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Abstract:

The harmful environmental effects of fossil fuels and the variability in their prices are shifting attention away
from conventional combined cycle power plants. Supply issues in islands are also a problem to be considered.
The objective of this work is to evaluate the feasibility of integrating solar energy into a combined cycle power
plant for fuel saving in insular subtropical climates. With this aim, a case study comprising a 93 MW combined
cycle in Las Palmas de Gran Canaria (Spain) and the integration of solar energy in the gas upper cycle has
been presented and analyzed with a thermodynamic model. The effects of incorporating solar heat before and
after the cycle compressor were assessed, finding that injecting 35 MW of solar heat before the compressor
resulted in savings of 49% of the original fuel consumption and an increase of 2% in the global cycle efficiency,
but at the expense of reducing the net power delivered by 47%. On the other hand, incorporating the solar
heat after the compression process resulted in an overall 16.2% increase in the cycle efficiency, while
delivering the same net power as the original cycle and reducing fuel consumption in 22%. With the increase
in the amount of solar heat added to the cycle, the difference between both options became greater, with the
best option being injecting solar heat after the compressor. Estimations of the economic and environmental
effects of the most suitable option are provided, resulting in potential overall savings of 7.14 million Euro per
year and a yearly potential of 13.75 Mkg of CO2 emissions avoided. The results of this work are expected to
contribute to improve energy supply problems by using a renewable energy source and reduce fuel imports,
providing more energy stability and security to the inhabitants of islands with similar climates as Las Palmas.
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1. Introduction

Nowadays, there is almost no debate on the damaging effects that global reliance on fossil fuels holds for the
future of the world. Fossil fuels (e.g., coal, natural gas, and oil), apart from being finite, entail several harmful
effects in the environment, especially with CO2 emissions increasing at an alarming rate. Over the past 12
years, global CO2 emissions from energy combustion and industrial processes have increased by 4.2 Gt COz,
to a value of 36.8 Gt COzin 2022 [1]. CO2 emissions from natural gas combustion increased by more than
215 Mt COz2 in 2021, to reach an all-time high of 7.35 Gt COz, representing 22% of the total CO2 emissions.
On the other hand, the use of renewable energy sources increased by 3% in 2020, with a prime 7% growth in
renewable electricity generation. Global renewable electricity generation increased from 27% in 2019 to 29%
in 2020, reaching 30% in 2021 [1]. In this context, solar energy technologies represent one of the most mature
options, with its share increasing from 1.08% in 2015 to 3.74% in 2022 [2].

Integrated solar combined cycle power plants (ISCCs) are one of the most promising solar hybrid
configurations for power plants. ISCCs are composed of a concentrated solar power plant (CSP) and a natural
gas-fired combined cycle (NGCC). The CSP plant is normally used either to produce additional steam for the
combined cycle steam turbine [3, 4], or to preheat the compressed air in the gas turbine before entering the
combustion chamber [5]. It has been estimated that the CSP contribution to global energy supply may reach
3-3.6% by 2030 and 8-11.8% by 2050 [6], alongside a drop in CSP costs to $0.05/kWh by 2050. Four main
technologies exist for concentrating solar power in the CSP: parabolic trough collectors, solar tower, solar dish,
and linear Fresnel systems, with parabolic trough collectors (PTC) being the most mature technology. These
collectors, with high thermal efficiency, high performance systems, light structures, and low-cost technology,
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can deliver up to 400 °C. This temperature is generally high enough for most of industrial heating processes
and applications. In addition, this technology is also suitable for low-temperature industrial applications, such
as desalination and sterilization processes.

1.1. Solar integration in combined power plants and research question

The first solar plant using parabolic trough technology was built in 1913 in Maadi, Cairo, Egypt. It was built for
the purpose of power generation for pumping water for irrigation [7,8]. The technology of the ISCC system was
proposed by Luz Solar International [9]. During 1980s, nine solar electric generating systems (SEGS) with a
total capacity of 356 MW were installed in California desert, United States, where solar collectors capture and
concentrate sunlight to heat a synthetic oil (Therminol), which then heats water to generate steam [10]. SEGS
became one of the most important projects that paved the way for executing subsequent similar works. In
2000, the Global Environment Facility (GEF), an organization that supports developing countries’ work to
address the world’s most pressing environmental issues, embraced the idea of encouraging the erection of
ISCC power plants in developing countries with high solar irradiation, allocating up to $50 million for the
construction of four ISCCs in the Middle East. This led to an increase in the interest in CSP technologies,
especially in PTCs [11]. Consequently, wide research has been performed on this technology. Some works
focus on studying system integration schemes between the PTC and the combined cycle, while others analyze
the static or dynamic performance of the ISCC under different conditions. In 1997, the first technical and
economic analysis of the ISCC was performed in Tunisia, where the authors clarify that ISCC system is more
profitable than SEGS [12]. The performance of ISCC, SEGS and Combined Cycle (CC) power plants was
studied, using IPSEpro and GateCycle software [13]. After comparing the three systems, they stated that ISCC
technology had the best efficiency.

In 2013, the dynamic performance of a solar Rankine cycle and ISCC was compared with the solar
thermoelectric components library in TRNSYS [14]. The results showed that ISCC had higher solar-to-electric
efficiency values than the solar Rankine cycle. It was also found that using solar tower technology improved
annual solar-to-electric efficiency by 21.8% with respect to PTC. One year later, ISCC and the conventional
CC were compared, finding many advantages with ISCC, such as peak time efficiency and less carbon dioxide
emissions [15]. Several configurations of solar integration with conventional CC plants were discussed later
[16]. Results show that lower stack temperatures may be achieved, allowing for a better thermal match in the
heat recovery steam generator (HRSG), so more feedwater may be circulated in the cycle. In 2018, ISCC
power plant was compared with a thermal storage system and a conventional CC in thermo-economic and
environmental terms, using a TRNSYS dynamic simulation [17]. Overall electrical efficiency improved by 1%
compared to the conventional CC. A MATLAB dynamic model for the Hassi R'mel ISCC power plant in Algeria
was validated under off-design conditions, finding that some factors could affect strongly the ISCC
performance, such as wind speed and direct normal irradiance (DNI) [18]. In 2021, a dynamic model was
developed of an ISCC power plant in Kuraymat, Egypt, using APROS software to evaluate the ISCC
performance, limitations, and capabilities, validating the results with actual operational data [19]. The model
was able to reproduce most of the operating parameters, such as pressure, temperature, mass flow rates and
output power. An economic and performance assessment of the ISCC-PTC system in Hassi R'mel (Algeria),
coupled with a new thermal storage system was performed [20]. Results revealed that a better grid stability
was reached, increasing solar energy conversion and overall performance. The net solar thermal energy
conversion ratio and the energy efficiency reached 14 and 56.06%, with natural gas consumption savings
representing around $30 million. Finally, in 2022, different basic ISCC system models were compared with
SEGS and gas turbine combined cycles (GTCC), presenting a method for assessing ISCC systems with
different integration modes and solar operating temperatures [21]. Different integration points in the steam and
gas cycles, as well as two working modes, “power boosting” and “fuel saving” were discussed. For the “power
boosting” mode, solar energy is injected into the steam bottom cycle to heat up the gas turbine exhaust, the
live steam, the reheated steam, or the feedwater. The main idea is to keep fuel consumption constant, while
the output power increases as a consequence of the increase in the steam flowrate (mas flowrate boosting) or
the enthalpy increase (parameter boosting). On the other hand, the “fuel saving mode” injects the solar energy
in the upper Brayton cycle, heating the compressed air before entering the combustion chamber. This leads
to a decrease in the fuel mass flowrate, leaving unaffected the operating conditions in the gas turbine and thus
the bottom steam cycle.

The objective of this work is to evaluate the feasibility of integrating solar energy into a combined cycle power
plant for fuel saving in insular subtropical climates and estimate its effect on the energy efficiency of the cycle,
fuel saving, and possible economic savings and reduction of CO2 emissions. With this aim, a case study
comprising a combined cycle in the Canary Islands (Spain) and the integration of solar energy in the gas upper
cycle has been developed and analyzed with a thermodynamic model. The results are expected to contribute
to improve energy supply problems by using a renewable energy source and thus reducing fuel imports,
providing more energy stability and security to the island inhabitants. After briefly reviewing the energy context
in the Canary Islands, the methodology followed in this work is detailed. Then, the results are discussed, and
finally the main conclusions of this work are presented.
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2. Case study

The geographical nature of islands enforces them to have isolated energy systems unless a connection
between their electricity power grid and another grid beyond its shores is developed. This entails a series of
economic and environmental difficulties. Islands are highly dependent on imported fossil fuel, leading to high
costs of fuel transportation, energy supply insecurity and higher electricity prices [22]. However, renewable
energy resources (solar, wind & ocean waves) often exist in abundance in islands.

2.1. The energy context in the Canary Islands

The Canary Islands are a group of seven Spanish islands that are located off the African west coast. Around
84.2% of their energy demand was supplied from non-renewable energy sources in 2022, as shown in Figure
1. Combined cycle power plants have the highest share, 44.5%, while renewable energy resources contribute
only with 15.8% [23]. Figure 2 shows the solar thermal capacity installed on each island, alongside the
occupied area by thermal installations. The total thermal capacity of the archipelago is 88.7 MW, being Gran
Canaria Island the highest contributor, with 38.7% of the total solar thermal energy installed in the Canary.

NON-RENEWABLES — 84.2% RENEWABLES — 15.8%
Combined cycles Diesel engines
44.5% 20.4%
Steam turbines
16.1%
Hydrowind
0
Solar PV I 0.2%
L
A || Other
Gas turbines renewables
31% 0.1%

Figure 1. Canary Island electricity distribution in 2022 (Data source: [23]).
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Figure 2. Installed solar thermal capacity in the Canary Islands on Dec 31st, 2021 (Data source: [24]).

The details of the energy system of the Canary Islands are collected in Table 1 [24]. The highest renewable
energy sources (RES) share may be found in the island EI Hierro, with 66.8%; however, this represents only
0.4% of the whole archipelago generation. The lowest RES capacity is found in La Gomera island, with only
0.4 MW. In this context, the study presented in this work may contribute to improve the energy supply network
in the Canary Islands with a proposal based on renewable energy sources to integrate solar energy into
existing combined cycles, providing more energy security to the islands.

2.2.ISCC in Las Palmas de Gran Canaria

The basic combined cycle power plant consists of an upper gas cycle, a bottom steam cycle, and a Heat
Recovery Steam Generator (HRSG). The main characteristics of the CC, based on the power plant from
Egyptian Petrochemical Company [25], with a thermal efficiency of 57.8% are shown in Table 2. In this work,
two possibilities (Figures 3 &4) for the integration of the solar field within the CC, both working on a fuel saving
scheme, have been studied and compared:

= Case A: solar field is integrated to preheat ambient air before the compressor inlet.
= Case B: solar field is integrated to heat up compressed air, before the combustion chamber inlet.
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Table 1. Overview of the power system of the Canary Islands [24]

Tenerife Gran_ Lanzarote Fuerteventura La La .EI Total
Canaria Palma Gomera Hierro
Total
Generation 3,710,951 3,581,933 906,078 716,839 281,016 76,850 62,430 9,336,098
(MWh)
Gz:::amtf;n 3,014,854 3,028,053 826,454 636,732 251,935 76,696 20,738 7,855,463
(MWh) (81.2%)  (84.5%)  (91.2%) (88.8%) (89.7%)  (99.8%) (33.2%)  (84.1%)
RES 696,097 553,880 79,623 80,108 29,081 154 41,692 1,480,635
Ge(',:nev’j‘;')” (18.8%)  (18.8%) (8.8%) (11.2%) (10.3%)  (0.2%)  (66.8%)  (15.9%)
Total
21:;2'(';3 1428 5 1228.4 266.8 2298 118.4 216 37.8 3331.3
(MW)
g:e;'::' 1111.6 1024.1 232.4 187 105.3 21.2 14.9 2696.5
(,\':w) Y (7758%)  (834%)  (87.12%) (81.4%) (89%)  (98.1%) (39.4%)  (80.9%)
RES 316.9 204.3 34.4 4238 13.1 0.4 229 634.8
c?ms;ty (222%)  (16.6%)  (12.9%) (18.6%) (11%)  (1.9%)  (60.6%)  (19.1%)
CO2
Emissions 2,119,442 2,065,132 549,592 482,643 171,820 52,844 14,268 5,451,691
(tCO2)

Table 2. Technical data for the combined cycle power plant [25]

Compressor

Inlet Ambient temperature (°C) 24
Inlet pressure (bar) 1
Isentropic efficiency (%) 97.5
Combustion chamber
Inlet pressure (bar) 15.7
Inlet temperature (°C) 379
Turbine
Gas cycle Inlet temperature (°C) 1174
Exhaust temperature (°C) 549
Exhaust mass flow rate (kg/s) 174.7
Isentropic efficiency (%) 84.7
Inlet steam pressure (bar) 43
LP evaporator pressure (bar) 24
Condenser pressure (bar) 0.08
Steam cycle Inlet steam temperature (°C) 452
Pinch temperature (°C) 18.3
Economizer outlet temperature (°C) 228
Approach temperature (°C) 26.7
LP evaporator mass flow rate (kg/s) 5
HP evaporator mass flow rate (kg/s) 25
Combined cycle Total power output (MW) 93
Cycle efficiency (%) 57.8
604
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Figure 4. Case B: solar field integrated after gas cycle compressor.

3. Methodology

To fulfill the objectives of the study, a thermodynamic model has been developed in MATLAB with the Ideal
Air code and the X Steam toolbox to obtain air and water properties for the upper gas and bottom steam cycles.
The sequence of the methodology has been summarized in Figure 5, whereas the main thermodynamic
equations used are discussed in the following subsections. A system of thermodynamic equations based on
mass and energy balances in the cycle was solved, with the aim of calculating thermodynamic states, net
power, efficiency, and air and fuel mass flows for the original CC and the two ISCC cases, allowing to estimate
the amount of fuel saved, as well as economic savings and the reduction in CO2 emissions. The values of
solar heat integrated ranged from 0 to 35 MW. Pressure drop in the cycle was not considered, as well as the
effect of inlet conditions in the isentropic efficiency of the compressor.

IIII Results

Original combined cycle TenTeaE s
Cycle power and efficiency
Gas cycle F od —E Fuel mass flow
Steam cycle m ) MATLAB .
Operating thermodynamic Fuel
. conditions ue
. model savings
=& |ntegrated sol :
mmm N egr_a aclsolar Ideal Air code
=X combined cycle
Xsteam toolbox . co,
A: before air compressor R emission
SavIngs reduction
B: after air compressor

Figure 5. Methodology followed in this work.
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3.1 Thermodynamic model of the original combined cycle

The upper gas cycle of the CC consists of three main components: compressor, combustion chamber and gas
turbine. Ambient air (1g) is compressed to a higher pressure and temperature (2g). Then, it enters the
combustion chamber, where fuel is added and burnt. The resulting high temperature gases (3g) enter the
turbine and are expanded to ambient pressure (4g), producing useful work. Finally, exhaust gases are sent to
the HRSG. The power of the gas turbine and compressor, the heat supplied in the combustion chamber and
the net power of the gas cycle are calculated using the following equations:

WGT = mg : (h3g - h4—g) (1)
Wcomp = T - (th - hlg) (@)
Qec = My - LHV = tighs  — mhighyg (3)
Wanet = WGT - Wcomp (4)

The bottom steam cycle of the CC comprises a steam turbine, a condenser, and a preheater. The steam that
powers the cycle is generated in the HRSG with heat from the gas turbine exhaust gases. Energy balances in
the HRSG yield the following equations (please refer to Figures 3-4 for the labels of thermodynamic states):

mg “(hg — hy) = My - (hg — hy) (5)

mg “(hy — he) = my - (hg — hsg) (6)

mg (he —hg) = my - (hs — hy) (7)

mg “(hg — he) = My - (hy — hyg) (8)
The steam turbine power is calculated as:

WST = 1, - (hg — ho) 9)
Hence, the total net power and efficiency of the CC power plant may be obtained as:

WTotal = chet + WST (10)

T (11)

3.2 Thermodynamic model of the integrated solar combined cycle

The solar field has been integrated into the upper gas cycle, either to preheat ambient air before compression
(case A), or to heat up compressed air before it enters the combustion chamber (case B). Gas turbine operating
conditions (mass flow, inlet and outlet temperatures) are kept constant, so the steam cycle is virtually the same
as the original one. In case A, the solar field generates a temperature rise before the compressor:

QSolar = manew ' (hlgnew - hlg) (12)
And the compressor power becomes:

I/i/compa = manew : (thnew - hlgnew) (13)
On the other hand, in case B, heat is added after the compression process, leaving the compressor unaffected:

QSolar = manew ' (thnew - th) (14)
In both cases, the mass and energy balances in the combustion chamber are affected:

Tf'lg = manew + mfnew (1 5)

Qcc.new = mfnew *LHV = mgh3g - manethQnew (16)

And the total net power and cycle efficiency are modified accordingly, following Equations 10 and 11.
3.3 Estimation of economic and environmental effects of solar integration

Considering a natural gas price of 0.131 €/kWh [26], an estimation of the economic savings related to the
amount of fuel saved may be performed using the following equation:

SaVingSf = (mf - mfnew) -LHV - Cf At = mfsaved -LHV - Cf <At (17)
In addition, the introduction of solar energy reduces fuel combustion in the gas combustion chamber, leading

to a reduction in CO2 emissions. This reduction may be estimated from the lower heating value of natural gas
(47,000 kJ/kg) [27] and the emission factor that relates natural gas and COz, 0.252 kg/kWh [28]:

Savingsco, = My, .. " LHV * EFygoco, * At (18)
4. Results

The results of the model show that the integration of solar heat into the combined cycle power plant results in
a decrease in the fuel flow rate in cases A and B, with the air to fuel ration increasing accordingly. Table 4
collects the results from the three studied cycles when 35 MW of solar heat are added to the cycle.
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Table 4. Original CC vs ISCC with 35 MW solar heat

Mass flow rates Original CC | ISCC (case A) | ISCC (case B)
Air to fuel ratio 50 99 64
Turbine gas flow rate (kg/s) 174.7

Air flow rate (kg/s) 171.27 172.9 172.02
Fuel flow rate (kg/s) 3.42 1.74 2.67

Fuel saving (%) - 49 21.83
Operating temperatures Original CC | ISCC (case A) | ISCC (case B)
Compressor inlet (°C) 24 223.6 24
Combustion chamber inlet (°C) 379 785 565

Gas turbine inlet (°C) 1174

Gas turbine outlet (°C) 549

Solar heat integration Original CC | ISCC (case A) ‘ ISCC (case B)
Integrated solar heat (MW) - 35

Cycle efficiency Original CC | ISCC (case A) | ISCC (case B)
Gas turbine cycle (%) 39.84 25.2 51
Combined cycle (%) 57.8 60.4 73.9
Cycle power breakdown Original CC | ISCC (case A) | ISCC (case B)
Compressor (kW) 62,450 106,601 62,450
Gas turbine (kW) 126,727 126,727 126,727
Gas cycle (kW) 64,277 20,722 64,277
Steam cycle (kW) 28,810 28,810 28,810
Total net power (kW) 93,000 49,087 93,000
Specific work per unit fuel mass flow (kJ/kg) 27,193 28,211 34,831
COz2 emissions saving (kg CO2/kWh) - 0.0572 0.0166

Option A results in a higher amount of fuel saving, 49%, whereas option B saves around 22%. However, the
compressor power required increases by 70% with option A. Considering the changes in energy efficiency,
option A results in a drop in the efficiency of the gas cycle of around 14.5%, although a slight increase in the
overall combined cycle of around 2% is achieved, due to the reduction of heat supplied to the combustion
chamber. Option B achieves the maximum cycle efficiency increase, around 11% for the gas cycle, leading to
a 16.2% increase in the efficiency of the combined cycle. Therefore, option B seems the most beneficial option,
delivering the same net power to the net with a substantial reduction on fuel consumption. The specific work
per unit fuel mass flow rate reflects the superiority of case B over case A as 34,831 kJ could be delivered for
each kg of fuel, while only 28,211 kJ for case A. CO2 emissions avoided per net energy production is computed,
where it is found that CO2 emissions could be saved at a rate of 0.0572 and 0.0166 kg/kWh for case A and
case B respectively.

Figure 6 shows the evolution of the cycle efficiency for the ISCC options studied as a function of the integrated
solar heat, from 0 to 35 MW. It may be observed that integration of solar heat always results in better cycle
efficiencies if it is done as proposed in option B, with the gap between options B and A increasing with further
addition of solar heat. On the other hand, considering the fuel mass flow rates, depicted in Figure 7, and the
reduction with respect to the original CC, shown in Figure 8, option A is the one that achieves the highest
reduction in fuel consumption. From the original consumption of 3.42 kg/s, option A may save around 49% of
the original fuel consumption if 35 MW of solar heat are added to the cycle, whereas option B can only reach
around 21% savings. Nevertheless, it must not be forgotten that, although option A increases the cycle
efficiency and reduces fuel consumption, the total net power delivered by the cycle is decreased with the
integration of solar heat, as a consequence of the increase on the compressor power. Therefore, its use is not
recommended. Option B does not have that disadvantage, as the integration of solar heat is performed after
the compression stage. In addition, cycle efficiency increases more than with option A. Consequently, option
B is the most adequate for integrating solar heat into the upper gas cycle of a CC.
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Once it was been verified that option B is the most suitable one, in order to provide an estimation of the
economic and environmental effects of solar heat integration, values from average solar irradiation in Las
Palmas de Gran Canaria were considered. Figure 9 shows the monthly average daily global irradiation in Las
Palmas, alongside the average heat power that could be provided by a 300,000 m? solar collector [29].
Maximum values of solar power are found in July, with 30,448 kW, while the minimum average solar heat is
15,597 kW, in December.
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in Las Palmas de Gran Canaria [29].

After the data from the solar heat power potential provided by the collector are introduced into the
thermodynamic model of option B for the ISSC, the reduction in the fuel mass flow was calculated and
translated into an estimation of the economic savings and reduction in CO2 emissions. The results reveal a
direct proportionality relation between the introduced solar heat power and the amount of fuel that may be
saved. As shown in Figure 10, the highest savings may be achieved in July, of around 0.75 M€, while the
lowest savings are reached in December, of around 0.38 M€. In all, if option B is integrated into the combined
cycle, potential yearly savings of around 7.14 M€ might be achieved.
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Figure 10: Monthly potential economic savings (M€) related to fuel consumption reduction.

Regarding the CO2 emissions avoided by the integration of option B into the combined cycle, depicted in Figure
11, a direct proportionality with solar irradiance is found as well. Maximum values of potential reduction of
emissions are found in July, of around 1.45 Mkg, whereas lowest values are found in December, of around
0.74 Mkg. In the aggregate, it has been estimated that incorporating option B into the combined cycle might
lead to a total potential of reduction in CO2 emissions of 13.75 Mkg per year.
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Figure 11: Monthly potential CO2 emissions avoided (Mkg) related to fuel consumption reduction.

5. Conclusion

The overview of the power generation system in the Canary Islands reveals the important effect of renewable
energy resources (especially, solar energy) to provide stability and reinforcement for power generation in
thermal plants. The results from this work, which aims to evaluate the feasibility of integrating solar energy into
a combined cycle power plant for fuel saving in insular subtropical climates, may contribute to improve the
energy supply network in the Canary Islands, providing more energy security to the islands and reducing fuel
imports. A thermodynamic model for solar heat integration into the upper gas cycle of the combined cycle was
developed, studying the effects of injecting the solar heat before (case A) and after (case B) the compressor,
before the combustion chamber.

It was found that the highest amount of fuel saved, 49% when injecting 35 MW of solar heat, was achieved
when injecting the solar heat before the compressor (option A). However, this option resulted in a substantial
increase of the compressor work due to the higher temperatures at the compressor inlet, reducing the net
power of the cycle, although a global efficiency increase of around 2% was achieved. On the other hand,
integrating the solar heat after the compressor (option B) had a very positive effect, with an overall 16.2%
increase in the combined cycle efficiency when 35 MW of solar heat were introduced before the combustion
chamber and. This option, in addition, can deliver the same net power with a substantial reduction of 22% in
fuel consumption. The gap between the combined cycle efficiencies of both integration options became larger
with the increase in the injected heat, with option B outperforming option A. Consequently, it may be argued
that the most adequate for integrating solar heat into the upper gas cycle of a CC is right after the compressor
and before the combustion chamber.

Combining the results from the energy analysis with the monthly solar irradiation distribution in Las Palmas de
Gran Canaria and considering a solar collector of 300,000 m?, it was possible to obtain an estimate of the
economic savings and reduction in CO2 emissions with the introduction of the solar field before the gas cycle
combustion chamber. Oscillating between a minimum value of around 0.38 M€ in December and a maximum
of 0.75 M€ in July, the integration of the proposed option may lead to potential savings of 7.14 M€ per year.
Considering the CO2 emissions potentially avoided with to the proposed solar heat integration, between 0.74
Mkg in December and 1.45 Mkg in July, it has been estimated that incorporating option B into the combined
cycle might lead to a total potential of reduction in CO2 emissions of 13.75 Mkg per year.

To conclude with, the integration of solar heat into a combined natural gas-fired cycle before the combustion
chamber seems to be a very beneficial option for insular systems with solar irradiance values similar to Las
Palmas de Gran Canaria. Substantial increases in the cycle efficiency, high potential economic savings, and
a high reduction in potential CO2 emissions are to be expected. Future works may focus on developing an
exergoeconomic and environmental analysis of the studied alternatives, as well the study of other possible
integration options of solar heat into the combined cycle.
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Nomenclature

CC

Cr
CSP
DNI

E FNG—»co2
GEF
GTCC
h;
HRSG
ISCC
LHV
Mtoe
mh;
NGCC
PTC
Q;
RES
SEGS
Wi

Combined cycle

Fuel cost (€/kWh)

Concentrated solar power

Direct Normal Irradiance

Emission factor of natural gas (kg CO2/kWh)
Global Environment Facility

Gas turbine combined cycle

Specific enthalpy at state i (kJ/kg)

Heat Recovery Steam Generator

Integrated solar combined cycle power plant
Lower heating value (kJ/kg)

Million tonnes of oil equivalent

Mass flow of fluid i (kg/s)

Natural gas-fired combined cycle

Parabolic trough collectors

Heat transfer rate exchanged by component i (kW)
Renewable energy sources

Solar electric generating system

Power of component i (kW)

Greek symbols
At Time period (month)
n  Cycle efficiency

Subscripts
a Air, case “A”
b Case “B”

cc

Combustion chamber

cc Combined cycle

comp Compressor

f Fuel

g Gas

G Gas cycle

GT Gas turbine

new New value (after solar integration)
ST Steam turbine
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