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METHOD AND SYSTEM INTEGRATING 
SOLAR HEAT INTO A REGENERATIVE 

RANKINE STEAM CYCLE 
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To Integrate Solar Thermal With A Coal Fired Rankine 
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incorporated by reference herein in its entirety. 
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FIELD OF THE INVENTION 

[0005] This invention pertains to the electric poWer genera 
tion ?eld Wherein large utility siZe poWer plants are used to 
generate the nation’s electricity. The ever increasing cost of 
fossil fuels Will not abate since fossil fuels have a ?nite limit 
and, as the ?nite quantity decreases With use, the groWing 
demand for electricity Will ultimately lead to signi?cantly 
higher electricity costs. This invention utiliZes the sun to 
provide supplemental heat into a conventional Rankine cycle. 
A major advantage of this novelty is that it “piggybacks” on 
the existing components and infrastructure of the neW or 
existing Rankine cycle poWer plant. This piggybacking 
results in signi?cant cost reduction since a solar boiler, solar 
feedWater train and solar steam turbine-generator are not 
needed; these components are supplied in the Rankine cycle 
instead and convert the solar supplied heat into electricity 
resulting in a signi?cant reduction in the cost of solar pro 
duced electricity. 
[0006] In addition, the novelty is particularly Well suited to 
supply supplemental solar heat to a coal regenerative Rankine 
cycle since this type of coal plant often has surplus capacity in 
its steam turbine generator and associated equipment. This 
surplus capacity is normally installed since the valving out of 
a feedWater heater for maintenance or unexpected outage Will 
result in a higher capacity steam ?oW through the steam 
turbine and the operators of the plant Would then have the 
extra turbine capacity to handle the excess steam How. By 
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having this surplus capacity, the Rankine cycle can then pro 
duce greater amounts of generation. HoWever, there is a det 
rimental impact on the heat rate (ef?ciency) When a feedWater 
heater is valved out. The novelty proposed herein supple 
ments the heat input into the Rankine cycle such that this 
ine?iciency is essentially eliminated. The type of novelty 
proposed herein is best suited for large scale Rankine cycle 
poWer plants that utiliZe regenerative feedWater stream and 
are typically in the 100 MW and greater siZe range. 

BACKGROUND OF THE INVENTION 

[0007] The concept of integrating a solar thermal poWer 
plant into a fossil fuel poWer plant has previously been inves 
tigated; in these investigations, solar heat Was used to preheat 
feedWater through evaporation of the feedWater or the feed 
Water is bifurcated resulting in a portion of the feedWater 
stream to be heated With extraction steam and the remaining 
feedWater stream heated by solar means. For example, Cohn 
US. Pat. No. 5,727,379 teaches that solar heat is used to 
evaporate the feedWater prior to boiler entrance. This method 
Would then require an expensive solar boiler and is not appli 
cable to a Rankine cycle using regenerative heating. Warren 
US. Pat. No. 4,069,674 teaches that the feedWater is bifur 
cated immediately at the condenser hotWell resulting in high 
temperature solar being used to heat relatively cold feedWater 
resulting in high entropic losses. Thermodynamically, it is 
alWays preferable to add heat at the highest possible tempera 
ture. In addition, current technology being explored uses 
solar heat to evaporate Water into steam Which is then used to 
directly provide energy to a feedWater heater. This type of 
technology results in complex and costly equipment When 
compared to the novelty proposed. 
[0008] While all of these methods provide some sort of 
value addition, they all have certain thermodynamic restric 
tions and cost disadvantages. The folloWing concept proposes 
a novelty that is more cost effective and energy e?icient than 
any of the previously studied integration methods and poses 
less capital and less operational risk to the host regenerative 
steam cycle poWer plant. The concept can be used for neW 
installations or can be easily retro?tted into existing regen 
erative Rankine poWer cycles such as coal plants. In particu 
lar, the southWest United States has numerous coal plants that 
are located in isolated areas that have high solar insolation 
that are prime candidates for solar thermal retro?t. This 
method may also be used for other fossil fueled (including 
natural gas) or nuclear fueled boiler scenarios and most other 
regenerative steam Rankine poWer cycles. 
[0009] For purposes of illustration, this novelty is discussed 
herein as applied to a coal plant. Nearly all large coal plants 
use both reheat and regeneration to achieve high cycle e?i 
ciency. Reheat can be de?ned as returning steam, Which has 
been partially expanded in the turbine, back to the boiler for 
additional heating prior to continued expansion in the turbine. 
Regeneration is a method to limit condenser loss in a Rankine 
cycle by taking partially expanded steam (extracted from the 
steam turbine) and using it to pre-heat the feedWater prior to 
additional heating and vaporiZation in the boiler. By pre 
heating the feedWater, less heat energy is needed in the boiler 
to produce steam and, since the partially expanded steam is 
condensed using feedWater as the “heat sink”, less heat is 
rejected to the condenser. Regeneration can be accomplished 
using either “open” or “closed” feedWater heaters. In the 
“open” feedWater heater, the extracted steam from the turbine 
is mixed directly With the feedWater; in the “closed” feedWa 
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ter heater, the extraction steam is not mixed With the feedWa 
ter but uses both sensible and latent heat in normally a tube 
and shell feedWater heater to boost the feedWater tempera 
ture. 

[0010] This novelty achieves loWer solar poWer electricity 
costs by utilizing the existing poWer plant components and 
infrastructure, primarily the turbine and generator of the 
Rankine cycle poWer plant. A solar boiler is also not neces 
sary since all solar heat is directly transferred to the Rankine 
cycle via a common ?uid that is used for both solar heat 
collection and heating the feedWater stream in the Rankine 
cycle. 

SUMMARY OF THE INVENTION 

[0011] The proposed concept uses a “closed” feedWater 
heater system to heat the feedWater directly With collected 
solar thermal energy and Without the additional steam con 
version process typically found in other studied solar Rankine 
integration methods. A common single phase heat transfer 
?uid is used in a sensible heat transfer process to both collect 
the solar heat energy and to add heat into the feedWater stream 
of the coal plant thus supplanting a portion of the turbine 
extraction steam used to pre-heat the feedWater. The addi 
tional feedWater heater Which is heated With solar energy is 
added either serially or in parallel to the conventional feed 
Water heaters that use extraction steam to heat the feedWater. 
In this manner, the extracted steam from the turbine is 
reduced but the boiler still receives the feedWater at the same 
temperature as before. Accordingly, the amount of turbine 
output is increased because more steam is noW directed 
through the turbine and the overall e?iciency remains high 
because there is no degradation in the feedWater temperature. 
Typically, there are su?icient margins in the turbine generator 
of a coal regenerative steam cycle to alloW an increase in 
capacity output resulting from an increase in steam ?oW 
through the turbine; typically these margins are in the order of 
5% to 10% of additional generating capacity Which Would 
then be available to provide the additional generation When 
the Rankine cycle is augmented With solar heat. This increase 
in steam turbine ?oW Would result from the reduction in 
extraction steam ?oWs since solar heat is noW replacing a 
portion of the extracted steam used for feedWater heating. 
Consequently, the direct heating of the feedWater through 
solar thermal energy Will alloW an increase in turbine output 
in neW facilities Where the extra steam turbine capacity is 
designed into the plant or at existing facilities Where there are 
additional margins in the steam turbine. In existing facilities 
Where there is no spare capacity in the steam turbine, the solar 
heat Will still displace fossil fuel. 
[0012] The proposed novelty can be used to input solar heat 
in an added feedWater heater that is located doWnstream of the 
last feedWater heater (in a retro?t application) and have the 
potential, if so desired by the coal plant operators, to increase 
the feedWater temperature to the boiler (typically, this is the 
economiZer section of the boiler). Altemately, the solar heat 
input can be made through a feedWater heater that is added in 
betWeen tWo feedWater heaters that are heated With extraction 
steam. In this embodiment, the solar heat input into the feed 
Water stream can be varied by temperature and ?oW and, 
accordingly, the steam extraction heaters doWnstream of the 
solar feedWater heater Will auto adjust to maintain the design 
feedWater temperature. This is achieved by the extraction 
steam ?oW auto adjusting based on the operating pressure and 
temperature of the feedWater heater. 
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[0013] Given the second laW of thermodynamics, it is 
alWays bene?cial to heat a Working ?uid at the highest pos 
sible temperature. Consequently it proposed that mainly the 
1“ point heater be the primary source for supplemental solar 
heat; the 1“ point heater (last heater in the feedWater train) is 
operated at the highest pressure and is used to achieve heat 
addition to the feedWater at the highest temperature. The solar 
added feedWater heater can be placed either upstream or 
doWnstream of the 1“ point heater. If doWnstream, then the 
novelty has the ability to adjust the temperature of the feed 
Water that is directed to the boiler (economiZer). If upstream, 
then the novelty can input variable solar heat resulting in the 
auto adjust of the extraction steam for all heaters doWnstream 
of the solar heater. For additional turbine capacity increase or 
to offset fossil fuel consumption, additional heaters could be 
used, hoWever, this novelty proposes the solar direct heating 
of feedWater that is doWnstream of the boiler feed pump in 
order to maintain high e?iciency. 
[0014] It is noted that all of the feedWater heating in the 
proposed concept is provided by solar sensible heat. Accord 
ingly, there is higher solar system e?iciency since no heat of 
evaporation (latent heat) is solar provided; this alloWs heat 
transfer With smaller temperature differences than otherWise 
Would be realiZed if the solar heat Was used for evaporation 
also. The heat of evaporation for the Rankine cycle occurs in 
the fossil fueled boiler and, consequently, entropic losses 
associated With this ?ashing are already accounted for in the 
fossil fueled Rankine cycle. The use of solar provided sen 
sible heat to an existing Rankine cycle is an advantage com 
pared to a solar cycle Which must provide its oWn latent heat 
for ?ashing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 shoWs the embodiment that has the solar 
added feedWater heater doWnstream of the last extraction 
steam feedWater heater (at the end of the regenerative feed 
Water train); in this embodiment, the feedWater temperature 
into the boiler can be varied. 
[0016] FIG. 2 shoWs the embodiment that has the solar 
added feedWater heater upstream of the last extraction steam 
feedWater heater; in this embodiment, the solar heat input, 
through control of the solar heat collection ?uid ?oW and 
temperature, can be varied. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0017] Referring to FIG. 1, solar heat is collected With 
trough technology or other suitable solar concentrating heat 
collection devices. Using the solar trough technology (Which 
can be substituted With other high temperature solar heating 
devices), the sun’s energy is “line” focused on a Heat Collec 
tion Element (HCE). The HCE is essentially a specially 
designed pipe that contains a ?uid suitable for the collection 
of high temperature heat. Once the sun’s energy has been 
focused and concentrated on the HCE, the energy is collected 
in the high temperature collection ?uid 4 that is typically 
special oil designed to Withstand high temperatures. Current 
technology limits this temperature to about 730-750 F. The 
hot oil is then pumped into a Hot Oil Storage (optional) that 
Would provide both storage for extended operation or storage 
that Would alloW for higher outputs of thermal energy for 
shorter durations. The Hot Oil Storage also provides a buffer 
to smooth out heat spikes and heat loss from the solar collec 
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tors. Once the heat has been delivered to the storage or to the 
feedWater train of the steam Rankine cycle, the oil 5 is then 
returned to the solar collector for reheating. The storage sys 
tem can consist of a single tank using thermocline storage 
technology or also consist of tWo tanks; one specially desig 
nated for “hot” oil and the other specially designated for 
“cold” oil in order to ensure even ?oW delivery to the solar 
collector ?eld. The hot oil storage may also be designed 
through additional length and oversiZed transfer piping to the 
solar feedWater heater. In this manner, the amount of heat 
transfer ?uid in the pipeline provides the necessary storage. 
[0018] The hot oil 6 fed from the Hot Oil Storage Tank is 
then directed to a neW feedWater heater X that provides heat in 
addition to or in substitution for the heat provided by the 
steam extraction 8 to the upstream heater. Typically, the hot 
oil Would be on the “shell side” of the feedWater heater X and 
the feedWater, because it Would be at a much higher pressure, 
Would be on the “tube side” of the feedWater heater. It is 
anticipated that most retro?t applications Would consist of 
substituting heat provided by the hot oil 6 for the high pres 
sure extraction steam 8. In this manner, design operating 
parameters of the economiZer is maintained and additional 
generating capacity may be realiZed since more steam Would 
then be available to expand through the Steam Turbine. The 
cooled oil 7 is then returned to storage and eventually cold oil 
5 is returned to the solar loop for reheating. 
[0019] As noted in FIG. 1, the proposed additional neW oil 
feedWater heater X Would be installed in series With the 
existing feedWater train is the novelty is applied to an existing 
plant (typical heater train shoWn in FIG. 1 are designated as 
heaters a, b, c, d, and e) Which is used in typical Rankine 
cycles to preheat the condensate 1 and feedWater 2 (note: for 
simplicity, the boiler feed pump is not shoWn) prior to entry to 
the boiler economiZer. When there is no heated oil 4 provided 
by the solar collector and When there is no storage hot oil 5, 
the feedWater Would merely pass through the feedWater 
heater X having already been pre-heated With the conven 
tional feedWater train With the only penalty being a small 
feedWater pressure drop through the added solar heater X. 
Valve 10 Would then be valved open to alloW steam extraction 
8 from the turbine and another valve 12 Would alloW drips 9 
to ?oW to the next loWer pressure heater. When solar heat is 
available, the hot oil 4, 6 Would then be pumped to the heater 
and the valving reversed to restrict the extraction steam ?oW 
to the existing heater and to restrict the drip ?oW 9 to the next 
loWer pressure heater. Valving 11, 13 Would alloW safe opera 
tion of the solar hot oil supply system. Alternately, the neW 
feedWater heater could be installed in parallel With the exist 
ing heater(s) With appropriate valving for When the heater is 
in use and When it is not. It should be noted that the additional 
neW oil feedWater heater X could also be easily installed in 
parallel With the feedWater train to achieve the same effects 

(not shoWn). 
[0020] Although the concept can be applied to existing coal 
Rankine systems, if applied to neW systems, the boiler could 
then be designed to receive higher feedWater temperatures 
heated by supplemental solar heat. In this manner, ef?cien 
cies more closely resembling Carnot e?iciencies Would be 
achieved since the feedWater temperature Would be closer to 
the feedWater’s saturation temperature. In addition, higher 
turbine capability Would also be achieved since extraction 
steam Would be further reduced permitting higher turbine 
?oWs and resulting higher outputs. 
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[0021] In FIG. 2 the same process is shoWn as is illustrated 
in FIG. 1 With the exception that the solar heat is supplied to 
a feedWater heater that is upstream of the I“ point (high 
pressure) feedWater heater. In this manner, the solar heat into 
the feedWater stream can be varied by the control of the solar 
heating ?uid’s temperature and ?oW. The doWnstream feed 
Water heater, Which is heated With extraction steam, from the 
solar feedWater heater X Will automatically adjust the extrac 
tion steam ?oW based on the design temperature and pres sure 
of the feedWater stream and the design temperature and pres 
sure of the extraction steam ?oW. 

[0022] This phenomenon results since the feedWater heater 
Will condense that amount of pressuriZed steam based on the 
incoming temperature of the feedWater. As the temperature of 
the feedWater stream increases due to solar heating then the 
extraction steam Will automatically diminish to compensate. 
In this manner, the total amount of solar heat that can be 
collected on days When the solar insolation may exceed the 
design can be utiliZed in an e?icient manner. It is uneconomic 
to design the solar collection system to collect all possible 
solar insolation since it makes little economic sense to design 
the system When the full system may only operate, say, 3% or 
4% of the time. HoWever, this novelty alloWs all solar heat 
collected to be used and useful. No solar heat is ever lost due 
to the lack of capacity to process and use the solar heat. The 
auto adjust mechanism of the novelty compensates for any 
excess solar insolation that may be collected. In addition, this 
novelty also alloWs the Rankine cycle to automatically com 
pensate for any modulation of the solar heat input. 

What is claimed is: 
1. A method for generating poWer, the method comprising 

the steps of: 
generating a heated circulating ?uid through the use of 

solar thermal sensible heat in a closed loop, single phase 
system; 

transferring energy from the solar heated ?uid to the feed 
Water, using a feedWater heater in series With other feed 
Water heaters, of a ho st regenerative Rankine cycle 
poWer plant, Wherein the transferred heat is used to 
augment or replace steam turbine extraction steam heat 
ing in one or more of the high pressure feedWater heaters 
(doWnstream of the boiler feed pump) of the host poWer 
plant. 

2. The method of claim 1, Wherein the solar heated ?uid’s 
temperature is controlled to optimiZe the feedWater tempera 
ture during varying capacity loads of the host plant’s Rankine 
cycle to maximiZe the overall e?iciency of the Rankine cycle. 

3. The method of claim 1, Wherein the solar heated ?uid’s 
?oW is controlled to optimiZe the feedWater temperature dur 
ing varying capacity loads of the host plant’s Rankine cycle to 
maximiZe the overall e?iciency of the Rankine cycle. 

4. The method of claim 1, Wherein the solar ?uid heating of 
the feedWater that replaces or augments the host plant’s steam 
turbine extraction steam heating of the feedWater utiliZes the 
idle capacity in the host Rankine poWer plant’s steam turbine 
and generator that exists to handle increased steam ?oW 
through the steam turbine When one or more feedWaters are 
valved out of the steam cycle While maintaining essentially 
the same fuel input into the Rankine cycle. 

5. The method of claim 1, Wherein the solar ?uid heating of 
the feedWater that replaces or augments the host plant’s steam 
turbine extraction steam heating of the feedWater alloWs the 
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boiler operator to reduce the fuel ?oW to the boiler realizing a 
loWer fuel consumption at the same capacity output by replac 
ing fossil fuel With solar heat. 

6. The method of claim 1, Wherein the placement of the 
transferred solar heat into the host plant’s feedWater stream is 
such that the sub sequent steam turbine extraction ?oWs to the 
doWnstream feedWater heaters in the host plant’s Rankine 
regenerative cycle are automatically regulated through the 
modulation of the solar heated ?uid resulting in essentially 
the same feedWater temperature discharge temperature to the 
boiler With or Without solar heat input into the previous feed 
Water heaters. 

7. The method of claim of 1, Wherein the maximum amount 
of solar collected heat and full use of the concentrated solar 
collectors can be inputted into the host plant’s feedWater 
through the use of automatic regulation of the host plant’s 
extraction steam resulting from varying the solar heat input as 
delineated in claims 2 and 3. 

8. The method of claim 1, Wherein the transferring of 
energy from the solar heated ?uid to the feedWater of a host 
regenerative Rankine cycle poWer plant comprises the steps 
of 

transferring the energy from the solar heated, closed loop 
system to a second closed loop system circulating a 
second ?uid; 
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transferring the energy from the second ?uid in the second 
circulating closed loop system to the host plant’s feed 
Water thereby eliminating any direct leakage of the solar 
heated ?uid in the ?rst circulating closed loop system 
into the host plant’s feedWater stream. 

9. The method of using a loWer pressure solar heated trans 
fer ?uid in a single closed loop system to preclude, leakage 
into the higher pressure feedWater stream of the host plant’s 
regenerative Rankine cycle. 

10. The method of claim 1, Wherein the use of solar heat 
storage is utiliZed to more effectively implement the pro 
cesses described in claims 2 and 3. 

11. The method of claim 10, Wherein the transfer pipe 
carrying the solar heated ?uid betWeen the solar ?eld and the 
regenerative Rankine cycle poWerplant is used as the primary 
storage mechanism to more effectively implement the pro 
cesses described in claims 2 and 3. 

12. The method to input variable solar heat input Without 
the use of storage into a regenerative Rankine poWer plant 
cycle While maintaining constant heat input to the boiler and 
Without altering the boiler fuel input. 

* * * * * 


