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HIGHLIGHTS

® We propose a novel method to perform the economic justification of CSP.

® CSP benefits include providing both renewable energy and operational flexibility.

® The break-even investment cost of CSP plants is analysed.

® Economic justifications of CSP in two provincial power systems in China are studied.
® CSP is much more competitive in power systems under high renewable penetrations.

ARTICLE INFO ABSTRACT

Concentrating solar power (CSP) plants are able to provide both renewable energy and operational flexibility at
the same time due to its thermal energy storage (TES). It is ideal generation to power systems lacking in flex-
ibility to accommodate variable renewable energy (VRE) generation such as wind power and photovoltaics.
However, its investment cost currently is too high to justify its benefit in terms of providing renewable energy
only. In this paper we evaluate the economic benefit of CSP in high renewable energy penetrated power systems
from two aspects: generating renewable energy and providing operational flexibility to help accommodating
VRE. In order to keep the same renewable energy penetration level during evaluation, we compare the economic
costs between the system with a high share of VRE and another in which some part of the VRE generation is
replaced by CSP generation. The generation cost of a power system is analyzed through chronological operation
simulation over a whole year. The benefit of CSP is quantified into two parts: (1) energy benefit—the saving
investment of substituted VRE generation and (2) flexibility benefit—the reduction in operating cost due to
substituting VRE with CSP. The break-even investment cost of CSP is further discussed. The methodology is
tested on a modified IEEE RTS-79 system. The economic justifications of CSP are demonstrated in two practical
provincial power systems with high penetration of renewable energy in northwestern China, Qinghai and Gansu,
where the former province has massive inflexible thermal power plants but later one has high share of flexible
hydro power. The results suggest that the CSP is more beneficial in Gansu system than in Qinghai. The levelized
benefit of CSP, including both energy benefit and flexibility benefit, is about 0.177-0.191 $/kWh in Qinghai and
about 0.238-0.300 $/kWh in Gansu, when replacing 5-20% VRE generation with CSP generation.
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1. Introduction

Increasing share of renewable energy sources (RES) in the genera-
tion mix of power systems creates additional variability and uncertainty
that must be properly accommodated for economic and reliable system
operations. Currently, wind power and photovoltaic (PV) generation
capacities are rising quickly. By the end of 2016, the global installed
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capacity reached 487 GW for wind and 302 GW for PV [1]. In places of
Demark, Ireland, Texas of U.S. and northwestern provinces in China,
the penetration of RES has already reached a quite high level (serving
more than 20% of total electricity demand) [2]. Wind power and PV
generations are named variable renewable energy (VRE) because of the
variability and uncertainty in their power outputs that are driven by
prevailing weather conditions. The increasing integration of VRE may

Received 14 December 2017; Received in revised form 29 March 2018; Accepted 30 March 2018

0306-2619/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2018.03.161
https://doi.org/10.1016/j.apenergy.2018.03.161
mailto:cqkang@tsinghua.edu.cn
https://doi.org/10.1016/j.apenergy.2018.03.161
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2018.03.161&domain=pdf

E. Du et al.

Applied Energy 222 (2018) 649-661

Nomenclature

Indices and sets

t time index
i thermal unit index
Qr set of time periods for one day from t1 to t24

Qrim set of thermal units

r set of time periods for the whole dispatching simulation
time scope

f subscript for thermal units that can start and stop daily

c subscript for thermal units that cannot start and stop daily

h subscript for hydro power units

w subscript for VRE units

N subscript for concentrating solar power plants

Parameters and constants

(1]

column vector which has unity elements

Cy column vector of variable operational cost of unit type x,
x € {f,c,h,w,s}

Cy column vector of load shedding cost

Cud column vector of VRE curtailment cost

Vi column vector of start-stop costs of thermal units be-
longing to type f

Cave column vector of estimated average generating cost of

power system

APjown, AR, column vector of maximum and minimum ramp rates
of generating units

Bpaxs Bnin column vector of maximum and minimum outputs of
generating units

PpLfore column vector of forecasted VRE generation at time slot t

PpLfore column vector of available solar thermal power at time
slot t

, nPBnTES  coefficients of power block efficiency and TES efficiency in
CSP plants

D! column vector of nodal loads at time slot t

i, rt system up and down reserve requirements at time slot ¢t

Apgx units and nodes incidence matrix of unit type x,
x € {f,c,h,w,s}

w generation shifted distribution factor matrix

Fax column vector of transmission line capacity

[61Q)] generation cost function of thermal unit i

Cf*l(*)  fuel cost function of thermal unit i

C;®mP(*) ramp cost function of thermal unit i

CSu(*) start-stop cost function of thermal unit i

a;,b;,c;,d; coefficients of the cost function of thermal unit i

a renewable energy generation penetration level

B generation share of CSP in renewables

FCR annual fixed charged ratio

Variable

Sf column vector of start-stop cost of generating units be-
longing to type f

P! column vector of dispatched output of unit type x,
x € {f,c,h,w,s}

Py column vector of VRE curtailed at time slot ¢t

It column vector of on/off status of thermal units with type f
at time slot t

I. column vector of on/off status of thermal units belonging
to type ¢

I column vector of on/off status of CSP plants at time slot ¢

E! column vector of state of charge of TES in CSP plants at
time slot t

pehat column vector of charging output of TES in CSP plants at
time slot t

pdist column vector of discharging output of TES in CSP plants
at time slot t

D} column vector of nodal load shedding at time slot ¢

P! output of thermal unit i at time slot t in the scenario
without substituting VRE with CSP generation

Pit/ output of thermal unit i at time slot t in the scenario with
substituting VRE with CSP generation

Gyrg investment capacity of VRE in the scenario without sub-
stituting VRE with CSP

Girg investment capacity of VRE in the scenario with sub-
stituting VRE with CSP

Glsp investment capacity of CSP in the scenario with sub-
stituting VRE with CSP

CSRcsp  capacity substitute rate of CSP plants

LEBcsp  levelized energy benefit of CSP generation

LFBesp  levelized flexibility benefit of CSP generation

LOBcsp  levelized overall benefit of CSP generation

EBcsp overall energy benefits of CSP investment

FBcsp overall flexibility benefits of CSP investment

ROIcsp  return of Investment for CSP plants

BECcsp  break-even cost of CSP plants

lead to additional requirements for operational reserves and ramping
capacities, and thus reduce the operational benefit of renewable energy
[3].

Power system operational flexibility denotes the ability of con-
trollable generation units in changing their outputs to meet the var-
iances of electricity loads, uncontrollable generation outputs and grid
conditions. Since VRE generation is generally not dispatchable, net load
is often used to evaluate the system operational flexibility requirement
through treating VRE generation as negative load. Generally, the op-
erational flexibility is provided by conventional fossil-fueled con-
trollable generations, and the integration of VRE increases the re-
quirement of operational flexibility.

Compared with wind and PV, concentrating solar power (CSP)
plants are able to generate dispatchable renewable energy electricity
[4,5]. Specifically, a CSP plant controls mirrors with tracking system to
capture the direct normal irradiation (DNI) of sunlight which is then
converted into thermal energy for utilization in a steam turbine to
produce electricity. CSP plants allow for the incorporation of cost-ef-
ficient thermal energy storage (TES) to store the absorbed solar thermal

energy for later use. This makes it possible for CSP to provide renewable
energy and operational flexibility at the same time. The introduction of
TES brings multiple benefits to CSP plants from several perspectives.
First, since CSP plants can shift electricity generation using TES, it is
capable of providing dispatchable generation and operational flexibility
in power systems. Second, TES can remarkably increase the capacity
factor of CSP through equipping larger solar collection fields, since
surplus solar thermal energy can be stored in TES. Furthermore, TES
systems in CSP plants are currently less costly (with capital costs around
20-70 $/kWh) than battery energy storage systems (with capital cost
above $150/kWh) [6]. Compared with conventional thermal plants,
CSP is generally regarded to be a semi-dispatchable technique due to
the limit of absorbed solar energy [7].

Although the CSP development encounters some obstacles, such as
much high capital cost and considerable land/water requirement, the
advantages of CSP and the increasing need of renewable energy still
attract widespread interests in CSP development [8]. E.g. CSP has
considerable water requirements only when using wet-cooling, dry-
cooling technique which significantly reduces the water demand is
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becoming mature and is going to be used in new CSP projects [9].
Around the world, there is approximately 4800 MW of cumulative in-
stalled CSP capacity by the end of 2016 and nearly 20 GW of CSP
projects in the pipeline [10]. Although CSP development is nascent,
China is working on promoting CSP development and has announced a
development target of 5 GW by 2020. Correspondingly, the Chinese
government launched a feed-in tariff of 1.15 ¥/kWh for CSP generation
and signed a series of demonstrative CSP projects with a total capacity
of 1349 MW to support CSP development in 2016 [11].

Many previous studies have discussed the cost-benefit of CSP plants.
Sioshansi and Denholm [12] analyse the revenue of a CSP plant with
TES in a number of regions in the south-western United States and
discussed the value of CSP net of capital costs. Madaeni et al. [13]
further estimate the economic value of CSP in an electricity market
considering the capacity value. Stoddard et al. [14] comprehensively
analyse the economic, energy, and environmental benefits of CSP in
California. In order to maximize the benefit of CSP, many mathematical
models are proposed to optimize the operation strategy of CSP in
electricity energy pool markets [15-17], while considering the un-
certainties of solar irradiation and electricity prices. Kost et al. [18]
compare the benefits of CSP plants under different price and support
mechanisms. Generally, in majority of them, the CSP plant is assumed
to be a price taker and operates with the target of maximizing its rev-
enue in the electricity market. From the power system point of view, the
CSP benefits of providing flexibility to accommodate more VRE and
reducing the operational cost of conventional thermal generators have
not been accounted.

Several studies have analysed the benefits of CSP in enhancing the
system operational flexibility and promoting the integration of renew-
able energy. Santos et al. [19] study how to combine a wind farm with a
CSP plant to provide stable renewable power generation. Chen et al.
[20] reformulate the power system scheduling model to take CSP into
consideration and analysed the benefit of CSP in reducing operating
costs and VRE curtailment. Xu and Zhang [21] utilize a stochastic unit
commitment model to simulate the operation of a power system with
CSP and evaluated the value of CSP from the provision of providing
energy and reserve services to integrate renewable energy. Denholm
et al. [22] compare the economic value among CSP, base-load units,
and PV based on a production simulation of the California power
system with over 33% RE penetration, and further analysed the po-
tential of enabling greater solar penetration via the use of CSP with TES
[23]. Dominguez et al. [24] analyse the feasibility of operating a fully
renewable electric energy system with CSP. Generally, these literatures
evaluate the value of CSP through comparing the economics of a power
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system with and without CSP integration. However, the two cases in-
volve different renewable penetration levels. This leads to an unfair
comparison, since the system with higher renewable penetration gen-
erally has lower operational costs due to the nearly zero variable cost of
renewable energy generation but higher overall costs due to the high
investment cost of renewable energy power plants.

In this paper, we propose to analyse the economic justification of
CSP in a power system with a high share of VRE generation through
comparing its cost performance with another power system where part
of the VRE generation is substituted with CSP generation while keeping
the same penetration level of renewable energy. The benefits of CSP are
divided into two parts: the provision of renewable energy, which is
represented as the saved investments on substituted VRE generation,
and the provision of operational flexibility, which is denoted as the
reduction in operating costs when substituting VRE with CSP. In this
study, the system operational flexibility is captured as the system op-
eration cost to balance the net load (load minus renewable energy
generation). A power system chronological operational simulation
platform is used as the assessment tool in this paper. Finally, the value
of TES and the break-even cost of CSP plants are analysed.

The rest of the paper is organized as follows. A qualitative discus-
sion of the benefits of substituting part of the VRE generation with CSP
generation are provided in Section 2. A simulation platform utilized for
the analysis is introduced in Section 3. Section 4 presents an assessment
framework to quantify the benefits of CSP for the provision of energy
and operational flexibility. Numerical tests carried out on the modified
IEEE-RTS system are presented in Section 5. The economic justifications
of CSP investment in two provincial power systems in north-western
China are studied in Section 6. Section 7 outlines the conclusions.

2. Benefit analysis of CSP integration
2.1. Overview

The fundamental difference between VRE and CSP is that CSP plants
are dispatchable to serve loads in the same way as conventional thermal
units when equipped with a thermal storage system. For power systems
with a certain target of renewable energy generation penetration level,
substituting part of the VRE generation with CSP generation could re-
duce the requirements on operational flexibility. The impacts of CSP
integration on VRE plants, on thermal units and on power system
economics are summarized in Fig. 1. The impacts of CSP are analysed
from two perspectives: generating renewable energy and providing
operational flexibility.

VRE curtailment
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. 1
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Fig. 1. Schematic diagram of the benefits of CSP integration for the provision of renewable energy and operational flexibility.
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2.2. Energy benefit

The economic cost for a power system to achieve a pre-defined re-
newable energy penetration level can be divided into two parts: the
investments in renewable energy power plants and the corresponding
operational costs. Investing in CSP plants can substitute for investments
in VRE, while maintaining the same level of renewable energy.
Generally, per unit capacity of CSP will substitute for more than per
unit capacity of VRE. This is because (1) the CSP plant has a higher
capacity factor, since TES allows for CSP to incorporate a larger solar
field and (2) the flexibility of CSP can partly compensate for the un-
certainty and variability of VRE generation and thus decrease the
amount of curtailed VRE generation. Therefore, even though the capital
cost of CSP plants is higher than VRE plants, investing in CSP also may
be better than only investing in VRE for achieving the pre-defined re-
newable energy penetration level. In this paper, the energy benefit of
CSP integration is captured as the substituted investments in VRE.

2.3. Operational flexibility benefit

High penetrations of VRE largely increase the system operational
flexibility requirement from many aspects, such as increasing the daily
peak-valley difference of net load, and increasing the hourly variability
and uncertainty of net load. On the contrary, the integration of CSP can
reduce the system operational flexibility requirement from two aspects:
(1) the CSP generation will substitute part of VRE generation, which
brings down the operational flexibility needed to compensate the VRE
generation uncertainty and variability and (2) the CSP generation can
also provide additional operational flexibility so as to reduce the re-
quirement of operational flexibility from conventional controllable
generations.

Since smaller system operational flexibility requirement is generally
involved with lower system operational costs, the operational flexibility
benefit of CSP due to reducing the system operational flexibility re-
quirement can be evaluated by the reduction in the system operational
costs. Specifically, the reduction in system flexibility requirements will
lead to changes in the behaviors of controllable generators (like thermal
units) from many aspects such as peak-regulation depth, start-up fre-
quency, and ramping frequency. These behavioral variations bring cost
variations for thermal units in fuel costs, start-stop costs, and ramping
costs, and lead to a cost reduction in the total system operational costs.
This approach has been applied in the literature to analyze the eco-
nomic cost of the additional system flexibility requirement for VRE
integration [25].

Applied Energy 222 (2018) 649-661

3. Assessment tool: power system chronological operation
simulation platform

3.1. Overall framework

The assessment tool used in this paper is a software designed for
simulating the operation of a power system over a long time period. It is
a sub-function of the software platform Grid Optimization Planning Tool
(GOPT), which is a power system planning decision-making tool de-
veloped by Tsinghua University in China [26]. This software simulates
the long term power system operation chronologically on a daily basis
in order to evaluate the feasibility, reliability, and economics of the
generation and transmission expansion scheme. The core of this simu-
lation platform is a daily dispatching and scheduling module with se-
curity constrained unit commitment and economic dispatch (UCED)
model. The simulation platform also contains a renewable energy
production simulation module to generate wind power and PV outputs
with hourly resolution based on the renewable energy planning scheme.
The framework of the simulation platform is shown in Fig. 2, and the
major modules in the platform are introduced in what follows.

3.2. Renewable energy production simulation module

This module produces chronological simulated time series data on
the generation of wind plants, PV plants, and the solar thermal power
production in the solar field of a CSP plant. These are used as an input
to the daily operation simulation module. According to statistical data
on historical wind speed and solar irradiation information, the module
generates the chorological hourly sequences of wind speed and solar
radiation through applying the methodology of stochastic differential
equation proposed in [27], and further generates the chronological
output of available electricity generation for wind and PV plants. For
CSP plants, it utilizes the System Advisor Model (SAM) [28] to produce
the chronological output of available solar thermal power based on the
generated solar irradiation data.

3.3. Daily operation simulation module

This module simulates the daily operational dispatch of the gen-
erating units in a way that minimizes the operating cost while re-
specting the various constraints. All generation units are divided into
five categories: thermal units that can be started and stopped daily (gas
turbines and small thermal units), thermal units that cannot or should
not be started or stopped daily (nuclear plants, large thermal unit and

Input > Unit maintenance = Output
. Daily generation
Load forecastin, Yy gener
£ Renewable energy dispatching
Generation > production simulation > scheme
expansion planning l ’ Power flow
& unit parameter 4
Power gird Multi-day dispatching System operation
planning & power coordination cost
grid topology 4 v | T System pollutant
Wind resource » Result . emission
characteristic Daily unit analysis ’ System reliability ‘
parameter | commitment
Solar resource data ‘ "| and €conomic > Reliabi!ity > ’ VRE Curtailment ‘
dispatch evaluation :
Simulation VRE creditable
parameter setup > capacity

Fig. 2. Framework of power system chronological production simulation platform.
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combined heat and power units), hydro plants, VRE plants, and CSP
plants. These units are dispatched on an hourly basis according to a
security constrained UC model.

min Cyy = Z (CFP} + CIPi + C{P}, + C Py + CTP{ + ClyPly

teQr

+ Ci D + [17Sp)—Cae Ey=124, @
s.t. [1)7P + [1)7P; + [1]"P, + [1]7P,
+ [1]'PL + [1]'Dj = [1]'D* V t€ Qr, 2
(117 D* + ri[117D* < (17 P max*If + [17 P maxc# 1.
+ (1 Py + 1 BTy + [17Py, + ITDF™ ¥V 1€ Qr,  (3)
[I]TPf,min *I} + [I]TPc,min *l + [1]TPs,min *Is[
+ [1"Dj < 1" D!—ri[1]'D!  V t€ Qr, 4
Pt min *I},min < P}’max < Pf’max*l} vV te Q. 5)
Pc,min *[ < Pg < Pc,max *1, vV te Qr. (6)
—APpgown < P}_ ;”71 < APy V te Qr. @
_APc,down < Pct_Pc[_l < APc,up Vte QT~ (8)
t—1 .
I I Ty oy + Z -1 2 o;
J=t=Tf off
t—1 )
I~ DTpon+ D, I}20, V t€Qr.
Jj=t=Tfon 9
Stz Vpx([—=IY), Sz 0 V reQr 10)
Pl + PLy=P4e 0P, 0<Py, V€. an
Ps,min*Ixt < Pst S Ps,max*Is[ Vite QT' (12)
—AP, gown < R:—PSI_I < ARy V te Qr. (13)

Begin: Input the
initial system data
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In the optimization model, the objective function (1) is the minimiza-
tion of total system operating costs, including the energy costs, start-
stop costs, and penalties for VRE curtailment and load shedding. P}, P,
Py, Pl, Phy, P5, E, Dj, S}, I; and I, are decision variables of the model.
Since CSP can shift generation between different days through storing
thermal energy in TES, the residual thermal energy of TES at the end of
current operating day, denoted by E=124, is one of decision variables.
The last item in objective function (1) denotes the estimated value of
residual thermal energy in TES of CSP plants, where C,,, is the given
system average generating cost. Constraints are set as follows. Eq. (2) is
the load-generation balance constraint. Egs. (3) and (4) are the system
positive and negative reserve constraints. Egs. (5) and (6) are genera-
tion output constraints; Egs. (7) and (8) are thermal generation ramping
rate constraints. Eq. (9) formulates the minimum on/off time period
constraints for thermal units which are able to be started and stopped
daily. Eq. (10) calculates the start-up cost of thermal units. Eq. (11)
limits the generation of VRE plants. Eqgs. (12)-(17) represent the op-
eration of CSP plants with TES. Specifically, Eq. (12) and (13) are,

GOPT: Power
System Operation
Simulation

Set the RES energy
penetration level o

Performance comparison
for the two cases

|

GOPT: Power
System Operation
Simulation
Decrease VRE
capacity by a small —
amount
Yes
SP generation | Increase CSP
penetration = 3 capacity by a small ——
amount

Yes

Fig. 3. Flow chart of assessing the benefit of CSP integration.
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respectively, the generation output and the ramping rate constraints.
Eq. (14) formulates the minimum on/off time period constraints. Eq.
(15) represents the instantaneous thermal power balance, and Eq. (16)
represents the power balance of the TES system. Eq. (17) limits the state
of charge of TES systems. Egs. (18) and (19) formulate the operation
constraints of hydro units. Eq. (11) limits the generation of hydro units.
Eq. (19) ensures that the overall generation of a hydro unit during one
day is limited by the daily available generation Q;*%". Before daily si-
mulation, hydro units are dispatched first for peak shaving to decide the
available generation Q;*%" for each day, subject to water flow during a
month. Eq. (20) is the transmission capacity constraint for each branch.
Eq. (22) limits the amount of load shedding.

This daily operation simulation model is a mixed integer linear
programming (MILP) problem which is solved by the solver CPLEX
[29]. The daily operation simulation is performed day by day to achieve
a long-term operation simulation for power systems within a short so-
lution time. A linear generation cost function for thermal units is
adopted in the daily operation model. From the perspective of long-
term power system operation simulation, the linear cost model for
thermal plants are widely employed to shorten the simulation compu-
tation time [22,25]. The dispatching difference between a linear cost
model and a quadratic curve model is deemed acceptable. It should be
noted that the linear cost model is used only for dispatching purpose. A
detailed cost model will be used to calculate the cost performance of
thermal units in simulation post-processing. For CSP plants, a simplified
MILP operation model formulated by Egs. (11)-(15) is widely in-
corporated into the power system unit commitment model in many
literatures [15-21], rather than a detailed but non-linear model pro-
posed in [30] where only the operation of CSP is considered. The wind
and solar generating forecasts are assumed to be perfect, which is also
widely accepted in many literatures focusing on long-term power
system operation simulation [18,22].

4. Benefit assessment framework and indices
4.1. Assessment framework

The benefit of CSP is evaluated by comparing the cost performances
of power systems with and without CSP integration, while keeping the
same RES penetration level (including VRE and CSP, excepting hydro).
The assessment flow chart is shown in Fig. 3. We first simulate the
operation of the power system that only has VRE plants and calculate
the RES penetration level denoted by a. We then reduce the capacity of
VRE and increase the capacity of CSP until the generation share of CSP
in overall renewable energy generation is equal to 3, while maintaining
the RES penetration level unchanged as a. The cost performance and
the installed capacity of renewable energy of the two power systems are
compared. Performance indices on both the energy benefit and the
operational flexibility benefit are introduced in detail in the following
sub-sections.

4.2. Indices for energy benefit

The energy benefit of CSP comes from generating renewable energy
and accommodating more VRE that otherwise may have to be curtailed.
As discussed in Section 2.2, the energy benefit of CSP investment EBcsp
is quantified as the substituted VRE investment.

EBcsp = IC(Gyrp)—IC (Gygp). (23)

where Gy denotes the VRE capacity in the case without CSP, and Gy
denotes the VRE capacity in the case with CSP integration. Function
IC (*) denotes the annual fixed cost that includes the annualized capital
investment cost and annual fixed operating cost. Taking VRE units as an
example, the function IC (Gygg) is formulated as follows.

IC(Gygrg) = FCR*CCygg*Gyrg + FCyrp*Gygg. (24)
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n
FCR = r(1+r)

T @+ -1 (25)

where CCyrp ($/kW) denotes the capital cost of VRE units, FCyrg
($/kW-yr) is the annual fixed operating cost of VRE units, FCR is the
annual fixed charge rate, r is the discount rate and n is the depreciation
period.

Since the per unit investment cost of VRE may change at different
times for different locations, a novel index called capacity substitution
rate CSRcgp is introduced to measure the energy benefit of CSP and is
defined as the ratio of the substituted VRE capacity to the CSP capacity
when replacing the same amount of VRE generation with CSP genera-
tion.
CSRcsp = M

Gesp (26)

where Gfgp denotes the installed CSP capacity in the case with CSP
integration

Furthermore, the energy benefit of CSP can be distributed to per
unit CSP generation, which is called the levelized energy benefit (LEB)
of CSP generation.

EBcsp
Yier 7P

where LEBcsp denotes the value of LEB and .. [1]"P; calculates the
sum of CSP generation during the simulation year.

LEBCSP =
27)

4.3. Indices for operational flexibility benefits

As discussed in Section 2.3, the variation in thermal generation
operating costs caused by CSP integration can be mainly divided into
three parts: fuel costs, ramping costs, and start-stop costs. These costs
can be easily calculated through the results of the dispatch simulation.

A detailed cost function, shown in (28), is used to evaluate the cost
performance of thermal units, which is the sum of a classical quadratic
curve cost function and the ramp cost related with the absolute ramp
rate.

Ci(P)) = Gi(P)) + Cu(P) + Ca()
=(@(P)? + biPf + ¢) + di|P{=P/7" + Vpsll—If7H. 28)

Egs. (29)—(31) calculate the fuel cost savings, ramping cost savings,
and start-stop savings of thermal units, respectively.

Eifuel — Z Cifuel(Pit )_ Z Cifud(Pit).

ter ter (29)
Elramp — Z Ciramp(Pit’)_ Z Cyi(Pit).
ter ter (30)
EM = Z G (Ii[,)_ z G (Iil)-
ter ter (€1

where E/*, E/ ™ and E/* are the variations on fuel cost, ramping cost

and start-stop cost for thermal plant i, respectively. Pi[, and P! denote the
generation output of thermal unit i at time period ¢ in scenario with and
without substituting CSP integration, respectively.

The operational flexibility benefit of CSP comes from reducing the
system operational flexibility requirement. As discussed in Section 2,
the operational flexibility benefit of CSP FBcsp can be captured as the
reduction on the system operation cost that is the sum of cost variations
on fuel cost, ramping cost and start-stop cost for all thermal units.

FBCSP — Z (Eifuel + Eiramp + Eisu)_
iI€QThm

(32)

Then, the operational flexibility benefit of CSP is distributed to per
unit CSP generation, which is called the levelized flexibility benefit
(LFB) of CSP generation.
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FBcsp
Dier NP5

where LFBcsp denotes the value of LFB.

LFBcsp =
(33)

4.4. Break-even cost of CSP

The overall benefit of CSP integration is the sum of the energy
benefit and flexibility benefit. The levelized overall benefit (LOB) of
CSP generation is calculated by:

LOBCSP = LEBCSP + LFBCSP- (34)

The cost-efficiency of CSP investment is a trade-off between the
overall benefit and the corresponding CSP cost including capital cost,
fixed operating cost and variable operating cost. Two indices return on
investment and break-even cost, formulated by Egs. (35) and (36), are
utilized to evaluate the economics of CSP investment.

EBcsp + FBcsp— Z,er clp;

ROIcsp = -
IC(Gesp) (35)
BECcsp=
1 EBcsp + FBcsp — Yyer CF P
Zcr ¥ FC R
FCR ( Glesp CcsP 36)

where FCcgp is the annual fixed operating cost of CSP plants. It should
be noted that ROI¢sp larger than 100% or BECsp larger than the capital
cost of per unit capacity of CSP means the CSP investment is cost-effi-
cient.

5. Case study: a modified IEEE RTS-79 test system

A modified IEEE RTS-79 system [31] with large scale of VRE in-
tegration is tested in this section to illustrate the benefits of CSP in-
tegration discussed above.

5.1. Basic data and settings

The IEEE RTS-79 test system is a typical system where thermal units
represent a major proportion of the generation mix and handle the peak
load, regulation, and ramping, shown in Table 1 and Fig. 4. Wind and
PV plants are added to five nodes in the system with 200 MW at each
node for each plant. The parameters of wind speed distribution and
solar irradiation distribution are extracted from the Qinghai provincial
system. The whole system has a maximum power demand of 2850 MW
and yearly energy demand of 15.34 TWh. The installed VRE capacity
reaches 70.2% of maximum demand. In this section, CSP generation is
set to replace the VRE generation by 5%, 10%, 15% and 20%, respec-
tively, while keeping the total amount of electricity generation from
wind and solar unchanged. With the increase in CSP, the capacity of
wind and PV is reduced equally. The cases with CSP share in renew-
ables, 3, equal to 0%, 5%, 10%, 15% and 20% are regarded as case O,
case 1, case 2, case 3 and case 4, respectively. The performances in
cases 1 to 4 will be compared against case 0 to quantify the benefits of
CSP integration for the provision of renewable energy and operational
flexibility.

For the production simulation result of wind and PV, the average
number of potential utilized hours in the year is 2086 h for wind plants
and 1590 h for PV plants. The capital investment costs of wind and PV
are set as 2000 $/kW and 2400 $/kW, respectively [32]. The fixed
operating costs of wind and PV are set as 60 $/kW-yr and 40 $/kW-yr.
The cost function of thermal units is quadratic and fitted according to
the fuel price and fuel cost of different level of output provided in [31].
The ramping cost of all the thermal units are set at $5 per MW/h ac-
cording to [33]. Systematic up- and down- reserve ratios are set at 5%
and 2% of the load demand, respectively. For the sake of simplicity,
unit maintenance is not considered. This system involves 38
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transmission lines, and the transmission capacity constraints are con-
sidered in the simulation.

The parameters related to CSP plants are extracted from the Solar
Advisor Model (SAM) [28]. A CSP plant consists of three interrelated
components that can be sized independently, namely solar field, TES,
and power block. The solar field, which concentrates solar irradiation to
generate thermal power, is sized by its ratio of its rated thermal energy
output to the rated thermal energy needs of its power block, which is
named solar multiple (SM). The TES is sized by the number of hours
that TES can be discharged to operate the power block at its rated ca-
pacity. In this study, five CSP plants are simulated and connected to the
same locations with VRE plants. Their capacities are increased equally
during the simulation. All of them are assumed to be equipped with 10-
h TES and with a 2.4-SM solar field, which are the typical parameters of
newly built CSP in China. Detailed parameters of CSP are listed in
Table 2.

5.2. Simulation results

Table 3 summaries the simulation results of operating costs and VRE
curtailment in each case. In the operation simulation result of case 0,
the accommodated wind and PV generation is 3.39 TWh, making the
renewable energy penetration level, a, equal to 22.1%. With the same
a, substituting part of VRE generation with CSP generation leads to
lower renewable energy capacity needed, lower system operational
costs and lower VRE curtailment. Fig. 5 compares the scheduling of the
power system with and without CSP on a certain week. The result
shows that the dispatchability of CSP plants helps in shifting generation
and brings less VRE curtailment. Specifically, from the view of daily
operations, the CSP generation is shifted to the periods of sunrise and
sunset. From the view of weekly operations, the CSP generation is
shifted from Monday to Tuesday that is involved with high load but low
wind/solar, and from the weekends to the working day in the next
week. Since a large load drop in weekends, many on-line thermal units
in Friday have to be shut-down. Therefore, the CSP generation is shifted
from Wednesday and Thursday to Friday to reduce the on-line thermal
units in Friday. This helps in saving start-up/shut-down costs of thermal
units.

5.3. Benefits of CSP for providing renewable energy

Table 4 summarizes the indices of energy benefit of CSP proposed in
Section 4.2. As expected, substituting more VRE with CSP leads to a
greater reduction in the VRE capacity requirement and more benefits of
CSP for the provision of renewable energy. The value of capacity sub-
stitution rate of CSP, CSRcsp, is more than 2, suggesting that 1 MW of

Table 1
Generation mix and load data of the modified IEEE RTS-79 system.

Generation type Unit group  Number  Capacity (MW)  Proportion (%)
Fossil-oil U12 5 12*5 17.59
U100 3 100*3
U197 3 197 *3
Fossil-coal u76 4 76*4 23.57
U155 4 155* 4
U350 1 3501
Combustion turbine ~ U20 4 20* 4 1.48
Nuclear U400 2 800 14.80
Hydro Us50 6 300 5.55
Wind (new) UWwW 5 200*5 18.50
PV (new) U_PV 5 200*5 18.50
Total - 42 5405 100
Max load (MW) 2850
Total load (TWh) 15.34
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Fig. 4. Modified IEEE RTS-79 system.

CSP is able replace more than 2 MW of wind and PV in terms of energy
production in this case. It is found that CSRcsp decreases with the in-
crease of 3, the CSP share in renewables. This means that the marginal
benefit of CSP decreases with higher CSP penetration.

5.4. Benefits of CSP for providing operational flexibility

In order to compare the system flexibility requirement in each case,
we compare the characteristics of system net load under different CSP
capacity. Fig. 6 shows the duration curve of hourly load ramps and
Fig. 7 shows the duration curve of peak-valley difference in each day
with different CSP capacities. Obviously, the CSP decreases the hourly
load ramp and daily load peak-valley difference. Two statistic indices
are used to quantify the variation, namely the mean value and 95%
quantile value and are shown in Table 5. Taking case 4 (8 = 20%) as an
example, the average hourly load ramp drops from 53 MW to 45.9 MW
with 13.4% reduction, and the average peak valley difference drops
from 768 MW to 682 MW, an11.2% reduction.

We compare the variations in thermal generation operational costs
in case 0 to case 4 to analyze the benefits of substituting VRE with CSP
from the view of reducing the system flexibility requirement. Table 6
shows the thermal generation cost reductions in fuel costs, ramping
costs, and start-stop costs, and calculates the percentage of each part.
The result shows that CSP is able to bring down thermal generation
costs. It should be noted that the energy produced by thermal genera-
tion maintains the same in different cases so that the cost reduction is
from better operating point and less ramps. Numerically, fuel cost re-
ductions are the dominated contributor (with over 75%), while
ramping cost reductions occupies the smallest part (about 5%). No-
tably, with the increase of CSP share in RES generation, the share of fuel
cost reduction increases and the other two parts go down.

Table 7 calculates the reduction percentage of thermal generation
cost due to CSP integration. The result shows that the ramp cost and
start-stop cost has a significant reduction with the integration of CSP.

In order to further understand the changes in the operation of
thermal generation, Fig. 8 calculates the utilization hour variation for
different types of thermal units for each scenario. From the results we

Table 2
Parameters of CSP plants.
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Table 3
Simulation results of IEEE RTS-79 system in each case.
Case0 Casel Case2 Case3 Case4
Energy Hydro 8.46% 8.48% 8.49% 8.51% 8.53%
generation Thermal 69.44% 69.47% 69.40% 69.36% 69.35%
mix RES 22.09% 22.05% 22.11% 22.13% 22.12%
Wind in RES  54.3% 53.2% 50.4% 47.6% 44.9%
PV in RES 45.7% 41.9% 39.6% 37.3% 35.0%
CSP in RES 0.0% 5.0% 10.0% 15.1%  20.1%
Capacity (MW) Wind 1000 930 870 812 757
PV 1000 930 870 812 757
CSpP 0 58 118 177 234
Total 2000 1918 1858 1801 1748
Annual Total 800.5 796.9 793.3 789.7 784.6
operation Fuel 791.0 788.3 784.6 782.6 778.1
cost (M$) Ramp 3.20 2.98 2.81 2.64 2.53
Start-up 6.26 5.61 5.03 4.46 3.92
VRE curtailment 7.81%  571% 417%  295%  2.04%
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Fig. 5. Comparison of power balance with and without CSP on a certain week.

can see that CSP integration leads to an increase in utilization hours for
large thermal plants U350 and U400 which are cheap but relatively
inflexible, and leads to decreases in utilization hours for small thermal
plants like U197, U100 and U20 which are relatively flexible but ex-
pensive. The change of the utilization hours in different thermal gen-
eration is the main reason for the system fuel cost reductions.

The reduction of average thermal generation cost and the levelized

Parameter Solar multiple TES capacity

Minimum output

Ramping limit Minimum on/off time nPB nTES

Value 2.4 10h 40%

40% 2h 38% 98%
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Energy benefits of CSP in case 1 to case 4 compared with case 0.

CSP share in renewables B=5% BL=10% B =15% S =20%

Substituted VRE capacity (MW) 140 260 376 486

Investment capacity of CSP (MW) 58 118 177 234

Energy benefits of CSP: EBcsp (M$) 37.80 70.20 101.52 131.22

CSP capacity substitution rate: 2.414 2.203 2.124 2.077
CSRcsp

Levelized energy benefit: LEBcsp 0.225 0.206 0.198 0.193

($/kWh)

flexibility benefit of CSP generation are compared and shown in Fig. 9.
From the results, we can see that (1) the levelized flexibility benefit of
CSP generation LFBcsp keeps almost the same level by 0.021 $/kWh
and is much higher than the reduction of average thermal generation
cost and (2) the reduction of average thermal generation cost goes up
with the increase of CSP penetration level 5.

5.5. Break-even cost of CSP

Table 8 shows the cost-benefit analysis of substituting VRE with
CSP. Fig. 10 shows the composition of the benefits. The cost settings of
CSP are 5300 $/kW for capital cost, 50 $/kW-yr for fixed operating cost
and 0 $/kWh for variable operating cost [32]. The value of FCR is as-
sumed to be 0.10 (8% discount rate and 20 yeas depreciation period).
From the result we can see that: (1) the cost of CSP investment can be
paid back in all the cases, (2) the break-even cost of CSP decreases with
the increase of 3, the CSP share in renewables, (3) the benefits of the
provision of renewable energy is the dominated benefit contributor
with about 90%, and (4) the share of the benefits from reducing the
system flexibility requirement increases with the increasing integration
of CSP.

5.6. Sensitivity to the CSP investment cost

The cost performance of renewable energy is determinant to the cost
efficiency of substituting VRE with CSP. Literature shows that the future
costs of CSP technology are expected to decrease significantly [34]. We
perform the cost-benefit analysis of CSP with two sets of renewable energy
cost data in the USA for 2050 from a NREL report [32]. Here the incre-
mental technology improvement (ITI) scenario and evolutionary technology
improvement (ETI) are both considered in Table 9. Fig. 11 shows the results
of a cost-benefit analysis of CSP in all three cases, including the previous
renewable energy cost performance in 2020. With the cost reduction of VRE
investment, the break-even cost of CSP involves a considerable drop in
2050. Since CSP cost will also experience a great drop in 2050, the return on
investment of CSP remains nearly the same in the 2050 ITI scenario and
involves a significant increase in the 2050 ETI scenario.
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Fig. 7. Duration curves

different CSP shares in renewables.

Table 5

Statistics of net load in different cases.

of the daily peak-valley difference of net load

with

Mw) Case 0 Casel Case2 Case3 Case4
Hourly load ramp up Mean 53.02 51.16 49.15 47.44 45091
q(95%) 270.38 261.26 250.69 244.53 236.69
Hourly load ramp down Mean 53.07 51.21 49.19 47.49 4595
q(95%) 22217 219.46 213.83 210.08 209.24
Peak valley difference Mean 767.6 746.4 721.2  699.8 6822
q(95%) 1,040.9 1,006.1 9944 973.3  958.2
Table 6
Thermal generation cost variation in IEEE RTS-79 case.
CSP share in B =5% B =10% B =15% B =20%
renewables
Flexibility benefits 3.55 7.23 10.75 15.89
of CSP: FBcsp
M$)
Saving in fuel costs 2.68(75.5%) 5.60(77.6%) 8.39(78.0%) 12.89(81.1%)
(M$)
Saving in ramp costs  0.217(6.1%)  0.388(5.4%) 0.555(5.2%) 1.81(4.2%)
M$)
Saving in start-up 0.65(18.4%) 1.23(17.1%) 1.81(16.8%) 2.35(14.8%)
costs (M$)

5.7. Sensitivity to the TES capacity

The capacity of the TES system in the CSP plant is the chief determinant
of the operational flexibility of CSP and thus has a significant impact on the
cost-efficiency of CSP. Table 10 shows the results of a cost-benefit analysis
of CSP with different TES capacities in case 2 (substituting 10% VRE
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. Duration curves of the hourly net load ramp with different CSP shares in renewables.
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Table 7
The percentage of thermal generation cost reductions.
CSP shares in renewables B=5% p=10% p=15% B =20%
Reduction in overall operational 0.58% 1.25% 1.70% 2.40%
costs
Reduction in fuel costs 0.34% 0.81% 1.06% 1.63%
Reduction in ramp costs 6.08% 12.15% 17.36% 20.67%
Reduction in start-up costs 10.43% 19.69% 28.89% 37.49%
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Fig. 8. Utilization hour variation for different units in IEEE RTS-79 system with
different CSP shares in renewables.

A o
B 0025 0.023 50003 .S
= 0.021 0.021 0.021 __—8 e
|2}
£ 0.02 } S
5 o
{0.002 2
o _ Q
§§ 00151 1.49E-03 - 53:\
= = E X
£ 001} 1.01E-03 8 &
4 =
= 6.79E-04 0001 &
(0]
g 0005k 333504 H &
N g
= >
g 0 |_| — —— —— 0 <
2 5% CSP  10% CSP  15% CSP  20% CSP

Energy Share of CSP in RES generation 3

Fig. 9. Levelized flexibility benefit of CSP and average generation cost reduc-
tion of thermal units with different CSP shares in renewables.

Table 8
Cost-benefit analysis of CSP integration in IEEE RTS-79 case.
CSP share in renewables B=5% FL=10% L=15% S =20%
Sum of energy and flexibility benefits  41.3 77.4 112.3 147.1
(M$)
Levelized overall benefit of CSP 0.246 0.227 0.219 0.216
LOBcsp ($/kWh)
Annualized capital cost of CSP (M$)  30.74 62.54 93.81 124.02
Annual fixed operating cost of CSP 2.9 5.9 8.85 11.7
(M$)
Return on investment: ROIcsp 123% 113% 109% 108%
Break-even cost of CSP: BECcsp 6629 6062 5843 5787

(8/kw)

generation with CSP). Obviously, with the decrease of TES capacity, the CSP
capacity substitution rate CSR¢sp drops rapidly and the VRE curtailment
ratio increases. As expected, the economic benefits of CSP, namely EBcsp
and FBcsp, both decrease with the reduction of TES capacity, which leads to
a sharp drop in the break-even cost of CSP. Specifically, when no TES is
installed, the value of CSR¢sp nearly drops to one and the benefits in re-
ducing system flexibility requirements drops to near zero, which makes the
break-even cost of CSP drop to 2618 $/kW.

Applied Energy 222 (2018) 649-661

100.0%
90.0%
80.0%
70.0%
60.0%
50.0%
40.0%
30.0%
20.0%
10.0%

0.0%

8.6% 9.3%

FB csp
B csp

5% CSP 10% CSP

9.6% 10.8%

Percentage

15% CSP 20% CSP

Fig. 10. The composition of the benefits of substituting VRE with CSP.

Table 9
Investment cost of renewable technologies.
Wind PV CSP
Capital cost ($/kW) 2020 Scenario 2000 2400 5300
2050 ITI 2000 2000 4700
2050 ETI 1800 1700 2950
Fixed operating cost ($/kW-yr) 2020 Scenario 60 40 50
2050 ITI 60 30 50
2050 ETI 10 10 45

6. Empirical analysis in North-western China

The two provincial power systems of Qinghai and Gansu in the
northwestern China are analysed in this section with the addition of
CSP. The data for these two power systems comes from the generation
and transmission expansion planning scheme and load forecasting data
in 2020. These two provinces are both located in an area with high
quality solar resources and are suitable for large scale CSP develop-
ment. Qinghai system is dominated by hydro power and thus associated
with relative adequate operational flexibility, while Gansu system is
dominated by thermal units and faces severe VRE shedding problems.

6.1. Qinghai provincial power system in 2020

6.1.1. Basic data

The data used in this case comes from one of the electric power
planning blueprint of Qinghai province of China in 2020, in which 3
GW of wind power and 10 GW of PV are planned to be installed. The
capacity mix and load forecasting data in this plan is shown in Table 11,
from which we can see that hydro plants make up the major proportion.
It is forecasted that in 2020 the whole system will have a peak load of
15.8 GW and a total electric energy consumption of 113 TWh. The in-
stalled VRE capacity reaches 82.3% of maximum load demand.

Data related to wind and PV outputs are obtained from existing
historical generation database. The data related to CSP generation is
from SAM. The cost function of the thermal units is quadratic. The
ramping cost of all the thermal units are set at $5 (33.33 ¥) per MWh.
Constraints of transmission capacity is not considered. Other simulation
settings are the same as the case IEEE RTS-79 test system.

6.1.2. Simulation results

The same procedure for IEEE RTS-79 system has been performed for
the Qinghai provincial power system. The simulation results are sum-
marized in Table 12. The share of electricity generation from solar and
wind is kept constant at 18.7%. As expected, the case with higher CSP
penetration level is involved with lower renewable energy capacity
investment, lower system operational costs and lower VRE curtailment.

Table 13 shows the cost-benefit analysis of substituting VRE with
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Fig. 11. Break-even cost and return of investment of CSP in IEEE RTS-79 case under three renewable energy cost scenarios.

Table 10
Cost-benefit analysis of CSP with different TES capacities.

Table 13
Cost-benefit analysis of CSP in Qinghai system.

TES capacity Oh 5h 10h 15h CSP share in renewables 5% 10% 15% 20%
Substituted VRE capacity (MW) 235 258 260 260 Substituted VRE capacity (MW) 702 1379 2042 2693
Investment capacity of CSP (MW) 204 128 118 113 Investment capacity of CSP (MW) 355 710 1065 1415
CSP capacity substitution rate: CSRcsp 1.152 2.016 2.203 2.301 CSP capacity substitution rate: CSRcsp  1.979 1.942 1.918 1.903
VRE curtailment ratio 5.35% 4.22% 4.17% 4.12% Energy benefits of CSP: EBcsp (M$) 189.657 372.289 551.409 727.017
Energy benefits of CSP: EBcsp (M$) 63.45 69.66 70.20 70.20 Flexibility benefits of CSP: FBcsp (M$)  10.582 13.941 16.972 21.308
Flexibility benefits of CSP: FBcsp (M$) 0.16 6.38 7.23 7.83 Levelized overall benefit of CSP: 0.191 0.183 0.179 0.177
Return of investment: ROIcsp 62.4% 110.0% 113.1% 111.4% LOBcsp ($/kWh)
Break-even cost of CSP: BECcsp ($/kW) 2618 5441 6062 6405 Annualized capital cost (M$) 188.15 376.3 564.45 749.95
Annual fixed operating cost (M$) 17.75 35.5 53.25 70.75
Return on investment: ROIcsp 97.3% 93.8% 92.0% 91.2%
Table 11 Brze;l/(l;ewvien cost of CSP: BECcsp 5141 4940 4837 4789
Generation mix and load forecasting data of Qinghai system in 2020.
Generation type Number Capacity (MW) Proportion (%)
- Table 14
Fossil-coal 30 12,010 29.94% Generation mix and load forecasting data of Gansu system in 2020.
Hydro 62 15,096 37.63%
Wind power 12 3000 7.48% Generation type Number Capacity (MW) Proportion
PV 64 10,008 24.95%
Fossil-oil 56 51,047 58.09%
0,
Total 166 40,114 100.00% Fossil-coal 60 0853 11.21%
Combustion turbi 25 19,970 22.73%
Max load (MW) 15,800 Noclear 7 7002 797%
Total load (TWh) 113 ’
Total 166 87,872 100.00%
Max load (MW) 25,860
Total load (TWh) 158
Table 12 Table 15
Simulation results of Qinghai system in each case. Simulation results of Gansu system in each case.
Case 0 Casel Case2 Case3 Case4 Case 0 Casel Case?2 Case3 Case 4
Energy generation  Hydro 30.8%  30.8%  30.7%  30.7%  30.7% Energy generation  Hydro 28.7%  28.8% 28.9% 28.9%  28.9%
mix Thermal 50.5% 50.5% 50.6% 50.6% 50.6% mix Thermal 43.4% 43.3% 43.3%  43.2%  43.1%
RES 187% 187% 187% 18.7%  18.7% RES 27.9%  27.9% 27.9% 27.9% 27.9%
Wind in RES = 29%  27%  26%  24%  23% Wind in RES 77%  75%  71%  67%  64%
PVInRES — 71%  68%  64%  61%  57% PVinRES  23%  20%  19%  18%  16%
CSPinRES 0% 5% 10%  15%  20% CSPin RES 0% 59 10%  15%  20%
Capacity (MW) Wind 3000 ~ 2838 2682 2529 2379 Capacity (MW) Wind 19,970 18,273 16,875 15696 14,578
PV 10,008 9468 8947 8437 7936 PV 7002 6407 5917 5504 5111
Csp 0 355 710 1065 1415 csp 0 750 1480 2170 2870
Operation cost (M$) - Total 11941 11.871 11.848 11.828 11.799 Operation cost (M Total 25585 25277 25177 24.984 24797
Fuel 11.813 11.744 11.725 11.712 11.687 $) Fuel 25.14 24.87 24.80 24.62 24.44
Ramp 0.0885 0.0878 0.0876 0.0843 0.0831 Ramp 0.241 0220 0216 0212 0210
Start-up 00396 0.0385 0.0359 0.0315 0.0293 Start-up 0.2022 0.1853 0.1639 0.1495 0.1445
VRE curtailment 0.68% 0.34% 0.15% 0.06%  0.02% VRE curtailment 10.89% 8.38% 7.81% 6.49% 5.01%
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Table 16

Cost-benefit analysis of CSP in Gansu system.
CSP share in renewables 5% 10% 15% 20%
Substituted VRE capacity (MW) 2293 4181 5772 7282
Investment capacity of CSP (MW) 750 1480 2170 2870
CSP capacity substitution rate: CSRcsp 3.057 2.825 2.660 2.537
Energy benefits of CSP: EBcsp (M$) 619.00 1128.78 1558.44 1966.26
Flexibility benefits of CSP: FBcsp (M$)  46.25 61.24 90.19 118.16
Levelized overall benefit of CSP: 0.300 0.269 0.252 0.238

LOBcsp ($/kWh)
Annualized capital cost of CSP (M$) 397.5 784.4 1150.1 1521.1
Annual fixed operating cost of CSP (M 37.5 74 108.5 143.5
$)

Return on investment: ROIcsp 152.9% 138.6% 131.0% 125.2%
Break-even cost of CSP: BECcsp ($/kW) 8370 7541 7097 6763

CSP. From the result, we can see that the capacity substitution ratio
CSRcsp decreases with the increase of CSP share in renewables and is
relatively small at around 1.9. Since the system is dominated by hydro
power, the flexibility benefits of CSP are much lower than the benefits
for the provision of renewable energy. In general, the break-even cost of
CSP decreases with the increase of . With the cost setting (2000 $/kW
for wind, 2400 $/kW for PV and 5300 $/kW for CSP), the value of
ROI¢sp indicates that the CSP investment is not cost-efficient in all of
the cases.

6.2. Gansu provincial power system in 2020

6.2.1. Basic data

The data used in this case comes from one of the electric power
planning blueprint of Gansu province of China in 2020, in which 20 GW
of wind power and 7 GW of PV are planned to be installed. The capacity
mix and load forecasting data in this plan is shown in Table 14, from
which we can see that thermal plants make up the major proportion. It
is forecasted that in 2020 the whole system will have a peak load of
25.86 GW and a total electric energy consumption of 158 TWh. The
installed VRE capacity reaches 104.3% of maximum load demand. Si-
mulation settings are the same as the case on Qinghai system.

Table 15 shows the simulation results with different CSP shares in
renewables. The share of electricity generation from solar and wind
keeps constant at 27.9%. As expected, the case with higher CSP share
(larger B) is involved with lower renewable energy capacity investment,
lower system operational costs, and lower VRE curtailment. Table 16
shows the cost-benefit analysis of substituting VRE with CSP. From this
result we can see that the capacity substitution ratio CSRcsp decreases
with the increase of § and is relatively large at between 2.5 and 3.0.
With such a high renewable energy penetration level, the Gansu system
is facing severe VRE curtailment problem. In this light, substituting VRE
with CSP will be very cost-efficient. With the cost setting (2000 $/kW
for wind, 2400 $/kW for PV and 5300 $/kW for CSP), the results of
ROIcsp show that the CSP investment can be paid back in all cases, and
the break-even cost of CSP is much higher than that for Qinghai system.

7. Conclusions

This paper provides new insights into the benefits of CSP integration
for the provision of renewable energy and operational flexibility. A
power system operation simulation platform is used to analyze the
economic justification of CSP plants in high renewable energy pene-
trated power systems. Compared with the current studies which focus
on analyzing the benefits of CSP for selling energy and reserves in an
electricity market or for the coordination with VRE to facilitate the
integration of VRE, we propose a model to analyze the benefits of CSP
from the perspective of power system operation through substituting
part of the VRE generation with CSP production, while keeping the
same renewable generation penetration level. Specifically, we are able
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to quantify the benefits of CSP from two aspects: (1) energy benefit
which is calculated by the investment cost of substituted VRE capacity
and (2) flexibility benefit which is reflected by the reduction of system
operating costs.

Some conclusions can be drawn from the simulation results: (1) The
CSP investment is more cost-efficient in a power system with deficient
system operational flexibility and severe VRE curtailment problems,
such as the Gansu system. (2) The marginal benefits of CSP decrease
with the increasing proportion of substituting VRE with CSP. (3)
Substituting VRE with CSP brings considerable reductions in thermal
generation fuel costs, ramping costs, and start-stop costs, in which the
fuel cost reductions are the dominated contributor. (4) The cost-effi-
ciency of CSP is quite sensitive to the TES capacity. (5) The levelized
overall benefit of CSP generation is about 0.177-0.191 $/kWh in
Qinghai system and about 0.238-0.300 $/kWh in Gansu system, when
replacing 5-20% VRE generation with CSP generation. These results
could provide a reference for the planning-making on the CSP devel-
opment and the reasonable configuration of CSP.

From the analysis results, CSP plants may play a significant role for
power systems towards renewable-dominated and minimum-cost tar-
gets. In future work, the optimal renewable energy generation mix is
explored to achieve high renewable penetrations.
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