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Abstract

This paper explains a numerical optimization ofawet screw expander-based solar thermal
electricity plant to evaluate the energetic berdfitspecific case studies. In the proposed solar
electricity generation system, which is based am skeam Rankine cycle, water is used as
working fluid and storage, parabolic trough colestas a thermal source and screw expander as
power machine. Such solar system offers major adgas over conventional power plants
adopting steam turbines: low operating pressuresd gxploitation of low temperature heat
sources, acceptable efficiency in energy conversiih steam-liquid mixtures and reduced
size. Since screw expanders can operate at offruesdrking conditions in several situations
when installed in direct steam generation solantglathe main aim of the present paper is to
establish a thermodynamic model to study the eng@®yormance of the proposed power
system when off-design operating conditions andabée solar radiation befall. To assess best

operating conditions and maximum efficiency of wigole power system at part-load operating



conditions, numerical optimization is then perfodneén a specific range of fluctuating

evaporation temperatures under fixed condensatiesspres.

Keywords: Steam screw expander; Solar thermal power effigieirect steam generation;

Part-load behavior; Polytropic expansion phase

1. Introduction

Recently much research has been carried out imebsing renewable energy sources which,
with their low heat values and low temperatureslifsas geothermal energy and solar power),
have attracted increasing interest worldwide owingtheir high accessible quantities for

exploitation [1]. In the last decades, in fact,ragtdinary consumption of fossil fuels has caused
many severe environmental problems all over theldvauch as atmospheric pollution and

global warming.

Being stimulated by such crucial questions, thisgpashows a new solar electricity generation
system (SEGS) with water used both as working fard storage. This specific SEGS, which is
based on a steam Rankine cycle (SRC), uses parabmigh collectors (PTCs) to produce dry

steam (without a boiler) and screw expanders (SBsproduce mechanical power. The

satisfactory applicability in energy conversion lwisteam—liquid mixtures makes the screw
expanders suitable for exploitation of low-mediuemperature heat sources. In effect, direct
steam generation (DSG) power plants adopting s@epanders as power machines are at
present typically used for low-grade heat recoargt low temperature applications (waste heat
recovery and geothermal energy), but now these®® power plants can represent an actual
opportunity also for use in solar electricity geateim systems [2].

In general, volumetric expanders are mainly appabgr for small scale applications

characterized by low flow rates for high pressattos and low rotational speed, also accepting



fluid in two-phase conditions [34]. In comparison with other volumetric power mamgs, SES
offer benefits of two-phase tolerance, simple stmecand good efficiency under low working
pressure [5]. Screw expander technology deliveraesadvantages also in comparison with
steam turbinessed in large-scale SEGSs. Indeed, SEs are powaimesa which can be used to
convert heat to mechanical energy with low net poweg without reducing the steam Rankine
cycle efficiency (also while expanding liquid-steatends) [6], whereas dynamic expanders are
usually utilised in existing DSG solar systems juiong higher power output but without
admitting two-phase flows [7],[8]The fluid velocities within steam turbines, in facre
approximately one order of magnitude higher thars¢hin screw expanders; thus, the risk of
damage resulting from the admission of liquid/steanxtures is very higher for turbo
expanders. Taking all these features into accaangéw expanders become a realistic choice for
DSG solar systemwith respect to both steam turbines and other sdrt@lumetric machines
[91-[11].

In effect, the SE built-in pressure ratio can bemiower than the real working pressure ratio in
most cases of (PTC)-based power plants with dstim generation [1]. Consequently, under
such operating conditions, the accessible enthafpliigh-temperature dry steam cannot be
completely exploited when a single screw expandeused [12]13]. In order to produce
mechanical power with acceptable efficiency evedenrthese off-design working conditions,
this study adopts a plant solution based on tweve@xpanders joined in series in a DSG solar
system [1].

The chief purpose of the present study is to ergaihermodynamic model of the whole power
plant to explore the energy assessment of SE-daS&lsolar plants specific case studies. By
using this mathematical model at part-load workoogditions, parametrioptimization of all
variables is performed in order to attain maximuficiency of the planned power system. The
first aim of this study is to develop a mathemadtroadel to describe the polytropic expansion

phase in the SE. Subsequently, basic principlegstablished to assess the energy performance



of this SE-based DSG solar plant. In the numestallations used for this SE-based DSG solar
system, the evaporation temperature of water isnigeed with respect to solar thermal power
generation efficiency. Hence, in the typical satadiation range between 900 W/mnd 300
W/m?, numerical optimization is developed assuming evafon temperatures progressively
rising from 170 °C to 320 °C, under condensatiosspures of water assumed equal to 0.1 bar

and 1 bar.

2. Mathematical models

Solar systems which employ parabolic trough cotlectare a well-recognized and promising
technology; such power systems account for negbp @f the worldwide capacity of actual
solar power systems [14]-[16]. Furthermore, infiekl of real SEGS, power systems with direct
steam generation based on parabolic trough cotecapresent a hopeful technology also for
cost reduction [17],[18].

The solar power collector efficiencyerc Of a parabolic trough collector (sole moduis)
evaluated by Equation (1), whefg (K) is ambient temperaturg,(K) is temperature at tHeTC

inlet andGy, (W/n) is beam solar radiation [5],[13]:

T-T, (T B Ta)z
—0.001672 - ——— 1
G, G (1)

Mppe(T) = 0.762 — 0.2125 -

In (PTC)-based power plants with DSG, water in palia trough collectors is both in binary
phase and liquid phase regions. In liquid phasmnedo obtain an outlet temperaturg,; with a
specific inlet temperaturg,, the necessary collector ardecan be evaluated as in Equation (2),
wherethe solar energy collection efficienegyprc is estimated with Eq. (1) is the mass flow
rate of water through the PTC a@g(T) is the heat capacity of water that can be caledlat
Equation (3) by a first order approximatioh i§€ the temperature of water in the liquid phase

region ranging betweeh, andToy) [1].



A jTout m - Cp(T)
l Ton  Mprc(T) - Gb

dT (2)
Co(T) = Cpo +a(T —Tp) 3)
Clearly, the solar energy collection efficiengyrcp in binary phase region can be estimated
with Eq. (1) because water temperature remainstaong this phase. Consequently, in the
binary phase region, the necessary collector Agean be calculated by Equation (4), in which

Ahy is the enthalpy increase of water [6]:

b=~
Mprep " Gb

For DSG power plants, as the solar field consistiqoid-steam mixture, the overall solar
power collector efficiency can be assessed as irafian (5), wheré) represents the heat global
transfer rate of wateA is the PTC global collector area (that is the sdirelementary modules),

andh; andh; are the enthalpies of water at the PTC inlet an@ Butlet, respectively [19],[20].

¢ _m(ha—hy)
Gb'(Al-I_Ab) Gb‘A

Mpre(T) = (5)

The screw expander is a rotary-type positive deggtaent machine that can produce mechanical
energy without high working fluid velocities, bying enthalpy in working fluid characterized
by high temperature and pressure [21],[22]. Thusevs expanders offer many advantages
compared to dynamic expanders; indeed, these valiermeachines show good acceptance of
steam-liquid mixtures, from superheated steamtiorai@d liquid23],[24].

The polytropic and isentropic expansion proceseestaown in the-V diagrams of Figure 1. In
ideal isentropic conditions, the expansion proadste working fluid follows the patA-3-4,-

B. However, since there are some energy losses wihiahacterize screw expanders in real
working situations (so reducing the ideal work au}325][26], the following four efficiencies
can be introduced [1]:

* 1mhis the theoretical efficiency which contemplatesses owing to ill-matching of the real

pressure ratio,=ps/ps to the built-in pressure ratig ,=pa/pap [2];



* nconsiders fluid leakage losses between the rotatetigal screws;

* 1 is the thermodynamic efficiency which considergrgy losses due to thermodynamic
irreversibility;

*  /Jmis the mechanical efficiency which represents meidad losses owing to frictions from
the moving rotors in the SE.

In Equation (6), the SE overall isentropic effi@gn/se contemplates all the efficiencies

itemized above [5],[8]with mp=n.-nq that is defined as the diagram efficiency. Hertbe,

influence of energy losses due to thermodynamevarsibility on the overall screw expander

efficiency nsegare included in the diagram efficiengy.

Neg = Moy My My My = Npp " T " My (6)

All these energy losses can be evaluated by ngtittie state points shown in Fig. 1. Losses
during admission phase are represented in the fpatth A to 3’ (in blue line) while losses
during discharge phases are represented in the path5’ to B’ and from5” to B” (in blue
lines). Energy losses due to thermodynamic irsbéity are represented in the expansion
process fron8’ to 4’. Obviously, in real operating situations, these pdth blue lines¥follow
the equationP-V' = const in which the polytropic index replaces the indek of an ideal
isentropic case to give the real expansion pathiarking fluid when it is correlated against the
specified inlet and outlet conditions [6],[12].

Lastly, Fig. 1 also shows energy losses du#é-toatching of the SE built-in discharge pressure
(that is equal tgpgp in ideal isentropic case am@ in polytropic expansion process) to the
operating discharge pressymg(real exhaust pressure ranging betwpgrandpg-), that cause
either a blowdown effect (patch fro to 5’ in Fig. 1 (1)) or a blowback effect (patch frogh

to 5”7 in Fig. 1 (I)). In this regard, a chief characséc of screw expanders is a small built-in
volume ratior, ;=v4 /vs. Generally, since a small built-in volume rasorequired to exploit the

mass flow rate of working fluid before the high ssere port is closed, this parameter usually



ranges between 3 and 6 [12]. However, an excegdieel built-in volume ratio means a small
built-in expansion ratior(,,b=rv,bk), thereby causing under-expansion conditions wheractual
pressure ratio, in real power systems exceeds the built-in expansatior,, Under such
operating condition, the working fluid is exhaustdoo high a pressure, thereby reducing the

available energy and involving off-design operatogditions of the SE [1].

A p 3'-4’: Polytropic expansion process A P 3'-4": Polytropic expansion process
" = constant pv' = constant
3-4»: Ideal expansion process 3-4p: Ideal expansion process

&Ji = constant

L)wvf = constant

A oo 7.?‘, :3

3 Vab
(D): Under-expansion condition — p4>pap (I): Over-expansion condition — ps<ps

Fig. 1. (I): Polytropic expansion process with avalown effect during under-expansion
conditions (patch in blue liné&-3'-4’-5’-B’) and isentropic expansion process (patB-4,-B)
(I): Polytropic expansion process with a blowbadlect during over-expansion conditions
(patch in blue lineA-3'-4’-5"-B” ) and isentropic expansion process (p&aiB-4,-B)

In the isentropic expansion phase, the specifialideork produced by a steady-flow screw
expander can be evaluated by the area undergoinigl¢al diagran®-V= const(shown in the
path from3 to 4, in Figure 1). This ideal work is calculated agiguation (7) and can be called

theoretical isentropic work/; [1].
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In Equation (8), the theoretical efficienep, is obtained by dividing the theoretical diagram
work Wiy (that is the net work obtained when the real disgé pressurp, differs from the SE
built-in expansion pressug;, relevant to an isentropic case) by the theoretsmaitropic work
W;i expressed in Equation (7). Hengg, represents losses owing to ill-matched real expans

ratiorp and built-in expansion ratig p.

1,
1 1-k p,b
T —1P3V3 (1 —Tob ) +psvs| 1— T,
Trn = Wri k Lk
T —1P3Vs (1 - k >
(1-r59) + (k- 1) (1 —2—”)
= -k : ®

k(l—rpT>

In Equation (9) the diagram efficiengp is obtained by dividing the thermodynamic wakk,
(that is the sum of the shaft work outpi and the work for mechanical frictioN8yg) by the
theoretical diagram workMrg. Thus, this efficiencyrp contemplates losses due to both
thermodynamic irreversibility and fluid leakagedes (during discharge and admission phases).
In a previous scientific publication [23], the \&tion in diagram efficiencyp with rp, andry

was exposed when saturated vapour is used as \goflkid. It was shown that the diagram
efficiency np can be reduced by high built-in volume ratig, but the relevant reductions
become insignificant under rising real pressur@sat. In effect, when the operating expansion
ratios are almost twice the built-in expansionaaty, the values of the diagram efficiency

become around constant with the operating presatioerp.



W Ws + Wy
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When the theoretical efficiencyr, reaches its maximunygmp the isentropic efficiencyyse

7 ©

reaches its peak valugse, as shown in Equation (10). With the assumptiothef maximum
theoretical efficiencyym pas unitary, the overall isentropic efficiency bétscrew expander can
be calculated as in Equation (11) [1]. Thus, thakpsentropic efficiencyjsg , comprises fluid
leakage losses, losses due to mechanical frictémnks energy losses due to thermodynamic
irreversibility. Finally, as explained in Equati¢hl), once the built-in volume ratiqp, the
isentropic indexk and the peak isentropic efficienaye are fixed, the overall isentropic

efficiency 7se depends on the operating pressure mgtio

Nsep = Mrnp " T e 1, = Nrpyp " Tlp " Ty (10)

(1-r" )+ (k—-1) (1 _T;_;;b>

Msg = Msgp " rn = Msgp ° 1-k (11)
(1-n7)

1- rpT
Equation (12) shows the steam Rankine cycle eff@igsrc WherePsgcis the power of the
Rankine cycle (difference between the SE poRgrand the power absorbed by the pulp
andQ is the heat transfer rate of water in the bindrgse and liquid phase regions [1],[19]. In
such equationgse is the global efficiency of the screw expandereg@ally shown in Equation
(11)), h1is the enthalpy value of water at the pump infgtis the pump overall efficiency which
considers both the adiabatic and mechanical effogieof the pump andh, ;s is the isentropic
enthalpy at the pump outlet, which can be calcdlatethe basis of water enthalpy properties by
using REFPROP tables once the pressure incrediseds Besidesh; is the enthalpy value at
the SE inleandh, s is the isentropic enthalpy value at the SE ou@#&tarly, all thesenthalpy

values depend on the specific steam Rankine cycle.



_Psrc _ Psg —Pp _ (h3 - h4,is) “MNsg T (hz,is - h1)/77p

= — - 12
Tsre = 7 ) (hs — hy) (12)

In Equation (13) and Equation (14) is the solar thermal power efficiency which ddsesi the
share of solar radiation efficiently converted irdotput powerPyet = Psrc mec (N€t power
produced by the PTC-based power system), whgggis the mechanical efficiency of the PTC-
based power system (also comprising generatorieifiy) [12]. Therefore, this overall

efficiency can be considered the global efficienEhe DSG power system as a whole.

Pyer
Mg = G, A = Mprc " Msre ™ hmec (13)

_ Ak _ _M> ]
(1-ry)+ k-1 (1 7 ) (s — )
k

(h3 - h4,i$) ' 7755,19 ' 1-k n
k (1 —, k > P
Mg = Tprc (hs — hy) Mmee  (14)

3. Results and discussion

The particular SE-based DSG solar plant examindbignpaper is presented in Fig. 2, whereas
the T-s diagram of the steam Rankine cycle is shown in Bignder evaporation temperature
and condensation pressure assumed equal to 206c°Q bar, respectively [12]. As shown in
the schematic diagram, the dry saturated steam flows tine screw expanders to provide
mechanical power: the expansion phase begins ifirdtgath from3 to 3’ (in SE) and is then
completed in the second path fr@nto 4. Once the saturated steam has been exhaustiesyst f
into condense€ (from 4 to 1) to be condensed to saturated liquid. Finally, garirated liquid

is pressurized by pump; (from 1 to 2) toward the parabolic trough collectoBT(C9 to



produce saturated steam which is then separatibe iwater storage unit, thereby obtaining dry
saturated steam [1]

In the mathematical simulations adopted for theast Rankine cycle, two SEs are coupled in
series in order to decrease the actual expansimnrgeof each screw expander. Indeed, as was
clarified in the previous section, SE isentropificefncy decreases when the real expansion
ratio rp increases excessively in comparison with the SH-ibuexpansion ratiorpp, thus
involving off-design operating conditiof]. Therefore, with the plant configuration adapia

this study, the whole pressure rat®oshared on two power machines, such that eadwscr

expander can benefit from lower actual expansitio ra

i ¢
G L
SEr & ) p
3 ss| =
SE> 8 . % _
P2 PTC
4
C
Py
O+ —»
1 2

Fig. 2. Plant configuration of the PTC-SRC powestegn
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Fig. 3. T-s diagram cycle of the steam RankineewydhenTs is 200 °C angb, is 1 bar [12]

Numerical optimization of this sort of SE-based DS@ar plant is improved by linking
algorithms established for the energetic assessnuénthe whole power plant with
thermodynamic formulas obtained for the SE parttHideehavior [1]. In order to derive
maximum solar thermal power efficiency for soladiagion G, ranging between 900 W/nand
300 W/nf, numerical optimization considered specific caselies; condensation pressuyxgs
assumed equal to 0.1 bar and 1 bar and evapotatigperature Jof water(at theSE inlet) is
assumed to be fluctuating between 170 °C to 320IriGhis section, using the mathematical
model in question and once all key factors for nucat simulations are fixed (Table 1), the
evaporation temperatures will be optimized anduwated with respect to steam Rankine cycle
efficiency and solar thermal power generation edficy for the fixed condensation pressures.
Using Equation (1), in Fig. 4 variations in theagbower collection efficiency with evaporation
temperature are shown in the specified solar nagiatnge. It is evident that the heat collector

efficiency 77prc always decreases with evaporation temperatgif&],[12].



Table 1. Set parameters

Terms Value
T4 [C°]: ambient temperature 25
me¢ Mechanical efficiency 0.95
Np: pump efficiency 0.80
k:isentropic index 1.13
rve SE built-in volume ratio 5
Nsep SE peak isentropic efficiency 0.75
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Evaporation temperaturel- [°C]

Fig. 4. Heat collection efficiencyprc with evaporation temperature under increasing sola

radiation

Assuming Equation (11) (which shows variations il Bentropic efficiencynsg with the
operating pressure ratig), in Fig. 5,7se is plotted against temperatufe when condensation
pressurep, is assumed equal to 0.1 bar and 1 bar once theibbwblume ratior,p, is set (as

shown in Table 1).
For the PTC-SRC power plant proposed in this pagegnalyzing in Fig. 5 the over-expansion

working conditions , > rp), a decrease in SE efficiencysg is manifest when actual



condensation pressure drops from 1 bar to 0.1lib&ffect, with rising evaporation temperature
Tz and decreasing exhaust pressugehe resultant actual expansion rationcreases gradually
(compared to the built-in pressure ratio), hencesicey off-design working conditions
(blowback effect) [12]. Moreover, in Fig. 5, simildecreases in the SE overall efficiengy
are also manifest whep < r, p, namely in under-expansion operating conditiondatt, in this
other case (when exhaust presqures assumed equal to 1 bar and evaporation tempergiu
drops), the resultant actual pressure ratidoecomes progressively lower than the built-in
expansion ratidhereby causing blowdown operating conditions [pleffect, the maximum SE
isentropic efficiency falls when the real expansiatiosr, of both screw expanders reach the
built-in expansion ratio,n, whereas the mismatch of the working expansioio ratwith the
built-in expansion ratio involves two opposite ctiohs: a blowback effect during the over-

expansion process and a blowdown effect duringitfoer-expansion process [1].

0.7¢

S S —— ——
o

o — —~
// L C—
o

0.54 // —e—0.1 bar

SE overall efficiency f]o

0.52

0.50 T ‘ ‘ T T ‘ ‘ T T ‘ ‘ T ‘ ‘ T )
160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320

Evaporation temperatureT 5 [°C]
Fig. 5. Variations in SE overall efficiency withagyoration temperature under condensation

pressure assumed equal to 0.1 bar and 1 bar



Using equation (12)ysrc(steam Rankine cycle efficiency) results from Séntropic efficiency
Nse andreal pressure ratiop,. In Fig. 6,this heat-to-power conversion efficiency is shown
against evaporation temperature under condensptiessureassumed equal to 0.1 bar and 1
bar. For low evaporation temperature and high cosalgon pressure, the steam Rankine cycle
efficiencyis clearly damaged both by a decrease in the dlailenthalpy of expansion and a
decrease in SE isentropic efficiengye due to extreme under-expansion conditions (the
resultant real pressure ratip decreases overall in comparison with the SE huixpansion
ratio, thereby causing the blowdown effect which inducesrSE performance) [1].

By contrast, steam Rankine cycle efficiency alwenyseases with rising temperatufe when
condensation pressung, is assumed equal to 1 bar. Consequently, unden swarking
conditions, a rise in the obtainable enthalpy géasion with a rising evaporation temperature
overcomes a reduction in overall efficiency of g@ew expanders (due to under-expansion
conditions). However, when condensation presgyris assumed equal to 0.1 bar, efficiency
Nsrc becomes almost constant with rising temperaliydecause a decrease in SE overall
efficiency as evaporation temperature increaspspoises a rise in the available enthalpy of
expansion [1]. Indeed, in this specific case, teatho-power conversion efficiency is damaged

by extreme over-expansion conditions due to thevbéxk effect [12].
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For the DSG power plant proposed in this studyatdgpting Equation (14), variations in solar
thermal power generation efficiency with evaponattemperature are calculated in Fig. 7 for
condensation pressures assumed equal to 0.1 dam@s) and 1 bar (blu lines). As expounded
in Equation (13), this overall efficienoy depends on heat collection efficiengyrc, heat-to-
power conversion efficiencysgc and mechanical efficiencyme, Hence, once the SE built-in
volume ratio is fixed as in Table 1, the globali@éncy 7 is a function of evaporation
temperaturds, actual expansion ratig and beam solar radiati@sy, [27],[28].

When condensation pressure is assumed equal tbad.IFig. 7 shows that low evaporation
temperatures produce a little lower or almost camsoverall efficienciegsin comparison with
its maximum values. Instead, for high temperatlisge(thus in excessive over-expansion
conditions), the global efficiencys decreases due to energy losses from the blowbé&ekt.ef
On the other hand, when the condensation presswassumed equal to 1 bar and under beam

solar radiations higher than 500 W/rit is evident that high temperaturBslead to moderately



lower overall efficienciesjs. By contrast, for low temperaturds the global efficiencyys is
damaged by extreme under-expansion conditions wdaake poor SE performance (blowdown
effect) [12].

Subsequently, in order to detect optimum operatiogditions under the fixed condensation
pressures, the first derivative of each of thesetions indicating variations in global efficiency
e with solar radiatiorGG, and evaporation temperaturgwere calculated and fixed to zero [1].
Using this analytical procedure, variations in ¢péimum evaporation temperatureqfand the
resultant maximum solar thermal power efficiemgy,pare calculated and shown in Fig. 8 and
Fig. 9, respectively.

In effect, the optimum global efficiencies are mi#gal when the condensation pressure is
assumed equal to 0.1 bar, because a rise in tagable enthalpy of expansion with a declining
condensation pressupg overcomes a reduction in overall efficiency ofeserexpanders in
over-expansion working conditions. The results reggb in Fig. 8 indicate that, when
condensation pressure is assumed equal to 0.1heaoptimum evaporation temperature rises
from around 161 °C to 221 °C with growing solariatidn. On analyzing Fig. 9, under this
specific operating conditiorp{= 0.1 bar), the maximum overall efficiengy o, increases from
around 9.9% to 13.2% when solar radiation rises f8B90 W/nf to 900 W/m. Hence, this SE-
based DSG solar plant, in the established rangieeodptimum working conditions, can operate
at lower evaporation temperatures than similar O@@er plants adopting steam turbines,

without considerable reduction in overall efficigrd].
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Conclusions

The PTC-SRC power plants based on steam SEs @ffera advantages regarding the low
temperature and pressure in the solar field, redlstee and low technical requirements. The
solar electricity generation plant analyzed in thtigdy adopts screw expanders and parabolic
trough collectors, and is based on the steam Rardyiole. To assess best operating conditions
and maximize efficiency of the whole DSG power plat part-load working conditions,
parametric optimization was then improved in a widenge of variable evaporation
temperatures under fixed condensation pressures.

The chief conclusions on the energy performance gardmetric optimization established on
this kind of SE-based DSG solar plant can be sumexhas follows:

e« Under condensation pressure assumed equal to 0,lldwa evaporation temperatures

produce a little lower or nearly constant globaficefncies in comparison with its



maximum levels. Instead, for high evaporation terapges, the global efficiency decreases
owing to energy losses from the blowback effect.

Under condensation pressure assumed equal to anghmwhen beam solar radiation is
higher than 500 W/f high evaporation temperatures lead to moderdtber global
efficiencies. By contrast, for low evaporation tesrgiures, the overall efficiency is
damaged by extreme under-expansion conditions wddaake reduced SE performance.
The best global efficiencies are reached when timel@nsation pressure is supposed equal
to 0.1 bar because a rise in the available enthafixpansion with a decreasing exhaust
pressure overcomes a reduction in overall effigjevfcscrew expanders in over-expansion
operating conditions. For this specific working ddion, the optimum evaporation
temperature is around 220 °C under higher solaiatiad, with the resultant maximum

global efficiency that is around 13.2%.
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