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ABSTRACT

The integration of solar energy into natural gas combined cycles has been successfully demonstrated in
several integrated solar combined cycles since the beginning of this decade in many countries. There are
many motivations that drive investments on integrated solar combined cycles which are primarily the
repowering of existing power plants, the compliance with more severe environmental laws on emissions
and the mitigation of risks associated with large solar projects. Integrated solar combined cycles are usu-
ally developed as brownfield facilities by retrofitting existing natural gas combined cycles and keeping
the existing equipment to minimize costs. In this work a detailed off-design model of a 390 MW, three
pressure level natural gas combined cycle is built to evaluate different integration schemes of solar
energy which either keep the equipment of the combined cycle unchanged or include new equipment
(steam turbine, heat recovery steam generator). Both power boosting and fuel saving operation strategies
are analyzed in the search for the highest annual efficiency and solar share. Results show that the max-
imum incremental power output from solar at design solar irradiance is limited to 19 MW, without mod-
ifications to the existing equipment. Higher values are attainable only including a larger steam turbine.
High solar radiation-to-electrical efficiencies in the range 24-29% can be achieved in the integrated solar
combined cycle depending on solar share and extension of tube banks in the heat recovery steam gener-
ator. Compared to power boosting, the fuel saving strategy shows lower thermal efficiencies of the inte-
grated solar combined cycle due to the efficiency drop of gas turbine at reduced loads. Without
modifications to the existing equipment the maximum solar share of the total generated electricity is

only about 1%.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Several integrated solar combined cycles (ISCCs) are in opera-
tion all around the world (North Africa, Iran, Italy, USA) and many
projects are underway (Mexico, China, USA), as reviewed in [1].
ISCCs offer many advantages compared to solar thermal power
plants, primarily associated with the higher solar energy conver-
sion efficiency and the lower investment costs [2]. Investors and
owners are attracted by the mitigated risk associated with the con-
struction of smaller solar fields compared to solar thermal power
plants [3].

Many papers have appeared since the late nineties [4] about the
thermodynamic analysis of ISCCs focusing on the optimum inte-
gration point of solar energy into the combined cycle. Kelly et al.
[5] demonstrated that the most efficient way for converting solar
thermal energy into electricity is to withdraw feed water from
the heat recovery steam generator (HRSG) downstream of the last
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economizer, to produce high pressure saturated steam and to
return the steam to the HRSG for superheating and reheating.
Rovira et al. [6] end up with the same conclusion finding that the
highest incremental solar thermal-to-electrical efficiency (44.6%)
is achieved when solar heat is used for the evaporation process
and eventually for superheating, but not for preheating feed water.
Li and Yang [7] proposed a novel ISCC where both high and low
pressure saturated steam are generated from solar to increase
the solar share. This system was found to reach high solar
radiation-to-electric efficiency (up to 30%) due to the improvement
of the thermal match in the HRSG. Montes et al. [8] considered a
50 MWy, hybridization size in a 220 MW, natural gas combined
cycle (NGCC) with the preheating and boiling processes directly
accomplished in the parabolic trough collectors. The incremental
electricity from solar compensated the gas turbine power drop at
high ambient temperatures. Baghernejad and Yaghoubi [9] quanti-
fied the exergy destruction in all plant subsystems and found that
the least efficient component is the solar collector. Libby et al. [10]
showed that the highest thermodynamic performance is obtained
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Nomenclature

A heat transfer area, m?

ANI aperture normal irradiance, W/m?
LMTD  log-mean temperature difference, K

mass flow rate, kg/s

pressure, bar

heat load, kW

temperature, °C, K

overall heat transfer coefficient, W/(m? K)
power output, KW

sScHes 3

Greek symbols

1% flow function

n efficiency

o density, kg/m>

ATpin ~ minimum temperature difference, °C

AW power output difference, kW

Subscripts

amb ambient

coll solar collector
corr corrected

DP design point
EXG exhaust gases
in inlet

incr incremental
out outlet

sol solar
ST steam
th thermal

Acronyms and abbreviations

CCT minimum load to keep steam superheating and reheat-
ing temperatures at nominal values

CMA minimum load to keep gas turbine emissions below
environmental limits

CMT minimum load to preserve the equipment

CNC continuous nominal load

CSP concentrating solar power

GT gas turbine

HP high pressure

HPT high pressure turbine

HRSG heat recovery steam generator
P intermediate pressure

IPT intermediate pressure turbine
LCOE levelized cost of electricity

LP low pressure

LPT low pressure turbine

PR pressure ratio

ST steam turbine

VGV variable guide vanes

with solar steam generated at the highest temperature and pres-
sure and fed upstream the high pressure turbine. Peterseim et al.
[11] compared different concentrating solar power (CSP) technolo-
gies (parabolic trough, linear Fresnel and solar tower) for integra-
tion of 80 MWy, from CSP into a 200 MW, NGCC on the basis of
various criteria related to feasibility, risk, environmental impact
and levelized cost of electricity (LCOE). They found that Fresnel
solar collectors ranked best followed by parabolic troughs using
thermal oil as heat transfer fluid.

The higher conversion efficiency of solar energy in ISCCs in
combination with the equipment shared with the NGCC results
in a lower solar LCOE compared to solar thermal power plants
which could be the driving force for a massive deployment of this
technology. For instance, in [12] the solar LCOE were calculated
equal to 9.8 and 11.3 c$/kW h for an ISCC and a solar thermal
power plant, respectively, both located in Barstow (CA, USA). In
[13] the cost of electricity of the overall ISCC power plant was esti-
mated in the range between 4.5 and 5.7 c€/KW h depending on the
extension of the solar field. A higher value of approximately 7.5 c$/
kW h was calculated for the overall plant in [14] due to the higher
solar share. Antonanzas et al. [15] evaluated the potential of solar
thermal integration into thirty NGCCs in Spain without modifica-
tions to the existing design. A similar analysis carried out in [16]
for three NGCCs in Algeria showed that the increase in yield was
up to 9.2 GW h/year for each power plant and the solar incremen-
tal LCOE was only 9.5 c$/kW h. On the other hand, Trad and Ali [17]
calculated a much higher LCOE approaching 25 c€/kW h for a
100 MW, solar thermal power plant located in Algeria. This
marked spread between solar thermal plants and ISCCs clearly asks
for a new pricing regulation promoting the deployment of the lat-
ter and, in general, of hybrid solar-fossil fuel power plants with a
relatively low solar share. In countries with high coal consumption
like China the interest is on the hybridization of coal-fired power

plants [18] in so-called “solar aided coal-fired power generation
systems” (SACPGS), which enables high solar-to-electricity conver-
sion efficiencies as well. Peng et al. [19] analyzed the hybridization
of a 330 MW, coal-fired power plant where a solar-driven feed
water heater is added in parallel with the last preheater to reduce
the extraction from the steam turbine. They found that the solar
radiation-to-electrical efficiency can reach 27.3% (1.4%-points
higher than the solar thermal power plant) and that the LCOE
can be reduced to 12.6-15.8 c$/kW h, about 20-30% lower than
solar thermal power plants.

The main limitation in both ISCCs and SACPGS is the low solar
share achievable. A concept to increase the solar share is to co-
locate CSP facilities with simple-cycle gas turbines which transfer
the exhaust heat to the heat transfer fluid of the solar plant [20].
Guédez et al. [21] evaluated the performance of such a plant
including a 100 MW, gas turbine and a 60 MW, molten-salt solar
tower with storage and calculated LCOE values for the total plant
in the range 11.0-12.2 c¢$/MW h. A higher solar share up to 90%
[22] is achievable when solar energy is integrated in the topping
part of a NGCC to preheat compressed air ahead of the combustion
chamber, an integration scheme that has already demonstrated
technical feasibility in the Solugas project [23].

The development of several ISCCs projects, in a country like
Italy, having a high natural gas consumption and a high availability
of solar energy can represent an important step for a gradual
abatement of CO, emissions in the generation sector, and for the
promotion of cost-effective CSP technologies. The optimization of
the annual performance and the selection of a proper design point
are critical for the economics of such systems. Combined cycles
with solar integration often operate at off-design conditions due
to the intrinsic variable nature of solar energy and because of ret-
rofit schemes searching for minimum modifications to the existing
equipment (steam turbines, HRSG). Thus, to check both feasibility
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and performance of different integration options it is essential to
take part load behavior of the main plant components into account.
Some papers recently appeared in the literature accurately
describe the design and off-design behavior of ISCCs using com-
mercial software (IPSEpro®, Thermoflex®, GateCycle®, Ebsilon®).
Zhu et al. [24] developed a model of a three pressure level NGCC
with solar integration using the software IPSEpro®. When solar
heat is integrated into the system the duct burner is turned off
to reserve enough capacity room in the steam turbine. They calcu-
lated solar thermal-to-electrical efficiencies in the range between
40% and 45% (depending on solar thermal input) which are signif-
icantly higher (approximately 10%-points higher) than the steam
cycle efficiency. The overall power boost from solar reached
83 MW, (from 475 MW, to 558 MW,) which corresponds to a solar
share of about 17%. Giilen [25] evaluated external heat addition
from solar at high, intermediate and low pressure HRSG sections
in the Thermoflow® environment, and found that the highest
incremental solar thermal-to-electrical efficiency (~46%) is
obtained with HP steam generation and feed water take-off
directly upstream the evaporator at moderate solar fractions
(<8%). Ojo et al. [26] based the integration study on a modern Als-
tom combined cycle power plant by using a proprietary perfor-
mance calculation tool. The authors chose the outlet of
condensate pump as feed point to the solar field and the inlet of
HP steam turbine (560 °C) as solar injection point, and found that
up to 15% power boost (about 70 MW,;) can be obtained by oper-
ating the GT at full load provided that the swallowing capacity of
the HP is increased. Alternatively, solar steam can be integrated
in operating combined cycles keeping the existing steam turbine
and HRSG unchanged. In such conditions the maximum drum pres-
sure in the HP circuit is reached at 55 MWy, solar thermal load
which allows boosting the power output of the combined cycle
up to about 4.5%. They calculated a solar thermal-to-electrical con-
version efficiency equal to 35%. Pihl et al. [27] developed a thermo-
economic optimization model of a 400 MW, triple pressure com-
bined cycle retrofitted with solar trough collectors using the Ebsi-
lon® modeling software. Two conflicting objective functions were
considered in a multi-objective optimization: the minimization
of the total required investment and the maximization of the net
present value. The sizing of the solar field, the gas turbine load
and the extra steam turbine capacity were selected as decision
variables. Results showed that the optimal integration of the ISCC
asks for a high gas turbine load (>80%) and a larger steam turbine.
Solar integration was found to be limited to a 4% solar share (i.e.,
16 MW,). The LCOE was found to be 10 c€/kW h which is much
lower than the typical LCOE of a conventional solar thermal power
plant (17-19 c€/kW h).

All mentioned studies have emphasized the need of a system-
atic analysis, still missing in the literature, to identify the integra-
tion limits of solar energy into existing combined cycles and to
choose the best strategies (new equipment and/or modifications
to the plant’s operation) to maximize the performance. This work
addresses these topics through a systematic comparison of differ-
ent hybridization options. A detailed off-design model of an oper-
ating three pressure levels NGCC is built in the Thermoflex®
environment to form the basis of an accurate ISCC study. Two dif-
ferent integration strategies of solar energy into the reference
NGCC are considered: power boosting and fuel saving. The former
aims at increasing the NGCC power output, the latter at reducing
natural gas consumption while keeping power output constant.
Multiple retrofitting options are considered for both strategies
which keep different parts (steam turbine, HRSG) of the original
NGCC in the ISCC system unaltered. The performance deriving from
different strategies and scenarios are compared in the search for
the highest annual plant efficiency and solar share.

2. Off-design behavior of the natural gas combined cycle power
plant

In this section the off-design behavior of the three pressure
level NGCC plant located in Priolo Gargallo (Sicily, Italy) is analyzed
by means of a simulation model developed in the Thermoflex/
Peace® environment [28]. To accurately describe the plant opera-
tion at any load, reliable plant data about the design features and
operation of the main components are used to validate the plant
parameters and to compare the efficiency and other performance.
The characteristic curves of the single components (steam tur-
bines, HRSG) are also “extracted” from the results to have a direct
information about their possible behavior when solar energy is
added and, in turn, further improve the understanding of the off-
design control philosophy of the total system.

2.1. Power output validation

After calibration with real plant data at nominal load (continu-
ous nominal load, CNC), the off-design model is run at different
loads (CMA: minimum load to keep gas turbine emissions below
environmental limits; CCT: minimum load to keep steam super-
heating and reheating temperatures at nominal values; CMT: min-
imum load to preserve the equipment). Model predictions (dotted
violet lines) are compared with real plant data (solid blue lines) in
Fig. 1. Both gas turbine and steam turbine power output are well
predicted at any load, being the maximum deviation lower than
4%.

2.2. Gas turbine

The control philosophy of the gas turbine varies depending on
load:

e At loads between 100% and 50% (CMA and CCT) the gas turbine
control system adjusts the pitch angle of the variable guide
vanes at compressor inlet (VGV) to reduce the passage area
for the decreased air mass flow rate and simultaneously adjusts
fuel input to keep the turbine outlet temperature (TOT) con-
stant. The decrease of exhaust mass flow rate (mgxg) is accom-
panied by a pressure drop at turbine inlet and, in turn, of
pressure ratio (PR). For a constant TOT and reduced PR the tur-
bine inlet temperature (TIT) decreases. Due to the combined
effect of reduced PR and reduced TIT also the cycle efficiency
(1) decreases.

e At loads lower than 50% (CMT) the VGV are fully closed and the
air mass flow rate is constant. Fuel input is adjusted to reduce
TIT. Both TOT and PR decrease. The cycle efficiency markedly
decreases.

Figs. 2 and 3 show the gas turbine parameters predicted by the
off-design model.

2.3. Steam cycle

The bottoming steam cycle follows the load variations of the gas
turbine as described in the following sections.

2.3.1. Cycle parameters

At reduced loads the steam mass flow rate (Fig. 4a) and turbine
inlet pressure (Fig. 4b) decrease due to the lower energy content
associated with the gas turbine exhaust gases. Fig. 4 shows good
agreement between model predictions and real plant data for all
loads except the minimum (CMT) where a lower amount of HP
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Fig. 1. Gas turbine and steam turbine power output versus gas turbine load.
Comparison between plant data (solid blue lines) and Thermoflex® predictions
(violet dotted lines). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Thermoflex® results: variation of turbine outlet temperature (TOT), turbine
inlet temperature (TIT) and exhaust gas mass flow rate (mgxc) with gas turbine load.
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Fig. 3. Thermoflex® results: variation of gas turbine pressure ratio (PR) and cycle
efficiency (#) with gas turbine load.

steam is generated at higher pressures (50 bar vs 28 bar) in the real
plant.

2.3.2. Steam turbines characteristic curves

The steam turbines efficiencies at nominal load (CNC) are calcu-
lated to match the power output of the real plant (i.e., ENEL data).
The calculated isentropic efficiencies are 82.74%, 85.12% and
86.36% for the high pressure turbine (HPT), intermediate pressure

turbine (IPT) and low pressure turbine (LPT), respectively. At off-
design conditions the relationship steam mass flow rate - turbine
inlet pressure - turbine inlet temperature for a generic expansion
ratio (poue/pin) is given by the “ellipse law”:

iy/Tin
Pin

y/Tin

Pin

ST

ST_D

where the subscript “D” refers to the design point parameters. From
Eq. (1) the mass flow rate of steam through the turbine can be
directly calculated from the turbine inlet temperature and inlet
pressure at any load. The steam turbine efficiencies vary with the

“flow function” ¢ = %TT” (also called “corrected mass flow rate”,

in

Meorr) according to a Thermoflex® built-in correlation in the form:

n=np—f (f) 2)
D

Fig. 5a and b show the relationship between expansion ratio
and corrected mass flow rate for the IP and HP steam turbines
respectively. The operating points lie along an ellipse in the “ex-
pansion ratio-corrected mass flow rate” plane. While the corrected
mass flow rate in the HP turbine is approximately constant at any
load, the rather low expansion ratios in the IP turbine result in a
significant variation of the corrected mass flow rate and, accord-
ingly, of the turbine isentropic efficiency which decreases from
85.1% at nominal load (CNC) down to 75.0% at minimum load
(CMT).

2.3.3. Heat recovery steam generator
The geometrical data for all tube banks of the HRSG are
included in Thermoflex® to model the real geometry of the HRSG.
For each tube bank the heat transfer in the HRSG is given by:

q=U-A-LMTD 3)

At off-design the reduced exhaust gas and steam mass flow
rates result in a decrease of g and U. Fig. 6a shows the reduction
of the heat duty compared to the nominal heat duty (i.e., q/qp)
for all the HRSG banks and at any load. Similarly, Fig. 6b shows
the reduction of the overall heat transfer coefficient from the nom-
inal value (i.e., U/Up). It can be easily noticed that g decreases more
than U at reduced loads. Accordingly, the LMTDs and minimum
temperature differences ATy, (Fig. 6¢) decrease at reduced loads.
At the minimum load (CMT) AT, becomes very small (close to
1 °C or even lower) in the HP economizers and HP evaporator.

2.4. Combined cycle

Fig. 7 shows the thermal efficiency predictions for the topping,
bottoming and combined cycles. Two different trends can be
distinguished:

o At gas turbine loads between 100% and 50% the steam cycle effi-
ciency is approximately constant because the steam tempera-
tures at turbine inlets are close to the design values and the
reduction of steam pressure has only a minor impact on perfor-
mance. So, the trend of combined cycle efficiency follows the
trend of gas turbine efficiency.

e At gas turbine loads lower than 50% the steam cycle efficiency
decreases due to the lower temperatures at the inlet of steam
turbines compared to the design value. The thermal efficiency
of the combined cycle markedly decreases due to the concur-
rent decrease of both topping and bottoming cycle thermal
efficiencies.
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Fig. 5. Relationship between expansion ratio and corrected mass flow rate for the (a) IP steam turbine and (b) HP steam turbine.

As shown in Table 1, the calculated efficiencies of the combined
cycle are consistent with the real plant data (provided by ENEL),
being the difference lower than 1% at all loads but CMT. At CMT
the simulation model underestimates by 9% the thermal efficiency
of the combined cycle.

3. Operating strategies and design modifications of integrated
solar combined cycles

The optimum integration of concentrated solar energy in the
bottoming cycle is studied here starting from the off-design model
of the natural gas combined cycle described in Section 2. The
selected integrated solar combined cycle configuration (named in
the following ISCC1) includes a parabolic trough solar field having
thermal oil as heat transfer fluid (Therminol VP-1) and a solar
steam generator where a fraction of saturated water is evaporated
and sent to the HRSG for superheating. This layout provided the
highest solar-to-electrical efficiency among several hybrid layouts
in the thermodynamic analysis carried out at design conditions in
[29], and was therefore selected for this study. Fig. 8 shows the
Thermoflex® flowsheet of ISCC1.

3.1. Power boosting vs fuel saving

Two different strategies for integration of solar energy into the
reference NGCC are considered:

(a) “Power Boosting” operation consists in the addition of the
solar input to the reference combined cycle at constant (ref-
erence) fuel input.

(b) “Fuel Saving” operation consists in the generation of some
power from solar energy in substitution of the same power
in the reference combined cycle, to reduce total fuel
consumption.

In power boosting mode the gas turbine operates at nominal
load (100%) with the highest thermal efficiency whereas in fuel
saving mode the reduction of the gas turbine load results in a lower
thermal efficiency. On the other hand, power boosting may require
new and larger equipment in the steam bottoming cycle (e.g.,
HRSG, steam turbines) whereas fuel saving may potentially use
most of the existing equipment (objective not always fulfilled).
Thus, both strategies are analyzed in the following in the search
for optimum integration of solar energy in the combined cycle.

3.2. Performance metrics

The following metrics are considered to evaluate plant
performance:
o Incremental solar radiation-to-electrical efficiency:

AWz
nincr_salarl = m
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where AW is the power output increase of the steam bottoming
cycle, ANI is the aperture normal irradiance and A, the solar col-
lector area.

e Incremental solar thermal-to-electrical efficiency:

AW

incr_solar2 — 5
’1 lar2 chAsol ( )
where Q. is the solar thermal power.
o Solar field efficiency:
Q h,sol
Nsolar_fietld = m (6)

e ISCC thermal efficiency:

WISCC

= > 7
Miscc Ot + ANI - Ay (7)

where Wscc is the power output of the integrated solar combined
cycle and Qﬁ,,_,, is the natural gas input.

Note that in the fuel saving scenario the definitions of solar-
to-electrical efficiencies (Eqs. (3) and (4)) include at the numerator
the incremental power output from solar compared to the
reference NGCC running at reduced loads, while the ISCC efficiency
(Eq. (6)) include at the denominator the natural gas input at
reduced gas turbine loads.

3.3. Power boosting strategy

Three scenarios (PB1, PB2, PB3) are considered in the power
boosting operation of ISCC1:

e In PB1 the main equipment of the reference NGCC is kept
unchanged.

o In PB2 a larger steam turbine is included.

e In PB3 both a larger steam turbine and additional tube banks in
the HRSG are included.

In all scenarios the reference gas turbine operates at nominal
load (100%). Fig. 9 shows a simplified layout of ISCC1 (referring
to a single pressure level system) with the only purpose of high-
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Table 1

Combined cycle off-design thermal efficiency. Comparison between plant data (ENEL data) and Thermoflex® predictions.

Thermoflex® results ENEL data Difference (%)
Load CNC CMA CCT CMT CNC CMA CMT CNC CMA CCT CMT
ce 57.32 54.20 52.52 26.69 56.98 54.51 29.35 +0.59 -0.57 -0.63
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. COND oo py
i =S
GT o
1
CcP
IP ECO IP EVAHP ECO3 HP EVA HP SH1 HP SH2
ECON LP EVA HP ECO1 HPECO2 IP SH RH1 RH2
> = L]
IPFP J
Oil PTC
3 j— Solar Field
HP FP sse
,,

Fig. 8. Thermoflex® flowsheet of the integrated solar combined cycle (ISCC1).

lighting the integration points between HRSG and solar section and
the modifications (in red color!) to the reference NGCC equipment.

3.3.1. First power boosting scenario (PB1)

In PB1 the combined cycle section of the ISCC includes the same
equipment of the reference NGCC. The gas turbine operates at
nominal load (100%) whereas the steam turbines and HRSG oper-
ate at off-design due to the increased steam mass flow rate raised
from solar energy. The power output of the steam bottoming cycle
increases from 134.0 MW, (i.e., the power output in the reference
NGCC) up to a maximum of 150.9 MW, (achieved with a solar
steam mass flow rate equal to 30 kg/s). The incremental power
output from solar (16.9 MW,) is limited by the achievement of
the maximum allowed steam pressure (124.2 bar) in the HRSG
tubes. The solar collectors area required to boost the power by
16.9 MW, at the design aperture normal irradiance (850 W/m?)
is 77,435 m?. Fig. 10 shows the increase of steam mass flow rate
(blue line) and pressure (violet line) at the inlet of HP turbine
resulting from the increase of steam mass flow rate generated from
solar. The increase of steam mass flow rate is accompanied by an
increase of steam pressure at turbine inlet being the “corrected
mass flow rate” approximately constant (as shown in Fig. 5a).

The steam temperatures at the outlet of superheater (i.e., inlet
of HPT) and reheater (i.e., inlet of IPT) decrease from the design
value (=540 °C) due to the increase of steam mass flow rate, being
the HRSG tube banks area equal to that of the reference NGCC.
When the steam generated from solar is maximum (30 kg/s), the
steam temperatures at the inlet of HPT and IPT are 510 and
518 °C, respectively. The incremental solar radiation-to-electrical

1 For interpretation of color in Figs. 9, 10, 12, 14, 15, 17, the reader is referred to the
web version of this article.
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Fig. 10. Steam mass flow rate and pressure at the inlet of HPT in PB1.

efficiency (Miner soiar1) T€aches 26.1-27.1% whereas the incremental
solar thermal-to-electrical efficiency (# soiar2) assumes values
between 43.6% and 44.8%, depending on the amount of steam gen-
erated from solar. The calculated values are consistent with those
reported in the literature when solar integration on the HP level
is considered. The solar efficiencies slightly decrease with the
increase of steam mass flow rate generated from solar due to lower
steam temperatures at HPT and IPT inlet (fixed HRSG design) and
the slight decrease of turbine isentropic efficiencies from the
design values.

3.3.2. Second power boosting scenario (PB2)

In PB2 the bottoming cycle in the ISCC includes larger steam
turbines than in the reference NGCC but keeps the original HRSG.
The solar field and steam turbines are designed for a power boost
of 50 MW, (at the design irradiance of 850 W/m?) which asks for a
parabolic trough collectors area of 246,120 m? and a steam mass
flow rate generated from solar equal to 90 kg/s. With solar steam
addition the power output of the bottoming cycle increases from
134.0 MW, up to 184.6 MW,. The steam temperatures at the inlet
of HPT (453 °C) and IPT (476 °C) are much lower than 540 °C
because of the higher steam mass flow rates compared to reference
NGCC, being the area of the HRSG unaltered. In PB2 the turbines
are designed for such modified steam conditions (higher mass flow
rates and lower steam temperatures). Although this scenario
enables to meet the +50 MW, target, it yields quite low solar radi-
ation and solar thermal-to-electrical efficiencies (24.2% and 39.3%,
respectively at the nominal solar irradiance) due to the moderate
steam temperatures at HPT and IPT inlets. The efficiencies of the
steam turbines decrease only slightly (less than 0.5%) when the
solar irradiance is reduced because the flow function remains
approximately constant.

3.3.3. Third power boosting scenario (PB3)

In PB3 the bottoming steam cycle includes, besides the larger
steam turbines, a larger HRSG compared to the reference NGCC.
In particular, the surface area of the high pressure economizers
(HP ECO1-2-3), superheaters (HP SH1-2) and reheaters (RH1-2) is
doubled. Similarly to PB2 the solar field is designed to supply
+50 MW, at the design irradiance (ANI) of 850 W/mZ. In this new
layout (PB3) a steam mass flow rate generated from solar equal
to 80 kg/s (i.e., 10 kg/s less than in PB2) is needed to boost the
power output by approximately 50 MW.. The required parabolic
trough collectors area is 206,040 m? which is 16.3% lower than that
required in PB2 scenario. With solar steam addition the power out-
put of the steam cycle increases from 134.0 MW, up to 184.6 MW..
Despite the enlarged HRSG design the steam temperatures at the
inlet of HPT and IPT are still about 20 °C lower than 540 °C at the
design ANI (850 W/m?), whereas they slightly exceed 540 °C at
reduced ANIs. Similarly to PB2, in PB3 the turbines are specifically
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Fig. 11. Variation of solar radiation-to-electrical efficiency in PB3.

Table 2
Comparison of power boosting scenarios.
Scenario PB1 PB2 PB3
Retrofit (new equipment) None Steam Steam turbines
turbines and HRSG
Power output increase (MW)  +16.9 +50.5 +50.6
(max)
Collectors area (m?) 77,435 246,120 206,040
Solar radiation-to-electrical 26.1 24.2 28.9
efficiency (%)
Solar thermal-to-electrical 43.6 393 47.0
efficiency (%)
Niscc (%) 54.6 49.6 51.4
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Fig. 12. Variation with GT load of the power output of GT cycle and steam
bottoming cycle with and without hybridization in FS1.

designed for such steam conditions. The maximum solar radiation-
to-electrical efficiency (28.9%) is the highest among the power
boosting scenarios considered (Fig. 11) and the solar thermal-to-
electrical efficiency reaches approximately 47% at any ANI.

3.3.4. Comparison of power boosting scenarios

Table 2 compares features and performance of the power boost-
ing scenarios at ANI = 850 W/m?. PB1 does not need design modi-
fications compared to the NGCC but does not meet the 50 MW,
target. PB2 and PB3 both meet the 50 MW, target but require
new equipment. The higher solar efficiencies achieved by PB3
result in a smaller solar collectors area (and costs) than PB2. The
ISCC thermal efficiency is higher in PB3 which means a better uti-
lization of both fuel energy and solar energy compared to PB2. Note
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Fig. 15. Gas turbine power output (P¢r) and thermal efficiency (#7) versus ambient
temperature.

that an even comparison of #;scc between PB1 and PB2-PB3 is not
possible being the former advantaged by the lower solar share.

From Table 2, PB3 appears as the most efficient scenario to
obtain a 50 MW, power output increase because of the smaller col-
lectors area and higher ISCC thermal efficiency. However, PB3
requires the greatest modifications to the reference combined
cycle. On the other hand, PB1 allows power output to be increased
up to a maximum of 16.9 MW, while reaching fairly high solar effi-
ciencies and keeping the existing plant infrastructure. Accordingly,
PB1 will be further investigated in Section 4.

Fig. 16. Variation of ISCC1 power output with ambient temperature and incident
irradiance.

3.4. Fuel saving strategy

Two scenarios (FS1 and FS2) are considered in the fuel saving
operation of ISCC1: in FS1 all the equipment of the reference NGCC
is kept unchanged; in FS2 larger steam turbines are included
whereas the HRSG is kept unchanged. In both scenarios the gas tur-
bine runs at reduced loads.

3.4.1. First fuel saving scenario (FS1)

In FS1 the combined cycle section of ISCC1 includes the same
equipment of the reference combined cycle. The gas turbine oper-
ates at reduced loads (in the interval 94-100%) to reduce natural
gas consumption. Solar fields with different sizes are designed to
fill the power output drop of the combined cycle at reduced GT
loads in order to keep the overall power output constant. Fig. 12
shows the decrease of gas turbine (solid blue line) and steam cycle
power output (red dotted line) at reduced GT loads. The incremen-
tal power output from solar makes up for both the power output
drops. Solar input increases the power output of the bottoming
steam cycle (solid red line in Fig. 12) in order to meet a constant
power output of the ISCC equal to the power output of the refer-
ence NGCC at full load. The decrease of gas turbine efficiency is
0.5%-points when moving from 100% to 94% GT load.

The maximum power output from solar (+19.3 MW,) is limited
by the maximum allowed steam pressure (124.2 bar) in the tubes.
At these conditions the GT load is 94%, the steam mass flow rate
evaporated from solar amounts to 33.4 kg/s and the required solar
collector area is 83,600 m?. The maximum incremental power out-
put from solar (before reaching the maximum pressure) is higher
than in PB1 (19.3 vs 16.9 MW,) and also the solar radiation-to-
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Fig. 17. (a) Monthly energy production of NGCC and ISCC1 in Fallon (NV, USA); (b) monthly solar incremental energy production of ISCC1 in Fallon (NV, USA).

electrical efficiency (27.1-27.6%) is slightly higher than in PB1
(26.1-27.1%).

3.4.2. Second fuel saving scenario (FS2)

In FS2 the bottoming cycle in the ISCC includes larger steam tur-
bines to fulfill the +50 MW, target from solar whereas the HRSG
design is the same as in the reference NGCC to minimize the mod-
ifications to the existing equipment. The gas turbine operates at
the reduced load of 84.5% which entails a power output reduction
of the combined cycle equal to 50 MW,. At such reduced load the
gas turbine power output reduction is 37.8 MW,, the gas turbine
efficiency is 1.5%-points lower than the efficiency at 100% load
(36.2% vs 37.7%) and the power output reduction of the steam cycle
is 12.4 MW, (i.e., from 134.0 MW, to 121.6 MW,). The solar field
design to supply the missing 50 MW, requires a solar collectors
area of 235,430 m? at 850 W/m?. The steam outlet temperatures
from superheater (457 °C) and reheater (476 °C) are much lower
than 540 °C, at medium-high ANI, being the HRSG identical to that
in the NGCC. Thus, similarly to PB2, the resulting solar radiation-
to-electrical efficiency is quite low (24.9%).

3.5. Comparison between fuel saving and power boosting

Fig. 13 shows the variation of solar radiation-to-electrical effi-
ciency (Fig. 13a) and ISCC thermal efficiency (Fig. 13b) versus solar
irradiance (ANI) only for those scenarios fulfilling the +50 MW, tar-
get (i.e., PB2, PB3 and FS2). PB3 yields the highest solar radiation-to
electrical efficiency at any ANI but requires both larger steam tur-
bines and larger HRSG. FS2 yields intermediate solar radiation-to
electrical efficiency, slightly higher than PB2 (both requiring a
new steam turbine). The highest ISCC thermal efficiency is
achieved by PB3 whereas the lowest by FS2 due to the lower gas
turbine efficiency (operation at reduced load) and steam cycle effi-
ciency (low steam temperatures at turbines inlets).

4. Maximum annual energy production of ISCC using the same
equipment of the original NGCC

In this section the PB1 scenario is selected for further analysis
since it does not require modifications to the equipment of the
NGCC and yields relatively high solar-to-electrical and ISCC effi-
ciencies. The aim is the evaluation of the annual solar share attain-
able by retrofitting a NGCC with solar energy without modifying
the existing equipment. For this purpose, the variation of gas tur-
bine parameters with ambient temperature is firstly evaluated
(while ISO conditions are assumed for ambient pressure and

humidity). Afterwards, both ambient temperature and solar irradi-
ance are modified in the ISCC model to get a map of power output
versus ambient conditions. This map is used to calculate the overall
energy production and incremental energy production from solar
in a given location (Fallon, NV) with high levels of solar irradiation.

4.1. Variation of gas turbine parameters with ambient temperature

Ambient temperature markedly affects the operation of the gas
turbine. The variation of the main gas turbine parameters in a wide
range of ambient temperatures between —30 °C and 40 °C is shown
in Figs. 14 and 15 to illustrate the control philosophy of the gas tur-
bine Siemens SGT5-4000F as predicted by Thermoflex®.

The volumetric flow rate at compressor inlet is constant
(Vin,c = cost), so the mass flow rate of air and exhaust gases (green
line in Fig. 14) decrease at high ambient temperatures due the
reduction of air density with temperature (p/p = RT). On the other
hand, the turbine outlet temperature (blue line in Fig. 14) increases
at high ambient temperatures due to the lower pressure ratio and
constant TIT. The gas turbine pressure ratio decreases at high ambi-
ent temperatures because of the lower mass flow rate of exhaust
gases, according to:

mEXG V Tin

mn

~ COSt (8)
where T, and p;, are the temperature and pressure at gas turbine
inlet. The turbine inlet temperature is approximately constant
(1320°C) in the range of ambient temperatures between —10 °C
and 35 °C. The gas turbine power output (blue line in Fig. 15) mark-
edly decreases at high ambient temperatures due to the reduction
of exhausts mass flow rate and pressure ratio. At very low ambient
temperatures (<—10 °C) the power output is limited to a maximum
value of 287.9 MW.. The gas turbine thermal efficiency decreases at
high ambient temperatures due to the lower net specific work.

4.2. Variation of ISCC power output with ambient temperature and
solar irradiance

The solar field is sized in PB1 to provide an incremental power
output of 15 MW, from solar at the nominal incident direct irradi-
ance of 850 W/mz. This value is 1.9 MW, lower than the maximum
incremental power output of 16.9 MW, (Section 3.3.1) to keep a
safety margin from the maximum allowable steam pressure. The
required parabolic trough solar collectors area is 66,110 m2.
Fig. 16 shows the variation of ISCC power output with ambient
temperature and incident irradiance in PB1. The power output
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Table 3
Economic evaluation of power boosting scenarios.

HRSG (M$) Steam turbines (M$) Solar field (M$) Incr. investment (M$)
NGCC 13.64 17.44 / /
ISCC PB1 13.64 17.44 39.67 39.67
ISCC PB2 13.64 24.03 147.67 154.26
ISCC PB3 21.25 24.03 123.62 137.82

markedly increases at low ambient temperatures due to the high
impact of this temperature on gas turbine power. On the other
hand, it only slightly increases at high irradiation levels due to
the low solar share in PB1.

The annual energy production is evaluated considering the site
of Fallon in Nevada (USA) having high levels of direct normal irra-
diation. In Fallon the annual direct solar irradiation is 2480 kW h/
m? year and the average annual temperature is 12.2 °C. For this site
historical hourly data (8760 data) are available for both ambient
temperature and direct normal irradiation (DNI). The calculated
annual energy production (assuming 100% availability) is
3460.3 GW h for the NGCC and 3494.0 GW h for the ISCC, which
represents an annual energy increase from solar equal to
33.7GW h and a solar share of approximately 1%. Fig. 17 shows
the comparison between the monthly energy production of the ref-
erence NGCC (blue bars) and ISCC (red bars).

4.3. Economic evaluation

A preliminary economic analysis is carried out using the follow-
ing assumptions. Installed cost of the HRSG sections [30]: econo-
mizer: 45.70 $/m?; evaporator: 34.80 $/m?; superheater: 96.20 $/
m?2. Unit cost of a steam turbine: 130 $/kW [31]. Installed cost of
the parabolic trough solar field: 600 $/m? [28]. The costs are
updated using the 2014 chemical engineering plant cost index
(CEPCI =576.1). The calculated costs in million $ are shown in
Table 3 for the reference NGCC and the three power boosting
scenarios.

Assuming a capital recovery factor [32] equal to 0.10 and a
maintenance and repairs cost equal to 2% of the capital investment,
the incremental LCOE calculated for PB1 is 14.1 c$/kW h.

5. Conclusions

The off-design model of the reference natural gas combined
cycle developed in this study provides an accurate prediction of
the gas turbine and steam cycle thermodynamic parameters and
power output at any load. The difference between model predic-
tions and real plant data are limited within few percentage points,
with highest deviations observed only at the lowest load (10%)
which is of low significance for this analysis.

The maximum power output increment from solar energy using
the same equipment of the reference natural gas combined cycle is
limited to approximately 17 MW, due to a mechanical limitation
on the maximum allowed steam pressure in the tubes. Accord-
ingly, some modifications to the existing equipment are needed
to increase the solar share and meet the +50 MW, target. In partic-
ular, a larger steam turbine specifically designed to swallow the
increased steam mass flow rate allows the target to be achieved,
but at a moderate incremental solar radiation-to-electrical effi-
ciency (24.2%). The inclusion of a larger heat recovery steam gen-
erator (combined with a larger steam turbine) enables higher
steam temperatures at turbines inlet and, in turn, improves this
efficiency up to 29%.

The fuel saving operation has shown that the maximum power
output from solar energy using the same equipment of the refer-

ence natural gas combined cycle is 19 MW, (i.e., approximately
2 MW, higher than using the power boosting strategy). Thus, sim-
ilarly to power boosting also fuel saving operation asks for a larger
steam turbine to meet the +50 MW, target. On the other hand, the
overall plant efficiency (48.5%) is 1.1%-point lower due to the lower
thermal efficiency of the gas turbine at reduced loads.

So, regardless of the operational strategy, the addition of
50 MW, from solar within a 390 MW, combined cycle needs a sig-
nificant modification to the equipment of the bottoming steam
cycle. Steam turbines with increased swallowing capacity are
needed to assure the technical feasibility of the ISCC system, and
extended heat transfer surface areas in the HRSG are required to
obtain higher solar-to-electrical and ISCC efficiencies. Was the
+50 MW, target from solar not binding, a viable ISCC plant could
be obtained by using the same equipment of the original natural
gas combined cycle with the only addition of the solar field. In such
conditions the solar radiation-to-electrical efficiency would
approach 27%, which is remarkable and higher than that achiev-
able in solar thermal power plants, and the incremental solar leve-
lized cost of electricity would be around 14.1 c$/kW h. The only
drawback is the limited solar share achievable, approximately 1%
of the annual electricity production by the overall plant, which is
not enough to fill the power output reduction during the warm
season and to level the monthly energy production profile.
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