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The potential of the Trilateral Flash Cycle (TFC) for the efficient conversion of solar energy to power in Europe is
assessed in this work. A numerical analysis of a Solar-TFC thermal power unit is performed, by applying an in-
house numerical model. Flat Plate Collectors (FPC) and Evacuated Tube Collectors (ETC) are modeled as solar
heat sources. Particular focus is on the technological bottleneck of the TFC, i.e. two-phase expansion, by applying
a novel two-phase expansion numerical model. Annual simulations are performed with the total efficiency of the
Solar-TFC maximized at each time step. The annual total efficiency of the Solar-TFC, exergy efficiency, and
thermal efficiency of the TFC can be as high as 5%, 5.3%, and 11%, respectively. ETCs increase the economic
viability of the Solar-TFC, particularly as the annual electricity output increases. The Levelized Cost of Electricity
(LCOE) of the modeled unit is estimated in the range of 0.25 and 0.75 €/kWh, which can be further reduced by
increasing the collectors’ area. The Solar-TFC unit can reduce, on an annual basis, the COy emissions by
2.5-47 kg per m? of solar collectors, with the carbon footprint reduction depending on the collectors’ efficiency
and the installation location.

1. Introduction

Climate change, along with the ever-increasing global energy de-
mand, has led to the formation of policies for an environmentally
friendly and efficient transition of energy systems. The European Union
has the ambition to become the first climate-neutral economy by 2050
[1], and the European Commission identifies electricity as the energy
type that will play the most significant role in the transition to a carbon-
free energy system [2]. The exploitation of renewable energy sources
will significantly reduce the carbon footprint of electric power systems.
However, the applicability of new technologies for the decarbonization
of electric power systems must be assessed based on their sustainability.
Therefore, additional factors, including overall efficiency, lifetime
environmental footprint, and economics, must be taken into
consideration.

Solar energy is going to play a significant role in the transition of
energy systems because it is ideal for decentralized electricity produc-
tion which increases significantly the primary energy conversion effi-
ciency. Moreover, solar technology has key advantages, such as its
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modularity and low maintenance cost, that are anticipated to further
enhance its penetration in the energy mix. Photovoltaics and solar
thermal collectors are utilized to transform solar irradiance into elec-
tricity. Solar thermal collectors harvest solar irradiance and generate
heat that can be exploited by a power-producing technology in solar
thermal power units. Different types of solar thermal collectors, with
different ranges of applications, have been developed [3] and they are
currently at a mature technological level [4]. These collectors provide
low-temperature heat, typically at temperatures lower than 400 °C,
where the traditional water-steam Rankine power cycles of central
power stations cannot operate efficiently [5-7].

The total efficiency of solar thermal power units depends on two
factors, i.e. the collectors’ solar harvesting efficiency and the achievable
heat-to-power ratio (thermal efficiency) of the power-producing tech-
nology. A typical solution for power generation driven by low-
temperature heat is a bottoming power cycle. The Organic Rankine
Cycle (ORC) is identified in the literature [8,9] as a robust technology
for low-temperature heat recovery because of its flexible design, low
maintenance cost, and nearly unsupervised operation. The ORC is a
mature technology with maximum nominal electric capacities reaching
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Nomenclature

Pressure [bar]
Temperature [°C]
Collectors’ area [m?]
Specific enthalpy [kJ/kg]
Specific entropy [kJ/kg-K]
Irradiance [W/mz]
Specific heat [kJ/kg-K]
Mass flow rate [kg/s]
Power [kW]

Vapor quality [-]
Electricity [kWh]
Electricity price [€/kWh]
Heat transfer rate [kW]
Cost [€]

Discount rate [%]
Latitude [°]

Nominal power [kW]
Specific cost [€/m?] [€/kW]

EVETO0CmR T IO QN TS

hr Hour angle [°]
R Radiation tilt factor [-]
N Lifetime [years]
Subscripts

in Inlet

out Outlet

is Isentropic

ex Expander

ev Evaporator

con Condenser

sub Subcooling

pr Preheating

pu Pump

sat Saturated

th Thermal

ref Reference

l Liquid
amb Ambient

m Mean

col Collector

d Diffuse

b Beam

tot Total

iny Investment
h Horizontal
II Second Law
av Average
grid Power grid

Greek letters

S Solar declination [°]

n Efficiency [-]

B Inclination angle [°]

a Losses Coefficient [-]

u Specific emissions factor [kg/kWh]
Abbreviations

TFC Trilateral Flash Cycle

FPC Flat Plate Collector

ETC Evacuated Tube Collector

HTF Heat Transfer Fluid

CF Cooling Fluid

WF Working Fluid

PP Pinch Point temperature difference [°C]

ORC Organic Rankine Cycle

LCOE Levelized Cost of Electricity
PBP PayBack Period

GHG GreenHouse Gas

PES Primary Energy Savings
PEF Primary Energy Factor

2 MW [10]. Several works have been published in the literature
assessing the efficiency of the ORC, both numerically and experimen-
tally, (indicatively see Refs. [11-17]) with different heat sources. The
ORC operates on the same principle as the conventional water-steam
Rankine cycle. However, its design is flexible since the Working Fluid
(WF) of the cycle may be selected among a variety of substances. Thus,
its thermal efficiency can be maximized based on the characteristics of
the heat source and the operating pressure ratios. The drawback of the
ORC is its rather low thermal efficiency, particularly as the temperature
of the heat source drops. Several works have been published in the
literature (e.g. [18-21]) to identify the reasons for the low thermal ef-
ficiency of the ORC and the means to increase it. The consensus is that in
the ORC the exergy of the heat source is not fully exploited. The main
exergy losses of the heat source are attributed to the isothermal WF
evaporation at the evaporator of the power cycle. During this process,
the temperature of the WF remains constant while the temperature of
the Heat Transfer Fluid (HTF) drops. This leads to a sub-optimal match
between the temperatures of the HTF and the WF at the evaporator. As a
result, the operating pressure ratios of the WF and the generated power
are diminished.

Different variations of the ORC have been studied in the literature to
maximize the efficiency of the heat source’s exergy utilization. Ther-
modynamic analysis indicates that the exergy of the heat source is
optimally exploited when the power cycle obtains a trilateral shape
[20,21]. In a trilateral cycle, the evaporation of the WF is omitted
[20,21], and the temperature drop of the heat source leads always to a

temperature rise of the WF. A promising trilateral power cycle is the
TFC, initially conceptualized by Smith et al. [22] to exploit heat from
geothermal fluids. The TFC consists of the same components as the ORC
but the WF enters the expansion machine in the saturated liquid state, or
partially evaporated in the generalized version of the TFC (also referred
to as Partially Evaporating ORC in the relevant literature). There it
undergoes two-phase expansion, also known as flashing, and generates
power. In the TFC, the temperature profile of the WF at the evaporator
can be matched to that of the HTF by increasing its mass flowrate. As a
result, higher heat transfer rates are achieved at the evaporator because
both fluids remain in the liquid state. The additional heat transferred to
the WF increases the power output, and the exploitation of the heat
source’s exergy is enhanced. Many theoretical works assessing the per-
formance of the TFC and comparing it to the ORC have been published in
the literature. Smith et al. [22] concluded that the TFC can achieve a
higher power output, that can reach up to 80%, than the ORC for
different WFs in the temperature range of 100-200 °C of the HTF. This
increase was observed when the expander’s adiabatic efficiency reached
values up to 75%. Fischer [19] showed that with the TFC a higher exergy
efficiency of up to 29% can be obtained compared to the ORC for tem-
peratures of the heat source up to 350 °C. Lecompte et al. [23] studied
the performance of the generalized TFC and indicated that it can sub-
stantially improve the net power output, especially in cases where the
isentropic efficiency of the pump is low. Igbal et al. [24] showed that the
TFC has at least 50% higher potential for power generation than the
ORGC, particularly when the HTF temperature is below 80 °C. Daniarta
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et al. [25] compared the efficiency of the generalized TFC and the ORC
for dry, wet, and isentropic (based on the slope of the vapor saturation
curve) WFs and combinations of heat source and sink temperatures.
They concluded that the generalized TFC can substantially improve the
power output for given operating conditions.

Despite the acknowledged potential of the TFC, it is not yet tech-
nologically mature because there is a lack of fundamental knowledge on
flashing. Flashing is complex to model and monitor because the liquid
and vapor phases are in thermodynamic non-equilibrium throughout the
process. Moreover, the presence of high amounts of liquid in the
expander is challenging for state-of-the-art expanders because of the
erosion risk. Therefore, in the literature, the two-phase expander is
usually modeled as a black box with adiabatic efficiencies in the range
achieved in the dry vapor region. Until now, only a few experimental
works have been published focusing on two-phase expansion itself
([26-29]). All experimental works point out that higher vapor qualities
at the expander’s suction port lead to increased isentropic efficiencies.
From a technological aspect, the conclusion from the literature review is
that twin-screw expanders are the most promising solution for two-
phase expansion. Indeed, these expanders can handle high mass flow-
rates with reduced friction losses compared to turbines [30]. Moreover,
they operate at lower rotational speeds than turbines, reducing, thus, the
risk of erosion by the liquid WF [29].

In two-phase expansion modeling, only a few works have been
published so far. Bianchi et al. [30] developed a 1-D numerical model
simulating two-phase expansion in twin-screw expanders. In this work,
the two phases are treated as a single fluid and they are assumed to be in
thermodynamic equilibrium during flashing. The same approach is fol-
lowed by Vasuthevan et al. [31] and Taniguchi et al. [32], also for the
modeling of flashing in twin-screw expanders. Skiadopoulos et al. [33]
developed a semi-empirical thermodynamic low-order model to simu-
late two-phase expansion in twin-screw expanders. In this work, non-
equilibrium effects during flashing on the efficiency of the expander
are considered. This is accomplished by applying a two-fluid modeling
approach for the two phases and calculating the mass of generated vapor
at their interface throughout flashing in the expander. The mass of
generated vapor is calculated based on the thermal non-equilibrium
between the two phases at the examined operational phase of the
expander.

The present study assesses numerically the potential of the TFC for
efficient solar energy conversion in Europe, by simulating the operation
of small-scale Solar-TFC thermal power plants in different locations in
the continent. Compared to the existing literature, the present work

e is the first to study solar thermal power plants with different types of
collectors and the TFC as the bottoming power cycle

e applies a dedicated two-phase expansion model [33] to monitor the
performance of the two-phase expander of the TFC under varying
operating conditions

o focuses on the application of the Solar-TFC technology in different
locations in Europe to provide location-specific techno-economic
and environmental impact data

An integrated numerical tool is developed in the environment of
Matlab (R2022b) to simulate the operation of the Solar-TFC unit in four
cities in Europe, i.e. Athens, Copenhagen, Vienna, and Warsaw, with an
hourly timestep. The efficiency equations of the solar collectors, a
thermodynamic model of the TFC power cycle, and the two-phase
expansion model [33] are coupled in the developed numerical model.
Initially, the effect of two-phase expansion efficiency on the perfor-
mance of the TFC and the Solar-TFC unit is presented. Thereafter, the
operation of the Solar-TFC is optimized at each timestep to maximize the
total solar energy conversion efficiency. Meteorological data for the
selected locations are taken from the PVGIS database [34], whereas
solar heat is assumed to be provided by ETCs and FPCs. Following the
optimization of the Solar-TFC unit’s operation, its economics and
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environmental impact are studied as a function of the location, collector
type and area, and annual electricity output.

The remainder of the paper is organized as follows. In Section 2 the
architecture of the modeled Solar-TFC unit is presented, along with the
inputs for the simulations and the utilized performance evaluation in-
dexes. The modeling methodology is presented in Section 3. In Section 4,
the simulations’ results are presented and discussed in detail. In the
Section 5, the main outcomes and conclusions of this work are given.

2. Problem description

A schematic layout of the modeled Solar-TFC unit is presented in
Fig. 1. Solar heat is transferred from the collectors to the evaporator of
the TFC through the HTF. The thermodynamic states of the WF in the
TFC (numbered 1 + 4) are presented in Fig. 1. In the evaporator of the
TFC, the WF is heated up (2 — 3), and thereafter it flows, in the saturated
liquid state or as a two-phase mixture, to the two-phase expander. At the
expander, flashing occurs (3 — 4), and power is generated. The two-
phase mixture at the expander’s discharge dissipates heat to the Cool-
ing Fluid (CF) as it flows through the condenser (4 — 1). Finally, the WF
is pumped to the operating pressure of the evaporator (1 — 2), and the
power cycle starts anew.

At each timestep, the boundary conditions are the total solar irra-
diance Gy, on the collectors’ surface, and the ambient temperature Tgy.
The identified operational degrees of freedom of the Solar-TFC unit
(details in Section 3) are listed in Table 1, along with their descriptions
and allowed ranges in this work. Based on the value of Tp,, H20 pres-
surized at 3 bar, to avoid partial evaporation in the solar loop, is selected
as the HTF. R245fa is selected as the WF of the TFC because it has
demonstrated very good thermodynamic behavior within the range of
temperature and operating pressure ratios of low-temperature Solar-
ORC power units [15,17]. Finally, Air is selected as the CF to study the
influence of ambient conditions on the Solar-TFC unit.

The utilized evaluation indexes of the Solar-TFC unit are listed in
Table 2. Four different cities in Europe (Athens, Copenhagen, Vienna,
and Warsaw), and two different types of solar collectors are examined
(ETCs and FPCs) for an in-depth techno-economic and environmental
impact analysis.

3. Methodology
3.1. Solar-TFC modeling

3.1.1. Solar collectors

Solar heat is provided to the TFC by ETC and FPC collectors to study
the effect of the collector type on the total solar energy conversion ef-
ficiency, economics, and environmental impact of the power plant. The
Thermomax DF 100-30, developed by Kingspan Thermomax [35], and
the Vitosol 300-F, developed by Viessmann [36], are selected as the
ETCs and FPCs, respectively. The modeling parameters of the selected
ETC [37] and FPC [38] collectors are listed in Table 3, where A, de-
notes the total area of the collectors.

The inclination angle g of the collectors is selected to maximize the
annually absorbed solar irradiance at the selected locations, based on
the PVGIS database [34]. The values of f5 for the four examined cities are
listed in Table 4.

The thermal efficiency 7, of the collectors is calculated by Eq. (1),
where T, is the ambient temperature.

B (T — Tams) (T = Tums)’
Neot =My —A1 @ —ae
Gtol

Giot (1)

Nl 18 also given by given by Eq. (2), where Q,, is the heat gain of the
collectors from the solar irradiance. Assuming steady-state operation of
the Solar-TFC unit, and neglecting heat losses through the loop, Q,, is
equal to the heat transfer rate from the solar field to the evaporator of
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Fig. 1. Schematic layout of the Solar-TFC system.

Table 1
Parameters for Solar-TFC simulations.
Parameter Symbol [Units] Range
Average collectors’ temperature Tn[°C] 80-120
Quality of the WF at the suction port of the expander  x3[-] 0-1
Table 2
Solar-TFC unit evaluation indexes.
Index Symbol [Units]
Expander isentropic efficiency Nexis -]
Thermal efficiency of the TFC Ny [
Total solar energy conversion efficiency Neoe -]
Second-law efficiency nyl-1
Levelized cost of electricity LCOE[€/kWh]
Payback period PBP[years]
Primary energy savings PES[kWh]
Greenhouse gas emissions reduction AGHG[%)]
Table 3
Modeling parameters of the Solar collectors.
Coefficient Symbol Value
[Units] ETC FPC
Optical efficiency at normal incidence 1,[-1 0.779 0.803
First-order thermal losses a, [W/m?K] 1.070 3.770
Second-order thermal losses ax[W/ 'm2-K?] 0.0135 0.0156
Collectors’ area — specific HTF mass Myt [Acol 0.030 0.030
flowrate
Table 4
Inclination angle S of the Solar collectors.
City Athens Copenhagen Vienna Warsaw
pI°]1 (ETC&FPC) 33 44 41 41
the TFC.
Q.CV
Neot = 2
« Arol L4 Gfor

T, is assumed to be equal to the average temperature of the HTF flowing
in the solar loop. This assumption is expressed by Eq. (3), where Ty,

and Tpy oy Tepresent the temperature of the HTF flowing in and out of
the solar cooling loop, respectively.

_ Thrf.in + Thlf.aur

T,
2

3

Q., is given by Eq. (4), where ¢p s is the specific heat capacity, under
constant pressure, of the HTF, and iy is its flowrate.

Ouy = Tty ® Cps (Toet s — Trafin) @
The total irradiance Gy, on the inclined surface of the collectors is given
by Eq. (5). In Eq. (5), Gp and G, stand for the beam irradiance normal on
the collectors, and the diffuse irradiance, respectively. Ground-reflected
irradiance was not considered in the numerical modeling.

Gio = Gy +Gy 5)
Gy, is extracted from the available meteorological data at the examined
locations, and it is calculated by Eq. (6), where Gy, is the beam irradiance
on a horizontal surface, and R, is the beam radiation tilt factor.

G, = G,eR, (6)
Ry, is given at each time instance by applying Eq. (7). In Eq. (7), L is the
local latitude, § the solar declination, and hr is the hour angle. Details
about the calculation of the solar angles are presented in the work of
Kalogirou [39].

__sin(L — p) e sin(6) + cos(L — ) e cos(5) e cos(hr)
" sin(L) esin(8) + cos e (L) @ cos(5) e cos(/r)

R, @

3.1.2. TFC power cycle

A qualitative Temperature- Entropy (T-s) diagram of the TFC power
cycle with R245fa as the WF is presented in Fig. 2. In this diagram, the
thermodynamic processes of the WF in the TFC are drawn. These are:

1) 1 — 2: Pumping

2) 2 — 3: Heat absorption at constant pressure pe,
3) 3 — 4: Expansion

4) 4 — 1: Heat rejection at constant pressure pcon

The WF is sub-cooled by ATy, at the suction port of the pump to
prevent cavitation. Heat is transferred to the evaporator of the TFC
engine by the HTF of the solar loop, leading to a drop in its temperature
from Thyou tO Thyfin. An air-cooled condenser is assumed to dissipate
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Fig. 2. Qualitative T-s diagram of the TFC with R245fa as the WF.

heat to the ambient, resulting in the temperature rise of the (CF) from
Tefin 10 Tef - In the present work, the term TFC refers to power cycles in
which the quality of the WF at the onset of expansion is between 0 and 1.

In Table 5, the selected modeling parameters for the TFC, along with
their values and descriptions, are listed. Typical values for PP, PP.n,
and 7, ;; in power cycle modeling are assumed [9].

Assuming negligible heat losses at the TFC evaporator, Q,, will be
equal to the heat absorbed by the WF of the TFC, as in Eq. (8)

Qo = iy ® (h3 — h2) ®

where m, is the mass flowrate of the WF, whereas hs and h, are the
specific enthalpies of the WF at thermodynamic states 2 and 3 of the
power cycle, respectively.

The temperature T, of the WF at the onset of condensation is derived
from

PP, as in Eq. (9)

Ty = Tepous + PPeon 9

where T, o, is the temperature of the CF at the outlet of the condenser’s
cooling loop, given by Eq. (10). In Eq. (10), T4, is the temperature of
the CF at the inlet of the cooling loop, equal to Tg,;, for the case of the
air-cooled condenser.

Topour = Tepin + ATcr (10)

After applying Eq. (9), pen is readily calculated, as the saturation
pressure of the WF at T,. The coupling between the TFC and the solar
loop is accomplished by

PP,,, as expressed by Eq. (11). In Eq. (11) Ty is the temperature of
the HTF at the end of the preheating stage, and Ty ws(pey) is the satu-
ration temperature of the WF at p,,.

T pr = Tsarng (Pev) + PPy 11)

Additionally to the energy balance expressed by Eq. (8), Eq. (12)

Table 5

Modeling parameters of the TFC cycle.
Parameter Symbol [Units] Value
Pinch point temperature difference at the evaporator ~ PP, [°C] 5
Pinch point temperature difference at the condenser PP, [°C] 5
Pump isentropic efficiency Mpuis -] 0.75
Heat Transfer Fluid HTF [-] H,0
Working Fluid WF [-] R245fa
Cooling Fluid CF [-] Air
Temperature rise of the Cooling Fluid ATcr[°C] 10
WF sub-cooling at pump suction ATqp[°C] 5

must be satisfied, wherein Qp, is the heat transfer rate from the HTF to
the WF during the preheating stage, and hy . (pev) is the enthalpy of the
saturated liquid at p,,.

Qp, = H,y ® (hz,.\m (Pev) — 2 ) = Nl ® Cppuf @ (T/,gf,pr — Tmf.m) 12)

The numerical procedure for the determination of m,, and p.,, for a
desired quality x; of the two-phase mixture at the onset of expansion is
as follows. The value of p,, is varied iteratively in a stepwise manner. For
a guess intermediate value of p,,, the saturation temperature Tsu s (Pey)
of the WF is calculated, and subsequently, Ty, is derived by applying
Eq. (11). Thereafter, two values for m, are calculated by simultaneously
applying Egs. (8) and (12). The iterations on p,, terminate when the two
values converge.

After the values of m,s and p., have been determined, the thermo-
dynamic low-order two-phase expansion model developed by Skiado-
poulos et al. [33] is run. The outcome of the two-phase expansion
simulation is the rotational speed of the expander that maximizes effi-
ciency for the given mass flowrate, quality at the suction port of the
expander and operating pressure ratio, and the specific enthalpy h4 of
the WF at the discharge port. Thereafter, the isentropic efficiency 7,, ;; of
expansion is calculated by Eq. (13). In Eq. (13), hs; is the specific
enthalpy of the WF corresponding to its isentropic two-phase expansion
from state 3 to pcon-

o /’l3—h4

Ty — hyy (13)

Mex.is

The power w,, generated by the two-phase expander is given by Eq. (14)
Wer = ity ® (B3 — hy) a14)

whereas the power wj, absorbed by the pump is calculated by applying
Eq. (15), in which h; is the specific enthalpy of the WF at its suction.

Wpu = mmf ° (hZ - hl) (15)

hs is derived by applying the formula for the isentropic efficiency 7, ;; of
the pump, as in Eq. (16).

hais —
= 1
Mpuis - (16)
In Eq. (16), hy ;s is the specific enthalpy of the WF corresponding to its
isentropic pumping from pcon to pey. The thermal efficiency 7, of the TFC
is given by Eq. (17), in which wy is the net power generated by the TFC.
Wm:l Wex - Wpu

o Y Wex — Vi a7
=%, T 6.
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The heat transfer rate Q,,, at the condenser is calculated by Eq. (18),
leading to the reckoning of the necessary mass flowrate m, of the CF. In
Eq. (18) ¢, is the specific heat capacity, under constant pressure, of the
CF.

Q(-z;n = mn{f ° (h4 - hl) = mqf.cli,qf.ATCF (18)

3.1.3. Performance indicators
The total solar energy conversion efficiency 7,,, of the Solar-TFC unit
is given by Eq. (19).
Mot = Moot ® Ny = /#[G,, 19
On the other hand, its exergy efficiency y; is given by Eq. (20), where
T un Tepresents the reference temperature of the sun. In this work,
Tref sun is taken equal to 5770 K [17]. The denominator in Eq. (20) rep-
resents the exergy input from the sun to the Solar-TFC system. It must be
noted that, as in all solar thermal power units, the extremely high value
Of Tref sun, compared to Ty, leads to very low values of 7.

Wher

My = T (20)
(1= 7 ) A ® G

Tref sun

By integrating Egs. (17), (19), and (20) over a period, the average
thermal efficiency 7y, ., total efficiency #,,, ,,, and exergy efficiency #;; o,
for the respective period is obtained.

3.1.4. Solar-TFC optimization

The governing equations presented in the previous Sections are
formulated in an integrated numerical tool in the environment of Matlab
(R2022b). The simulation and optimization toolkits of Matlab are uti-
lized to build the software. The two-phase expansion model [33] is
incorporated in the TFC model (details about the coupling procedure in
Section 3.1.2) as an external function. The thermodynamic properties of
the HTF, the WF, and the CF are calculated in Matlab by the Coolprop
[40] open-source library wrapper.

By analyzing the set of Solar-TFC governing equations, two opera-
tional degrees of freedom are identified, i.e. T,, and x3. An hourly
timestep is selected for the simulations. The operation of the Solar-TFC
unit is optimized at each timestep by applying the genetic algorithm of
the Matlab optimization toolkit (details can be found in Matlab docu-
mentation). A simplified schematic flowchart of the optimization algo-
rithm of the Solar-TFC applied in this study is presented in Fig. 3. At each
hour throughout the year the inputs for the simulation are the HTF, the
WF, the CF, the geographical and collectors’ data, and Tg;. By
combining the geographical and collectors’ data (type and inclination
angle f3), the value of Gy, can be readily calculated. The Solar-TFC unit is
allowed to operate when Gy, exceeds 400 W/m?. For the given inputs
the optimization process is as follows. Guess values are assigned to Ty,

Inputs Optimization

| |
| |

| |
| L |
| | | |
| | | |
| | | |

| |
| } | | Solve system of Solar-TFC :
: | : equations coupled with i
I two-phase expansion |
:  — ! L3 ba |
| | . :

| |
| L |
B i
! \ ' |

| 1
- A |

model

!

Maximize Objective
function

Fig. 3. Schematic flowchart of the Solar-TFC operation optimization algorithm.
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and x3 by the genetic algorithm, and the Solar-TFC equations, coupled
with the two-phase expansion model, are solved iteratively. The objec-
tive of the optimization algorithm is to maximize 7, (objective func-
tion) at each timestep.

3.2. Economics

In this work, the economics of the Solar-TFC unit is studied as a
function of A,;. Two widely used indexes in the techno-economic
analysis of energy systems, i.e. the LCOE and the PayBack Period
(PBP), are applied.

LCOE is given by Eq. (21). In Eq. (21), Ciy is the total initial in-
vestment cost, N is the anticipated lifetime of the Solar-TFC system, E;o
is the total electricity produced at year i, M the annual maintenance cost
at year i, and r the annual discount rate. In this work, it is assumed that
Eit, as well as M and r remain constant throughout N. Cy,, is given by Eq.
(22), where sc,. and sc., are the specific costs of the TFC and the col-
lectors, respectively, whereas Py, is the nominal electric capacity of the
TFC.

Cirzv + i\i Mv 7
LCOE = # (1)
> im1Eor
Ciny = scrfc.szc + SCeol .Arol (22)

PBP is the quotient of C,, to the net annual average income, assuming

that the generated electricity is sold to the grid, and it is expressed by Eq.

(23). In Eq. (23), egiq denotes the price of electricity.

[ — (23)
Etat.egrid -M

The values of the economics analysis parameters, along with their
symbols and units, are listed in Table 6. Moreover, the value of sc., for
the selected ETCs [16] and FPCs [41] are listed in Table 7.

Concerning the value of sc,, it is assumed that it is a function of Py..
The first step for the calculation of sc,, is the determination of the Solar-
TFC unit’s design specifications, listed in Table 8. At the design point,
the value of ., is calculated for the ETCs and FPCs by applying Eq. (1).
Thereafter, by varying A.;, the value of Q. is calculated by Eq. (2), and,
based on the design value of 7, Py, is estimated. Finally, the method-
ology of Braimakis et al. [42] is applied to calculate scy, for the esti-
mated values of P.. The calculated values of sc and Py as a function of
Ao for the ETCs and FPCs are listed in Table 9.

3.3. Environmental impact analysis

The environmental impact of the Solar-TFC system is assessed by
evaluating the Primary Energy Savings (PES), and the reduction AGHG
in GreenHouse Gas (GHG) emissions on an annual basis. PES are
calculated by applying Eq. (24).

PES = PEF o E,, 24)

In Eq. (24), PEF represents the primary energy factor, which ex-
presses the primary energy utilized in central power stations to produce
1 kWh of electricity for the end user. PEF is country-specific, and it is a
function of the efficiency of central power stations and energy trans-
mission networks. The annual reduction AGHG in GHG is given by Eq.

Table 6

Parameters of the economic analysis.
Parameter Symbol [Units] Value
Lifetime Nlyr] 20
Annual discount rate r[%] 5
Annual maintenance cost M[€] 0.01Ciny
Electricity price €grid [€/kWh] 0.30
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Table 7
Specific cost sc., for the ETCs and FPCs.
Collector ETC FPC
sceo [€/m?] 260 210
Table 8
Design specifications for the Solar-TFC system.
Collector ETC FPC
T, [°C] 110 90
Tamy [°Cl 20 20
G [W/m?] 1000 1000
1y, [ 0.10 0.10
Table 9
Py and scy, as a function of A, for ETCs and FPCs.
Ao [m*] Py. [kW] seye [€/kW]
ETC FPC ETC FPC
200 11.50 11.10 4850 4880
300 17.20 16.70 4270 4310
400 22.90 22.30 3770 3820
500 28.70 27.80 3330 3390

(25), in which Hco, is the GHG emission intensity of electricity
production.

AGHG = fico, » Eu (25)

The values of PEF [43] and y¢,, [44] for the examined locations are
listed in Table 10, and they are considered constant throughout the
entire operational lifetime N of the Solar-TFC unit.

4. Results & discussion
4.1. Effect of two-phase expansion on TFC and Solar-TFC

Before presenting the results from the optimization of the Solar-TFC
unit’s operation, a short section is dedicated to describing the effect of
two-phase expansion on the efficiency of the TFC, and, subsequently, the
Solar-TFC. To this end, parametric Solar-TFC simulations were per-
formed, with T;, and x5 as the parameters. Specifically, the Solar-TFC
numerical tool was run without the optimization feature. Instead, the
set of Solar-TFC governing equations was solved for different combi-
nations of T,, and x3, and the TFC evaluation indexes were documented
for all resulting operating points, and not only the optimal. For the
indicative simulations performed for this section, it has been assumed
that G, = 1000W/m?, Acqy = 200m?, and Ty = 20°C, while ETCs was
the solar heat source.

The main component of interest in the TFC is the two-phase
expander. This is because the performance of all the other compo-
nents, i.e. pump and heat exchangers, has been studied in depth in the
ORC literature. Thus, the focus is on the efficiency of the two-phase

Table 10
PEF and electricity production GHG emission intensity.
Parameter Symbol Value
Unit
[Units] Greece  Denmark  Austria  Poland
Primary Energy PEF[-] 2.353 1.228 1.548 2.114
Factor
Electricity Hco, (kg 0.466 0.112 0.079 0.711
production related  COy-eq./
GHG emission kWh]
intensity
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expander. The variation of 7, ; as a function of x3, for different values
of T, is presented in Fig 4a. For all values of Ty, 7,,; obtains its mini-
mum as x3 approaches zero. This happens for two reasons. First, the
reduction of x3 leads in increased m,s values in the TFC. The elevated
m,s does not necessarily flow through the expansion chamber of the
modeled expander because of the limitation posed by its swept volume
value (details about the geometrical data of the modeled twin-screw
expander are available in the work of Skiadopoulos et al. [33]). There-
fore, as m,y increases, a significant fraction of it will flow through the
expander’s available leakage paths. Second, as the amount of liquid at
the onset of expansion increases, the pressure losses at the expander’s
suction port are higher because of the reduced WF’s specific volume
[27,33]. As a result, the WF pressure ratio at the expansion chamber is
lowered, with a negative effect on Wy, and Nexis+

For a given value of x3, is strongly dependent on T,, because it

Mex,is
contributes indirectly to the reckoning of p,, (details in Section 3.1.2).
For a known value of p,,, the operating pressure ratio of the TFC is
readily determined because p,, is a function of Tg,; (see Eq. (9)). The
combination of the operating pressure ratio with m,, determines the
volume ratio of the WF in the expansion chamber. When the WF volume
ratio approaches the expander’s built-in volume ratio, 7,,; is maxi-
mized, and this is accomplished for a specific value of Ty,. Increasing Tp,
does not necessarily have a positive effect on 7,,,, because of over-
expansion, whereas reduced values of T, may lead to under-expansion
[33]. Hence, there is an optimal combination of T, and xs, for a
known value of Ty, that leads to the maximization of 7, ;.

In Fig 4b the variation of #;; as a function of x3 is plotted to highlight
the effect of two-phase expansion on the efficiency of the Solar-TFC unit.
A similar trend with the variation of 7, is observed. Indeed, for all
values of Ty, n;; is maximized when 7, ;; is optimal. This is because as
Nexis iNCreases, the power output of the TFC increases. However, 7 be-
comes maximum at a T,, value of 110 °C, which is higher than the one
(100 °C) for which 7, ;; obtains its global maximum for this set of sim-
ulations. This occurs because at T, equal to 110 °C 7,,; is higher for the
examined ambient conditions. As a result, a higher Q,, is transferred to
the TFC, and the value of #;; is increased.

4.2. Solar-TFC

4.2.1. Performance optimization

Solar-TFC optimization simulations are performed with an hourly
timestep for all the selected locations and both collector types, based on
the algorithm presented in Section 3.1.4. The parameters Ty, and x3 vary
within the range listed in Table 1. Initially, two test cases are simulated
where the operation of the Solar-TFC is optimized. The purpose is to
provide a visualization of the numerical model’s output. In Table 11 the
Solar-TFC parameters and the selected TFC variables for the resulting
optimal operating points are listed. Please note that indexes correspond
to the thermodynamic states of the WF, as drawn in Fig. 2. The selected
ambient conditions that determine the test cases are also presented in
Table 11. The results presented in Table 11 highlight the potential of the
developed model to provide a clear and concise view of the Solar-TFC
unit’s dynamics and determine the optimal operating point.

In Fig. 5 and Fig. 6 the optimal T, for the ETCs and FPCs, respec-
tively, throughout the year, for all the examined cities, is plotted. The
ETCs can operate at higher T,, for longer because their thermal losses
toward the ambient are lower than the ones of the FPCs. On the other
hand, the FPCs perform more efficiently when T, tends to the lower
allowable value of 80 °C. Higher optimal T,, values are more frequent in
Athens because of the increased values of solar irradiance for more days
in the year. However, increased T,, does not necessarily correspond to
higher power output in the case of the modeled Solar-TFC unit because
the operating pressure ratio of the TFC depends also on Tg.

The optimal x5 at the suction port of the expander throughout the
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Fig. 4. a) n,,; and b) 7;; as a function of x3 for different values of Ty, and ETCs as the solar field. Tomy = 20°C, Gor = 1000W/m?, and A,y = 200m?.

Table 11

Solar-TFC parameters and TFC variables for indicative optimal operating points.

Parameter/ TFC Variable [Units]

Case 1

Gior = 850W/m2,

Case 2

Grot = 1000W/m2,

Tamy =12°C Tamp = 35°C

ETCs FPCs ETCs FPCs
Tn[°Cl 100.87 87.53 119.78 114.95
x3[-1 0.77 0.73 0.74 0.72
Pev[bar] 11.51 8.37 17.44 15.72
Peon[bar] 1.64 1.64 3.40 3.40
T1[°C] 22.73 22.73 44.57 44,57
T2[°C] 23.25 23.08 45.41 45.31
T3[°C] 95.83 82.36 115.00 110.02
T4[°Cl 27.73 27.73 49.57 49.57
Ny [-] 0.110 0.095 0.097 0.091
Neor [-] 0.060 0.045 0.056 0.044

year is plotted in Fig. 7 and Fig. 8, where the ETCs and the FPCs,
respectively, provide solar heat to the TFC. The optimal values of x3 lie
in the region between 0.68 and 0.85, with slightly lower values observed
when the FPCs are utilized. As explained in Section 4.1, higher quanti-
ties of vapor at the onset of expansion lead to increased #,,;, and,
indirectly #,, and #,,. Values higher than 0 for x3 have a positive effect
on 7, ;. However, the optimal values will depend on the geometric
characteristics of the specific expander. Lower values of x3 than the ones
presented in Fig. 7 and Fig. 8 will be optimal when expanders with
higher built-in volume ratios and swept volumes than the twin-screw
expander modeled in this work are used (Fig. 9).

4.2.2. Efficiency and annual electricity output

The variation of the monthly and annual average thermal efficiency
Nima Of the TFC in all the examined locations, and for both types of
modeled solar collectors, is presented in Fig. 10. A similar pattern is
observed in all four cities for both ETCs and FPCs. Better performance of
the TFC is observed during autumn and fall. This is because solar irra-
diance is high during these seasons, whereas Tg,; is not as high as in
summer. Therefore, the operating pressure ratio of the TFC is not
necessarily optimal during summer, even though the solar irradiance is
maximized. Quantitatively, approximately equal annual 7, ,, values are
estimated for the ETCs and FPCs in all the examined locations, rising to

10% and 8%, respectively. The efficiency of the TFC is higher when heat
is provided by the ETCs because, typically, they operate at higher Tp,
than the FPCs for given Ty

An analogous behavior to 7, 4, of the TFC is observed for the monthly
and annual average total efficiency 7,4, of the Solar-TFC system, as
presented in Fig. 10, with maximum values during months with high
availability of solar energy and average values of Ty,,. Approximately,
the annual 7,,, ,, reaches 5% in all examined cities when the ETCs act as
the heat source and 3% when the FPCs are used.

In Fig. 11, the annual average values for 7, of the Solar-TFC unit
for all the examined locations, and both types of collectors are pre-
sented. Interestingly, similar values are estimated for the four cities,
indicating that the exergy efficiency of the system is not significantly
affected by the geographical coordinates. Moreover, the utilization of
the ETCs results in systematically more efficient utilization of the heat
source because of their better efficiency in solar heat harvesting. 7y,
ranges among the four cities between 5 and 5.3% when the ETCs are
utilized and between 3.2 and 3.6 % when the FPCs provide solar heat to
the TFC.

In Fig. 12, the collectors’ area- specific total annual electricity output
Etor/Aco for all the examined cities is presented, for both the ETCs and
FPCs. The utilization of the ETCs results in increased annual electricity
output because the values of 7,; are substantially higher than the ones of
the FPCs. When the ETCs provide heat to the Solar-TFC unit, the annual
electricity output is estimated to be, based on the location, about
45-55% higher, with the FPCs performing more efficiently in Athens.

4.3. Economic assessment

The economics of the system is assessed as a function of A.y. Based
on the design specifications of the Solar-TFC system in Table 8, the value
of scy. is obtained (see Table 9), resulting in the determination of C;y, for
different values of A, for given values of sc., (see Table 7). LCOE and
PBP versus A, for the four examined cities and the dirrerent types of
solar collectors are presented in Fig. 13 and Fig. 14, respectively.

The economics of the Solar-TFC unit is improved as its scale increases
because the investment cost for the TFC is lower as Py increases.
Optimal economic performance is observed in Athens for both the ETCs
and FPCs, because of the increased annual electricity output for the same
Ao, compared to the other examined cities. The utilization of the ETCs
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Fig. 5. Variation of optimal T,, of the ETCs throughout the year.
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Fig. 6. Variation of optimal T,, of the FPCs throughout the year.

results in a better economic performance of the Solar-TFC system. This
occurs because their higher initial investment cost is outweighed by the
increased annual electricity output they induce.

The Solar-TFC unit can achieve competitive LCOE values to the ones
of Solar-ORC systems, that range between 0.25 and 0.95 €/kWh
[15-17]. With the assumptions made in this work, the PBP seems
competitive only when ETCs are utilized, but a more strict analysis is
necessary. Additional values that need to be considered for a more
detailed calculation of PBP are the country-specific values of ey, and

European policies to assist the penetration of renewable energy sources
in the energy mix.

4.4. Environmental assessment

The variation of PES/A., and AGHG/A,, for the four studied cities,
and both types of solar collectors are presented in Fig. 15. In Athens, the
environmental impact is maximized because of the combination of
higher E,, low efficiency of central thermal power stations, and
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increased GHG emissions related to electricity production in Greece. On
the other hand, the environmental impact of the Solar-TFC unit would
be much lower in Vienna and Copenhagen, considering the efficient
performance of electric power systems in Austria and Denmark. In
Warsaw, the wide-scale application of Solar-TFC systems would have a
substantial environmental effect, particularly because of the extremely
high electricity production-related GHG emissions in Poland.

10

5. Conclusions

The target of this study was to numerically investigate the potential
of the TFC, a promising high-efficiency alternative to the ORC, for the
efficient conversion of solar heat to power in Europe. An integrated
numerical model was developed and presented in detail herein, simu-
lating the annual performance of the combined system in Athens,
Copenhagen, Vienna, and Warsaw with an hourly timestep. In this work,
the efficiency of two-phase expansion was carefully monitored, by



A. Skiadopoulos et al. Energy Conversion and Management: X 20 (2023) 100432

2 Athens 2+ Copenhagen
10H 1 10F 1
8 1 81 1
=
3 6 1 6 1
£
1=
4r i 4 1
2r g 2+ ]
o . 0 N ‘

F @@ PP RS AT A AR R C L N SRy
2 Viemma P
10H 1 10r 1
8 1 8r 1

£
z 6f 1 6f 1
£
=
4t i 4t 1
2 1 27 1
0 0 :
& & \&75 ‘?§ sz?\ N N vgﬂ R & %§ Q@" <& & & \&fﬁ ?§ @'ﬁ S N V"\)Q R & \;o“ OQQ <8
Fig. 9. Monthly and annual #,, ,, of the TFC for the different examined locations and types of solar collectors.
6 Athens 6 Copenhagen
5¢ 1 5¢ 1
4t g 4t .
=
330 b 3 d|
2
=
27 1 2 1
1 1 1h 1
0 0
W & S ®'5\ S N \>°<' R & %0 sz’ & & & \&,5\ © N \>°3 R & \;o OQ' <&
6 ——————emna______ b varsaw
5¢ 1 5¢ 1
4r 1 44 1
=
33 3 1
2
=
27 1 2f 1
1F 1 1h 1
0 0
@ ((ef’ @’D& Y_Q‘ @ﬁ\ S N vo@ 6“9 & %04 Qua(’ <& & ((q? @b‘ ?§ \g?\ © = ?\)‘:ﬂ %Q:Q & éo“ O’Z’O <3

Fig. 10. Monthly and annual 7, 4, of the Solar-TFC unit for the different examined locations and types of solar collectors.

applying the semi-empirical simulation tool developed by Skiadopoulos Following the presentation of the effect of two-phase expansion on
et al. [33], because this is the crucial factor affecting the efficiency of the the performance of the Solar-TFC unit, a series of numerical experiments
TFC. Two different types of solar collectors, i.e. ETCs and FPCs, were aimed at maximizing the total solar energy conversion efficiency in all
modeled for a more detailed techno-economic analysis. examined locations was performed. Parameters in the optimization

11
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process were the values of T, and x3. The ETCs can typically operate at
higher T, than the FPCs because of their inherently increased 7, values.
However, the optimal T, is also a function of T,,;, because their com-
bination contributes to the determination of the operating pressure ratio
of the TFC, and, therefore, to the power output. On the other hand, only
increased vapor qualities at the suction port of the expander, between
0.68 and 0.85, can ensure a high 7,, ;, and, therefore, 1, and 7.

Concerning the efficiency of the Solar-TFC, the utilization of ETCs
has a positive impact on 7, q,» Mihay> and 7y o,- Interestingly, the opti-
mized operation of the Solar-TFC resulted in similar efficiency values for
all the examined locations, with a different total electricity output based
on the available solar irradiance. 7,y 4> 7 qy» @nd 7y o, Were estimated
approximately equal to 3% and 5 %, 8% and 10 %, and 3.2% and 5.3%,
for the FPCs and ETCs, respectively. The value of Ey, /A, Was estimated
between 55 and 103 kWh/m? for the ETCs, whereas the respective
values for the FPCs were 36 and 71 kWh/m?>. Highest and lowest E¢o/Acor
were in Athens, and Copenhagen, respectively.

The economics of the Solar-TFC were analyzed as a function of A.,.
As A, increases the economics of the system is improved. Furthermore,
the ETCs reduce the LCOE because of their increased 7., and the
significantly higher (45-55%) electricity output compared to the FPCs.
When ETCs were modeled, the LCOE values were calculated to be be-
tween 0.25 and 0.55 €/kWh. On the other hand, for the FPCs, the
respective value was in the range between 0.35 and 0.75 €/kWh. The
estimated PBP highlights the potential competitiveness of the Solar-TFC
when ETCs are used. However, an in-depth parametric analysis is
necessary to reach a concrete conclusion about the PBP.

Finally, concerning the environmental impact of the system, it was
concluded that it could be significant not only in regions with high
available solar irradiance but also areas with particularly low efficiency
of the central power stations and energy transmission systems. Overall,
the Solar-TFC unit can reduce the annual GHG emissions by 2.5-47 kg
per m? of solar collectors, based on the available solar irradiance and the
energy efficiency of the centralized power systems. In any case, the
utilization of ETCs significantly increases the environmental impact of
the Solar-TFC because of the substantially higher electricity output.
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