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The paper analyses an integrated solar combined cycle that, as a novelty, includes a gas turbine with
partial recuperation. A conventional solar arrangement including parabolic troughs with a thermal oil is
assumed. This field feeds a solar steam generator working in parallel with the high-pressure evaporator
of the heat recovery steam generator. The plant is designed to balance out the solar supply to the steam
cycle with the thermal power transferred to the air in the recuperator before it is introduced in the
combustion chamber. Thus, only a fraction of the turbine exhaust gas flows through the recuperator. The
additional steam production due to the solar contribution is mitigated by lower power available at the
evaporator of the heat recovery steam generator, making possible to achieve constant steam turbine
operation regardless the solar contribution. Results show that the proposal reaches better performance
and lower generating cost than conventional integrated solar combined cycles. Besides, a new proposal
to evaluate plant performances and economical assessments is introduced, which has been shown useful
to understand correctly the results obtained.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Conventional thermal power plants will still have an important
share in the grid mix in the medium term. When both conventional
thermal plants and concentrating solar power (CSP) plants are
present in the electricity mix, hybridization of both sources is more
convenient in terms of an efficient use of fossil fuels. In addition,
hybridization leads to advancing on the CSP learning curve while
minimizing investment risks thanks to the fossil fuel supply. This
might be done by means of integrated solar combined cycles (ISCC).

This technology has been studied since the late 90s. Designs of
the early studies were based on the parabolic trough technology
(PTC) developed for the SEGS plants [1]. At the beginning of this
century, interest in ISCC increased because of the construction of
some plants granted by the Global Environment Facility agency to
developing countries like Egypt, Morocco, India and Mexico [2].

Up to date, a small number of ISCC have been put into operation
worldwide, like Ain Beni Mathar (Morocco), Hassi R'mel (Algeria),
Kuraymat (Egypt), Martin Next Generation Solar Energy Center
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(USA), Agua Prieta Il (Mexico), Archimede (Italy) and Yazd (Iran).
There are others planned or in construction, like Ningxia (China),
Palmdale Hybrid Power Plant and Victorville 2 Hybrid Power Plant
(USA), Abdaliya (Kuwait) or Duba 1 ISCC (Saudi Arabia) [3,4].

Studies like Dersch’s et al. [5] show the domain of PTC tech-
nology within ISCC. In most cases, the solar heat is transferred to
the water/steam of the bottoming cycle using a solar steam
generator (SSG) that is fed by the heat transfer fluid (HTF). This HTF
is usually a thermal oil [3], although other choices like the use of
molten salts [6] has been used. Direct steam generation (DSG) has
been also proposed [7,8], leading to higher efficiency but lower
reliability. Furthermore, some authors have proposed the use of
CO, as HTF [9], although the results were not successful in the
economic framework established.

In the state-of-the-art configurations, the solar thermal input is
transferred to the steam cycle for high-pressure evaporation [3,10]
and, in some cases, a slight degree of superheating [11,12], pre-
heating [13] or both superheating and pre-heating [6]. There are
also studies that propose the solar integration at the low or inter-
mediate pressure level of the Heat Recovery Steam Generator
(HRSG). For example, Calise et al. [14] suggest the use of PTC using
thermal oil to increase the steam production of the low-pressure
level. The reasons that support the integration at this level are a
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Nomenclature

Acronyms

CCGT Combined cycle gas turbine

CSP Concentrating solar power

CTR Central tower receiver

DSG Direct steam generation

HP High pressure

HTF Heat transfer fluid

HRSG Heat recovery steam generator

ISCC Integrated solar combined cycle

ISCC-PR  Integrated solar combined cycle with partial
recuperation

LP Lower pressure

0&M Operation and maintenance

PR Partial recuperation

PTC Parabolic trough collector

SSG Solar steam generator

™Y Typical meteorological year

Symbols

A Area (m?)

C Cost of energy (€-]°1)

Cp Specific heat at constant pressure (J-kg~!-K™1)

DNI Direct normal irradiation (W-m~2)

IAM Incidence angle modifier ()

e Specific exergy (J-kg 1)

E Energy (J)

E Exergy flow (W)

h Specific enthalpy (J-kg™!), hour

H, Heating value (J-kg™1)

HR Heat rate ()

Inv Investment (€)

K Steam turbine mass flow parameter (ms;-
T/ (P2 —p2) ) (m-K*3 s)

L Length (m)

LC Levelized cost (€)

LCOE Levelized cost of electricity (€-]1)

m Mass flow (kg-s1)

S

Yearly frequency of a determined operating condition
(=)

Pressure (Pa)

Power (W)

Thermal power (W)

Time interval (1 h)

Temperature (K)

Overall heat transfer coefficient (W K~' m~2)

Width (m)

Mass flow ratio (—)

*xsoH"TO TS

Greek letters
4 Increment

€ Recuperator effectiveness (—)
¢ Pressure drop (—)

n Efficiency (-)

Subscripts

a Air

col Collector

des Design

ec Economizer

ev Evaporator

f Fuel

gt Gas turbine

g Gas

i Inlet

inc Incremental

ise Internal solar-to-electricity
1 Local coordinate of the PTC
max Maximum

net Net

0 Outlet

R Recuperator

sh Superheater

sol Solar

sol-elec  Solar-to-electricity

st Steam turbine

better sizing of the heat exchangers and a better integration in the
steam turbine. Brodrick et al. [15] study the behaviour of an ISCC in
which the solar thermal power is integrated at the intermediate-
pressure level of the HRSG, and the control of the HTF tempera-
ture, concluding that, in the case of ISCC, a strategy varying this
temperature can be interesting. Li and Yang [8] propose, in a first
work, the introduction of the solar heat in two stages: one at the
high-pressure level and the other at the low-pressure one, working
in both cases with DSG. In a second work [16], they propose the
change of the PTC dedicated to the low-pressure level steam
generator by evacuated flat collectors. Finally, Bonforte et al. [17]
study the solar heat introduction in all pressure levels (70 MW for
the high-pressure level, 20 MW for the intermediate-pressure one
and 40 MW for the low-pressure one).

Regarding the integration point within the combined cycle, as
commented, the most common choice is to introduce the solar heat
to the steam cycle, although other options have been also studied.
The use of PTC to preheat the air of the gas turbine before it is
introduced in the combustion chamber is put forward in Refs. [18],
where authors proposed air preheating up to 580 °C to achieve a
yearly fuel saving of 15.5%. In Ref. [ 19], the same integration point is

proposed but using a central tower receiver (CTR) system to pre-
heat the air. The use of a CTR is also suggested in Refs. [20], in this
case to add a stream of hot air to the exhaust gas coming from the
gas turbine outlet.

Duan et al. [21] also propose the solar integration for air pre-
heating at the exit of the compressor. Unlike in Refs. [18,19], in this
case the air is preheated after it preheats, in turn, the water of the
steam cycle. Thus, the temperature of the air within the receiver is
lower. The air is heated up again to a temperature higher than the
compressor outlet one, so the configuration can benefit from higher
production and lower fuel consumption simultaneously.

Rovira et al. [22,23] compare the yearly behaviour of different
ISCC and hybrid systems working with different solar concentrating
technologies: PTC, linear Fresnel collectors and CTR integrating
solar energy either to the bottoming cycle or to the air of the gas
turbine. These works show that configurations with solar integra-
tion at the bottoming cycle (i.e. conventional ISCCs) lead to higher
yearly production and use more conventional and reliable solar
concentrating technologies (for example, PTC). However, configu-
rations with solar integration at the gas turbine lead to significantly
higher solar-to-electricity efficiencies (even higher than 50%), but
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with less reliable solar concentrating technologies.

Regarding the high solar-to-electricity efficiency, Rovira et al.
[24] present a layout for the ISCC based on the concept of partial
recuperation (PR) for the gas turbine, previously analysed in
Refs. [25] for combined cycle gas turbines (CCGT) without solar
integration. Partial recuperation can lead to reduce the fuel con-
sumption without varying the gas turbine operating conditions
and, thus, without reducing its efficiency. The introduction of par-
tial recuperation into ISCC allows the use of conventional solar
concentrating technologies (PTC with HTF), where solar input is
introduced at the bottoming cycle (as in conventional ISCC) and, at
the same time, a fuel saving equivalent to non-conventional tech-
nologies with solar integration into the gas turbine. Therefore, this
configuration can operate with reliable technology and, simulta-
neously, lead to solar-to-electricity efficiencies higher than 50% (in
net terms). Although this configuration was presented in previous
works [24] and a similar concept has been studied without solar
integration [25], a complete analysis of its annual performance and
cost has never been carried out. This study would allow to rate the
proposed configuration with state-of-the-art CCGT and ISCC.

The main objective of the present work is to study in detail and
for the first time the original ISCC proposal that follows the layout
presented in Ref. [24]. The goal is to enlarge synergies between
combined cycle and solar technologies, increasing the performance
over conventional ISCCs in terms of efficiency and costs. The
configuration is based on a CCGT with HRSG of two pressure levels,
and solar heat integration within the steam cycle in parallel to the
evaporator of the high-pressure level. The solar concentrating
technology is PTC using a thermal oil as HTF. The study includes the
analysis of the yearly performance and the economical assessment.

As a secondary objective, a discussion about the different figures
of merit to assess the ISCC technology is carried out. At this regard,
the conventional incremental solar-to-electricity efficiency will be
used, together with a modified one defined in Ref. [8,24] and a new
proposal developed for this work.

In Section 2 the reference configurations are presented. The
proposed configuration is described in Section 3. Section 4 shows
the methodology used in the analysis and the figures of merit. The
results, including the preliminary sizing of the most relevant
equipment, daily and yearly operation analysis are presented in
Section 5. Finally, Section 6 shows the conclusions.

2. Reference configurations
2.1. Reference combined cycle gas turbine

In order to make comparisons, a conventional CCGT without
solar integration is defined as a reference power plant. In this
configuration, the exhaust gas of the gas turbine is directed to a
double pressure-level HRSG that feeds the steam turbine of the
Rankine cycle. Fig. 1 shows the scheme of the layout, while Table 1
presents the main design parameters of the configuration.

2.2. Reference integrated solar combined cycle

In order to compare the proposed configuration with a con-
ventional ISCC, a reference ISCC is also established. The layout of the
configuration is presented in Fig. 2. As it can be observed, the
reference ISCC is based on the reference CCGT, where a solar field
with PTC is included. PTC heats up a thermal oil, in this case
Therminol VP1, which is used to feed the SSG. The SSG works in
parallel to the evaporator of the high-pressure level of the HRSG,
increasing the high-pressure steam production when the solar field
is operating.

Table 1 also presents the main design parameters of the

reference ISCC, and Table 2 shows the main features of the PTC solar
field. Solar thermal power is set to 16 MWy, at nominal conditions
(net term).

3. Integrated solar combined cycle with partial recuperation

The objective of the integrated solar combined cycle with partial
recuperation, namely ISCC-PR, is to allow fuel savings equivalent to
the introduced solar heat by means of a recuperative heat
exchanger in the gas turbine and, at the same time, to maintain the
steam production constant. Fig. 3 depicts the layout of the config-
uration. The gas turbine exhaust is divided into two main streams:
one stream is directed to the high-pressure part of the HRSG,
whereas the other is directed to the recuperator and, then, to the
high-pressure evaporator inlet, where both streams are mixed.

As in the case of the reference ISCC, the solar field consists on a
set of PTC working with a thermal oil (Therminol VP1) that is used
to evaporate water of the high-pressure level, in parallel to the
corresponding evaporator of the HRSG.

The fraction of gas turbine exhaust flow that is directed to the
recuperator is selected to make equal the thermal power
exchanged in the heat exchanger and the thermal power supplied
by the solar field to the high-pressure evaporator at the design
point. Besides, as the temperature of gas coming from the gas
turbine at the superheater inlet is the same as in CCGT and ISCC
cases, the high pressure steam temperature can be the same as in
these reference configurations.

One may observe in Fig. 3 that there are two bypasses at the
recuperator: one at the exhaust gas side and the other at the air
side. As mentioned, the thermal power exchanged in the recuper-
ator can modulated by varying the gas fraction that goes through
the recuperator. With the goal of maintaining constant the gas mass
fraction that goes to the superheater regardless the gas mass frac-
tion directed to the recuperator and the solar contribution, a bypass
at the gas side (dotted line in Fig. 3) is introduced. Thus, once a gas
mass fraction is sent to the recuperator, the bypass deviates another
fraction before entering the superheater, in such a way that the sum
of both mass flow rates (through the recuperator and through the
bypass) is constant and, consequently, gas mass flow directed to the
superheater is also constant. Besides, the bypass at the air side al-
lows an air flow modulation to achieve constant temperature dif-
ference at the two ends of the recuperator.

Moreover, the fact that the thermal power transferred in the
recuperator and the solar thermal power are equal also allows
constant steam production at the HRSG, because each thermal unit
added by the solar field to the water/steam is removed from the gas
contribution in the evaporator.

The design parameters of the different equipment are shown in
Table 1 and Table 2. The solar thermal power is set to 16 MWy, and
the effectiveness of the recuperator (&) is 80%.

4. Methodology

Simulation of systems at nominal conditions is based on the
mass and heat balances of each equipment at steady conditions.
Therefore, some design and technological parameters are required
in order to complete the information of the system. The following
sub-sections describe the specific models used for the different
equipment. The code of simulation models was implemented in
Visual Basic. Refprop software is used for obtaining the thermo-
physical properties of involved fluids.

A dataset containing all the results of the work has been
included as complementary material [26].
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Fig. 1. Layout of the reference CCGT.

Table 1
Design parameters and nominal performance of the configurations.

Reference CCGT and ISCC configurations

Ambient T and p 288 K, 1 bar
Compressor pressure ratio 16:1

Compressor air mass flow 210 kg/s
Gas turbine inlet temperature 1500 K
Compressor polytropic efficiency 90%
Turbine polytropic efficiency 90%
Steam turbine isentropic efficiency 85%
Pumps isentropic efficiency 75%

HP live steam T 818 K
HP pressure level 90 bar
HP pinch point 10K
LP live steam T 566 K
LP pressure level 5 bar
LP pinch point 10K
Combustion chamber efficiency 95%
Mechanical efficiency 98%

4.1. Simulation models for the gas turbine

In the case of the gas turbine, the compressor takes air from the
environment and compresses it before it flows through the com-
bustion chamber (reference CCGT and ISCC configurations) or
through the recuperative heat exchanger (ISCC-PR configuration).
The air outlet pressure is defined by the compressor pressure ratio
(rgt) and the pressure drop at the compressor inlet, which is set to
20 mbar.

Compression is simulated as an adiabatic and non-reversible
process. Thus, a polytropic efficiency is considered (Table 1). The
compressed air enters the combustion chamber together with the
fuel (natural gas) assuming a pressure drop of 5%. Finally, the gases
exiting the combustion chamber are directed to the turbine, where
they expand in an adiabatic and non-reversible process. The

pressure at the turbine outlet is known, since it is the ambient one
plus a slight pressure drop at the HRSG. The considered pressure
drop is 40 mbar. In order to consider the irreversibility, a polytropic
efficiency is considered (Table 1).

In the case of the ISCC-PR configuration, the recuperator is also
simulated. The corresponding heat balance is as follows:

Xa - 1Ma - (hgar — Mg2) =Xg - 1ilg- (Mg — hgar) (M

In Equation (1), x, is the ratio of air mass flow rate that is
directed to the cold side of the recuperator to the total air mass flow
rate (see Fig. 3), and xg is the ratio of gas turbine exhaust gas that is
directed to the hot side of the recuperator to the total exhaust gas
mass flow rate.

Additionally, the effectiveness (&) of the recuperator is required,
that is defined as below:
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Fig. 2. Layout of the reference ISCC.

Table 2
Features of the solar field (PTC) at the design point.
Absorber tube outer diameter 0.07 m Mirror reflectivity 92%
Absorber tube inner diameter 0.065 m Glass transmisivity 94.5%
Glass envelope outer diameter 0.115m Solar absorptivity 94%
Glass envelope inner diameter 0.109 m Peak optical efficiency 75%
Module length 1227 m Thermal emissivity 0.04795 + 0.0002331 T (°C)
Mirror length 119 m Maximum rityre per loop 7.725 kg/s
Intercept factor 92%
The off-design behaviour of the compressor is usually defined by
_Tor —Tgp its characteristic curves. These curves are based on Ref. [29].
e= 82 (2) . ; . .
T4 — Ty Regarding the combustion chamber, as the gas turbine is main-

In Equation (2), the numerator represents the temperature
variation of the stream with lowest heat capacity (r-cp) in the
recuperator. In this case it corresponds to the air. The denominator
represents the maximum temperature variation.

The recuperator introduces an additional pressure drop at the
air side. It is calculated with the following equation (obtained from
Ref. [27]):

£=(¢—0.48)/30 3)

The additional pressure drop at the gas side is mitigated by a
lower pressure drop in the HRSG, since the HRSG should exchange
lower thermal power as the exhaust gas has exchanged part of its
heat in the recuperator.

Thermo-physical properties of the air and the gas are calculated
from Ref. [28].

For the off-design simulation of the gas turbine, specific simu-
lation models should be used. Such operation takes place when
ambient conditions are different from the nominal ones or in a
scenario of part-load operation. In this work, the strategy is to
maintain the gas turbine working at full load, so off-design oper-
ation is due to the variation of ambient conditions.

tained at the maximum possible load, the turbine inlet temperature
is kept at its nominal value. As in the case of the compressor, the
turbine behaviour is described by its characteristic curves [30].

Finally, in the case of the ISCC-PR configuration, the off-design
behaviour of the recuperator can be characterised by means of
the heat balance and its thermal conductance (UA) considering a
counter-flow heat exchanger:

(Tea — Tgor) — (Tear — Tg2)
In((Tga — Tg2r) / (Tear — Tg2))
The thermal conductance can be calculated at nominal condi-

tions, and it varies at off-design operation. The variation can be
assessed with the equation below [31]:

. q
XQ'ma
U/ U= |—"0"19 (5)
/ des (XaAdes'maﬁdes>

In flows with Prandtl numbers of roughly 0.7 the exponent g
takes the value of 0.625.

Qrgt = UA- (4)
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Fig. 3. Layout of the ISCC-PR.

4.2. Simulation models for the HRSG and steam turbine

Simulation models for the economisers, evaporators and su-
perheaters of the HRSG are based on the energy balances. For the
simulation at nominal conditions, some design parameters are also
required (see Table 1). These are the steam temperature at the
outlet of the superheaters, the pinch points for each pressure level,
the approach points (fixed at 25 K), the working pressure at both
pressure-levels and the temperature of the feedwater from the
deaerator, which is established in 60 °C (corresponding to a satu-
ration pressure of 0.2 bar).

In the ISCC-PR configuration, only a fraction of the exhaust gas
from the gas turbine flows through the superheater. Assuming that
the heat exchanger is balanced, the temperature difference at the
cold- and hot-ends is the same, and the following heat balance can
be established (numbering of Fig. 3):

Xsh * mg . (hg4 — hg5pR) = mHP’(haS - ha7) (6)

The gas mass flow rate that exits the superheater is mixed with
the other fractions coming from the recuperator and the by-pass,
resulting:

Xsh - hgspr +Xg - Ngap + (1 —Xgp — Xg) - Nga = hgs (7)

On the other side, the steam leaving the high pressure super-
heater is expanded in the high pressure cylinder of the steam tur-
bine. As the process is adiabatic and non-reversible, an isentropic
efficiency of 85% is considered.

The steam at the exit of the high pressure cylinder of the steam
turbine is mixed to that from the low-pressure superheater, and
this total steam is directed to the low-pressure cylinder of the
steam turbine. In this cylinder there is a steam extraction line at
1.2 bar that feeds the deaerator. The isentropic efficiency for this

cylinder is also 85%.

The condensation pressure is fixed at 56 mbar, which corre-
sponds to a saturation temperature of 35 °C, above the ambient
temperature (20 °C). The condensate is pumped up to the deaerator
pressure (0.2 bar), considering an isentropic efficiency for the pump
of 75%.

Finally, the saturated water from the deaerator is pumped up to
the high-pressure level plus an additional pressure drop of 5%.

For the off-design calculation of the HRSG, the thermal
conductance of each heat exchanger is required together with the
energy balances. The heat exchange equation is similar to Equation
(4). In economisers and evaporators, the highest resistance to the
heat exchange is found at the gas side flow. Thus, the variation of
the overall convective heat exchange coefficient follows also
Equation (5), but replacing x-rig by 1. In the case of superheaters,
the convective heat exchange coefficients at the gas side and the
steam sides are similar. In order to simplify the calculations, the
variation expressed in Equation (5) is also used, which is commonly
employed to avoid a complete design of the exchanger.

For the ISCC-PR configuration, the calculation of the gas mass
flow rate that is directed to the superheater at each operating
condition is required. The mass fraction that goes to the recuperator
(xg at g4 conditions in Fig. 3) is selected to achieve a heat exchange
equal to the thermal power introduced by the solar field. The
fraction that goes to the superheater (xs, at g4 conditions in Fig. 3) is
selected to generate the same steam mass flow as the CCGT at the
same operating conditions. Finally, the remaining gas mass flow
rate goes through the bypass and is mixed with the gas exiting the
recuperator.

In order to assess the behaviour of the steam turbine at off-
design operation, the Stodola-Friigel Law is used:
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Ti

gt | =
2
p? — D}

K (8)

This law can be applied in each section or cylinder of the steam
turbine in which the steam mass flow rate keeps constant. In the
present study the sections are the high-pressure cylinder, the sec-
tion from the inlet to the low-pressure cylinder to the extraction
line, and the section from the latter to the outlet of the low-
pressure cylinder.

Regarding the variation of the isentropic efficiency, in the
technical literature there are different methodologies to assess it. In
the present paper, the correlation used in Ref. [32] is implemented,
which leads to a decrease of 10% points in the isentropic efficiency
when the relative turbine capacity
((m \/Tl /P1)/ (Mges -1/ T des /pi,des)) varies from 100% to 70%.

Finally, the condensation temperature follows the evolution of
the ambient temperature. Specifically, for each unit in the ambient
temperature variation the condensation one varies a half. This
lower amplitude in the variation lies on the fact of condensers in
CCGT and ISCC are usually cooled by water, with a temperature
variation lower than the ambient one.

4.3. Simulation models for the PTC and the SSG

The solar field considered consists of several loops of Euro-
trough 150 PTCs (ET-150). Main parameters were shown in Table 2
[33]. Models for the simulation of PTC are also based in the heat
balances [33], which accounts for the energy gains from the solar
energy, the heat transferred to the HTF and the losses: different
optical errors and thermal losses to the environment (convection,
conduction and radiation). Petukov’s correlation is used to guess
the convection losses and a thermal emissivity of 94% is considered
for the radiation ones. Pressure drop is calculated with the Cole-
brook’s equation.

Direct normal irradiation (DNI) at nominal conditions is set to
850 W/m>. In the case of PTC cooled by liquids, the local thermal
efficiency at nominal conditions can be estimated as function of the
nominal DNI and the local HTF temperature inside the troughs [34]:

Nt (%)= — 0.00013-T% (°C) + 0.0313-T (°C) + 69.563
9)

The whole solar field comprises a set of parallel loops containing
several ET-150 PTC in series with a nominal HTF mass flow rate of
7.725 kg/s. The number of parallel loops and collectors in series are
selected to achieve the desired thermal power at the corresponding
operating conditions.

These conditions are linked to the SSG design and operation.
Particularly, SSG simulation is based on the heat balance. The pinch
point is established in 10 K, which is reached at its cold-end. Thus,
the minimum HTF temperature is determined by the saturation
temperature of the high-pressure level and the pinch point, while
the maximum HTF temperature is fixed at 390 °C.

To calculate the number of PTC in series within each loop, the
following equations can be used:

{ dQ = mHTF,loop,des'dh
dQ = nprc (T)- (DNI-IAM)-dAco; = nprc; (T)- (DNI-IAM)- W dL

(10)

The length required for the required HTF temperature variation
is:

Myrr loop.des Cp -dT
dL= it . =]
(DNI-IAM)-Weop Mprcy (T) %

Cp-dT

nprc (T) (n

. TO
_ mHTF,lOop,des . J
~ (DNI-IAM)-W_,

i

In this work, the HTF is Therminol VP1. Its properties are taken
from Ref. [35].

As the unitary length of the ET-150 is known, the number of
collectors should approximated to the upper integer number
resulting from dividing the result of Equation (22) by the ET-150
length. Likewise, the number of loops should be the upper
integer number resulting from dividing the desired thermal power
by the thermal power of the unitary loop.

For the off-design operation, the thermal efficiency of the solar
collector is calculated with the heat balances while the value of the
DNI is corrected with the incidence angle modifier [33]. The oil
outlet temperature of the solar field is maintained constant at all
time. Thus, off-design operation conveys the HTF mass flow rate
regulation. In order to ensure a correct cooling of the troughs, a
minimum DNI of 300 W/m? is established for the solar field to
operate.

Regarding the SSG, for the off-design operation, the heat balance
and the thermal conductance are used, similarly to Equation (4) for
recuperators. In this case, with fluids with a Pandtl from 5 to 7, the
variation of U is governed by an exponent 0.8, so Equation (5)
becomes:

U / Uges = (1nre /Tgrr ges)** (12)

The complete simulation code was developed in Ref. [36]. De-
tails and validation can also be found in Refs. [37,38].

44. Site for the plant and yearly simulation

Annual yield and fuel consumption depend on the site where
the plant is installed. In previous works [22,23,39], the yearly
behaviour of several ISCCs has been studied in Almeria and in Las
Vegas. Both sites are maintained in the present work to investigate
for the first time the behaviour of the ISCC-PR configuration. Both
sites have similar latitude, but climate in Las Vegas is more
favourable for CSP and, conversely, in Almeria it is better for CCGT,
owing to lower temperature variation ranges.

Simulations are carried out in hourly basis, taking into account
the ambient conditions and the corrected solar irradiation (product
DNI-IAM) during a typical meteorological year (TMY). The complete
simulation conveys 8760 calculating points. In order to reduce this
number, the methodology described and validated in Refs. [22] is
used. Specifically, the methodology is based in a frequency matrix
that contains the number of hours that each ambient condition is
repeated along the TMY. This leads to 538 points in the case of
Almeria and 909 in Las Vegas. Fig. 4 shows, as an example, the
matrix for the case of Almeria.

4.5. Figures of merit

Annual yield can be calculated as the sum of the hours at each
operating condition times the power at such condition. Thus,
thermal efficiency, which is the ratio of total production to supplied
energy (both fossil and solar), can be calculated as below:

n= Zn't'(PgtJrPst) (13)

B Son-t (Thf'Hc + Qsol,gross)
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Fig. 4. Frequency matrix for Almeria TMY.

Although the worth of the thermal efficiency is clear in con-
ventional and non-hybrid systems, it is not the best parameter in
plants involving two energy sources. Particularly, in the case of ISCC
the use of thermal efficiency has two drawbacks: it does not ac-
count for the contribution of each source; and it penalises the solar
contribution (because it is introduced in the bottoming cycle, with
lower efficiency), which is not congruent with the objective of
plant.

An alternative to the thermal efficiency for this kind of systems
is the heat rate (HR), which is the inverse of the efficiency, but only
considering the fossil fuel consumption:

Y n-t-my-He
~Sn-t-(Pg + Py)

Another choice is the use of the incremental solar-to-electricity
efficiency [5], which is the ratio of the incremental production (due
to the solar contribution) to the supplied solar energy. This effi-
ciency is useful to compare ISCC to pure CSP:

HR (14)

> n-t-((Pge +Pst)lsc.jc — (Pt + Pst) ccgr)
Z n't'QsoLgross

However, the incremental efficiency has only sense in the cases

(15)

Ninc =

of plants operating with boosting strategy, but not operating at fuel
saving mode because, in such case, the numerator of Equation (15)
becomes null. At this regard, different approaches have been pro-
posed in order to modify the incremental efficiency. For example,
Refs. [8,24] allocate the contribution of each source, leading to the
expression below:

Esol—elec = Zn -t (AP* Necer - Ay - HC) (16)

where AP is the incremental power of the ISCC configuration over
the CCGT one.
Therefore, the solar-to-electricity efficiency is:

E n-t- (AP — nCCGT'Amf'HC)
Z n't'Qsol,gross

This efficiency depends on a reference configuration without
solar contribution, so the selection of a suitable reference is
mandatory. This fact introduces some uncertainty because this
reference is a choice of the analyst.

In order to define a figure of merit that does not depend on a
reference but on its own layout, a new efficiency is proposed, which
weights the energy contribution of each source considering their

(17)

Nsol—elec =
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exergy supply. Exergy supplied by the fossil resource to the cycle
can be assessed with the following equation:

Ef;,cyde:mg'eg3 — rha~eg2 (18)

where g, should be replaced by gor in the ISCC-PR configuration.
Similarly, exergy transferred from the solar field to the cycle is:

Eprc— cycle = Mssc - (Aeptr) (19)

Note that the above exergy fluxes correspond to the exergy
transferred to the system, so they are not the exergy received from
the source, i.e. the exergy losses in the combustion chamber and the
solar field (the highest ones, and of different nature one to the
other) are discounted.

The power fraction attributed to the solar contribution, namely
the internal solar to electricity production (Ejs), is:

-t (Pgt + Pst) -Eprc_
Eise_z<” (Pgt + Pst) -Eprc cycle) (20)

Efacycle + EPTCH cycle

Finally, the internal solar-to-electricity efficiency is defined as
the ratio of internal solar to electricity production to the total en-
ergy supply:

Z <H‘f‘ (Pgt+Pst) ‘Eﬂtﬁcy(le>

Ef —cycle +EI’I‘C~»Cyde

Z n-t Qsolﬁgross

This figure of merit is similar to that proposed in Ref. [40], where
authors present a methodology to allocate the power associated to
different resources in hybrid plants. Specifically, the methodology
consists on the identification of the irreversibility that affects to
each resource, which is removed from the gross exergy coming
from the corresponding heat source. Irreversibility of equipment
not clearly devoted a specific source are weighted. Thus, the pro-
posed figure of merit can be considered as a simplification of the
methodology developed in Ref. [40].

All the above efficiencies can be calculated using either the gross
solar thermal power (radiation collected by the mirrors) or net
solar thermal power (energy transferred to the HTF). The ratio of
net to gross solar thermal energy is the efficiency of the PTC:

(21)

Nise =

Z n t'QsoLnet
Z n t'Qsol.gross

Regarding the economic assessment, the levelized cost of elec-
tricity (LCOE) is used:

Nprc = (22)

LCin, + LCog + LGy

Eyearly

LCOE = (23)

Table 3 shows the economical parameters used in the work.
In addition to the LCOE, the incremental solar cost can be also
used, which is defined as below:

(LCny + LCosm)iscc — (LCnw + LCosM) ccer (24)

Esol —elec

Cinc—sol =

The denominator of Equation (24) can be replaced by the in-
ternal solar-to-electricity production, leading to the definition of
the internal solar-to-electricity cost:

Coom (LCny + LCosm)iscc — (LCinw + LCosM) ccor (25)

5 Eise

5. Results

5.1. Performance of the reference and proposed configurations at
nominal operation

Table 4 shows the performance of the different configurations at
nominal conditions: the capacity of the steam turbines, the thermal
conductance of the heat exchangers and the size and efficiency of
the solar field.

As it is observed, solar integration in the reference ISCC, that is
fixed at 16 MWth, allows an increase of the nominal power over the
reference CCGT that results in 130 MWe instead of 125 MWe, due to
a higher power rate of the steam cycle. For that reason, the capacity
of the steam turbine should be increased. Also, the heat exchangers
of the high-pressure level of the HRSG should be larger than in the
reference CCGT configuration, as they work with higher steam mass
flow rates.

Solar thermal input in ISCC-PR configuration at nominal con-
ditions is the same as in the reference ISCC (i.e. 16 MWth). However,
as the steam production does not vary significantly, the nominal
power rate of the plant is lower than in the reference ISCC and
roughly the same as in the reference CCGT (slightly lower due to the
additional pressure drop in the recuperator). Thus, in this case, the
capacity of the steam turbine is the same than in the reference
CCGT configuration. Likewise, the size of the heat exchangers cor-
responding to the HRSG high-pressure level is similar to that of the
CCGT except for the high-pressure superheater, which requires a
higher thermal conductance because the gas-to-steam temperature
difference is kept constant along the heat exchanger. In fact, the
superheater requires lower mean temperature difference to ach-
ieve the same heat transfer because part of the gas mass flow rate is
directed to the recuperator.

5.2. Performance of the reference and proposed configurations at
off-design operation

Table 5 shows the performance results obtained for the refer-
ence CCGT, reference ISCC and ISCC-PR at different operating
conditions.

As previously commented, ambient temperature significantly
affects the CCGT performance. At high temperatures, air density is
low, and the power rate decreases. Reference ISCC configuration
has a steam turbine with larger capacity, since at nominal condi-
tions the SSG increases the steam mass flow rate. Likewise, the
high-pressure level superheater and economisers are larger than in
the reference CCGT configuration (Table 4). This fact mitigates the
previous one since higher heat exchange areas convey higher steam
production. As a result, the performance of the reference ISCC at
conditions with null or low solar irradiation is slightly poorer than
the reference CCGT’s owing to two reasons: the isentropic effi-
ciency of the steam turbine is penalised due to the part load
operation and the working pressure is lower.

When solar irradiation is high, the power rate of the ISCC is
higher and, consequently, the HR improves. Besides, the steam
turbine is closer to its nominal working condition. Regarding the
solar efficiencies, the solar-to-electricity efficiency reaches values
from 36% to 40% in net term or 23%—26% in gross term. The internal
solar-to-electricity efficiency reaches very similar values. Thus, this
figure of merit, which does not depend on any reference
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Table 3
Economic data [22].

Land cost

Solar field cost

Surcharge for construction, engineering and contingencies
Specific cost for the power block [41,42]
Steam turbine cost variation (based on [25])
SSG cost [13] ¢

Gas turbine’s recuperator cost [43] ¢

Solar field O&M cost

Combined cycle O&M cost

Yearly O&M equipment cost percentage of Inv.
Interest rate

Life

O&M Escalation rate

Fuel escalation rate

Price of natural gas

2 €/m?

200 €/m?

10%

(466,1 + 113900/P [MW]) €/kW
(0,207-AP [MW]) M€
(—0,0007-A% [m?]+126,9 A [m?]+7770,4) €
(2861-A%° [m?]) $

9 €/(year-m?)

17,9 €/(year-kW)

1% - Inv

4%

25 years

1%

2.5%

232 c€/kWh

2 The considered convective heat transfer coefficients for the SSG and recuperator are 1500 W/(m?K) and 700 W/(m?K), respectively

[43,44].

Table 4
Performance of the configurations at nominal operation.
Reference CCGT Reference ISCC ISCC-PR

P 124.8 MW 130.1 MW 123.0 MW
n 53.2% 52.0% 53.2%
Pg; 87.7 MW 87.7 MW 86.0 MW
Py 37.1 MW 42.4 MW 37.0 MW
mpHe 2344 MW 2344 MW 2149 MW

9.0-10°mK® s
1.531-10>mK®® s

HP turbine capacity
LP turbine capacity

9.1-10°mK® s
1.538-10>mK®® s

11.3-10° m K% s
1.534-103mK*® s

UAsh1p 218.3 kW/K 272.9 kW/K 528.8 kW/K
UAev,up 713.4 kKW/K 713.4 kW/K 714.8 KW/K
UAsh1p 38.5 kW/K 38.5 kW/K 38.2 kW/K
UAecip 367.2 kW/K 459.0 kW/K 370.0 kW/K
UAev,ip 448.9 kW/K 448.9 kW/K 447.5 kW/[K
UAecHp-Lp 209.2 kW/K 261.5 kW/K 210.2 kW/K
UAssg - 454.0 kW/K 454.0 kW/K
UAg - - 480.3 kKW/K
Mirrors area - 29,456 m? 29,456 m?
Land requirement - 83,798 m? 83,798 m?
Solar efficiency - 64.4% 64.4%
Table 5
Performance of the configurations at off-design operation.
P (MW) Pr (MW) Psr (MW) mf‘Hc (MW) Qsorner (MW) HR n Nsol-elec Nise Pmax (bar)
0°C CCGT 137.7 99.0 38.7 255 - 1.85 54.1% — — 91
0 W/m? ISCC 136.7 99.0 37.7 255 0 1.86 53.7% — — 75
ISCC-PR 136.8 97.9 38.9 255 0 1.86 53.9% — — 91
15°C CCGT 124.8 87.7 37.1 234 - 1.88 53.2% — — 90
0 W/m? ISCC 123.9 87.7 36.2 234 0 1.89 52.9% — — 75
ISCC-PR 1241 86.8 373 234 0 1.88 53.1% — — 90
30°C CCGT 109.0 73.8 35.2 210 - 1.93 51.9% - - 89
0 W/m2 ISCC 108.2 73.8 344 210 0 1.94 51.5% — — 73
ISCC-PR 108.6 73.2 354 210 0 193 51.8% — — 89
0°C ISCC 142.2 99.0 43.2 255 13.8 1.79 53.0% 39.6% 40.5% 89
725 W/m2 ISCC-PR 136.9 98.3 38.7 239 13.8 1.75 54.2% 59.3% 41.2% 90
15°C ISCC 130.1 87.7 42.4 234 16.1 1.80 52.0% 38.7% 38.8% 90
850 W/m? ISCC-PR 123.0 86.0 37.0 215 16.1 1.75 53.2% 55.3% 39.3% 89
30°C ISCC 1144 73.8 40.5 210 16.1 1.84 50.6% 38.2% 36.6% 89
850 W/m2 ISCC-PR 107.9 72.8 35.1 191 16.1 1.77 52.0% 55.1% 37.1% 88

configuration, can be considered as suitable.

Finally, ISCC-PR configuration does not require a larger steam
turbine or economisers (see Table 4), because the additional ther-
mal power supplied by the SSG is mitigated by lower thermal en-
ergy coming from the exhaust gas of the gas turbine, which has
exchanged some energy in the recuperator. However, the high-
pressure superheater is larger in order to achieve the required
thermal exchange with lower gas mass flow rate and lower mean

temperature difference.

Comparing the performance of ISCC-PR to that of CCGT when
there is not solar irradiation, one may observe that both power rate
and HR are very similar. CCGT results are slightly better than ISCC-
PR ones due to the additional pressure drop in the recuperator.
Comparing ISCC-PR to the reference ISCC at null solar irradiation,
one may observe that both power rate and HR are also very similar
but, in this case ISCC-PR performance is better, since it works closer
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to its nominal conditions (steam turbine is not over-sized).

With high solar irradiation, the ISCC-PR reaches roughly the
same power as the reference CCGT and lower than reference ISCC.
However, HR improves due to the lower fuel consumption without
any incidence in the gas turbine power. Regarding the solar effi-
ciencies, it is observed that the solar-to-electricity efficiency rea-
ches values above 55% (in net term), because each unit of net solar
energy contribution equals a unit of net fuel energy contribution.
Thus, the configuration behaves like if the solar heat is introduced
in the gas turbine instead of in the steam cycle.

On the other hand, the internal solar-to-electricity efficiency of
ISCC-PR is also higher than that obtained with the reference ISCC,
reaching 40% (net term), but the improvement is less sound in this
case. This is due to a fair assessment of the efficiency taking into
account the quality of the solar heat supplied by means of an exergy
weighting. In fact, the energy saved from the fossil contribution is
equal to the solar energy supplied, but it is transferred to the air
before the combustion, while the fuel contribution is still respon-
sible for the high temperatures reached in the gas turbine. For that
reason, to the authors’ opinion, the internal solar-to-electricity ef-
ficiency can measure more fairly the performance than the con-
ventional solar-to-electricity efficiency.

5.3. Daily and yearly operation

As an example, Fig. 5 depicts the results obtained by the models
during a summer day (June 27th) in Las Vegas, when the maximum
DNI is approximately 900 W/m?. One may observe that, in a sunny
day, the daily maximum power output is obtained around 5 a.m.,
when the ambient temperature is minimum, which maximizes the
air flow at the gas turbine and minimizes the condenser pressure.
Power output is the same for CCGT and ISCC-PR configurations,
whereas it is higher for reference ISCC during high irradiation
periods.

Regarding the fuel consumption and HR, while for CCGT low
ambient temperatures lead to a better performance, in the case of
ISCCs high irradiation allows lower HR, compensating the adverse
effect of the high ambient temperature. It is interesting to observe
that the ISCC-PR is able to minimize fuel consumption during these
hours and becomes the best configuration in terms of HR
performance.

Finally, Fig. 6 shows the detail of the air and gas mass flow rate
that is directed to the recuperator, the bypasses and the high
pressure superheaters.

Regarding the yearly behaviour, Fig. 7 shows the energy pro-
duction, the consumption and the heat rate of the different

configurations for the sites of Almeria and Las Vegas. The reference
CCGT has a better performance in Almeria than in Las Vegas due to
lower temperatures. On the other hand, reference ISCC and ISCC-PR
configurations behave better in Las Vegas, due to a higher solar
contribution. Particularly, the heat rate reached by the ISCC-PR
configuration is the best in both sites.

Fig. 8 shows the solar energy received and collected (consid-
ering only the periods with DNI higher than 300 W/m?), the solar-
to-electricity energy conversion, the internal solar-to-electricity
conversion and the corresponding efficiencies. It is interesting to
note that the solar resource is much more favourable in Las Vegas,
which supports the better performance of the reference ISCC and
ISCC-PR configurations in this site. Besides, the values of the in-
ternal solar-to-electricity production and efficiency are more con-
stant than the conventional solar-to-electricity ones, which
depends on the reference configuration. Once again, the internal
figures of merit seem more reliable and fairer since they provide
similar values to technologies that provide the thermal energy at
the same level of temperature. Finally, it is observed that the
highest values of solar-to-energy conversion and efficiencies are
achieved by the proposed ISCC-PR configuration.

Finally, Fig. 9 shows the LCOE, the solar incremental cost and the
internal solar-to-electricity cost. In the proposed scenario, solar
integration with the conventional technology, i.e. reference ISCC
configuration, does not introduce advantages and the increase of
production does not compensate the increase in capital expendi-
ture. However, the ISCC-PR configuration is feasible if it is
compared to the reference ISCC and it even reduces the LCOE in
sites with favourable climate like Las Vegas. In this site, the ISCC-PR
configuration reaches the lowest LCOE.

To complete the information, Table 6 shows the most important
data for the economic analysis.

It is important to highlight that the good economic results of
ISCC-PR are supported by the fact that this configuration works
close to its nominal condition at all time, because neither the gas
turbine nor the steam turbine load vary to a large extent. On the
contrary, the reference ISCC suffers from steam turbine load vari-
ation along with the solar irradiation variation, which has some
incidence on the performance.

Regarding the incremental costs, the lowest values are obtained
for the ISCC-PR configuration. Besides, the internal solar-to-
electricity cost defined in this work is more constant than the
conventional incremental solar cost, which varies significantly from
one technology to another. Thus, it can be concluded that the fig-
ures of merit defined in the work provide fair and reliable results
for solar hybrid systems like ISCCs.

Fig. 5. Power output of plant components (left) and fuel thermal power input and heat rate (right) for the three configurations.
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Fig. 6. Air mass flow directed to the recuperator and bypass (left) and gas mass flow directed to the recuperator, bypass and HP superheater (right).

Fig. 7. Yearly energy production and consumption (left) and heat rate (right) for the three configurations in Almeria and Las Vegas.

Fig. 8. Solar-to-energy energy conversion (left) and efficiencies (right) for the three configurations in Almeria and Las Vegas.

6. Conclusions

In this paper, a new configuration for integrated solar combined
cycle plants with partial recuperation has been proposed. This
configuration seeks an improved use of the solar source when it is
available and low inefficiencies when it is unavailable.

At high irradiation conditions, the proposed ISCC-PR configu-
ration achieves a better performance than conventional ISCC. The
improvement is given by a better use of the solar heat input, which
allows a fuel saving proportionally to this solar input. Specifically,
the heat rate is reduced roughly a 2.5%, which conveys a thermal
efficiency increase of 1.2% point. At conditions without solar irra-
diation, ISCC-PR also achieves better performance since the steam
cycle nominal power is the same as in the reference CCGT and, thus,

it is not working at part load when the solar source is not available.
In this case, the incremental percentage points in thermal efficiency
is about 0.2 points.

Two case studies have been compared: Las Vegas and Almeria.
The minimum yearly heat rate has been achieved by the proposed
ISCC-PR configuration compared to the state-of-the-art CCGT
(improvement of 1.0% and 1.8% in Almeria and Las Vegas, respec-
tively) and ISCC configurations (0.8% and 1.1%, respectively).

Regarding the cost analysis, ISCC-PR configuration achieves a
lower LCOE than the ISCC case both in Almeria and Las Vegas (0.9%
and 1.1%, respectively) and a lower solar-to-electricity cost (about
35% in both cases). Furthermore, whereas ISCC is never able to
reduce the LCOE compared to a CCGT (it increases a 1.0% in Almeria
and 0.4% in Las Vegas), ISCC-PR minimizes the increase in Almeria
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Fig. 9. LCOE (left), incremental solar cost and internal solar-to-electricity costs (right) for the three configurations in Almeria and Las Vegas.

Table 6
Economic results and data.
Almeria
P (MW) Inv (M€) LCiny (M€) LCosm (M€) LCs (M€) LCOE (c€/kWh) Cinc-sol (CE/kWh) Cise (c€/kWh)
CCGT 125 189.4 12.1 59 79.4 9.23 - -
I1scC 132 197.1 12.6 6.5 794 9.32 57.70 12.44
ISCC-PR 123 195.2 12.5 6.2 78.1 9.24 7.24 8.12
Las Vegas
CCGT 125 1894 121 59 78.7 9.26 — —
Iscc 132 1971 12.6 6.5 78.7 9.30 14.03 7.59
ISCC-PR 123 195.2 125 6.2 76.8 9.20 3.81 4.94

(0.1% higher than CCGT) and reduces it in Las Vegas (0.6% lower
than CCGT).

Finally, the authors outline the advantages of the internal solar-
to-electricity efficiency, developed in this paper, compared to the
solar-to-electricity efficiency. Indeed, the new concept is less vari-
able for different configurations and does not depend on the
reference configuration used.
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