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Solar Aided Power Generation (SAPG) is the most efficient and economic ways to hybridise solar thermal energy
and a fossil fuel fired regenerative Rankine cycle (RRC) power plant for power generation purpose. In such an
SAPG plant, the solar thermal energy is used to displace the extraction steam by preheating the feedwater to
the boiler. The displaced/saved extraction steam can, therefore, expand further in the steam turbine to generate
power. The research and development of the SAPG technology started in the 1990s. This paper is trying to reviews
and summarises the progress of research and development of the SAPG plant technology in last almost 30 or so
years, including the technical and economic advantages of SAPG over other solar thermal power generation tech-
nologies (e.g. solar alone power generation), various modelling techniques used to simulate SAPG perforamnce,
impacts of SAPG plant’s configuration, size of solar field and strategies to adjust mass flow rate of extraction steam
on the plant perforamnce, exergy analysis of SAPG plant and operation strategies to maximise plant’s economic
returns etc. In addition, the directions for future R& D about SAPG technology have been pointed/proposed in

this paper.

1. Introduction

With the development and improvement of living standards of the
world, the need for energy grows rapidly [1]. Meanwhile, the increase
in electricity demand grows more rapidly than the demand for the liquid
fuels, natural gas and coal [2]. In 2014, about 40% of electricity in the
world was produced by coal fired power plant, while 26% of electricity
came from oil and gas fired power plant [3]. It was reported that fossil
fired power plant will increase by 27% in the next 20 years [4]. The
increase in fossil fuel combustion leads to a global temperature rise [5].
In order to reduce or prevent the negative environmental impact from
fuel combustion, the used to other kinds of energy resources to generate
electricity is attracting more attention [6]. It has been reported that the
percentage of electricity generated from renewable sources will increase
from 6% in 2015 to 38% in 2040 [6]. The solar thermal power gener-
ation is attracting more and more attention as a cleaner way for power
generation purpose [7].

However, at present stage, the solar thermal power generation has
two major shortcomings: high capital costs and relative low thermal ef-
ficiency. On the other hand, fossil fuel fired Rankine cycle power plants
which are currently still the backbone of electricity production in the
world, have a better thermal efficiency and relatively low capital costs
to build. Therefore, hybridising solar thermal energy with a fossil fuel
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fired Rankine cycle power plant is an efficient and economical way to
utilise solar thermal energy for power generation and to reduce emission
from fossil fire power production [8-11]. This hybrid power system can
both reduce the carbon dioxide emissions and promote the output of a
power plant [12]. Among various options to hybrid solar thermal en-
ergy and the fossil fired Rankine cycle power plants, Solar Aided Power
Generation (SAPG) has been proved to be the most efficient one for low
to medium temperature (100 °C to 300 °C) solar thermal resources [13],
which is the specific review object of this paper.

A typical Rankine cycle power plant consists of the boiler, steam
turbine, condenser and a feedwater heater (FWH) system. In order to
increase its thermal efficiency, the Rankine cycle has been modified into
Regenerative Rankine Cycle (RRC) in which a part of steam is extracted
half way from the turbine to preheat the feedwater [14]. Almost all
power plants nowadays have multi-stage regenerations/extractions (up
to 8 stages) in the world, therefore, solar thermal energy can be used to
displace energy of extraction steam to multi-stage.

Generally speaking, there are two potions for the solar thermal en-
ergy to be integrated into Rankine power plants as shown in Fig. 1. These
two options could also be employed together in the same power plant.

Table 1 summarises the advantages and disadvantages of two op-
tions of introducing solar thermal energy into the RRC power plant.
SAPG reviewed in this paper refers to the option 2, which solar thermal
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Nomenclature

CT constant temperature strategy
CcM constant mass flow rate strategy
ET evacuated tube

FS fuel saving

FWH feedwater heater

HTF heat transfer fluid

LCOE levelized Cost of Electricity

PB power boosting

PT parabolic trough

RRC regenerative Rankine cycle
SAPG solar aided power Generation
SP solar preheater

VT-HL  high to low varying temperature
VT-LH low to high varying temperature

energy is used to preheat the feedwater to the boiler. This option is suit-
able for low to medium temperature solar thermal energy (i.e. less than
300 °C). The technical performance of this option is better than that of
a stand-alone solar thermal power plant with the same solar thermal
temperature [16-18]. Also, this option has economic advantages due
to low capital costs [19-21]. And, it is flexible in its implement [22].
Comparing with the option 1, this option has advantage of lower capital
cost when both options have same capacity [23-26]. However, this op-
tion suffers from disadvantages of lower solar share and solar thermal
to power efficiency [27-33].

2. Solar Aided Power Generation

The term of Solar Aided Power Generation (SAPG) was firstly used
by Hu [22], although it had been informally used since 1997 [34]. The
SPAG technology is a solar hybrid power system in which low grade
solar thermal energy is used to displace the high grade heat of the ex-
traction steam in an RRC power plant for feedwater preheating purpose
[35]. The key feature of SAPG is that the solar heat carried by heat trans-
fer fluid (HTF) or steam does not enter the turbine directly to generate
power, instead is to be used only to displace the extraction steam by
preheating feedwater entering the boiler. The saved/displaced extrac-
tion steam therefore could continue to expend in the turbine to generate
power. The power generated by the saved/displaced steam is counted
as the power generated by the solar thermal input.

The SAPG concept sounds simple but it has great thermodynamic
advantages over other solar thermal power generation systems. For any
solar thermal power system, its thermal efficiency is limited/capped by
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Table 1
Comparison of the advantages and disadvantages of two options of introducing
solar thermal energy into a regenerative Rankine cycle power plant.

Advantages Disadvantages
Option 1: High e High solar share e High cost
temperature solar heat e High efficiency e Not easy for
(higher than 300 °C) building
Option 2: Low e Low cost e Low solar share
temperature solar heat e Flexible in its ® Low efficiency
(less than 300 °C) implement

the highest temperature of the solar thermal source when the thermal
sink temperature is fixed. Namely, the maximum efficiency of a con-
ventional solar thermal power system is limited by the highest temper-
ature of solar thermal input. However, for the SAPG system, the solar
to power efficiency is no longer limited/capped by the temperature of
solar thermal input but the highest temperature of the whole plant i.e.
the combustion temperature, which is normally much higher than solar
heat input temperature [14].

A typical SAPG plant was given by Yang et al. as shown in Fig. 2.
At the concept level, the advantages of SAPG are summarised as below
[22]:

(1) The SAPG technology has higher thermodynamic 1st law and 2nd
law i.e., exergy efficiencies over the solar thermal alone power
station.

A relatively low implementation cost, and high social, environ-
mental and economic benefits become a reality as SAPG tech-
nology could utilise the existing infrastructure of fossil fuel fired
power stations.

The SAPG plant can be applied to not only new built power sta-
tion but also to modify the existing power station with less or no
risk to the operation of the existing power stations.

The thermal storage system that at present is still technically
immature is not necessary. The simplicity is another beauty of
the SAPG technology. The pattern of electricity demand shows
that nowadays air conditioning demand has a great impact on
the electricity load [37]. Afternoon replaces the evening to be
the peak loading period in summer. This means that the addi-
tional power generated by the SAPG plant is just at the right time.
Namely, the solar contribution and power demand are peak at the
same time i.e., during summer day time.

The SAPG plant is flexible in its implement. Depending on the
capital a power station has, the SAPG plant can be applied to the
power station in stages.

(2)
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Fig. 1. Basic options for integrating solar thermal energy into a re-
generative Rankine cycle power plant, option 1 is integrating high
temperature solar thermal energy into the boiler, and option 2 is uing
low to medium temperature solar thermal energy to preheat feedwater
of power plant. [15].
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Fig. 2. A schematic diagram of a typical Solar Aided Power Generation (SAPG) plant [36].

A A Fig. 3. The alternative daily “power boosting”
and “fuel saving” modes for an SAPG plant
a4 X a9 ,
2 -5
Q. Q -
-~ -
3 =4
o o
e .~
@ Fuel o Fuel
2 2
o (o]
a a
Time of a day Time of a day

(a) Power boosting mode

(6) Low temperature range solar collectors e.g. evacuated tubes and
flat-plate collectors, can be used in the SAPG plant. It is a great
new market for the solar (collectors) industry. There is research
shows using non-concentrating collectors in SAPG plants has
technical advantages over concentrating collectors [38].

The SAPG plant can be operated in either Power Boosting (PB)
or Fuel Saving (FS) modes. These two modes are illustrated in
Fig. 3 [36]. The PB mode is defined as when the solar thermal
energy is being used to increase the power output of the power
plant without the increase of fuel consumption in the boiler. On
the other hand, the FS mode is defined as when the solar thermal
energy is being used to reduce the boiler fuel consumption of the
power plant. Under this condition, the power output from the
plant remains unchanged.

7

—

In addition, with the SAPG principle, other renewable thermal en-
ergy, e.g. geothermal energy, can also be used together or independently
with solar thermal heat for the same purpose [39-45]. It was found that

13

(b) Fuel saving mode

geothermal hybrid power systems has higher geothermal to power effi-
ciency than a stand-alone geothermal power plant has [39,40].

“Solar (or geothermal) to power efficiency” and “instantaneous solar
share” are two often used criteria to compare the perforamnce among
plants. The solar thermal to power efficiency is defined as power gener-
ated by solar energy (indirectly) on the sum of total solar thermal energy
input plus the boiler load changed if any, which is given as:

AW,
_—, (6]
QSolar + AQbailer

Nsolar =
where AW, is the increased power output by saved extraction steam;
Qsolar is the solar thermal input; and AQp;.- is the changed boiler re-
heating load, accounting for increases in reheat steam flows. The in-
stantaneous solar share is defined as instantaneous solar thermal input
on the (instantaneous) boiler thermal load [13]. The other way to de-
fine the solar share is the solar thermal input on the total plant thermal
loads including boiler load and solar thermal input [13]. Two different
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Fig. 4. Solar thermal to power efficiency of an SAPG plant at the
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Figs. 4 and 5 present the solar thermal to power efficiency and in-
stantaneous solar share of an SAPG plant for solar input at different
temperatures [13].

It can be seen from Fig. 4 that the SAPG plant is more efficient than
the stand-alone solar thermal power plant at the same solar input tem-
perature, in terms of solar to power efficiency. Furthermore, the effi-
ciency in the supercritical power plant at a given solar input temperature
is higher than that in the subcritical power plant at the same temper-
ature. The reason is that in an SAPG plant, the SAPG is actually piggy
back solar energy on the original power plant, so its solar to power effi-
ciency depends not only on the solar input temperature but also on the
thermal efficiency of the original plant.

Fig. 4 also reveals/demonstrates the thermodynamic advantage of
the SAPG technology that its solar to power efficiency is not lim-
ited/capped by solar temperature. In the 260 °C case in Fig. 4, the solar
to power efficiency in a 600 MW supercritical SAPG power plant could
be higher than the Carnot efficiency between 260 °C and 35 °C, the as-
sumed plant’s condensing temperature. An explanation for this “impos-
sible” result is that solar heat (at 260 °C) in the SAPG plant is not used
to generate power directly, instead used to preheat feed water, so the
highest temperature in the SAPG plant is the temperature of the super-
heated/supercritical steam entering the (high pressure) turbine, which

14

Fig. 5. Instantaneous solar share of an SAPG plant with various solar
temperature [13].

is higher than 500 °C if not 600 °C. From Fig. 5, it can be seen that with
the higher temperature solar heat input, the instantaneous solar share in
the SAPG plant could be higher, for the solar heat at higher temperature
could be used to displace more stages of extraction steam.

3. Modellings of SAPG plants

As there is no real SAPG plants existing in the world yet, almost
all studies on the SAPG technology and plants are modelling based. In
previous studies, most of models developed were for SAPG plant de-
signing and/or design optimisation purposes, namely focusing on the
performance of the plant at the design point. Recently, since 2016, the
research on SAPG starts to progress from plant design to plant operation
stages.

3.1. Static and semi-dynamic modelling of the SAPG technology

Most early studies of the SAPG plant are based on static or steady
state modelling, in which the solar thermal input is assumed at a given
value, i.e. unchanged. The static performances of an SAPG plant with
a given solar thermal input were simulated by these models. This mod-
elling can be used to evaluate the thermodynamic performance of the
SAPG plant with a given solar thermal input. Based on static modelling,
Yan et al. found that, for the SAPG plant operated in the power boosting
mode, the greater amount of solar thermal input leads to higher techni-
cal performance [46,47]. Later, Yang et al. [36] found that this conclu-
sion are suitable for the SAPG plant operated for both power boosting
and fuel saving modes.
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As the SAPG plant should be operated under various solar radiation
condition, the impact of solar radiation on the SAPG plant and annual
technical performance of the SAPG plant should be evaluated. How-
ever, static modelling cannot achieve these goals. Therefore, most recent
studies were based on a semi-dynamic or pseudo-dynamic modelling, in
which the SAPG plant is simulated in series of time intervals (e.g. 1 h).
In each time interval, the performance of the SAPG plant was assumed
at steady state. The annual performance of the SAPG plant is then cal-
culated as the sum of its performance at each time interval. Therefore,
this modelling can be used to evaluate the annual performance of an
SAPG plant under variable solar resources. Based on the semi-dynamic
modelling, Hou et al. evaluated the Levelised Cost of Electricity (LCOE)
of the SAPG plant under variable solar radiation conditions [48]. The
results indicated that the optimal solar collector areas for lowest LCOE is
influenced by the annual solar radiation conditions. Although the semi-
dynamic modelling can be used to evaluate the impact the solar radi-
ation on the SAPG plant, this modelling is still based on steady state
modelling, by which the start-up and shut-down losses of integration
process is not able to be simulated.

Most of previous static models and semi-dynamic models developed
were for the purpose of designing of an SAPG plant. Namely, they were
to determine which stage of extraction steam should be displaced, what
size of solar field should be installed, and what is economic returns e.g.
LCOE and/or payback time for a particular design. Recently, Qin et al.
developed a semi-dynamic model for the purpose of operation of an
SAPG plant [49-51]. Namely, how to adjust the mass flow rate of ex-
traction steam to respond to the change of solar thermal input, and when
to operate the PB or FS mode under variable solar radiation, fuel price
and electricity tariff to achieve maximum profitability. It was found that
even with same annual solar radiation, different method to adjust the
mass flow rate of extraction steam would lead to variable annual techni-
cal performance [49,50]. It was also found that mixed PB and FS mode
can achieve higher annual economic profitability than single PB or FS
mode [51].

3.2. Approaches in the SAPG technology modelling

Modelling an SAPG plant is actually modelling the energy and mass
flows in the plant based on the mass and energy conservation principles.
Matrix Method is an often used approach for simulating the SAPG plant
by previous studies, in which the heat and mass flow balances of the
FWH system are expressed in Matrix form. In the Matrix Method, the
enthalpies of the working fluid (i.e. extraction steam and feedwater) at
different location of the plant, the mass flow rate of the extraction steam
are presented in a Matrix form.

Eq. (4) presents an example of the Matrix for a power plant with 8
FWHs (1 deaerator and 7 closed FWHSs) [49]:

gy e e e e e e 0 Va 7,
ry 9 . . . . : yB T
r3 3 43 Yc 73
Ty Ty Ty 4y - AYp 2| 4)
s Tt Ts Gs . YE s
% % T T Te 4o - YF %6
™ T T T I 7 4y : Ye ki
s T Ty Ty rg g Iy 4g) \Vu 78

In Eq (4), q; (kJ/kg) is the specific enthalpy decrease of the extraction
steam in the i FWH; z; (kJ/kg) is the specific enthalpy increase of the
FW in the ith FWH; r; (kJ/kg) is the specific enthalpy decrease of the
drained steam from the (i-1)™ FWH in the i" FWH; and y; is the mass
flow rate of the each stages of extraction steam. Eq. (4) is the core of the
Matrix for an RRC plant. After knowing the g;, 7; and r; for each FWH,
the mass flow rate of the extraction steam can be calculated.
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After solar input added, a new Matrix (for the SAPG plant) has been
added into Eq. (4), which is given as Eq (5),

q 0)(ya QSaIar,l/mO 7
rpood e e iye| | Csotara/io| |72
r3oory o4y yo| |9saarsl/tio| |73
g Ty Ty 4y . Yp + 0 N
5 Ts T Ts s . YE 0 75|
T T T Te Te 4o YF 0 T6
A A r7 a7 | Ve 0 7
g Ty Ty Ty Iy Iy rg  4g)\yg 0 73

&)

where Qg,,,; (kJ/s) is the solar thermal power displacing the extraction
steam of ith FWH; and g (kg/s) is the mass flow rate of steam outlet
boiler. The Qg,,,- is equal to ZQS"’"”. The mass flow rates of each ex-
traction steam required with various solar input could be calculated by
solving Eq. (5), which is the necessary information required to operate
a SAPG plant.

However, the Eq. (5) is based on an assumption that the
specific enthalpy of the extraction steam entering FWHs sys-
tem remains unchanged with the addition of the solar heat
input.

In an SAPG plant, after the solar thermal input, the steam mass flow
rate through the steam turbine would change, which means that the
steam turbine would be operated under off-design condition. Some stud-
ies were using Flugel’s formula (i.e. Stodola’s Law) to simulate the off-
design condition for steam turbine [19,48,52]. By using this formula, the
variations of steam enthalpy at each extraction points after the change
of the steam flow rates can be calculated. Flugel’s formula can be written
as:

. 2
o =\/pz_£<ﬂ> (- 7y)
k kT \ ringg k0 Fro

where: 1, is the flow rate of steam turbine after solar input; s is the
designed flow rate; py is the changed inlet pressure; p) is the changed
outlet pressure; py, is the designed inlet pressure; p;{O is the designed
outlet pressure; and T, and T} are the inlet temperatures under the
designed load and part load conditions, respectively.

Fig. 6 presents a logic flow for an SAPG plant modelling by using
Matrix method and Flugel’s formula [48]. In Fig. 6, it shows that after
the calculation of new flow rate of steam by using Eq. (5), the new
pressure at each extraction points is calculated by using Eq. (6) until
the deviation achieve a setting number.

When the solar input into the SAPG plant changes, the mass flow rate
of water/steam entering boiler would change as well, especially when
the plant is operated at FS mode. The change would lead to the varia-
tions of steam parameters at outlets of the boiler. However, most studies
assumed the boiler as a black box, which means that the parameters of
steam at inlet and outlet of the boiler remain unchanged even when so-
lar thermal input changes. Recently, Wu et al. [53], Li et al. [54,55] and
Huang et al. [56] modelled the boiler as a series of heat exchangers, in
which the parameters of steam outlet the boiler after the integration of
solar thermal energy can be calculated. It was found that the parame-
ters of the steam outlet boiler and reheater would be decreased after the
solar thermal integration [53]. However, these results are only suitable
for fuel saving mode and for a subcritical power plant [54].

There are also SAPG plant’s simulation models developed based on
commercial software. Popov et al. used THERMOFLEX software to build
the SAPG’s simulation model [57]. Bakos et al. [58] and Alam et al.
[59] built an SAPG plant by using the Solar Thermal Electric Component
(STEC) of the TRNSYS software.

©)

4. Configurations of the SAPG technology

An SAPG plant consists of an RRC power plant, a solar field and a
heat exchanger system which is used to facilitate the thermal energy
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Fig. 6. Logic flow or an SAPG plant modelling for fuel saving mode by using Matrix method and Flugel’s formula [48].

transfer between the solar field and RRC power plant. SAPG plants may
have different configurations for the heat exchanger and the solar field
arrangement.

4.1. Solar preheaters configuration

In an SAPG plant, in order to preheat the feedwater of an RRC power
plant, a heat exchanger system is needed [13]. This heat exchanger sys-
tem is termed the Solar Preheater (SP) [49]. The SP in an SAPG plant
is used to facilitate the heat exchange process between the HTF and the
feedwater of the RRC power plant. Therefore, the SP in an SAPG plant
is used to displace the function of the FWHs in an RRC power plant. De-
pending on the arrangement of the SP according to the FWHs, an SAPG
plant has different configurations, which is termed as Solar Preheater
configuration [49].

Most studies are based on a SP configuration that SP is arranged
in parallel with the displaced FWHs, which is termed as parallel con-
figuration [49]. Fig. 7 presents the schematic diagram of the parallel
configuration. As shown in Fig. 7, there is a SP in parallel with all high
pressure/temperature FWHs, which is used to displace extraction steam
to these FWHs. In such configuration, the mass flow rate of the feedwa-
ter flowing through the FWH and SP is needed to be controlled, which
is dependent on the available solar thermal energy [22]. When the solar
thermal energy level is sufficient, all the feedwater is directed to the SP
system, bypassing the FWH.

Few studies are based on another SP configuration, in which the
SP is arranged in series with the FWHs of the RRC power plant, which
is termed as Series configuration [49]. Fig. 8 presents an SAPG plant
based on Series configuration by Wu et al. [61]. As shown in Fig. 8,
the SP (i.e. Ex1 in Fig. 8) is in series with the deaerator and the high
pressure/temperature FWHs (i.e. HP1 to HP3 in Fig. 8), and the solar
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thermal energy is used to displace extraction steam to all high pres-
sure/temperature FWHs. In such a configuration, all of the mass flow
rate of the feedwater enters the SP and is preheated by the solar ther-
mal energy, then, the preheated feedwater is directed to the FWH and
preheated by the extraction steam [62-64].

Early studies by Bloomfield and Calogeras [20] and by Energy Re-
search Development Administration of the U.S. [21] compared the op-
eration of the Parallel and Series configurations. It was pointed that for
the parallel configuration, as controls are required to balance the mass
flow rate of the feedwater between the SP the FWH system, the opera-
tion of such a configuration is relatively complex [20,21]. However, for
the series configuration, as the controls are only required to adjust the
mass flow rate of the extraction steam, the operation of such a configu-
ration is relatively easier to control than that of a parallel configuration
[20,21]. Recently, Suojanen et al. [65] pointed that configuration would
have great effect on the solar share of the SAPG plant. The reason is
that different configurations leads to different turbine sections and heat
surfaces of the steam boiler being imbalances.

In early studies of the SAPG plant, Pai proposed another structure of
the series configuration, which is shown in Fig. 9 [66]. In this structure,
each FWH has one series of SP. After the solar thermal input, the mass
flow rates of the extraction steam at all extraction points should be ad-
justed. As it is needed to balance the energy of all FWHs and the SP for
this structure, the operation of such a structure would be complex.

A recent study by Qin et al. identified four possible configura-
tions for the SAPG plant, which is given in Fig. 10 [49]. Fig. 10(a) and
Fig. 9(b) presents two structures for parallel configuration. In Fig. 10(a),
each displaced FWH has one parallel SP, and in Fig 10(b), one bigger
SP is arranged in parallel with all displaced FWHs. Comparing the
two Parallel configuration, the Parallel 1 configuration is flexible
in displacement with variable solar thermal temperature. Fig. 10(c)
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Fig. 7. A schematic diagram for demonstrating the Solar Aided Power Generation plant with parallel configuration [60].

and Fig. 10(d) presents two structures for series configuration, in
which solar thermal energy is used to displace extraction steam to all
high pressure/temperature FWHs (i.e. FWH1 to FWH3 in Fig. 10). In
Fig. 10(c), the SP is placed in series between the FWH3 and DEA, while
in Fig. 10(d), SP is located in series between the FWH1 and the boiler.

4.2. Solar field of the SAPG technology: concentrating and
non-concentrating solar collectors

In an SAPG plant, solar field is used to provide the solar thermal
energy. Medium to low temperature solar collectors can be used in
the SAPG plant [19]. Hu et al. evaluated the SAPG plant with flat
plate, evacuated tube and parabolic trough collectors, respectively [22].
It was pointed that SAPG plant using parabolic trough collectors has
higher efficiency than that of using flat plate and evacuated tube col-
lectors. The reason is that medium temperature concentrating solar col-
lectors (i.e., parabolic trough collectors, PT) can be used to displace ex-
traction steam to high pressure/temperature FWHs, which can achieve
higher efficiency that be used to displace extraction steam to low pres-
sure/temperature FWHs.

Medium temperature (i.e. 200 °C to 300 °C) concentrating solar col-
lectors (i.e., parabolic trough, PT) were the most common selection in
previous studies of SAPG plant. Most studies are based on the assump-
tions that PT collectors are used to displace high pressure FWHs. It was
found that performance of PT collectors would have impacts on techni-
cal performance of the SAPG plants. Hong et al. evaluated the influence
of the incident angle on the performance of the SAPG plant [67]. The
result indicated that with the increase of incident angle, the solar ther-
mal to power efficiency firstly keeps constant and then decrease. Peng
et al. pointed that the solar field area for an SAPG plant would decrease
by 4% if the rotatable-axis tracing system for the PT collectors is used
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[68]. Later, Peng et al. found that changing the direction of tracking
axis in different season would improve the annual solar to power effi-
ciency for an SAPG plant [69]. Recently, Wu et al. compared the SAPG
plant’s performance with three tracking modes for PT collectors, i.e. N-S
titled tracking mode, N-S horizontal tracking mode, E-W titled horizon-
tal tracking mode and dual-tracking mode [52]. The results indicated
that row spacing to aperture width ratio greatly affects the shadowing
factor. The N-S titled tacking mode can reach 93.2% level of the dual-
tracking mode. While, the N-S and E-W horizontal tracking modes can
reach the 81.8% and 59.4% levels.

In an SAPG plant, using low temperature non-concentrating collec-
tors to displace extraction steam to all low temperature/pressure FWHs
still has net land-based technical advantages. Zhou et al. found that con-
sidering the layout of solar collectors, using evacuated tube (ET) collec-
tors (i.e., non-concentrating solar collectors), has net land-based solar
thermal to power efficiency over using PT collectors [70]. In the paper,
Zhou et al. proposed a concept of net solar to power efficiency, which
is defined as the ratio of annual power output of an SAPG plant and
the annual solar radiation falling on a given piece of land. It was found
that, on a given piece of land, the total collector area of the ET collec-
tors arranged in a solar field is higher than that of the PT collectors.
Therefore, under some layouts for ET and PT collectors, an SAPG plant
using ET collectors has a better annual performance than that using PT
collectors. However, the tile angle in the paper of Zhou et al. was as-
sumed to be fixed, and annual solar radiation in only one location has
been analysed. Later, Qin et al. compared the ET and PT collectors us-
ing in an SAPG plant in a given piece of land. In this paper, in terms of
net land based solar to power efficiency and annual solar power output
per collector capital cost of an SAPG plant in three locations (Singapore;
Multan, Pakistan and St. Petersburg, Russia) [38]. It was found that an
SAPG plant using ET solar collectors has higher net land based solar to
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power efficiency than that using PT solar collectors. Also, it was pointed
that in solar low latitude locations e.g. Singapore, using ET solar collec-
tors even have advantages of lower solar power output per capital cost
over using the PT solar collectors in an SAPG plant.

5. Operation strategies of the SAPG technology

In an SAPG plant, the technical benefit comes from the displaced
high grade thermal energy of the extraction steam [14,22]. Therefore,
the performance of an SAPG plant is dependent on the strategies to ad-
just the mass flow rate of the extraction steam, according to the solar
thermal input. These strategies are termed operation strategies for the
SAPG technology.
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5.1. Solar preheater operation strategies

In an SAPG plant, the solar thermal energy used to displace extrac-
tion steam at higher temperature/pressure stage leads to higher techni-
cal performance [36,46,47]. Therefore, when the solar thermal energy
is assumed to displace more than one stage of extraction steam, the per-
formance of an SAPG plant would be dependent on the strategies used
to adjust the mass flow rate of the extraction steam to displaced extrac-
tion points/stages. These strategies have not been clearly defined by
most studies until the studies of Qin et al. [49]. Qin et al. named these
operation strategies as Solar Preheater operation strategies.

The Solar Preheater operation strategies that most previous studies
adopted have not been clearly indicated. For the studies that indicated
their strategy adopted, they were all based on a constant temperature



J. Qin, E. Hu and X. Li

D
§Valve D Rrem
DEA E H Condenser

FValve H

F G

© FValve FValve F EValve G

S e ol el
” /I/ g /b- ‘7/b- -xw
- das d6 a7 a8

Condenser

wi

To Boiler » <

Fvalve A Fvale B FValve €

€ JFWHI €2 FWH2 3 FWHY

a @

“Solar
Preheater

1(5P1)
N 2

HTF (From Solar ficld) Al
D)
HValve D From
DEA E ¥ G " Condenser
& Fivale E ¥iValve F #Valve G ¥Valve H 10
€5 JFWHS 6 FWH6 €7 FWHT 8 JFWHS
ws w6 w7 w8
wd
e |ds d6 | a7 | ds
To
Condenser
To Boiler | - pr
'
FvValve A ¥ Valve B #Valve C Solar
Preheater
el JFWHI €2 FWH2 3| FWH3 1(SP1)
wi JI/JI/' w2 /I/Jl/ ..3/]/_/1/ wl /[/
a1 a2
s 2

HTFI
a3 b

(©)

Fig. 10. Schematic diagram of an SAPG plant FWH system proposed by Qin et al.:
(d) Series 2 configuration [49].

(CT) strategy, which means that mass flow rates of extraction steam
at displaced points are adjusted to maintain the feedwater outlet tem-
perature of FWHS unchanged. SAPG plant with different configurations
adopting the CT strategy would have different method to adjust the mass
flor rate of extraction steam to displaced extraction points.

Hou et al. [48], Wu et al. [52,53,61] and Zhai et al. [62-64] evalu-
ated the performance of an SAPG plant based on the Series 2 configu-
ration. They were all assumed that solar thermal energy is used to dis-
place extraction steam to all high pressure/temperature FWHs, which is
shown in Fig. 11. Zhai et al. pointed that after the solar thermal input,
the extraction steam is displaced from low pressure/temperature stages
from high pressure/temperature stages with the incremental solar ther-
mal input (i.e. from FWH 3 to FWH 1 in Fig. 11) [62-64]. That is, the
extraction steam is displaced stage by stage.

Wu et al. [71], Hou et al. [60], Zhao et al. [72,73] evaluated
the SAPG plant’s performance based on the parallel configuration and
adopting the CT strategy. They are all assumed that solar thermal energy
is used to displace extraction steam to all high pressure/temperature
FWHs. These paper indicated that, after the solar thermal input, the
mass flow rate of the extraction to all displaced extraction point should
be decreases simultaneously [60,71]. This is different from the series
configuration.

As the technical performance of the SAPG plant dependent on
the displaced extraction steam, different order to displace extraction
steam leads to different technical returns. Therefore, the performance
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of the SAPG plant adopting different Solar Preheater operation strate-
gies is needed to be evaluated and compared. Also, whether there
are other possible Solar Preheater operation strategies is needed to be
identified.

Qin et al. identified three possible Solar Preheater operation strate-
gies, constant temperature strategy, high to low varying temperature (VT-
HL) strategy, and low to high varying temperature (VT-LH) strategy [49].
The CT strategy requires to adjust the extraction steam to displaced
points (point A and point B in Fig. 12) to maintain the feedwater outlet
temperatures (point 1 and point 2 in Fig. 12) unchanged. The VT-HL
strategy is to adjust the extraction steam flow rate at the highest tem-
perature/pressure stage (point A in Fig. 12) first, while maintaining the
mass flow rates at the rest stages (point B in Fig. 12) unchanged until
this stage if fully displaced. In contrast, the VT-LH strategy is to adjust
the extraction steam flow rate at the lowest temperature/pressure stage
(point B in Fig. 12) first. Comparing with three operation strategies, it
was found that Series configurations adopting CT strategy would have
best annual performance. However, the findings of this paper was only
for SAPG plants operated in PB mode.

5.2. Non-displaced feedwater heater operation strategies
Most studies of an SAPG plant are based on the assumption that so-

lar thermal energy is used to displace extraction steam to high tempera-
ture/pressure FWHs. In an RRC power plant, there are often multiple

19



J. Qin, E. Hu and X. Li

Energy and Built Environment 1 (2020) 11-26

%l 3.923MPa 1552.37t/h L'c
66 H-ki/kg
| 2 202mPa 1836.2850/n
——y [ ——"] [ ——
Solar fie o e
E e P P ] P —@
p =) =R Wicoysiil
) D ssomw
1204 T
I=ED) - =)o) I l Condenser
D E=oV=) =
X X X
#1 # #3 #s #6 #1 #8 32.54
o~ g 136.3
pump oil SDOWHE | Electric heater ' ' '
B A M x___x____zl

Fig. 11. A schematic diagram of an SAPG plant based on series configuration, which solar thermal energy is used to displace extraction to all high pres-

sure/temperature FWHs [62].

Valve C

Solar
Input

Fig. 12. A schematic diagram for demonstrating Solar Preheater operation strategies identified by Qin et al. Solar thermal energy is used to displace extraction steam
to FWH1 and FWH2, the method to adjust mass flow rate of extraction steam at point A and point B is termed as Solar Preheater operation strategy by Qin et al.

[49].

stages of extraction steam. In terms of the overloading of the steam
turbine after the displacement of extraction steam, solar thermal en-
ergy used to displace extraction steam to all high temperature/pressure
FWHs is the best option for an SAPG plant to achieve highest technical
returns with same solar thermal input [57]. Under this condition, the
mass flow rate of the extraction steam to all high temperature/pressure
FWHs should be decreased to respond to the solar thermal input. For
the low temperature/pressure FWHs, Qin et al. defined as Non-displaced
FWHs, which is shown in Fig. 13 [50].

20

The method to adjust extraction steam to these Non-displaced FWHs
is termed as Non-displaced FWH operation strategy [50]. Two Non-
displaced FWH operation strategies, constant temperature strategy and
constant mass flow rate (CM) strategy, have been identified by Qin et al.
[50]. The CT strategy requires adjusting the mass flow rate of extraction
steam to Non-displaced FWH (DEA, FWHS5 to FWHS in Fig. 13) to main-
tain the feedwater outlet temperature of each Non-displaced FWHs (i.e.
points 7 to 10 in Fig. 13) unchanged. While, the CM strategy does not
require to adjust the extraction steam flow rates (to the Non-displaced
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FWHs) at all by allowing the feedwater outlet temperature of each Non-
displaced FWHs (DEA, FWH5 to FWHS in Fig. 12) to vary [50].

The Non-displaced FWH operation strategies of an SAPG plant have
been overlooked by most studies. Most studies have not defined or in-
dicated the Non-displaced FWH operation strategy that they adopted
clearly. Hou et al. [60] evaluated the performance of an SAPG plant
operated in FS mode based on the CT Non-displaced FWH operation
strategy. Hou et al. [60] pointed that the mass flow rate of the extrac-
tion steam to non-displaced FWHs would increase after the solar ther-
mal input, even for the SAPG plant operated in the FS mode. Yang et
al. [36]. evaluated the performance of an SAPG plant operated in PB
and FS modes based on the CM strategy. However, the impact of the
CT or CM Non-displaced operation strategies on the performance of an
SAPG plant and the comparison between two strategies have not been
analysed.

Qin et al. [50] evaluated the impact of the Non-displaced FWH opera-
tion strategies on an SAPG’s performance. The instantaneous and annual
performance of the SAPG plant adopting CT and CM operation strategies
with different solar collector areas have been evaluated and compared.
A 300 MW Rankine cycle power plant is used as case study. The annual
hourly solar radiation in three locations with different annual solar ra-
diation are used for simulation. It was found that generally, the SAPG
plant adopting the CT strategy produces higher annual solar power out-
put than that adopting with the CM strategy. The difference between the
SAPG plant with the CT and CM strategy decreases with the incremental
solar collector area. However, the SAPG plant adopting the CM strategy
could achieve higher annual solar power output, if the solar field area
is oversized and the plant is located in the high solar resources area. Al-
though Qin et al. analysed the influence of the Non-displaced operation
strategy on the SAPG plant’s performance, the assessment of this paper
is only based on the SAPG plant operated in PB mode. The impact on

21

the plant’s performance when the SAPG plant is operated in FS mode
has not been evaluated.

6. Energy analysis of the SAPG technology

The energy analysis of the SAPG technology, which is based on the
1st law of thermodynamics show that integrating solar thermal into the
RRC power plant would have impact on the whole plant’s efficiency.
However, results from early energy analysis varied a lot.

Some studies found that, after solar thermal input, the cycle effi-
ciency would be increased. Hu et al. evaluated an SAPG plant modified
from a 500 MW subcritical power plant [35]. It was found that when
the SAPG plant operated in the PB mode, the steam cycle efficiency
would increase 2.94%. Later, Suresh et al. also evaluated a 500 MW
SAPG plant, which the solar thermal energy is used to for fuel saving
purpose [74]. The results indicated that the cycle efficiency could in-
crease from 35.9% to 38.4%, increased by 2.5%. Bakos and Tsecheli-
dou found that up to 4% increase for the cycle efficiency of an SAPG
plant modified from a 300 MW power plant was possible [58]. Wang et
al. evaluated a 300 MW SAPG plant with different stages displacement
[75]. It was also found that the cycle efficiency increase from 2% to 4%.
For an 1320 MW power plant, this improvement for the cycle efficiency
increased to about 6% [76]. Ye et al. found that cycle efficiency improve-
ment for a 300 MW SAPG plant was higher than a 600 MW SAPG plant
[77]1. Recently, some researchers found that when solar thermal energy
is used to displace extraction steam to all high pressure/temperature
FWH, the improvement of cycle efficiency can achieve to about 18%
[78], and to lowest pressure/temperature FWH, the improvement can
also achieve to 1.4% [79].

Above results are thought to be caused by the definition of the cycle
efficiency after solar thermal input. The cycle efficiency is defined as
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the ratio of power output to the thermal energy (from fuel) input in
the boiler. This means that the solar thermal energy, which resulted
extra power output or saved fuel consumption, had not been considered.
Therefore, the cycle efficiency would increase after solar thermal input.

However, with another definition of cycle efficiency that is the ra-
tio of power output to the total thermal energy inputs (i.e. both from
fuel and solar heat), the cycle efficiency of an SAPG plant would be de-
creased after the solar integration. Zhao et al. found that for a 600 MW
SAPG plant, the cycle efficiency would decrease from 41.3% to 39.3%,
dropping by about 2% [80]. Based on another 600 MW SAPG plant,
Zhai et al. got the conclusion that the integration of solar energy would
lead to the decrease of cycle efficiency from 47.7% to 46.3% [81]. For a
330 MW SAPG plant, the decrease of cycle efficiency is found to be about
1.8% [82]. Previous studies based on an assumption that solar thermal
energy is used to displace extraction to all high pressure/temperature
FWHs. For another study, Popov evaluate cycle efficiency of a 200 MW
SAPG plant, it was found that when the solar thermal energy is used
to displace high pressure/temperature FWHs, the cycle efficiency de-
creases by about 0.6% [57]. However, when the solar thermal energy
is used to displace low pressure/temperature FWHs, the cycle efficiency
decreases by about 2.6%. This means that displacement of low pres-
sure/temperature FWHs has higher influence than that of high pres-
sure/temperature FWHs.

Based on the 1st law evaluation, the results indicated that the tech-
nical performance of the SAPG technology is dependent on the displace-
ment method (i.e. which FWHs are displaced). Yan et al. [46,47], Yang
etal. [36] and Ye et al. [77] pointed that the displacement of the extrac-
tion steam to higher pressure/temperature stages leads to higher tech-
nical performance, in terms of solar to power efficiency, solar share,
increased power output in power boosting mode, or reduced coal con-
sumption in fuel saving mode.

However, it was found in some cases that complete displacement of
extraction steam to other extraction steam stages has highest increased
power output in power boosting mode, or reduced coal consumption in
fuel saving mode than that of the 1st i.e. the highest stage of extrac-
tion steam. Wang et al. found that displacement of extraction steam to
second stages produces highest extra power output [83]. Some other
studies found that this result also suit for the fuel saving mode [53,80].
Adibhatla et al. [84,85] and Patel et al. [86] found that displacement of
all low stages extraction steam would save more fuel than that displace-
ment of all high stages extraction steam. In another study, Suresh et al.
found that for a 500 MW SAPG plant, displacement of highest stage of
extraction team would have highest technical performance, while for a
660 MW SAPG plant, displacement of second stage is more beneficial
[74].

There might be two reasons for this result. The first reason may be
that for some power plants, the mass flow rate of extraction steam to
second stage or low stages is much higher than that other stages, which
have potential to produce more extra power output or reduce more fuel
consumption. The second reason may be that considering the boiler’s
off-design performance, the displacement of highest stages extraction
team leads to the change of steam flow rate in reheater [71], which
would make the boiler working at off-design condition.

An SAPG plant can be operated in the PB or FS mode. Studies use
different criteria to analyse the performance the SAPG plant operated in
the PB and FS modes.

When the SAPG plant was operated in the PB mode, in addition to the
economic criteria e.g. LCOE and payback time, Solar power output, Solar
to power efficiency, and solar share have often been used to evaluate the
SAPG plant’s performance. The solar power output of the SAPG plant
for PB mode is defined as the increased power output of steam turbine
after the solar integration [13]. The solar thermal to power efficiency
is defined as solar thermal output on the total solar thermal integration
[13]. For the solar share or solar contribution, there are two different
definitions. The first definition is defined as solar thermal input on the
boiler load of the plant [13]. Another definition is the ratio of solar
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thermal input to the total plant thermal loads including boiler load and
solar thermal input [13].

There could be two solar thermal to power efficiencies for an SAPG
plant, the instantaneous solar thermal to power efficiency and annual
solar thermal to power efficiency. For the instantaneous solar thermal to
power efficiency, Yan et al. and Yang et al. [36,46,47] found that the dis-
placement of higher stages of extraction steam leads to higher instanta-
neous efficiency. Also, the higher capacity of SAPG plant leads to higher
instantaneous efficiency [87]. It was found that when the extraction
steam to all high pressure/temperature stages FWHs has been displaced,
the instantaneous efficiency ranges from 27% to 38% [35,69,88]. For
the annual solar to power efficiency, it was found that for an SAPG
plant with different solar collector area, there is an optimal annual solar
thermal to power efficiency existing [56]. The reason is that the annual
efficiency is limited by the mass flow rate of the displaced extraction
steam. It was also found that the track mode of the solar collector also
can influence the annual efficiency of the SAPG plant [68]. Beside this,
Ye et al. [77] and Yan et al. [47] pointed that the annual efficiency can
also be influenced by the capacity of the SAPG plant. It was found that
the annual efficiency for a 300 MW SAPG plant is higher than a 600 MW
SAPG plant.

For the solar share of the SAPG plant operated in the PB mode, it was
found that when solar thermal energy is used to displace extraction to
all high pressure stages FWHs, the annual solar share for an SAPG plant
modified from RRC plant with different capacity range from 4% to 20%,
which is dependent on the capacity of power plant [89,90]. Bakos et
al. [58] found that with same displacement selection, the annual solar
share of an SAPG plant modified from a 200 MW power plant can reach
to 7.9%.

Most of studies of the SAPG plant operated in the PB mode are based
on a single strategy to adjust the extraction steam. Recently, Qin et al.
found that the technical performance of the SAPG plant is also depen-
dent on the configuration of the SAPG plant and the strategies to adjust
the extraction steam [49,50,87,91]. The results found that with same an-
nual solar radiation, different strategies to adjust the extraction steam
leads to different annual technical performance.

When an SAPG plant was operated in the FS mode, the Saved fuel
consumption is the most widely used criterion to evaluate the perfor-
mance of the FS mode. Suresh et al. evaluated the SAPG plant modified
from a 500 MW subcritical and 660 MW supercritical power plant [74].
The results indicated that when all the extraction steam has been dis-
placed by the solar thermal energy, the instantaneous fuel consumption
reduction can achieve to 14% to 19%. Based on a 120 MW subcriti-
cal power plant, Suojanen et al. found that when the extraction steam
to all high pressure/temperature stages has been displaced, the peak
saved fuel consumption, i.e. instantaneous saved fuel consumption, can
achieve to 20% [65]. With the same displacement selection, it was found
that the annual fuel consumption reduction for an SAPG plant modified
from a 220 MW subcritical power plant can achieve to about 14% [76].
Adibhatla and Kaushik evaluated an SAPG plant based on a 500 MW
subcritical power plant [84,85]. It was found that displacement of sec-
ond stage of low pressure/temperature FWHs can achieve higher annual
saved fuel consumption than that displacement of first stage of low pres-
sure/temperature FWHs.

Besides the reduction of the fuel consumption, solar contribution is
another widely criterion for evaluation technical performance of the
SAPG plant in FS mode. Sahoo et al. [92] found that when all the extrac-
tion steam has been displaced, the peak solar contribution for an SAPG
plant based on a 5 MW biomass power plant can reach to about 80%.
The solar contribution in this study was defined as solar thermal input
in the total energy consumption including solar thermal integration and
boiler consumption. Zhu et al. [89,90] used five methods to evaluate the
solar contribution of the SAPG plant, which are taking solar heat as ba-
sis, variation of main steam as basis, coal consumption as basis, thermal
economics as basis and experimental efficiency curve as basis. It was
found that different method would lead to different solar contribution.
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In an SAPG plant operated in the FS mode, as the power output of
steam turbine remains unchanged, there is a challenge of how to define
the solar thermal output for FS mode. Therefore, the solar thermal to
power efficiency of the FS mode is still difficult to define. In studies by
Hou et al. [48,93,94] and Wu et al. [52,61], the solar to power effi-
ciency for the SAPG plant operated in the FS mode has been defined.
In their definition, the solar power output for the FS mode is the differ-
ence between the plant’s power output at a reduced boiler flow rate (in
FS mode) but without any solar input. This efficiency can reach to 24%
when all high pressure/temperature stages extraction steam has been
displaced.

In another paper, Hou et al. [94] defined a new criterion to calcu-
late the contribution of solar energy from exergy analysis. In this new
criterion, the FWH and corresponding stage steam turbine is defined as
a subsystem. The new definition of solar contribution is:
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where, m;, is the mass flow rate of main steam, ey, is the solar exergy
absorbed by feedwater, 5, is mechanical efficiency, 7, is the genera-
tor efficiency, ¢/, is exergy destruction of subsystem i and «; , is solar
proportion in work output. It was found that the solar contribution cal-
culated by new definition is lower than pervious definitions of Hou et
al. [48].

Li et al. in another paper proposed a new definition to calculate the
solar thermal to power efficiency for fuel saving mode, which is given
as [54,55]:
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where, Pg,qppp is the total power output of the SAPG plant, Qgacppp is
the boiler capacity of the SAPG plant, Q¢ppp is the boiler capacity in
a stand-alone power plant with same main steam flow rate. Results in
Li et al. [54,55] indicated that the solar thermal to power efficiency
calculated by this definition ranged from 20% to 26%.
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7. Exergy analysis of the SAPG technology

The exergy analysis of the SAPG technology, which is based on the
2rd law of thermodynamics show that integrating solar thermal into the
RRC power plant would have impact on exergy losses of power plant.
The SAPG plant can both reduce the exergy losses for the RRC power
plant and improve the exergy efficiency for the solar utilization. Also,
the SAPG plant has exergy-economic benefit than the RRC power plant
[95]. The exergy advantages of the SAPG technology come from the low
grade solar thermal energy used to displace the high grade extraction
steam of an RRC power plant [96,97]. The exergy advantages of the
SAPG plant over the stand alone solar thermal power plant comes from
the high boiler temperature of the RRC power plant and sensitive to the
energy level of the solar thermal energy [98].

By integrating solar thermal energy into the RRC power plant to pre-
heat the feedwater to boiler, it was found that the exergy losses RRC
power plant and solar field would be both reduced. Gupta et al. [99,100]
found that after the solar thermal input, the SAPG plant can help to re-
duce the exergy losses in the FWH as well. After the solar thermal in-
put, the exergy losses in the boiler, and condenser would be reduced
[101]. Peng et al. [88] found that the reduction of exergy losses for an
RRC power plant is possible for power plant with different capacities
of SAPG plants. Also, the exergy destruction of the SAPG plant is lower
than that of the stand-alone solar thermal power plant with the same
capacity [88]. However, it was also found that the exergy losses of the
SAPG plant is dependent on the power plant load and displacement se-
lection [77]. Zhai et al. evaluated the exergy performance based on an
SAPG plant modified from a 600 MW supercritical power plant [81,102].
The results indicated that the largest exergy loss for an RRC power plant
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comes from the boiler. Without solar thermal input, the exergy loss from
boiler account for about 86% of the exergy loss for an RRC power plant.
After the solar thermal input, this percentage decrease to about 76%.
Besides the boiler, it was also found that the second largest exergy loss
for an SAPG plant occurs in the solar field [84,85]. Beside reduction the
exergy loss for the RRC power plant, the SAPG plant can still reduce
the exergy destruction of solar radiation exergy [73]. The reason is still
caused by the reduction of exergy destruction of the extraction steam.

Some studies also evaluated the exergy efficiency of SAPG plants.
Zhai et al. [81,102] found that the exergy efficiency for a 600 MW su-
percritical SAPG plant is about 45%, which is 3% lower than the RRC
plant’s exergy efficiency. The exergy efficiency of the SAPG plant in the
study by Zhai et al. was defined as:

wautput

®

n = -
exersy Ecoal + Esolar |

where, W, is the total power output of steam turbine, E, is the ex-
ergy of fuel, and E,, is the exergy of solar thermal input. Zhao and
Bai evaluated the exergy efficiency of an SAPG plant modified from a
600 MW subcritical power plant [80]. The result indicated that the ex-
ergy efficiency of the SAPG plant was about 39% and the RRC cycle
exergy efficiency is about 40%. It was also found that with the increas-
ing in the load of the power plant, the exergy efficiency of the SAPG
plant would be increased. Compared with the stand alone solar thermal
power plant, Zhu et al. found that the exergy efficiency of a 100 MW
SAPG plant is about 1.8% higher than that of the stand-alone solar ther-
mal power plant with same capacity [103,104].

8. Economics of the SAPG technology

Evaluation criterion is important for the economics of the SAPG tech-
nology. Most studies used the LCOE as the economic criterion, when
designing an SAPG plant or comparing it with other power plants. An
SAPG plant can be operated in the PB or FS mode which leads to differ-
ent LCOE, it was found that the LCOE of an SAPG plant operated in the
PB mode is lower than that of the same plant operated in the FS mode
[58]. Comparing with the stand-alone solar power plant, the SAPG plant
operated both in the PB and FS mode would has lower LCOE than the
stand-alone solar power plant [23,88,105,106]. However, the LCOE for
an SAPG plant is higher than an RRC power plant if the same power
output has been generated [107], the increased LCOE is caused by the
capital cost of the solar field or heat exchangers.

The LCOE of an SAPG plant depends on many factors, such as an-
nual solar radiation [48], solar field area [108,109], solar multiple
[110,111], integration method [75,83], and heat exchanger area [112].
In studies by Hou et al. and Wu et al., it was found that there is an
optimal aperture area for an SAPG plant to achieve the lowest LCOE.
This optimal aperture area is dependent on the annual direct normal
irradiance (DNI) [48,82,60], solar storage capacity [52,53,61], and ca-
pacity of the power plant [71]. Zhao et al. pointed out that the SAPG
plant modified from RRC power plant with higher capacity can achieve
lower LCOE [110]. Later, Zhao et al. found that there is an optimal so-
lar multiple to achieve lowest LCOE and the government need to offer
feed-in-tariff for the SAPG plant [97,110,111,113]. Zhong et al. found
that there is a minimum LCOE for an SAPG plant with different SP heat
exchanger area [112].

Recently, it was found that the LCOE can also be influenced by some
financial factors. Wang et al. found that the Carbon tax still has impact
on the LCOE of the SAPG plant [75]. The LCOE of the SAPG plant with
CO, capture is more sensitive with the variation of carbon tax than that
without the CO, capture. In another study, Adibhatla et al. made a sen-
sitivity analysis to found out the sensitivity of the LCOE with variation
of discount rate, plant capacity and fuel cost [84].

Few studies looked into the capital cost of the SAPG plant closely,
however pointed that the investment costs for solar field and related
infrastructure are still high, but not prohibitive [31]. Comparing with
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the stand-alone solar power plant, investment cost of an SAPG plant is
about 25% lower than the same capacity stand-alone solar power plant
[114]. The solar multiple has an impact on the capital cost of the SAPG
plant, it was found that the capital cost increase with the incremental
in solar multiple [113].

There were also some studies evaluated the profitability of an SAPG
plant. Zhai et al. found that with different solar storage capacity, solar
field area, displacement options and plant capacity, an SAPG plant can
achieve different annual profitability, and there is an optimal condition
to achieve the highest annual profitability [63]. However, this study is
based on the SAPG plant operated in the FS mode only. Qin et al. pro-
posed an operation mode which mixes the PB and FS mode. It was found
that this mixed operation mode can achieve higher annual profitability
than single operation mode (i.e. PB or FS mode) [51].

9. Storage system used in the SAPG technology

In the early studies of the SAPG plant, Hu et al. pointed that the
solar thermal storage system is not necessary for an SAPG plant [22].
The reason is that the solar contribution and power demand are peak
at the same time. However, later studies still evaluated the benefit
and the function of the solar thermal storage system used in the SAPG
plant.

Zhai et al. [64] discussed whether the storage system is needed for
an SAPG plant and evaluated the relevant storage capacity. In this study,
a concept named coal saving in solar unit investment per hour has been
proposed as the evaluation criteria. This criteria is defined as the an-
nual amount of saved coal consumption per investment for solar col-
lectors. The results indicate that the thermal storage system can help
to reduce the coal consumption of the SAPG plant. However, with a
given storage capacity, there is a maximum value for the coal saving
in solar unit investment per hour with different solar collectors area. In
other studies, Zhai et al. pointed that the storage system can help to im-
prove the annual saved fuel consumption per solar collector investment
[63,115,116].

Wau et al. [61] discussed an SAPG plant with a storage system. The
results indicated that there is a threshold aperture area for an SAPG
plant with storage system. When the solar field aperture area is larger
than the threshold aperture area, the SAPG plant with different storage
capacity has same technical performance. From economic point of view,
the SAPG plant with thermal energy storage capacity at 0.5 h has lowest
LCOE. Later, Wu et al. [52] pointed that the solar thermal storage system
can not only be used to increase the annual solar generation but also im-
prove the annual solar to electricity efficiency. However, the optimised
capacity of the solar thermal storage system is determined by the cost
of the solar field and the storage system. A balance point is proposed by
Wu et al. to determine on the conditions to set a storage system.

In an SAPG plant, there is maximum value of solar thermal input ex-
isting, which is the amount of solar thermal energy input is just enough
to displace all extraction steams. For SAPG plants without storage sys-
tem, if the solar thermal input was greater than the maximum value
of solar thermal input, the extra solar thermal energy would have to
be dumped. For SAPG plants with a storage system, the storage system
could be used to store the extra solar thermal energy. Therefore, that the
storage system can help to increase the annual saved fuel consumption
or annual power output of the SAPG plant [61].

10. Summary and further research on SAPG

This paper reviews the researches on the Solar Aided Power Gen-
eration (SAPG) technology and plants. An SAPG plant is a solar hy-
brid power system in which low grade solar thermal energy is used
to displace the high grade heat of the extraction steam in a regen-
erative Rankine cycle (RRC) power plant. In such a SAPG plant, the
solar thermal energy carried by the heat transfer fluid (HTF) is inte-
grated into the RRC power plant to preheat the feedwater to the boiler.
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The heat of the extraction steam which is bled from the steam tur-
bine to preheat the feedwater is displaced by the solar thermal energy.
The displaced extraction steam is then expended further in the steam
turbine.

The studies of the SAPG plant mainly focused on identifying the tech-
nical and economic advantages of the SAPG plant over other power gen-
eration technologies (e.g. solar alone power generation), designing and
optimising the design of the SAPG plant. Recently, a few studies refer
to the plant configuration, especially the arrangement to connect the
solar field and the RRC power plant, and the operation of the SAPG
plant. While the potential benefits of the SAPG technology are sig-
nificant, there is no operating SAPG plants existing in the world yet.
Further research and technology development regarding SAPG are still
required:

e The different strategies to adjust the extraction steam’s flow rate
have great impact on the SAPG plant’s performance. The plant’s per-
formance is also influenced by the plant’s configuration to connect
the solar field and the RRC power plant. However, most previous
studies did not mention the operation strategies and configurations
they adopted. Further studies for the SAPG plant is to deeply assess
the influence of different operation strategies and configuration on
SAPG plant’s performance. Also, whether there are other configura-
tions and operation strategies for the SAPG plant is still needed to
be demonstrated.

An SAPG plant can be operated in Power Boosting (PB) or Fuel Sav-
ing (FS) modes. As the SAPG plant is operated under variable elec-
tricity on-grid tariffs and fuel prices, an SAPG plant operated in PB
or FS modes for a whole year would achieve a different annual prof-
itability. Mixing the PB and FS modes may achieve greater annual
economic returns for the SAPG plant. However, previous studies are
based on a single mode of operation, the knowledge of how to switch
between PB and FS modes to achieve greater annual economic re-
turns is lack of study.

In an SAPG plant, the RRC plant i.e. the boiler, steam turbine, con-
denser and FWH system, is actually operated under off-design con-
ditions when the solar thermal energy is integrated into the plant.
The simulation models of most existing studies only consider the
off-design condition for the steam turbine. Few previous studies con-
sidered the off-design condition for both the steam turbine and the
boiler. In addition, the off-design condition for the condenser has not
been considered at all in previous studies. A simulation model com-
prising off-design condition for the boiler, steam turbine, condenser
and FWH system could help to evaluate an SAPG plant’s performance
more accurately.

e One of advantages of an SAPG plant is that the thermal storage is
not necessary, as the coal (or other fuel) in the RCC plant is actu-
ally the storage to ensure the plant power output steady all the time.
However, as solar radiation varies all the time, from the practical
control/operation of an SAPG plant point of view, it is necessary for
an SAPG plant to have “buffer tanks”. Buffer tanks are storage tanks
for HTF, which are used to store enough hot THF to make the SAPPG
plant run steadily for a time interval eg. 1 h in order to avoid too
frequent control/adjust of valves in the plant. In other words, only
one adjustment/control every time interval is required, even solar
radiation may vary continuously. The function of the “buffer tanks”
is different from storage tanks that are to store extra/surplus solar
energy to be used when there is no or less solar available and require
to have enlarged solar field to produce the extra/surplus solar heat.
The buffer tanks however are to be used to stabilize the plant op-
eration i.e. reduce the operation of valve or (steam) flows control if
solar radiant keeps varying. The concept of the buffer tanks has been
proposed by the authors, but no further study has been undertaken
yet.

Daily start-up and shut-down process is necessary for the opera-
tion of an SAPG plant. However, these processes have never been
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simulated before and thus their impact on SAPG plant performance
remain unknown. Therefore, a dynamic simulation model which can
evaluate the start-up and shut-down process for the SAPG plant is
required. With this model, the true benefits of the SAPG technology
and the start-up and shut-down losses can be assessed.
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