ISES Solar World Congress 2017 IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry

Concentrating solar collectors integrated with low CO2 emissions
ultra supercritical power plants

Vittorio Tola, Mario Petrollese, Mario Cascetta and Daniele Cocco
University of Cagliari, Department of Mechanical, Chemical and Material Engineering, Cagliari (Italy)

Abstract

This paper focuses on the evaluation of the potential benefits arising from the integration of concentrating solar
systems with coal-based Ultra Supercritical (USC) power plants with post-Combustion CO, Capture (PCC). In
this study, the USC-PCC plant was integrated with a concentrating solar field with or without a thermal energy
storage section. Different collector technologies (parabolic trough and linear Fresnel) and heat transfer fluids
(direct steam generation and molten salts) were analyzed and compared. The performance of both solar field and
power plant were evaluated by means of specifically developed models, by using data sets of a typical
meteorological year for two sites in Italy and Morocco. A preliminary cost analysis was finally carried out.
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1. Introduction

Worldwide, the Concentrating Solar Power (CSP) plants installed capacity is around 5000 MW, generated using
parabolic troughs (83 %), solar towers (13 %), linear Fresnel reflectors (3.4 %) and single dish engines (0.02 %)
[1]. Moreover, it is rapidly increasing with about 4000 MW of additional capacity under construction or
development. [2]. Nowadays, different technologies and configurations are available for solar field (parabolic
trough, linear Fresnel, solar tower and solar dish systems), power block (steam Rankine and ORC, Stirling engines,
combined cycles, etc.), heat transfer fluid (thermal oil, molten salts, steam, etc.) and thermal energy storage (TES)
systems (active, passive, two-tank, thermocline, etc.) [3,4]. Currently, parabolic trough collectors (PTC) are the
most commercially proven technology for the solar field. Linear Fresnel collectors (LFC) are a viable alternative,
despite a lower optical efficiency but requiring less land availability and capital costs [5,6]. Thermal oil is usually
used as heat transfer fluid (HTF), but the maximum allowable temperature for these fluids is limited to about
400°C. For this reason, one of the main R&D activities in this field aims to overcome this limit by replacing it
with Molten Salts (MS) or by using Direct Steam Generation (DSG) solar plants [7,8].

One of the most interesting options is represented by the integration of the solar field with a conventional power
plant fed by fossil fuels through hybrid CSP plants [9]. A solar hybrid plant can utilize the existing infrastructure
of a conventional power plant, thereby, reducing the investment cost and, consequently, the costs of electricity
production. In addition, solar contribution in fossil plants allows to reduce fuel consumption and therefore CO,
emissions [10]. Hybrid CSP plants can be found in North Africa and Middle East countries, where solar system
have been integrated with combined cycles [11,12]. Moreover, with the aim to reduce CO, emissions,
conventional power plants should require their integration with Carbon Capture and Storage (CCS) systems. In
particular, coal-based steam plants require Post-Combustion CO, Capture (PCC) processes based on chemical
absorption, especially with amine-based solvents, leading to a remarkable net efficiency penalty [13], in the order
of 10-11 percentage points for the usual target of most CCS projects (90% CO, removal) [14,15]. Since low and
medium temperature thermal energy can easily be produced by solar radiation, in recent years, several interesting
options for integrating solar energy and CCS technologies have been studied aiming to mitigate the energy penalty
generated by the large heat consumption required for solvent regeneration [16]. In particular, two main approaches
are proposed: the first is the production of low-pressure steam for the solvent regeneration process (at about 130-
140 °C). The advantage of using this approach is that, for a given fossil fuel input, steam production from solar
energy reduces the extraction from the low-pressure (LP) turbine increasing its power output. The second
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approach is the production of high or intermediate pressure steam for the high-pressure (HP) and intermediate-
pressure (IP) turbines. In this case, for a given fossil fuel input, steam production from solar energy raises the
mass flow of the steam turbines and therefore increases the overall power output. Obviously, from a
thermodynamic point of view, the latter is undoubtedly the preferred approach [17,18], although the best option
also depends on climatic conditions and solar collector technology. The integration of solar systems both based
on parabolic trough collectors and linear Fresnel collectors with PCC has been studied [18-20], demonstrating
that solar integration improves the economic feasibility of CCS, especially for decreasing collector costs and
increasing CO; emission prices [21,22].

In this framework, the present study evaluates the performance improvements of an Ultra Super Critical (USC)
steam power plant with PCC integrated with concentrating solar collectors. USC systems represent the state of
the art in the field of coal fired power plants, with conversion efficiencies above 45-46%, more than 5 percentage
points greater than those of conventional steam power plants [23]. Firstly, the USC-PCC plant was integrated with
a solar field based on LFC or PTC with DSG, without considering a thermal energy storage. Subsequently, the
results were compared with those of an USC-PCC plant integrated with PTC using Molten Salts (PTC-MS) as
HTF and a two-tank direct TES. The comparative analysis aims to evaluate the increase in USC-PCC energy
production and global efficiency due to the solar energy contribution by considering two different locations:
Sardinia (Italy) and Morocco. Finally, a preliminary cost analysis was also included, evaluating the levelized cost
of energy (LCOE).

2. Configuration and performance of the solar field

As mentioned, a solar field based on parabolic trough (PTC) or linear Fresnel collectors (LFC) is considered in
this paper. For both options, PTC and LFC collector line includes several modules connected in series and the
different lines of linear collectors are connected in parallel to achieve the required thermal power output. Two
different solutions based on direct steam generation or molten salts are compared. Table 1 reports the main
geometrical and performance parameters assumed in this study [24].

Table 1 - Main characteristics of solar collectors.

LFC (DSG) PTC (DSG) PTC (MS)

Module length/ width 44.8/16.56 m 100/5 m 100/5 m
Focal length F 74 m 1.8 m 1.8 m
Module collecting area A 513.6 m? 470.3 m? 470.3 m?
Modules per line 16 8 8
Reference optical efficiency 0.665 0.745 0.745
Cleanliness efficiency 0.98 0.98 0.98
Inlet/outlet steam conditions 175°C/500°C 175°C/500°C 175°C/500°C
(p=80bar)

0.056AT+2.13E-4AT?(EVA) 0.056AT+2.13 E-4AT?(EVA) Forristall model
Receiver thermal losses 0.013AT+6.251E-10AT* [25]

0.013AT+6.251E-10AT* (SH) (SH)

The performance of PTC and LFC are evaluated on a yearly basis and compared by means of a specifically
developed simulation model starting from hourly data of Direct Normal Irradiation (DNI), solar position, air
temperature and wind speed. Firstly, the actual thermal power incident into the receiver Qpyc is calculated
according to the following equation:

Qinc = DNI- Ac “Nopr,Rr " IAM *Ngnp * Nsup * NN (eq. 1)

where ngpr R is the reference optical efficiency, IAM the Incidence Angle Modifier, ngyp the end-loss optical
efficiency, nsyp the shadow efficiency and n¢y the surface cleanliness efficiency. Figure 1 shows the two I[AM
components in function of the longitudinal and transversal components 0, and 0t of the solar incidence angle 6.
End loss optical efficiency is evaluated in function of collector length, focal height and longitudinal component
0L. Shadow efficiency is considered only for the PTC cases and is evaluated in function of the distance between
module rows and collector width.
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Figure 1 - Longitudinal and transversal IAM components

The thermal power Qg actually transferred to the HTF is calculated by applying the receiver energy balance:

dh . . : .
mRa + Qrec — Qine = —Qsp = Myrr(hiy — hour) (eq.2)

Where the first term considers the thermal capacity of the HTF inside the tube and QREC,L represents the receiver
thermal losses evaluated according to the specific correlations reported in Table 1 (AT is the temperature
difference between the HTF temperature and the ambient temperature). A more detailed description of the
simulation model can be found in [26]. Finally, a solar field control is introduced and the mass flow rate myrg is
adjusted to meet the design point value of the loop outlet enthalpy. The latter is set to produce steam at 500 °C
and 80 bar. For the DSG case, the overall steam production directly feeds the USC plant and the rated steam mass
flow rate and the solar field aperture area are determined by setting a desired solar field power output under
nominal conditions.

In case of molten salts as HTF, a direct two-tank TES system is considered: one tank stores the hot fluid while the
other holds the exhausted cold fluid. The TES system is modelled by considering the mass and energy balance of
each tank, as reported in the following equations:

Omrgs
=m —m
ot HTF,IN HTF,0UT (eq. 3)
Mrgg ot MyreinhaTEIN — MaTROUThTES — QTESL (eq. 4)

where mrgg is the HTF mass stored in the tank, hyrgy and mytg oyt are the inlet and outlet mass flow rate
respectively, hygg is the average HTF enthalpy inside the tank, hyrgy is the inlet HTF enthalpy and QTES‘L are
the TES thermal losses due to a not perfect insulation of the tanks. The HTF stored in the hot tank is then used to
produce steam in a heat exchanger, simulated by considering a constant pinch point temperature difference (set to
10°C) and by applying a steady-state energy balance:

IilHTF(hHTF,IN - hHTF,OUT) = Ihg (hS,OUT - hS,IN) (eq. 5)

Where g is the steam mass flow rate, hg oyt and hgy are the outlet and inlet steam enthalpy respectively.
Therefore, thanks to the introduction of a TES system, the PTC-MS configuration slightly differs from the DSG
case, as the steam mass flow rate produced is constant and does not depends on the solar energy availability. The
thermal storage capacity (Crgs) is here expressed in terms of equivalent full-load hour of TES, which indicates
the number of hours that the thermal storage section can supply energy to the heat exchanger to produce steam at
nominal conditions. Moreover, in order to better exploit the TES storage an increase of solar field aperture area
respect to the rated one is often recommended. Solar multiple (SM) is therefore used to represent the actual solar
field thermal power as a multiple of the solar field reference thermal power. It is worth noting that the solar
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multiple in case of DSG is always equal to one in this study. Two locations characterized by different DNI
availability are considered in order to compare the energy performance and the cost-effectiveness of the solar field
in different weather conditions. In particular, a site with a high DNI availability (Ouarzazate, Morocco, 2444
kWh/m?y) and one with a lower DNI (Cagliari, Sardinia, Italy, 1720 kWh/m?y) are evaluated. The data set for a
typical meteorological year was obtained from the Meteonorm software, including DNI, solar azimuth and
elevation, air temperature, relative humidity and wind velocity. Table 2 reports the main meteorological data of
the chosen sites and the corresponding design conditions assumed for the solar field.

Table 2 - Meteorological data for the sites of Italy and Morocco and solar field design assumptions.

Italy Morocco

Available DNI kWh/m?y 1720 2444
Average ambient temperature °C 17.2 18.8
Average wind velocity m/s 3.96 3.80
Design DNI W/m? 800 900
Design elevation/azimuth angles ° 74.2/0.0  82.5/0.0
Design ambient temperature °C 22.5 30.0

For both sites, Table 3 reports the main performance of a single line in terms of reference thermal power output
and reference efficiency, as well as annual thermal energy production and average efficiency (the ratio of annual
thermal energy production and annual available DNI), considering both LFC and PTC with DSG and PTC-MS.
A decrease of about 9 percentage points in the reference efficiency and 17 percentage points in the average
efficiency is observed in the LFC case compared to PTC with DSG. This is mainly due to the lower reference
optical efficiency of the linear Fresnel collectors together with the effect of the transversal IAM, which is not
present in the parabolic trough collectors. A reduction of about 3 percentage points in the reference efficiency is
also detected by using PTC with molten salts instead of DSG, due to the higher HTF average temperature inside
the receiver tube and the consequent increase of the receiver thermal losses. A more important decrease is
observed in the annual performance due to both the higher receiver thermal losses and the higher thermal inertia
of the molten salts. A reduction of 2-3 percentage points from Italy to Morocco cases is finally observed, because
of different weather conditions and solar elevation. This difference rises up to 9 percentage points in the PTC-MS
case. In fact, this case is characterized by a higher thermal inertia of the molten salts involving in the solar field
due to the presence of a TES section. Consequently, a great increase of the energy spent to warm the molten salts
in the first morning up to the nominal conditions occurs.

Table 3 - Performance of a single LFC and PTC line.

LFC PTC PTC-MS

Ita Mor Ita Mor Ita Mor
Collecting area m? 8217.6 8217.6 3762.4 37624 37624 3762.4
Reference thermal power MW 4030 4720 2.118 2469  2.020 2370
Reference efficiency % 61.30 63.82 70.36 7292  67.11 70.00
Solar energy availability GWh/y 14.12  20.08 6.47 9.19 6.47 9.19
Thermal energy production GWh/y  5.85 8.91 3.77 5.66 2.53 4.43
Average efficiency % 4143 4437 58.3 61.55 39.1 48.2

3. Configuration and performance of the USC plant with PCC

USC power plants are characterized by very hard operating conditions, reaching maximum steam pressures higher
than 30 MPa and maximum steam temperatures up to 600-620 °C [27]. In recent years, several R&D studies
focused on a further increase of the steam pressure and temperature with the aim of reaching overall plant
efficiency as high as 50% [28]. The achievement of higher temperatures and pressures is closely related to the use
of suitable advanced materials to withstand the harshest operating conditions [29,30]. A medium size plant (in the
order of 450-500 MW,) has been considered for this study. This size is lower than typical modern USC plant, but
better matches with the integration with the solar field. The reference plant configuration is based on a superheated
and double reheat steam cycle with ten regenerative steam extractions and four steam turbines: a very high-
pressure turbine (VHPT), a high-pressure turbine (HPT), an intermediate pressure turbine (IPT) and a low-
pressure turbine (LPT). Figure 2 shows a simplified scheme of the USC power plant.
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Figure 2 - Simplified scheme of the USC plant.

Performance of the plant have been assessed referring to a commercial coal, characterized by a carbon fraction
slightly higher than 0.65 and a lower heating value of 25.03 MJ/kg. A coal power input of 1.0 GW was imposed.
The plant is equipped with both a conventional flue gas cleanup (FGC) section (including a selective catalytic
reduction denitrification system, baghouse filters and a low temperature flue gas desulphurization system) and a
low temperature CO, removal section, based on a post-combustion chemical absorption process with amine-based
solvents (MEA 30%wt), including an absorption and a regeneration column. To match CO, transport and storage
requirements, the CO, removal section is also integrated with a conditioning and compression section to provide
a high pressure (11 MPa) and high purity (99.7% by volume) CO, flow.

As in modern USC units, a maximum pressure of 33.5 MPa has been assumed, leading to a superheated (SH)
steam pressure at the VHPT inlet of about 30 MPa. A minimum pressure of 4.2 kPa has also been assumed at the
condenser. Superheated and reheat (RH) steam temperatures of 600 and 620 °C have been assumed, respectively.
High temperature of the steam extraction allows to reduce to -1.5 °C the minimum temperature difference inside
the high-pressure feedwater heat exchangers, whereas such a difference increases up to 1.5 °C inside the low-
pressure feedwater heat exchangers. A deaerator pressure of 0.8 MPa has been assumed. Table 4 reportes the main
characteristics of the plant and Table 5 summarizes its overall performance. The very high pressure of the first
steam extraction (slightly lower than 15 MPa) allows to increase water temperature upstream of the economizer
above 335 °C. The reference USC plant (without CCS) attains a net power output of about 465 MW with a
corresponding net efficiency of 46.64%. The integration with the CO, removal section largely reduces the USC
performance, mainly due to the large steam extraction (at about 4 bar) for solvent regeneration and to the power
required by the CO, compression process.

Table 4 - Main characteristics of the USC plant.

Coal chemical power input MW 1000
SH/RH1/RH2 steam temperatures °oC 600/620/620
SH/RH1/RH2 steam pressures MPa 30.0/13.5/5.4
Cycle maximum pressure (boiler feedwater pump) MPa 335
Cycle minimum pressure (condenser) kPa 4.2
Deaerator pressure MPa 0.8
BOP loss as steam turbine power fraction 0.02
High/low pressure heat exchangers minimum AT °oC -1.5/1.5
MEA mass fraction % 30
CO,/MEA molar ratio 0.28

Reboiler specific thermal energy MI/kgcon 3.72
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Table 5 - Overall performance of the USC plant.

NO-CCS CCS
Coal chemical power input MW 1000 1000
- Steam turbines MW 516.4 439.7
- Pumps MW 16.1 16.1
Steam cycle output MW 500.0 423.6
- Aux. absorptions and mechanical losses MW 19.4 16.1
- Generator losses MW 52 4.4
Gross power output MW 4754 403.1
- FGC section absorptions MW 9.0 9.0
- CO; capture and compression MPa - 32.4
Net power output 466.4 361.7
Net efficiency 46.64 36.17
Plant availability h/year 8760 8760
Energy production GWh/year 4085.6 3168.5
CO; emissions Mt/year 3.00 0.300
CO; specific emissions g/kWh 7343 94.7

In particular, a CO, removal efficiency of 90% requires about 320 MW, halving the LPT mass flow and reducing
the USC power output by about 70 MW. This remarkable penalty combined with the power requirements of the
CO; capture and compression section causes a noteworthy power output reduction of about 105 MW. Overall, the
introduction of the PCC process reduces the energy production by about 25% and the USC efficiency by about
10.5 percentage points (from 46.6% to 36.2%). Obviously, the CO, specific emissions greatly benefit from the
introduction of the CO; capture and compression section (decreasing from about 735 to about 95 g/kWh).

4. Performance of the integrated CSP-USC-PCC plant

To mitigate the energy penalty generated by the large heat consumption required for solvent regeneration, the
USC-PCC plant has been integrated with concentrating solar collectors in a CSP-USC-PCC plant. The
hybridization occurs through the production of intermediate pressure steam (80 bar and 500°C). The water is
extracted downstream of the feedwater pump, it is pre-heated, vaporized and superheated in the solar field and
then reintroduced downstream of the high-pressure turbine before entering in the second reheater. In particular,
when solar energy is available, the IP steam produced by the solar field increases the mass flow rate of both IP
and LP steam turbines allowing a greater power production but leading also to an off-design operation mode of
the USC plant with a corresponding efficiency penalty. Moreover, the steam production from solar field causes
both an increase of the LP turbine outlet pressure and a rise in the condenser thermal load, therefore, leading to a
higher cooling water requirement or higher cooling water outlet temperature. Figure 3(a) shows the pressure and
the condenser mass flow rate (the latter in percentage with respect to design conditions) in function of the ratio
between solar field power output (Qs) and fuel power input (Qysc). The condenser mass flow greatly increases
with solar contribution and, therefore, in order to avoid an excessive increase in the condenser thermal load, a
maximum value of the power ratio equal to 0.2 was considered in this study. The increase in steam pressure and
mass flow leads to corresponding changes in the turbine power output owing to the sliding pressure operating
mode of the steam turbine. Obviously, the USC-PCC-CSP net power output increases with the solar contribution
and annual average performance of the power plant are greatly influenced by annual DNI availability. However,
the USC power plant operates without solar energy integration for a large share of the annual operating hours, as
concentrating solar collectors require a minimum available DNI (100-150 W/m?). Moreover, during most of the
solar field operating hours, the DNI is below its design value. Therefore, in the case of direct steam generation,
the USC plant operates at reference conditions when no solar production occurs, while it operates in off-design
conditions with the introduction of IP steam from solar field, with a corresponding cycle efficiency penalization.
On the other hand, the use of molten salts as heat transfer fluid allows the introduction of a thermal storage at
relative low costs. In this case, the steam production from the solar field is constant along the day with an important
increase of the operating hours at on-design conditions.



V. Tola/ SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

<
[=)
'; 70 - - - - 7 450 v
= < —O— Off-design A
® 601 16— = =++CF+++ On-design o
© L 5 ;
S X Q4251 1
5 50 1 15 o 3
. et o
¢ o 2
S40f 14 & 2
c o 3
S 5 8400t 1
w 30 13 & &
o on n
o 5 Q
® 20| 12 © Q
o s O 3751 1
Q —O— mass flow o %
=10 11 O
o ss=:[Fe=+ pressure b7}
= D
% 0 : : : : 0 350 : : : :
¢ O 005 01 015 02 025 b 0 005 01 015 02 025
@) Qsr/Qusc () Qsr/Qusc

Figure 3 — (a) Relative increase of the condenser mass flow, condenser pressure and (b) power output of the USC-CCS-CSP
plan as a function of the ratio between solar field power output and fuel power input.

The advantages in terms of efficiency and, thus, of net power output by working at on-design conditions instead
of off-design is shown in Figure 3(b) as a function of the ratio between solar field power output and fuel power
input. Figure 4(a) shows the annual performance of the system in terms of USC net energy production as a function
of the ratio between the solar field power output and fuel power input in case of direct steam generation or molten
salts as HTF (storage capacity equal to 4 hours and solar multiple equal to 1). The USC net energy production
linearly increases with the solar contribution for all cases, and, as expected, the highest values are reached by
adopting parabolic trough collectors. By referring to the Morocco case, an increase of 0.715 GWh in annual USC
energy production for an increase of 1 MW of solar field reference thermal power is detected for PTC with DSG,
0.840 GWh/MW gp for the PTC-MS case and 0.590 GWh/MW_sp for LFC solar field. Similar trends are observed
by referring to the Italian site, although the lower DNI availability results in a lower solar contribution of 0.550
GWh/MWcsp, 0.545 GWh/MWsp and 0.450 GWh/MWsp for the PTC-DSG, PTC-MS and LFC configurations,
respectively. It is worth noting that for a given value of solar contribution, the overall collecting area increases by
using LFCs instead of PTCs and by considering an Italian location instead of a Moroccan one.
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Figure 4 — (a) Annual USC-PCC-CSP energy production and (b) specific energy production as a function of the ratio between
solar field power output and fuel power input.



V. Tola/ SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

-0.06 : . ; . 100 : ; : .
= 975
-0.07 t <
8 =
%) 2
= 008} c
. iel
o 2
& =
(') [}
O Q —O— PTC-DSG - Mor
a le) L
I o 875 — @ —PTC-DSG-Ita
2 & g5 | |V LFC-DSG-Mor
& S — ¥ —LFC-DSG - Ita
o3 | |—O—PTC-MS - Mor
o 825
- ¢ —PTC-MS-Ita
-0.12 : : : : 80 : : : :
0 005 01 015 02 025 . 0 005 01 015 02 025
@ Qsr/Qusc () Qsr/Qusc

Figure 5 — (a) USC efficiency decrement and (b) specific CO: emissions as a function of the ratio between solar field power
output and fuel power input.

For instance, for a solar contribution equal to 0.2, the overall collecting areas are about 304750 m? (81 loops) and
357430 m? (95 loops) for PTC in Morocco and Italy respectively, while the LFC solar field is characterized by a
collecting area of 345140 m? (43 loops) in Morocco and 410880 m? (50 loops) in Italy. For this reason, Figure
4(b) depicts the specific annual energy production in terms of energy produced per unit area of solar field. The
figure shows a marginal difference between the use of DSG and molten salts by referring to the Moroccan case.
In fact, although as reported in Table 3 the average efficiency of the solar field using molten salts was lower than
the use of PTC-DSG, they are substantially balanced by the higher USC efficiency resulting from the constant
steam mass flow rate production of the solar field. On the other hand, the drop in solar field performance detected
for the Italian case by using molten salts as HTF is predominant and the use of the PTC-DSG achieves the highest
specific energy production. The main benefits arising from a solar integration are shown in Figure 5:
e the efficiency penalty due to the CO, removal section are partially balanced by the steam generation from
the solar field (Figure 5(a));
e a further reduction of the specific CO, emissions is achieved thanks to the increase of annual energy
production due to solar field without any further production of carbon dioxide (Figure 5(b)).
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Figure 6 - Annual USC-PCC-CSP energy production as a function of the ratio between solar field power output and fuel power
input for the Molten Salts case.
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Both these performance indexes follow a linear increment with the increase in the solar field power output.

As mentioned, one of the advantages of introducing a TES system is the possibility to time shift the production of
the solar field. In other words, with a TES system it is possible to increase the time of steam feeding to the USC
by keeping a constant mass flow rate. As mentioned, other two important design parameters for the molten salts
case are the storage capacity and the solar multiple. Figure 6 shows the annual energy production of the USC plant
as a function of the solar contribution for different combinations of solar multiple and TES capacity. For solar
multiples lower than 2, a TES capacity higher than 4 full-load hours do not introduced any benefits in terms of
rising in energy production, independently form the plant location. On the other hand, with the rise in the solar
multiple value, a higher storage capacity is required to store the surplus of energy produced by the solar field,
especially during summer days. In particular, the increase of the TES capacity from 4 to 8 hours in Morocco
results in an increase of about 15% of the annual steam production.

5. Preliminary economic analysis

A preliminary economic analysis was carried out to compare the energy production cost of the reference USC
plant (with and without PCC) and the solar assisted configurations. In fact, the increment in the energy production
with the solar integration also results in a rise of capital and operating costs. The economic analysis is based on
the determination of the levelized cost of electricity (LCOE) for the various configurations considered. The LCOE
was calculated by means of the following equation:

TClysc + TClpce + TClesp + Z§=1(CF + Cogmusc + CO&M,CSP)(]- +D™"

LCOE =
YN Eg(1+i)m

(eq. 6)

Where TClysc, TClpec and TClcgp are the total capital cost investment of the USC plant, PCC system and the
CSP section (including solar field costs and, if present, TES costs) respectively, Cg is the annual cost of the fuel,
Cosam,usc and Cogum csp are the operating and maintenance costs for the USC-PCC plant and solar section, Eg is
the annual energy production, i is the annual interest rate and N is the expected operating lifetime.

Table 6 - Cost assumptions of the USC-PCC plant, solar field and TES section.

USC specific capital investment 1300 €/kW Solar field specific cost 100-300 €/m>
PCC specific capital investment 1170 €/kW Piping specific cost 30 €/m?
O&M cost of USC (% of TCI) 3% Land cost 10 €/m?
O&M cost of PCC (% of TCI) 2.5% TES specific cost (only MS case) 625 €/m’
Coal price 75 €1t Molten salts cost 0.93 €/kg
Engineering cost (% of direct cost) 20% O&M cost of solar section (% of TCI) 1.5%
Contingency cost (% of direct cost) 2% Annual interest rate 7%
Insurance annual cost (% of TCI) 1% Operating lifetime 20

Table 6 reports the main cost assumptions. In particular, the assumption of specific costs for the USC-PCC plant
are taken according to [15], and for the CSP plant according to [31]. The solar field specific cost is not constant
but ranges in the interval 100-300 €/m?. In fact, the present economic analysis aims to evaluate the minimum
capital cost of the solar field that allows to produce electricity at a lower LCOE than the reference USC-PCC
plant. For a solar integration of 20% (that is the ratio between solar field power output and fuel power input equal
to 0.2), Figure 7(a) shows the LCOE for the six different cases analyzed as a function of the solar field specific
cost, as well as the LCOE obtained without considering any solar integration. Obviously, a linear increase of the
LCOE is observed with the increase of the solar field specific costs. The LFC case always attains higher values
of LCOE than PTC and a decrease of the solar field cost of about 60 €/m? should occurs to becomes competitive
with PTC solar fields. The LCOE with solar integration in the Italian case always exceeds the LCOE of the USC-
PCC plant even for the lowest solar field specific costs. On the other hand, the solar integration becomes cost
effective for a solar field cost lower than 180 €/m? for the PTC-DSG case. The use of molten salts and the
introduction of a TES section, despite the enhancement in annual energy production, increase the capital and
operating costs and result less profitable than the direct steam generation.
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Figure 7 — (a) Levelized cost of electricity as function of the solar field specific cost and (b) influence of capital and operating
costs on the determination of the LCOE.

It is worth noting that the influence of the solar field costs on the overall plant costs is marginal. As shown in
Figure 7(b), by assuming a solar field specific cost of 200 €/m?, the capital cost for solar integration contributes
for about 5% of the overall LCOE while O&M costs of the solar section are lower than 1%. Finally, Figure 8
shows the levelized cost of energy in case of molten salts as HTF and different values of solar multiple and TES
capacity. The figure demonstrates the not profitability to increase the storage capacity beyond 8 hours
independently from the location, as the excess energy that cannot be stored due to the complete charge of the TES
section is minimal (only for few summer days in case of Crgs=4h). Consequently, the rise in capital costs due to
higher storage and HTF costs is not properly balanced by the increase in the energy production. On the other hand,
an increment of the solar multiple to 1.5 could be a cost-effective solution if the solar field specific cost drops to
160 €/m? in the Morocco case. In this case, the benefits arising from a higher energy production becomes
preponderant compared to the corresponding increment of the solar field capital costs.
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Figure 8 — Levelized cost of energy as function of solar field specific cost using molten salts in case of (a) Moroccan site and (b)
Italian site.
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6. Conclusions

The paper investigated the benefits arising from the integration of low CO, emission steam power plants with
concentrating solar systems. Different solar field configurations were studied, varying both collector technology
(parabolic trough or linear Fresnel) and heat transfer fluid (direct steam generation or molten salt with thermal
energy storage). The achieved results proved that the energy produced by the solar field reduces the efficiency
penalty due to CO, capture and compression system from about 10.5 percentage point (reference case without
solar integration) to a maximum of about 8.5% (ratio between solar energy and fuel chemical energy equal to 0.2).
As expected, better performance are achieved in Morocco in comparison to Italian site. The preliminary economic
analysis demonstrated as, in Morocco, the solar integration in a USC-PCC plant becomes cost effective for a solar
field costs lower than 180 €/m? for PTC-DSG case. A reduction of about 60 €/m? in solar field cost should occurs
for LFC to becomes competitive with PTC solar fields. The use of Molten salts as HTF and the introduction of a
TES section enhance the annual energy production but increase the capital and operating costs, resulting less
profitable than the direct steam generation.
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