [52] 
ηns 95 %[53] 
ηD;ηmx 85 % [47] 
εHX 80 % [22] 
ηem 88 % [54] 
ηis,t 80 % [55]  

Table 3 
Energy and mass balance equations for ORVCE components.  

Components Energy balance equations Mass balance 

Power-cooling mode Power-heating modes 

Pump ẆP = ṁr(h13 − h12) ẆP = ṁr(h5 − h4) N/A 
LT Recapture Q̇R,LT = ṁ13(h14′ − h13)=ṁ1(h2 − h2′ ) N/A N/A 
HT Recapture Q̇R,HT = ṁr(h17 − h10)=ṁ14(h14 − h13) Q̇R,HT = ṁr(h8 − h9)=ṁr(h6 − h5) N/A 
Mixing tank ṁrh5 = ṁ13h14 + ṁ14h14′ N/A ṁr = ṁ13 + ṁ14 

ORC evaporator Q̇e,ORC = ṁr(h16 − h15)=ṁG(hin − hout) Q̇e,ORC = ṁr(h7 − h6)=ṁG(hin − hout) N/A 
Turbine ẆT = ṁr(h16 − h17) ẆT = ṁr(h7 − h8) N/A 
ORC condenser Q̇K,ORC = ṁr(h10 − h11) N/A 
Flash tank ṁrh12 = ṁ11h11 + ṁ1h2′ ṁrh12 + ṁ1h1 = ṁrh9 + ṁ1h3′ ṁr = ṁ11 + ṁ1 

Compressor ẆC = ṁ1(h2 − h1) ẆC = ṁ1(h2 − h1) N/A 
LT Evaporator Q̇e,LT = ṁ5(h7 − h6) N/A N/A 
HT Evaporator Q̇e,HT = ṁ4(h9 − h8) N/A N/A 
Separator ṁ1h3 = ṁ4h4 + ṁ5h5 N/A ṁ1 = ṁ4 + ṁ5 

Condenser N/A Q̇K = ṁ1(h2 − h3) N/A 

N/A: Not applicable 
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ĖxDes,VCE = ĖxDes,C + ĖxDes,K + ĖxDes,LT,e + ĖxDes,ej + ĖxDes,exp + ĖxDes,HT,e

(11) 

The second law efficiency of the VCE is obtained by Eq. (12). 

ηII,VCE = 1 −
ĖxDes,VCE

Ėxin
(12) 

Likewise, the ORC total exergy destruction rate is obtained by Eq. 
(13). 

ĖxDes,ORC = ĖxDes,T + ĖxDes,K, + ĖxDes,e, + ĖxDes,P + ĖxDes,R(HT,LT) + ĖxDes,M

+ ĖXDes,FT

(13) 

The ORC exergy efficiency is determined by Eq. (14). 

ηII,ORC = 1 −
ĖxDes,ORC

Ėxin
(14) 

Finally, the overall ORVCE exergy efficiency can be evaluated, as 
shown in Eq. (15). 

ηII,system = ηII,VCEηII,ORC (15) 

Besides optimising the efficiency of any energy conversion system, 
the environmental impact should also be considered. The sustainability 
index (SI) is obtained by Eq. (16), linking exergy and environmental 
effect [57]. 

SI =

⎛

⎝ĖxDes

Ėxin

⎞

⎠ (16) 

The system’s economic efficiency can be calculated in power-cooling 
mode by Eq. (17) and in power-heating mode by Eq. (18) [58]. 

ηEC =
Ẇnet + 0.8Q̇e,VCE

Q̇e,ORC
(17)  

ηEC =
Ẇnet + 0.5Q̇K,ORC

Q̇e,ORC
(18)  

4. Results and discussion 

4.1. Power-cooling mode 

4.1.1. Low GWP refrigerant selection 
This work considers three environmentally-friendly (ultra-low GWP) 

refrigerants, R1234ze(E), R1243zf, and R1234yf (main characteristics in 
Table 1). 

The average overall COP is a figure of merit in selecting a suitable 
refrigerant with efficient ORVCE thermal efficiency. Fig. 3 shows that 
R1234ze(E) delivers the highest COPSystem at higher ground source 
temperatures and is slightly lower than R1243zf at ground source tem
peratures below 65 ℃. Regarding the average value of the COPSystem, 
R1234ze(E) shows the highest value. Consequently, it is selected as the 
ORVCE working refrigerant for sensitivity analyses. 

4.1.2. Influence of ground source temperatures variation on system 
performance 

Fig. 4.a shows the ORC evaporator capacity at different ground 
source temperatures in the power-cooling mode. The ground source 
temperatures increase ORC evaporator capacity and power generation. 
In the same way, at a given ground source temperature, a higher 
condensing temperature (and pressure) decreases the turbine power 
generation because of a volume ratio reduction (turbine expansion ratio 
decrement). 

While increasing ground source temperatures does not influence VCE 
COP, Fig. 4.b, a higher condensing temperature increments compressor 
power consumption (following pressure ratio increase, Fig. 4.c). More
over, the refrigerant mass flow rate is also increased, Fig. 4.d (refrigerant 
density increases at turbine suction, despite volumetric efficiency 
reduction, Fig. 4.e). Consequently, thermal efficiency increases (Fig. 4.f) 
due to generated power augmentation at a given compressor pressure 
ratio and pump operating power. In contrast, the condenser temperature 
increase has a reducing influence on both net generated power and 
thermal efficiency owing to the rise in compressor consumption (higher 
compressor pressure ratio) associated with the decrease in the turbine 
power generation (lowest turbine expansion ratio). 

Fig. 5 shows the effect of ground source temperatures on evaporator 
capacity at different condensing temperatures. The highest evaporator 
capacity and power generation are obtained at a condenser temperature 
of 27 ◦C due to a refrigerant density increase at the turbine inlet asso
ciated with the highest turbine expansion ratio. 

Fig. 6.a shows that the ground source temperature increase posi
tively influences system COP; ORVCE performance follows ORC 
behaviour with ground source temperatures. Power generation and 
thermal efficiency are directly proportional to ground source tempera
tures Fig. 4.f. On the other hand, the condensing temperature increase 

Table 4 
Exergy destruction rate mathematical models for ORVCE components 
[56,59,60].  

Component Equation 

Pump ĖxDes,P = Ėxin − Ėxout + ẆP 

LT recapture ĖxDes,R,LT = (Ėxin − Ėxout)r,ORC + (Ėxin − Ėxout)r,VCE 

HT recapture ĖxDes,R,HT = (Ėxin − Ėxout)rl + (Ėxin − Ėxout)rh 
Mixing ĖxDes,M = Ėxin − Ėxout 

ORC evaporator ĖxDes,e,ORC = (Ėxin − Ėxout)r + (Ėxin − Ėxout)G 
Turbine ĖxDes,T = Ėxin − Ėxout − ẇT 

ORC condenser ĖxDes,K,ORC = (Ėxin − Ėxout)r + (Ėxin − Ėxout)w 
Flash tank intercooler ĖxDes,FT = Ėxin − Ėxout 

Compressor ĖxDes,C = Ėxin − Ėxout + WC 

Condenser ĖxDes,K = (Ėxin − Ėxout)r + (Ėxin − Ėxout)w 
Evaporative-Condenser ĖxDes,ek = (Ėxin − Ėxout)rl + (Ėxin − Ėxout)rh 
HT evaporator ĖxDes,e,HT = (Ėxin − Ėxout)r + (Ėxin − Ėxout)w 
Ejector ĖxDes,ej = Ėxin − Ėxout 

Expansion valve ĖxDes,exp = Ėxin − Ėxout 

LT evaporator ĖxDes,e,LT = (Ėxin − Ėxout)r + (Ėxin − Ėxout)w  

Fig. 3. System COP at different ground source temperatures for R1234ze(E), 
R1243zf, and R1234yf. 
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Fig. 4. Influence of ground source temperature variation on a) power generation and evaporator capacity, b) cop and power consumption, c) pressure ratio, d) mass 
flow rate, e) volumetric efficiency, and f) net power and thermal efficiency. for blue contour symbols and lines, please refer to the right axis. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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has a reduced effect on the ORVCE performance at a given ground 
source temperature. It follows the ORC and VCE behaviour, a 
condensing temperature increase decrease the VCE COPC, resulting from 
compressor power consumption increase, Fig. 4.b. The contrary occurs 
with power generation and thermal efficiency Fig. 4.f. 

Besides, ground source temperature benefits thermal economic effi
ciency (Fig. 6.b) due to the net power generation increment. On the 
contrary, the SI slightly decreases owing to the exergy destruction in
crease (Fig. 6.b), owing to the higher temperature differences across the 
evaporator. 

4.1.3. Effect of greenhouse temperature 
Fig. 7 shows the effect of greenhouse temperature on system per

formance for given condensing and ground source temperatures. The 
current system utilises the greenhouse waste heat as the ejector driving 
force. Due to ejector pressure increase, a higher greenhouse temperature 
reduces compressor power consumption (and pressure ratio, Fig. 7.a). 
Additionally, the refrigerant mass flow rate decreases with the green
house temperature increase due to the cooling load requirement 
reduction with superheating degree increment. 

Similarly, the greenhouse temperature slightly affects the ORVCE net 
power generation for ground source supply and condenser temperatures. 
In contrast, it modestly increases the thermal efficiency, associated with 
an increase in the overall system COP (Fig. 7.c). This phenomenon can 
be explained by the increase in the VCE COP caused by the compressor 
power consumption reduction (Fig. 7.b). 

Finally, the greenhouse temperature has a minor influence on 

economic efficiency and SI due to a slight effect on power consumption 
and irreversibilities. 

4.1.4. Exergy analysis 
This section analyses the ORVCE exergy performance at different 

ground source and fixed condensing and evaporating temperatures. 
Fig. 8 states that the low-temperature recapture heat exchanger repre
sents the largest source of exergy destruction in the whole system, fol
lowed by the turbine and high-temperature recapture heat exchanger 
(47 %, 25 % and 11 %, respectively). On the other hand, the contribu
tion of the evaporative-condenser and the first expansion valve to the 
exergy destruction is considered negligible. 

Fig. 9.a states that the ground source temperatures do not affect VCE 
exergy destruction and efficiency. Moreover, higher condenser tem
peratures decrease the ejector-heat pump exergy performance because 
the compressor exergy destruction follows the pressure ratio increase. 

Besides, the ORC exergy efficiency benefits from a higher ground 
source temperature (Fig. 9.b), attending to lower total exergy destruc
tion than the total exergy input. In the same way, the condensing tem
perature lessens the ORC exergy performance because of a higher 
temperature difference across the evaporator and condenser and a lower 
turbine expansion ratio. In light of the above result, the ORVCE exergy 
performance has the same behaviour as the sub-cycles (ORC and VCE). 
This increases at higher ground source temperatures, Fig. 9.c. On the 
other hand, at a condensing temperature of 27 ℃, the highest ORVCE 
exergy efficiency is observed due to less exergy destruction for both 
turbine and compressor (higher turbine expansion ratio with lower 

Fig. 5. Effect of ground source temperatures on power generation and evaporator capacity at different condensing temperatures.  

Fig. 6. Influence of ground source and condensing temperature variation on: a) system COP, and b) SI and economic efficiency. For blue contour symbols and lines, 
please refer to the right axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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compressor pressure ratio). 
Finally, a greenhouse temperature increase remarkably decreases the 

VCE exergy destruction (Fig. 10) due to the reduction in power con
sumption (Fig. 7.a) and temperature difference across the second 
evaporator and evaporative-condenser. As a result, the VCE exergy ef
ficiency increased (Fig. 10). Moreover, the ORVCE exergy efficiency 
slightly increases due to the decrement in total exergy destruction (only 
VCE). 

4.2. Power-heating mode 

In this section, power-heating modes are presented. As mentioned, 
the power-heat pump heating mode (MORVC) is activated when the 
ground source temperature is below 65 ℃. On the other hand, the 
power-ground source heating mode is considered for ground source 
temperatures above 65 ℃. In this case, the system uses the surplus 
ground source heat after exchanging it with the ORC evaporator for 
heating purposes. 

Fig. 11.a shows that the ground source temperatures positively in
fluence power generation and thermal efficiency. In the same context, 
when the ground source temperature is above 65 ℃, both power gen
eration and thermal efficiency increase owing to the absence of the 
compressor power consumption. 

Besides, the ground source temperatures favour the exergy effi
ciency, particularly above 65 ℃, due to the absence of the heat pump 
exergy destruction Fig. 11.b. 

Finally, the power-ground source heating system arrangement shows 
a high thermal economic efficiency compared to the MORVC mode 
(Fig. 11.c) because of the condenser waste heat utilisation in greenhouse 
heating. 

4.3. Comparison of novel system with simple ORC and heat pump 

4.3.1. Power-cooling mode 
This section considers power generation and thermal efficiency to 

compare the proposed system with a conventional ORC. As proved in 
previous sections, the ORVCE performs above the ORC single system in 
all evaluated ground source temperatures. Moreover, environmentally 
friendly alternatives decrease direct CO2-eq emission due to lower GWP 
values than HFCs. Therefore, combining both sub-systems (ORC with 

Fig. 7. Greenhouse temperature influence on a) refrigerant mass flow rate, b) power consumption, and c) SI and system COP. Please refer to the left axis for columns, 
whereas for lines and points, please refer to the right axis. 

Fig. 8. ORVCE exergy destruction by component.  
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VCE) results in significant carbon footprint reductions. 
The ground source temperature increase has an enhancement influ

ence on power generation. The proposed R1234ze(E) system obtained 
an average of 58 % higher power generation than a conventional ORC 
(Fig. 12.a), resulting in higher thermal efficiency, Fig. 12.b. Besides that, 
combining ORC with VCE increases the heat supplied to the ORC sub- 
system by utilising the VCE condenser waste heat. 

4.3.2. Power-heating mode 
This section considers the power generation to compare the com

bined system with a conventional ORC, considering the same heating 
capacity input. 

The ORC uses half of the ground source heating capacity for power 
generation at low ground source temperatures, whereas the other half 
targets heating purposes, Fig. 13.a. The MORVC uses all ground source 
heating capacity for power generation with condenser waste heat uti
lisation as a heating source. 

From Fig. 13.b, at low ground source temperatures (below 65 ◦C), the 
MORVC net power generation is always above ORC values. However, 
the MORVC system presents the highest thermal efficiency. The absence 
of heat pump power consumption benefits net power generation. 

The heat pump operates at higher evaporator temperatures (ORC 
condensing temperature) than conventional units. Therefore, the cur
rent combination presents a higher heat pump COP due to a lower 
compressor power consumption than expected. Besides, the proposed 
system presents an economic benefit at low ground source temperatures. 

5. System optimisation 

Thermal analysis is nonlinear and depends on many thermal pa
rameters due to the significant number of parameters involved in this 
complex system. After analysing the input parameters influence on the 
main operational and energy outputs, a multi-objective optimisation 
would benefit the overall COP to find the most efficient operating 

Fig. 9. Influence of ground source temperature on exergy performing of a) VCE, b) ORC economic, and c) ORVCE. For blue contour symbols and lines, please refer to 
the right axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 11. Ground source temperature variation influence on a) net power generation, b) exergy destruction, and c) thermal economic efficiency. For blue contour 
symbols and lines, please refer to the right axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 10. System exergy performance variation over different greenhouse temperatures. Please refer to the right axis for blue and green contour symbols and lines. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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conditions for the ORVCE. 
This section conducted an optimisation procedure using a profes

sional version of EES. This version has steady-state multivariable opti
misations methods, which minimise or maximises an objective function. 
A genetic algorithm was considered as the optimisation method. The 
objective function chosen was the maximisation of the system COP. 
Moreover, another parameter considering the total heat exchangers area 
per overall heat transfer coefficient divided by the net power con

sumption 
(∑

UA
Ẇnet

)

[61] is minimised. This parameter is considered as an 

indicator of the installation costs. All required equations for evaluating 
the heat exchangers area and performance were taken from Al-Sayyab 
et al. [62]. The ranges of assessment variables for the optimisation are 
summarised in Table 5. 

The optimised system performance was investigated over different 
geothermal supply temperatures, Fig. 14. The optimisation results 
increased system performance by 20 % to 28 % over the range of 
geothermal supply temperatures. 

Fig. 13. MORVC and ORC comparison: a) Ground source heating capacity used and b) turbine net power generation. For blue contour symbols and lines, please refer 
to the right axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. ORVCE and ORC heat pump comparison under different ground source temperatures. For red contour symbols and lines, please refer to the right axis. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 5 
Ranges of assessment variables for the system optimisation.  

Independent input Range Optimum Value 

Tgreenhouse 15 to 25 ℃ 25 ℃ 
TK 27 to 38 ℃ 27 ℃ 
ΔTe 2 to 5 ℃ 2 ℃ 
ΔTcooling media 5 to 15 ℃ 9.5 ℃ 
ORC evaporator pinch point 5 to 15 ℃ 7 ℃  
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6. Conclusions 

This study presents an energetic and exergetic analysis of a novel 
arrangement of ORC and ejector-vapour compression combination for 
power–cooling and heating purposes with ground source and condenser 
waste heat revalorisation. The novel system arrangement is well- 
thought-out for three modes: power-cooling (two levels) with 
condenser waste heat utilisation, power-heat pump heating (for ground 
source temperatures below 65 ℃), and power-heating with ground 
source sources (for ground source temperatures above 65 ℃), including 
three ultra-low GWP refrigerants. The study conclusions are as follows.  

• A higher ground source temperature increases power generation and 
overall system COP in all modes, if compared to conventional ORC 
and heat pump systems.  

• The novel system arrangement using R1234ze(E) increases system 
COP by 18 % on average in the power-cooling mode. Besides, a low- 
temperature recapture heat exchanger for condenser waste heat re
covery increases power generation by 58 %.  

• Higher condensing temperatures decrease net power and system 
thermal efficiency. The optimum condensing temperature for any 
ground source temperature is 27 ℃.  

• A higher greenhouse temperature increases the overall COP, with a 
modest increment in net power generation, thermal efficiency, eco
nomic efficiency and sustainable index. The last is justified because 
of the lower rise in power generation and irreversibility. 

• Higher ground source temperatures for power-heating modes in
crease power generation and thermal efficiency. Compared to a 
conventional ORC, the MORVC presents the highest net power gen
eration with an economic benefit at low ground source temperatures.  

• The exergy efficiency follows the ground source temperatures for all 
modes. In the power-ground source heating mode, the exergy effi
ciency notably increased due to the absence of the heat pump exergy 
destruction.  

• The optimisation results increased system performance by 20 % to 
28 % over the range of geothermal supply temperatures. 

This work has studied a novel combination of ORC and compound 
ejector-vapour compression to end with a highly energy-efficient ther
modynamic system with ground source and condenser waste heat uti
lisation. Apart from the proposal assessed, this system could be coupled 
with other applications, such as absorption systems, which can utilise 
the condenser waste heat of ORC. Alternatively, two working fluids 
could be used to involve different operational conditions and modify the 
economic analysis. Finally, an exergoeconomic-exergoenvironmental 
analysis is an effective way to evaluate the proposed system compo
nents’ benefits further and improve their efficiency. 
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