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Executive Summary
The problem
Fossil fuels are the most widely used energy sources globally. At the same time, they are the
major contributors to global carbon emission. In particular, conventional coal-fired power plants
release more than three quarters of the carbon dioxide of large stationary emission sources.
Replacing fossil fuel-based power production with renewable energy can offer reduced carbon
emissions due to the lower carbon intensity offered by renewable energy technologies. However,
to date these renewable technologies are still under various phases of research and
commercialisation and are yet to be technically and economically feasible to the same level of
use of fossil fuels. Thus, replacing fossil fuels by renewable energy sources is considered a long
term strategy and fossil fuels are most likely to remain the leading reliable source of electricity
generation in the short to medium terms. This urges the need for an effective carbon emissions
reduction measure to be employed with conventional fossil-fuelled power plants to reduce their
carbon emission whilst continuing operation.
Strategies such as carbon dioxide (CO2) capture and sequestration (CCS) can serve as a transient
step towards low emission energy generation, albeit within a currently narrow envelope of
incentives-driven economic feasibility. Therefore, fossil-fuel fired power plants can continue to
operate while meeting their greenhouse gas (GHGs) emissions targets through retrofitting of
CCS while implementing a stepwise strategy of renewables integration. Several technologies are
available for carbon capture including pre-combustion, Oxyfuel combustion and solvent-based
absorption-stripping Post-combustion Carbon Capture (PCC). Among these technologies, PCC is
the most accessible option for conventional existing power plants. The process is reasonably
developed and being an end-of-pipe solution it could be conveniently retrofitted with existing
power plants. However, retrofitting power plants with PCC results in a significant loss in power
plant output in the order of 20% of the original output. This penalty is mainly due to energy load
required for PCC solvent regeneration at the PCC reboiler, typically supplied by steam bled from
the power plant low pressure turbine. The extracted steam for solvent regeneration could
otherwise be used to produce electricity, and therefore this creates operational and economic
uncertainties for power generators.
The Objective
A primary outcome of this proposed research is the identification of optimal process solutions
that lead to significant reductions in the capture energy penalty. Specifically, a key outcome is to
synthesise novel highly integrated PCC processes that achieve reductions in the capture penalty
between one third to 50% as compared to 1990 solvent-based capture technology.
The Solution
This project investigated process integration and operation of power plants retrofitted with PCC
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and solar-thermal plants. Through a systematic approach involving modelling, design and
optimisation, the project has identified, optimal process conditions that lead to significant
reductions in the capture energy penalty. The project has along the way developed a significant
body of knowledge in flexible operation of PCC plants. Therefore a key outcome has been the
development of real-time routines to inform the techno-economic performance of PCC integrated
with solar-thermal systems.
Key outcomes/findings
1. A detailed literature review of commonly-used modelling and simulation tools relevant to
this project found that no attempt has been made in the literature to develop a model of all
three integrated processes as is set out in this Project. The key modeling trends in the
literature are identified, for example, Aspen Plus is dominant for modelling the PCC process
at steady state with 46% of total papers reviewed using this package. Equation-based
packages like gPROMS are found to be dominant for dynamic modelling of PCC with 33%
of the dynamic studies using it. Dynamic data-driven models are highlighted in this work as
important due to their flexibility, robustness and ease of interfacing to other data systems
including weather, electricity and carbon markets.
2. A model analysis for the Australian context shows that process design (heat integration) and
geography (climatic conditions) are important considerations when investigating the potential
for solar-assisted post-combustion carbon capture (SPCC). A critical finding is that SPCC
does not provide positive net annual benefits in any of the locations examined (Sydney,
Townsville or Melbourne) using any of the solar collector technologies without incentives or
subsidies. At higher carbon prices, the net annual benefits for certain solar fractions in
Sydney and Townsville are positive with the potential of a reduced carbon price requirement
at close to $44/tonne for breaking even if a SPCC plant is to be compared to a conventional
non-capturing coal fired plant.
3. Process integration and simulation analysis shows significant improvements of up to 13.3%
in efficiency in the highly-integrated triple process over the base case being a PCC-integrated
power plant. A deeper power plant output penalty reduction is possible (from 142 MW in the
case of a power plant with carbon capture plant, down to 38 MW for a highly integrated
power plant, carbon capture plant and solar-thermal plant) where the power plant flue gas
energy is also utilized in a highly-integrated heat exchanger network for the three plants
together.
4. For the first time, a detailed dynamic model is developed to simulate a solar-thermal plant to
repower the high pressure feed water heaters of a 660 MW power plant retrofitted with a
PCC plant capturing 90 % of the power plant carbon dioxide emissions. A versatile control
logic model is developed to enable the solar plant system to provide the thermal load dictated
by the power plant.
5. Five possible operating modes are recognised and discussed in detail to provide a clear
perspective of the solar-thermal plant operation in this integrated process situation. The
model performance under various solar resources and meteorological data in the selected
3
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location, Sydney is presented. Model-based optimisation is conducted for the month of
January and results show that solar energy input increases the profitability of the system.
However, the system is found to be more profitable and efficient when solar energy is used
for power plant repowering as compared to providing solar-thermal energy directly to the
carbon capture process for solvent regeneration.
6. A control-optimization algorithm is formulated to evaluate the potential revenue of coal-fired
power plant retrofitted with PCC in response to changes in electricity demand, carbon prices
and electricity prices. Using this algorithm, it is shown that an integrated plant (power plant
with PCC) subject to forecast 2020 electricity and carbon prices generates yearly net profit of
approximately 30% of the gross revenue. While, the same integrated plant generates revenue
loss of roughly 13% under 2011 electricity and carbon prices.
7. Coal-fired power plants can operate sustainably in the future using carbon management
systems built on model-based optimisation frameworks such as the one proposed in this work
for flexible operation of a PCC plants. This is because such framework captures financial
benefits hidden in the dynamics of weather, electricity load, electricity and carbon price
trends, and does so at high temporal resolution.
8. Future application of this optimal operation framework will require embedding such
algorithm in power plant operations and management systems and interfaced with carbon
markets under emissions trading schemes.
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1 Introduction
Global warming and climate change are great challenges facing humanity today and are
perceived to have caused much destruction of life and properties [1]. The largest driver of the
global warming is attributed to the increasing concentration of carbon dioxide in the atmosphere
[2]. In order to mitigate global warming, immediate measures need to be taken to stop the
escalation of carbon dioxide in the Earth’s atmosphere and bring the CO2 concentration levels
down to 350 parts per million (ppm) [3] from the current level of 396 ppm [4].
Power plants are the largest CO2 emission sources globally attributing to nearly 40% of the total
CO2 emissions in the atmosphere [5]. In Australia, 75% of total electricity is derived from coal
which contributes to approximately 40% of greenhouse gas emissions in the country [6]. Carbon
capture and storage (CCS) has been proposed as the ready-to-implement technological solution
for these stationary emissions sources that would help mitigate climatic change due to the rising
CO2 concentrations in the atmosphere. However, current CCS technology is an energy intensive
process and requires steam to be bled from the power plant to provide the required heat for
solvent regeneration in the capture plant. This retrofit in the case of post-combustion capture
(PCC) incurs an output penalty of 15-25% of the total power plant capacity. Various methods
have been proposed in the literature to reduce this penalty via alternative process configurations
[7-12], process optimization [13-17], advanced solvents [18-20], heat integration [21-26] and
alternative energy sources [27-31].
While advanced solvents and alternative PCC configurations have shown to reduce this
considerable energy consumption, there still lies vast scope for energy efficiency improvement
through renewable and heat energy integrations. Solar-thermal energy integration [28] can
provide supplementary heat while an effective heat integration strategy can provide further
improvement in energy efficiency. Moreover, the solar-thermal energy is available at minimal
operation cost which can save fuel and reduce CO2 emissions.
A lot of work has been done on heat integration of power plant with PCC. Khalilpour et al. [22]
demonstrated that flue gas heat integration identified through pinch analysis can significantly
reduce steam extraction from power plant required for providing heat to the reboiler in the PCC
plant. Their work showed an improvement in efficiency of 3.5 % for a 300 MW coal fired power
plant retrofitted with PCC upon heat-integration. Harkin et al. [21, 32, 33] used pinch analysis
and multi-objective optimization to reduce the energy penalty of a retrofitted carbon capture
from 38-39% to 14-16% of a brown coal-fired power plant capacity. Lucquiaud et al. [34]
investigated various steam extraction options from coal and gas power plant retrofitted with PCC
and presented the best options for given scenarios. Steam extraction from IP-LP crossover with
an auxiliary turbine for power plant with separate shaft system was found to be the best in terms
of operation and flexibility. Goto et al. [35] also reviewed the various energy efficiency and
steam extraction option for PCC in the literature and came to a similar conclusion.
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The integration of solar-thermal energy to assist PCC-retrofitted power plants is a relatively new
concept. There have been a number of studies in the literature [27-30] to demonstrate the
feasibility of this concept. In places like Australia with abundance of solar energy, this concept
can be used for either providing energy for the PCC process or for the repowering of the power
plant. The two main issues associated with solar-thermal energy use for PCC process are: 1)
huge capital requirement for solar installation and 2) solar availability. Previous studies [27, 29]
have shown that the amount of capital expenditure on solar field installation to directly provide
the energy requirement for reboiler is high. Although it leaves the steam cycle undisturbed, the
utilization of solar-thermal field becomes limited, i.e. when the PCC plant is operated in a
flexible manner and the solar-thermal energy available exceeds that required (assuming there is
little or no solar energy storage).
Solar repowering on the other hand gives opportunity to provide energy for the high pressure
side feed water heating and assist the PCC retrofitted power plant with lower capital requirement
and more utilization of the solar plant. Such installation reduces the steam extraction from the
turbines by providing the thermal load requirement of high pressure side feed water heaters and
allowing high quality steam that would otherwise be extracted to expand in the turbine circuit.
This can be beneficial in two ways: 1) Power boosting mode, therefore producing surplus power,
and 2) Fuel saving mode, operating the power plant with the same gross load but with less fuel.
[36-38].
Zhao et al. [28] presented an analysis of the effect of integrating mid-temperature solar heat for
repowering a coal-fired power plant retrofitted with a PCC unit. In their study, they found that a
solar-assisted capture design, where the reboiler heat is partially provided by the solar energy is
less efficient than solar repowering design with power boosting. Their case study showed that the
entire PCC penalty for the reboiler can be offset by solar repowering, however, the bases for
their solar field design are unclear.
Harmonious operation of the three plants (power, capture, solar) together is very critical. Excess
or deficiency of steam in the high pressure and low pressure turbines under solar repowering and
PCC retrofit scenario bounds the system to operate under completely different conditions. The
pressure change at the extraction points affects the feed water heating duties and temperature
approach. Juan et al. [36] studied the effect of solar repowering on a coal-fired power plant under
different operating modes. For a standalone power plant with solar repowering, they analyzed the
effect of solar integration on the steam cycle and found that the power boosting mode for the
highest power plant gross load operation is the best in terms of the efficiency. They found that
the solar-to-electrical efficiency is higher for power boosting mode compared to fuel saving
mode and reduces as the gross load decreases. Based on the annual DNI, they also calculated an
14
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optimal solar field size. While that work gives a good idea of the effect of solar repowering on
power plant productivity, it does not consider a PCC retrofit.
It is evident from the literature that no work is present that integrates the three plants (power,
capture, solar). This report discusses the integration of solar energy to power plant retrofitted
with capture system. It analyzes the combined effect of solar re-powering in power boosting
mode and PCC retrofit on power plant steam cycle and gross output.

1.1. Aims
The implementation of low emissions technologies such as solvent-based post-combustion CO2
capture process (PCC) to coal-fired power generation plant is of importance for the short and
long term global energy security. This project sets out to understand the technical limits around
future PCC operations considering integration of solar-thermal energy. The project addresses
related questions around feasibility, design and optimal operation via a model-based
computational approach.
This Project commenced with a concept that solar integration would help reduce the energy
penalty associated with PCC by up to 50%. In doing so, it set out to address the following
hypotheses:
 That a systematic model-based approach can lead to the synthesis of novel highly integrated
PCC processes that achieve energy penalty reductions,
 That the integration of renewable solar energy with PCC provides a synergistic and technoeconomically feasible approach to reducing the current penalty, and
 Flexible operation of the PCC process based on dynamic model development, simulation and
optimisation will establish economic feasibility for Low Emission Coal Technology (LECT).
An introduction to solvent-based PCC processes is included in this report in Appendix A along
with details of coal-fired power plants and solar-thermal plants, while an introduction to the main
theme of this project, viz. hybridisation of solar-thermal energy with carbon capture ready power
plants is given next.

1.2. An integrated solar-thermal and coal fired power plant with
PCC
The integration of a power plant, carbon capture plant and solar plant to form a superstructure
targeted at the development of the next generation of low emissions clean coal technologies is
suggested in this work. Figure 1-1 presents the schematic of the hybrid plant superstructure,
where the top third of Figure 1-1 consists of the power plant schematic, the middle third is the
carbon capture plant, while the bottom third represents the solar-thermal plant. Figure 1-2
illustrates how the three plants can nominally connect and interact with other systems. It is
15
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evident that a spectrum of processes and phenomena exists in each of the plants with
implications for modelling at the superstructure level. These include heat and mass transfer,
equilibrium, reaction kinetics (combustion, absorption, desorption) and so on. Normally, each
plant is optimally designed and operated as a separate island but the overall process will then not
perform at its ideal optimality. Ideal optimality is different to global optimality; global optimality
refers to globally optimal (numeric solution) of a given optimisation formulation, whereas ideal
optimality refers to global optimum under the best theoretical (ideal) optimisation formulation.
A model of the said superstructure is useful to get closer to ideal optimality firstly in capital
costs, reflected by the optimal design of equipment and secondly in operating costs reflected by
the identification of optimal operating conditions, and heat-integration opportunities (efficient
heat recovery from all the three plant to minimize overall hot/cold utility consumption). In terms
of dynamic operation, deep carbon emissions and economic cuts will be possible if the integrated
plant is connected to other processes and systems including the electricity and carbon markets.
Further, understanding of weather conditions and patterns is essential in the optimal flexible
operation of the superstructure.
It is therefore understood that ideal optimality at superstructure levels can be realised whereas
sub-optimal solutions are expected at individual unit and plant levels (Figure 1-3). Moreover,
steady-state design and optimisation can also lead to sub-optimality. The ideal extension is
design and operation based on dynamic modelling and real-time optimisation. Significant
economic benefits are possible by extending the modelling boundaries to include the
superstructure in dynamics, integrated with other input elements given in Figure 1-3. This
implies that if ideal optimality is to be achieved, then hybrid model superstructures are required
to represent real hybrid plant superstructures.
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Figure 1-1: A hybrid plant superstructure integrating the power plant, solar-thermal system, and
carbon capture process.
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Figure 1-2: Interaction of the proposed hybrid superstructure with the different systems including
weather dynamics, economics, and electricity and carbon market dynamics.
Superstructure level 2 (techno-economic)
Superstructure level 1 (Technical)
(e.g. Energy-Capture superstructure )
Plant Level
(e.g. Capture plant)
Unit Operation Level
(e.g. Absorber)

Molecular Level
(eg. Solvent
Design )

Optimization

Sub-optimal designs and operations

Optimal designs and operations

Figure 1-3: A representation of the different modelling envelopes. Optimisation can be carried
out at individual modelling levels leading to sub-optimal solutions. However, conducting modelbased optimisation at higher superstructure levels can lead to ideal optimality in design and
operations.
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1.3. Report outline
The structure of this report is as follows:
 Section 2 reports on an initial techno-economic benchmarking study carried out to gauge the
feasibility and potential of solar-thermal energy input to PCC processes. This study provides
an assessment of the potential cost savings of a suite of solar-thermal technologies in PCC
under various scenarios including variability in electricity prices and carbon tax. A revenue
performance criteria is used to compare the performance of a solar-assisted PCC operation
versus without solar assistance.
 Section 3 provides details of the process models (power plant, capture plant and solarthermal plant) developed for Australian conditions.
 Section 4 presents a study on energy integration and its use to analyse the three steady state
models to carry out energy network analysis.
 Section 5 focuses on the flexible operation of PCC processes integrated with power plant and
solar-thermal plant. This section presents results from simulation analyses under various
technical and economic scenarios.
 Section 6 represents a culmination optimisation study consolidating the optimisation criteria
and formulations. The optimal operation conditions are identified using the validated models.
Economic revenue improvements are discussed for various current and future scenarios.
 Conclusions and future directions are provided at the end of the report, along with reference
and Appendices.
This report is aligned with the publications available in the public domain and published as an
outcome of this project (see list in Appendix B).
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2 Solar-assisted PCC: A techno-economic modelling
analysis
There are limited studies available that investigate the integration of solar-thermal energy with
PCC. This project has a primary focus on this integration. In this section we present our efforts
towards understanding the techno-economic feasibility limits of this integration. We adopt and
revise an existing techno-economic model to test the impact of alternative subsidy schemes for
three Australian locations using a suite of solar collector technologies. Additionally this section
evaluates the case in which the heat streams in the power plant, PCC plant and solar collector
field are integrated through the use of Heat Exchanger Networks (HENs). This is conducted for a
PCC plant retrofitted to a 660MW coal-fired power plant.
For existing power plants, PCC is considered one of the most promising means of carbon
capture. However the PCC process consumes a moderate amount of energy, which is
parasitically extracted from the power plant [22]. Most of the energy required in the PCC process
is for the regeneration of the solvent that absorbs the CO2 from the exhaust gases of combustion
[22]. Thermal energy is required in order to heat the solvent and release CO2 from it, which is
then compressed and pumped into a CO2 reservoir underground, or sequestered otherwise.
Conventionally this thermal energy demand would be obtained by bleeding steam from the
power plant turbine circuit and consequently leads to a reduction of the order of 20-40 % in the
power produced [22]. The steam bled from the inlet of the low pressure turbine is at a higher
temperature (245oC) than that required for the regeneration of the absorbent (120oC) and would
otherwise be used to generate additional electricity [22]. The use of solar-thermal collectors in
providing thermal energy for regeneration of the solvent (termed SPCC) has been discussed by
Mokhtar et al. [27]. They argued that providing all of the regeneration energy from solar
collectors would be prohibitively expensive as a very large solar field and Thermal Storage (TS)
would be required for night operation. Thus they proposed that a TS of 15 Full Load Hours
(FLH) be used and an on/off switching scheme be implemented. 15 FLH of thermal storage was
found not to be financially feasible, but is required if the solar thermal field is to supply a
substantial (greater than 70%) of the total yearly thermal energy requirement of the carbon
capture plant. Therefore, in this on/off switching scheme, if the combined thermal energy from
the collectors and storage is equal to or greater than the energy required for regeneration, the
solar hot water would be used for solvent regeneration. Otherwise steam would be bled from the
turbine circuit and the thermal energy would be used to regenerate the solvent. Figure 2-1
illustrates the switching scheme.
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Figure 2-1: Case A and B switching scheme.
The work presented by Mokhtar et al. [27] described the integration of a field of Fresnel
collectors that supplied heat for the regeneration of the CO2 solvent for one location in Australia.
They further evaluated the economic feasibility of the project on the basis of a costing model and
presented the revenue of the project against the solar fraction of the collector field. The authors
considered a range of solar collector costs from $100/m2-$600/m2. Furthermore, due to the lack
of information regarding carbon prices, the authors used carbon prices ranging from $0/tonne$200/tonne. Mokhtar concluded that a carbon price of $100/tonne would be required for the
SPCC plant to be feasible as the carbon savings they assessed on a system level were in
comparison with a PCC plant rather than a conventional power plant. For this reason the amount
of carbon dioxide mitigated in their calculation was much lower than when compared to a
conventional power plant. In this section, the net carbon dioxide emissions mitigated through the
addition of the solar field with a conventional coal-fired power plant is used to calculate the net
benefits of SPCC.
In Australia, the Commonwealth government had made available some funding to assist coalfired power generators to implement CCS technology. Funding up to $30 million, was at the time
of conducting this project, available under the Emerging Renewables Program (ERP) for projects
that can demonstrate large-scale base-load renewable power generation. The Renewable Energy
Demonstration Program (REDP) provided funding for demonstration projects to encourage
renewable energy deployment including $34 million to the Kogan Creek Solar Boost project.
The Kogan Creek Solar Boost project is meant to add 44,000MWh/year of electricity generation
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to an existing coal power plant by preheating the working fluid through solar-thermal collectors.
Likewise, the addition of solar-thermal technologies at a 660 MW power plant would allow extra
electricity generation from the plant with CCS and thus the project could be eligible for funding
through the REDP.
Additionally, to provide an incentive for the use of renewable energy, the Clean Energy
Regulator (CER) of Australia has introduced a scheme whereby for every MWh of electricity
produced or displaced using renewable technologies, a Renewable Energy Certificate (REC) can
be issued to the producer [39]. The RECs are a form of currency and can be market-traded where
the value of the REC would depend on a market price. There are two types or RECs, Large-scale
Generation Certificates (LGCs) and Small-scale Technology Certificates (STCs). Current
legislation does not allow for either of these RECs to be granted to the solar assisted SPCC plant
analyzed in this project. Under the current policy for the use of solar-thermal collectors, only the
electricity generated directly from solar collectors using a steam turbine is eligible for LGCs.
Thus, even though the water heated through the solar-thermal field which enables extra
electricity generation from the power plant, it is not eligible for LGCs. Nonetheless, the effect of
granting LGCs on the economic performance of the plant is studied so that the results may
inform policy and decision making as to whether to allow LGCs to be granted for the SPCC
plants.
While Mokhtar et al. [27] used linear Fresnel collector technology for the collector field, we
expand this to include a suite of technologies including Flat Plate Collectors (FPC), Compound
Parabolic Collectors (CPC), Evacuated Tube Collectors (ETC), Linear Fresnel Collectors (LFCs)
and Parabolic Trough Collectors (PTCs). The merits of each are presented in this section. We
analyze the use of these technologies with MEA as the absorbent in the PCC retrofitted to a 660
MW coal-fired power plant.
This section presents our analysis that considers different subsidy mechanisms that could be
provided by the Australian Government for promoting renewable energy technologies. These
subsidies consist of grants, a carbon price and a power price subsidy.

2.1 Study Parameters
2.1.1 Integration of Solar field, PCC process and Power plant
Thermal based power plants have multiple streams of hot water and steam which are used in
various processes within the power plant. Khalilpour et al [22] have explored in detail a heat
exchange network (HEN) pinch analysis for a coal based power plant with a post-combustion
carbon capture (PCC) system. Using HEN optimization, they were able to demonstrate an
increase in overall power plant performance by 4.38% and reduce the cooling water consumption
by 55% through better utilization of the heat in various streams of the power plant. With the

22

3-0911-0168
addition of the solar field, a greater possibility exists for heat integration of the three subsystems,
namely the power plant, PCC system and solar field.
The proposed process integration scheme for the three plants is illustrated in Figure 2-2. A low
viscosity oil working fluid is heated in the solar collector which is consequently used to heat
water in the steam generator through a heat exchanger. A closed loop comprising a steam
generator and the reboiler exists where the water in the steam generator is heated to steam at 2
bar and 120oC. The steam that enters the reboiler at 120oC is assumed to cool down to saturated
liquid water at 120oC.

Figure 2-2: Proposed heat integration scheme of power plant, PCC plant and solar field streams.
One particular avenue for better integration is the use of hot water exiting the reboiler at
approximately 120oC for heating of the low temperature streams (at 35oC) in the power plant.
The hot water would thus be cooled down to temperatures close to 40oC and returned to the
steam generator, consequently reducing the low viscosity oil temperature returning to the solar
collectors for reheating. Consequently, any high temperature stream(s) in the power plant that
has a temperature of 126oC or above and able to supply heat to the low-temperature stream could
be diverted to the reboiler in the PCC, lowering the loss of entropy of the system. Thus, this
allows for the use of low cost solar collectors such as FPCs and ETCs for water heating.
This project does not analyze the technical details of the integration of the solar collector field,
PCC system and power plant. Rather in this integration scenario, we assume that there are no
changes to the plant efficiency as in Khalilpour et al. [22]’s HEN and we override the old HEN
solution by using one of its paired heat exchangers in the 35oC cold stream. Thus the scope of the
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integration scenario is limited to the determination of the economic viability of the power plant,
PCC system and solar collector field with/ without this scenario of heat integration.
2.1.2 Solar Collectors
The technical and economic specifications for the suite of collectors used in this study were
obtained from the literature and manufacturers and are given in Appendix C (Table C-4). The
yield of the collectors, defined as the ratio of the power delivered to the fluid to the total power
incident on the solar collector, is calculated from the above tabulated data using the Equation:
m

m

i

(2-1)

Where Tm is the mean collector temperature, Ti is the collector fluid inlet temperature, is the
collector optical efficiency, G is the usable solar irradiation and the C1 and C2 are the linear and
quadratic heat loss coefficients.

2.2 Sites in Australia
This project simulates the performance of the SPCC system for three locations in Australia. The
purpose of this analysis is to determine the most suitable area where such a project could be
implemented. The three locations chosen for this analysis are Sydney, Townsville, and
Melbourne. These areas were chosen as they cover the range of latitudes and solar resource
availability and in places where most coal-fired power plants exist in Australia. Interestingly the
areas which receive the highest solar radiation in Australia do not have any coal-fired power
stations.
The average daily Direct Normal Irradiation (DNI), Global Horizontal Irradiation (GHI) and
ambient temperature for each month for Sydney, Townsville and Melbourne are shown in
Appendix C (Figures C-1, C-2, and C-3) respectively [40]. It can be seen clearly from the graphs
that Townsville receives higher amounts of DNI and GHI than Sydney and Melbourne and also
has higher average ambient temperatures, potentially making it a better place for deployment of
the solar-thermal technologies. The higher ambient temperatures reduce the temperature gradient
between the solar collector working fluid and the atmosphere, thus decreasing the heat loss to the
surroundings and allowing more efficient performance of the collectors.

2.2.1 Economic Model
Mokhtar et al. [27] have developed an economic model for a 300MWe coal-fired power plant
with a retrofit solvent-based PCC system to compare the net economic gain of a SPCC plant over
a conventional PCC plant. The same economic model has been used in this analysis with the
addition of terms for revenue generated from RECs (second last term) and subsidy obtained in
the form of grants (last term):
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Where,
‐
is the net annual benefit of the SPCC plant over the conventional PCC plant,
‐ SF is the ratio of thermal energy provided by the solar field to the total thermal energy
required for regeneration of the absorbent,
‐
is the average annual SF,
‐
is the price of the renewable energy certificate for each MWe produced using renewable
energy,
is the amount of subsidy that the plant may be eligible for and is a function of the
‐
SF,
‐
is the electrical power generated during period t,
‐
is the electricity spot price,
is the carbon dioxide intensity of the fuel,
‐
‐ OPP is the operational power penalty of the power plant due to the steam supplied to the
PCC plant,
‐
is the ratio of carbon dioxide captured from the effluent, and
‐
is the annualized capital cost of the solar field including thermal storage.
The yield is dependent on the incident solar radiation, thermal storage, solar field area and the
total thermal energy requirement. A 660 MWe coal-fired power plant with a retrofit PCC system
is modeled and the power plant efficiency and auxiliary loads are determined by simulating and
optimizing the plant operation in Hysys 7.1 [41]. The reboiler duty is minimized due to the
optimized operation and a reboiler duty of 3.0 MJ/kg CO2 is achieved. The time interval used in
this analysis is one hour and the time-cumulative revenue generated is integrated for 7446 hours
in a year. The assumptions made in this study and operating parameters of the plant obtained
from the simulation are presented in Table 2-1.
The subscripts A and B, in Equation (2-2) denote the two comparative cases. In case A the
thermal energy required for regenerating the absorbent comes from steam bled from the steam
cycle. Case B represents the SPCC plant which uses the steam bled from the turbine circuit and
steam generated from the solar collectors by switching between them depending on whether the
solar collectors can meet the required thermal load. In both cases, the power plant operates at a
constant gross load of 660MW and the carbon capture plant captures 90% of the emissions of the
power plant. The power plant was not explicitly modelled for this study; rather, plant operating
parameters from a previous study [22] of a 300MW sub-critical coal-fired power plant were
assumed. The plant in the current study is assumed to have two 330MW units with operating
parameters given in Table 2-1 below and in Appendix C (Table C-5). The first term in equation
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2-2 determines the revenue generated by the generation of extra electricity due to the addition of
the solar field compared with the base case (power plant with PCC only). This can simply be
calculated by first calculating the thermal output of the solar field (equation 2-1) and multiplying
it by the ratio of the PCC power output reduction to the regeneration power required
(79/445=17.75%). Moreover, the solar fraction is the fraction of the thermal regeneration energy
required that is produced by the solar field. The interested reader is referred to Mokthar et al.
[27]’s work in which the economic model and solution procedure is covered in depth.
The thermal storage size used in this study is a maximum of 15 full load hours (FLH) of the
required heat, as it has been shown previously that any further increase in the storage size
increases the cost of the system exponentially [27]. The area of the solar collector field is
increased in increments (and hence solar fraction) to determine the feasibility of the project with
a range of solar fractions. For small field sizes, the storage size is set to the maximum cumulative
energy from the solar field that can be stored in any hour during the year. As the field size
grows, the maximum solar field energy reaches the 15 FLH limit and the storage size is then
capped at that point.

Parameter
Gross power plant
output
Auxiliary
consumption
PCC power output
reduction
Plant CO2 emission

Table 2-1: Plant parameters and assumptions [27].
Assumption
Parameter
Assumption
660 MWe
Capture ratio
90%
39.09 MWe

CO2 purity

99%

79 MWe

445MWth

595 tonne/h

Regeneration power
required
Capacity factor

Net electrical
efficiency

30%

Thermal storage

Maximum 15 full
load hours (FLH)

SPCC auxiliary
consumption
Net electrical
efficiency with PCC

39.0 MWe
24%

Reboiler inlet/outlet
temperature
Life time

120oC (steam)/
120oC(liquid)
25 years

Simulation time

7446 hours

Coal CO2 intensity

941 (kgCO2/MWh)

Specific reboiler duty 3.0 MJ/kg CO2

85%

Simulation resolution 1 hour
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2.3 R
Results aand Discussion
2.3.1 B
Base Case (n
no incentives)
The merits of the ddifferent sollar collectorr technologgies for diffeerent locatioons with annd without
may be seenn from the
heat integration aree shown in Figures 2-33, 2-4, and 2-5, respecctively. It m
Cs outperforrm other tecchnologies w
while with
figures tthat in the ccase of no heeat integratiion, the PTC
heat inteegration, ET
TCs outperfform other ccollector tecchnologies ffor all the loocations asseessed, and
are therrefore selected as the default colllector technnology for assessment
a
of incentivves in this
section. Moreover, the net annnual benefitts for the inntegrated pllant are connsistently hiigher than
those of the plantt without heat integrattion. Althoough, solarr resources and tempeeratures in
Townsvville are far superior to that of Sydnney, the elecctricity price in Sydneyy is on an avverage 9%
higher than
t
in Tow
wnsville and thus the diffference in tthe economic performaance for the two cities
is not much.
m
Nonettheless, Tow
wnsville is fo
found to be tthe best location, proviiding with thhe highest
net annuual benefit, albeit still nnegative.

Figure 22-3: Econom
mic assessm
ment of the ddifferent colllector technnologies for Sydney witthout heat
integraation (left) aand with heaat integration (right).
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ment of the different
d
collector technnologies forr Townsvillee without
Figure 2-4: Economic assessm
heat integgration (leftt) and with hheat integrattion (right).

ment of the ddifferent coollector technnologies forr Melbournee without
Figure 2-5: Econoomic assessm
heat integgration (leftt) and with hheat integrattion (right).
Subsidy
2.3.2 S
As it caan be seen fr
from the preevious sectioon, none of the solar coollector techhnologies arre feasible
for deplloyment at ttheir currentt prices withhout incentiives. As disscussed earliier, the SPC
CC project
may bee eligible fo
for funding through R
Renewable E
Energy Devvelopment Program (R
REDP) to
subsidizze the initiaal capital coost of the project.
p
Subbsidy valuess of $2-30 million aree tested to
investiggate the effeect on the ffeasibility of
o the projeect. The am
mount of subbsidy applieed for the
project would depeend on the solar fractioon that it iss designed for.
f A simpple linear reelationship
mall if the
was devvised to preddict the amoount of subssidy. The sccale of the pproject wouuld be too sm
solar frraction provvided was less than 00.1 and thee cost of tthe project and wouldd increase
exponenntially if thee solar fracttion would be greater tthan 0.7 [277]. Thereforre a linear inncrease in
subsidy was modeeled startingg from $2 m
million at a 0.1 solar fraction annd increasinng to $30
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million at a 0.7 solar fraction. The subsidy remains $30 million after 0.7 as this is the maximum
available fund. Figures 2-6 to 2-9 show the net annual benefits of the SPCC system with
increasing solar load fraction for the cases with (subsidy) and without (base case) subsidy in the
three locations. Note that only the power plant with heat integration using ETC scenario has been
displayed on the plots for comparison since this scenario provides the highest net annual benefits
without incentives and is most likely to be implemented.
Figures 2-6 to 2-9 show, as expected, that an increase in the solar fraction increases the net
annual benefits for the plant with subsidies as compared to the plant without subsidies for all the
locations. The lines on the graphs for the subsidy case have a less steep gradient than those in the
case without subsidy. This increases the optimum solar fraction of the plant.
2.3.3 Carbon Price
A carbon price is one of the incentives potentially available to encourage the deployment of low
emission technologies and/or renewable energy. The SPCC plant produces extra electricity with
the same carbon emissions as the conventional PCC plant and therefore may be eligible for
carbon credits on the zero-carbon incremental electricity produced. Four carbon pricing scenarios
have been explored where an average carbon tax over the 25 year life of the plant is used. The
first scenario is a conservative scenario where the carbon price in the first three years of the
emission trading scheme is fixed while for the remaining years the price is kept fixed at the
current EU ETS carbon price of $9.8/tonne. The second scenario assumes a carbon price of
$23/tonne-CO2 for the whole 25 years. For the third scenario, the carbon price is assumed to rise
by 5% each year. Table 2-2 summarizes the carbon prices assumed in the conservative scenario
for each year over the plant life of 25 years. The average prices of carbon for the first, second
and third scenarios are calculated to be $11.53/tonne, $23/tonne and $44/tonne respectively. The
carbon price for the fourth scenario is taken to be $58/tonne, which is the cost of avoidance
reported by an International Energy Agency report on the cost of post combustion carbon capture
using amines [42]. Using these carbon prices in the economic model, the net annual benefits for
the four scenarios were calculated and plotted in Figures 2-6 to 2-9.
Table 2-2: Carbon price regime for the 25 year life of the plant in Australia.
Time Period
CO2 Price ($/tonne)
Year 1
23
Year 2
24.15
Year 3
25.4
Year 4-25
9.80
Average

$11.53

Figures 2-6 to 2-9 show the effect of a carbon price on the net annual benefits of the solar
assisted plant. It is evident that the cases with carbon tax (subsidy + CC) and without carbon tax
(subsidy) have a small difference in the conservative carbon tax scenario while there is a
29

3-0911-0168
considerable difference in the other three scenarios. The last two scenarios show positive net
annual benefits for the solar assisted plant in Sydney and Townsville, where solar fractions of up
to 0.5 are feasible in Townsville. It may be observed that at a carbon price of $44/tonne and at
solar fractions close to 0.2, the net annual benefits in Sydney and Townsville are close to zero,
indicating a breakeven point.
2.3.4 Renewable Energy Certificates
The use of solar collectors to provide thermal energy for regeneration of the CO2 solvent offsets
the use of steam generated by coal burners enabling the diversion of more steam towards
electricity generation. In the introduction it was elaborated that under the current policy of RECs,
the SPCC plant would not be eligible to receive either STCs or LGCs. Nonetheless, the effects of
LGCs on the economic performance have been considered to demonstrate to what extent the
plant can be feasible with LGCs. This could serve as a guide to policy makers and provide a way
to incentivize both carbon capture and solar-thermal energy generation. It is assumed that one
LGC is issued for each megawatt hour of electricity generated above the baseline power output
of the plant by the use of solar collectors. The current (September 2012) price of LGCs in the
market is about $35 [43]. Due to the lack of any predictive model available in literature for future
prices of LGCs, it has been assumed that the LGC price would vary linearly with the carbon
price as they are both closely related carbon financial products. A sensitivity analysis comparing
the net benefits with and without RECs was performed where the net benefits of subsidies have
been carried forward from the previous subsection. The incremental increases in the net annual
benefits due to carbon tax, subsidies and LGCs have been summarized in Figures 2-6 to 2-9 for
the four carbon tax cases respectively. It is evident in Figures 2-6 to 2-9 that the addition of the
LGCs improves the net annual benefits of the project considerably. Moreover the gradient of the
line for the LGC case is less steep than that without LGC. This improves the feasibility of the
projects for higher solar fractions.
When LGCs are accounted for and the carbon price is $23/tonne or higher, Sydney and
Townsville start showing positive net annual benefits, while Melbourne only exhibits a positive
net annual benefit at the highest carbon price of $58/tonne. In the highest carbon price scenario,
Sydney and Townsville provide positive net annual benefits up till solar load fractions of 0.8 and
higher. Melbourne on the other hand only provides net annual benefits up to a solar load fraction
of 0.18. As it is evident from Figures 2-6 to 2-9, there exists an optimal SF at which the net
annual benefit is maximised. According to the results of this study, the optimal SF values for
Sydney, Townsville and Melbourne are 0. 35, 0.23 and 0.17, respectively. Melbourne only
provides positive net annual benefits after LGCs are provided. The poor economic performance
of the plant in Melbourne is due to its unfavorable solar resources.
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Figure 2-6: Effects of incremental increase of incentives on the net annual benefits of the
evacuated tube collector scenario: Carbon price =$11.53/tonne-CO2.
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Figure 2-7: Effects of incremental increase of incentives on the net annual benefits of the
evacuated tube collector scenario: Carbon price =$23/tonne-CO2.
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Figure 2-8: Effects of incremental increase of incentives on the net annual benefits of the
evacuated tube collector scenario: Carbon price =$44/tonne-CO2.
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Figure 2-9: Effects of incremental increase of incentives on the net annual benefits of the
evacuated tube collector scenario: Carbon price =$58/tonne-CO2.
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This section described a preliminary feasibility study of a SPCC process and found that under
certain conditions incentives, the solar-thermal input would lower the cost of carbon capture. The
study also showed that process design (heat integration) and geography (Climatic conditions) are
important considerations when investigating the potential for SPCC. From that first analysis it
was seen that the net annual benefits for the SPCC with heat integration is consistently higher
than the one without heat integration. Moreover, ETCs and PTCs provide the highest net annual
benefits with and without heat integration respectively. Furthermore, Sydney and Townsville
provide similar profiles for the net annual benefits where Townsville experiences slightly higher
net annual benefits than Sydney. However, it was clearly seen that this project does not provide
positive net benefits in any of the locations using any of the solar collector technologies without
providing incentives. The effect of subsidy was explored and it was found that subsidizing the
capital cost of the plant using the model proposed in this section improves the net annual benefit
of the plant, especially at high solar fractions. The subsidies alone, however, were found to be
insufficient to provide positive net annual benefits. The effect of carbon price/credits on the net
annual benefit of the plant was found to be low for the conservative carbon price scenario while
it is significant for the other three scenarios. The last three carbon price scenarios provide
positive net annual benefits for certain solar fractions in Sydney and Townsville. Currently it is
estimated that a carbon price of $58/tonne-CO2 would be required in order to make PCC plants
feasible compared to conventional non-capturing coal fired plants [42]. At this carbon price it
may be observed that the net annual benefits for the SPCC plant in Sydney and Townsville are
high. This shows the potential of a reduced carbon price requirement at close to $44/tonne for
breaking even if a SPCC plant is to be compared to a conventional non-capturing coal fired
plant.
Lastly a hypothetical situation where the plant is eligible for LGCs was considered. The effect of
LGCs on the net annual benefit of the plant was strongest out of all the incentives. Positive net
annual benefits for the plant in Sydney, Townsville and Melbourne are seen once the maximum
carbon price is assumed. At the highest carbon price, a solar load fraction greater than 0.8 is
achievable economically in Townsville. Due to its poor solar resource, Melbourne provides the
weakest economic performance of all three locations studied in this analysis.
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3 Process models (power plant, capture plant and
solar-thermal plant)
In section 2 the power plant and PCC plant operation models were imported from previous
studies, in this section detailed process models of the power plant, PCC plant and solar-thermal
field are built and simulated. This section therefore presents the foundational process modelling
developments and model analyses for the power, capture and solar-thermal plants, along with the
process model parameter inputs. The results of the impact of the PCC plant operation on PP
output are also studied and presented here under different steady state operating conditions.
Details of the dynamic model developments and analyses are found in [5].

3.1 Power plant and PCC models
3.1.1 Power plant model description
Figure 3-1 shows the simplified schematic of PP operating at full load condition. Aspen Plus is a
process simulator which gives the flexibility to model various components. The methodology for
modelling various components of the PP is discussed in Appendix D.
The power plant (Figure 3-1) in this study produces 660 MW of electricity at full load capacity
and is modelled using Aspen Plus V8 (Aspentech, USA). It is a subcritical coal fired plant with
single steam reheating. It consists of one HP, one twin IP and two twin LP turbines with 80%
isentropic efficiency1. Feed water is heated in three flash back heaters with internal drain coolers
and two train coolers on low pressure side and four flash back heaters with internal drain coolers
on high pressure side before entering the boiler. The steam cycle is traced as process flow
diagrams (PFDs) of an Australian PP at 100 to 40% load conditions and each steam extract is
simulated as a separate turbine unit. The high pressure, sub-critical steam is at 159.6 bar and
537.8 oC and the plant contains a single reheat system with steam temperature of 537.8 oC. The
coal properties used for simulation are given in Table 3-1.
The performance curves for different turbines are presented in Figures 3-2 and 3-3. Using these
curves, the turbine performances are modeled in Aspen plus. This allows the accurate calculation
of outlet conditions of steam under varying steam flows. The simulation results are presented for
four set points of power plant operation in Tables 3-2 and 3-3. The flue gas contains 13% CO2. It
can be seen that the composition of flue gas from simulations is within the range of actual plant
operation (Table 3-2). The gross efficiencies calculated from the simulation are within 1% of

1

This efficiency is calculated from operation data of an existing power plant, provided by Delta Electricity.
Moreover, although new turbines typically have isentropic efficiencies close to 90%, older turbines would have
lower efficiencies in the range of 74-86% [44]. An average value of 80% isentropic efficiency for the steam turbines
is assumed in this study.
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error for all the PP load conditions (Table 3-3). The simulation results can be subsequently used
for further analysis.
Table 3-1: Black coal composition in NSW.
Proximate analysis (%)
Moisture
7.5
Ash
21.2
VM
29.3
FC
42.1
Ultimate analysis (%)
C
84.4
H
5.30
S
0.6
N
1.8
O
7.9
Gross calorific value (MJ/kg)
24.4
Table 3-2: Flue gas composition from simulation.
Component
Composition (mol/mol) %
Plant [45]
Model
CO2
11.8 - 13.8
12.4 - 13.78
H 2O
7.5 – 8.4
5.68 - 6.02
74.3 - 75
75.7 - 76.3
N2
O2
3.4 – 6
4.92 - 5.68
318 – 370 ppm
332 - 352 ppm
SO2

Load

(%)
40
60
80
100

Table 3-3: PP efficiency and flue gas temperature.
Water
Coal
Air
Flue gas
Flue gas
PP gross efficiency
flow
flow
flow
flow
temperature
(%)
rate
kg/s
kg/s
kg/s
kg/s
T (oC)
Plant
Model
209
30
317
323
181
31.99
32.58
325
44
468
531
180
34.83
34.87
440
59
630
675
164
36.45
36.44
532
72
762
820
142
37.50
37.49
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Figure 3-1: Schematic and operation data of the modelled 660MW PP operating at 100% load [45].
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Figure 3-2: Performance curves for high and
intermediate pressure turbine extracts.
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Figure 3-3: Performance curves for low pressure
turbine extracts

Note : The data points used in the above graphs vary from 40% to 105.5% load conditions in
power plant [45].
3.1.2 Post-combustion capture plant model
The carbon capture plant is an MEA-based post-combustion process (Figure 3-4). The flue gas
from power plant after desulfurization is sent to two capture plants using 30wt% MEA solution
with 90% capture efficiency. Each capture train consists of two absorbers with inter-cooling,
handling equal load of flue gas and a stripper with split configuration (Figures 3-4 and 3-5). We
found through detailed analysis, that intercooling in the absorber and a rich split scheme for the
stripper is the optimum configuration of the various alternatives studied [8]. The temperatures of
the reboiler and condenser are 121 oC and 80 oC. Lean amine enters the absorber at 40 oC and is
inter-cooled to the same temperature in the lower part of the columns. The solvent,
monoethanolamine (MEA), and water make-up streams are assumed to be at 25 oC. Flue gas
from the power plant is cooled to 40 oC before entering the absorbers. At the stripper outlet, the
gas is cooled and compressed to 110 bar pressure in four stages of compression, before being
pumped away for storage. Both plants (power plant and PCC) are modeled in Aspen Plus v8
(Aspentech, USA) with parameters used for the PCC model given in Table 3-4.
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Figure 3-4: PCC process with split configuration.

Figure 3-5: Single compression train.
To provide energy for the reboiler, steam is extracted from LPE2 extraction point of the LP
turbine at 3.13 bar (135o C) and the condensate is sent back to deaerator. At 100% PP load, the
drop in output power due to the steam extraction is found to be 14.3% (β =0.143). Depending on
the point of extraction from the steam cycle and part load operations of PP, this factor can
change. It is, therefore, necessary to study the possible integration scenarios in detail. This will
be dealt in the next section on heat integration/pinch analysis. Few key assumptions made in the
simulations of combined system are:
 Operating points
o PP is simulated at 264, 396, 528, 660 MW gross output.
o Capture plant efficiency is varied between 60-90%.
 Capture plant operation
o L/G ratio in absorber is adjusted while keeping lean loading constant at 0.3 to
obtain the desired capture rate.
o Flue gas is equally distributed between two capture trains for PP operation above
50% part load.
o For part load operation below 50%, only one capture train is employed.
o It is assumed that the energy penalty (β for a fixed steam quality) due to steam
extraction from PP remains constant for all the scenarios.
 Auxiliaries
o Blower, compressors and pumps used in capture plant are assumed at constant
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efficiencies.
In actual plant operation, the capture rate can be varied by adjustment of solvent CO2 loading,
L/G ratio, and packing height. Other factors, such as composition of flue gas can also affect the
capture rate, however, these are beyond the scope of this study.
Table 3-4: Design and operational parameters used for PCC model.
Value

Parameter
Absorbers
Packing type
Liquid/gas feed temperature
Feed pressure (gas)
Number of stages
Inter-cooling stage
Inter-cooling temperature
Lean loading
Stripper
Packing type
Number of stages
Reboiler pressure
Condenser temperature
Split fraction (cold rich)
Regenerator pinch
Auxiliaries
Pump efficiency
Blower/Compressor efficiency
Compression train
Compression ratio
Final discharge pressure
Capture rate

MELLAPAK 250X
40oC
1.1 atm
20
18
40oC
0.3
MELLAPAK 250X
20
2 atm
30 oC
21%
10 oC
0.75
0.8
2.46
110 atm
90%

3.1.3 Sample PP + PCC modelling Results
Sample results of the sensitivity study showing variation of reboiler duty with capture efficiency
and the net power output for different conditions of PP operations with capture can be observed
in Table 3-5. The output power varies almost linearly with the capture rate for a given PP load, in
the range of carbon capture rates evaluated in this study. This relationship is used later in this
report to develop a general model which can then be related to electricity and capture market
dynamics. With the availability of more data, rigorous models can be developed for technoeconomic optimization.
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PP
load,
gross
(MW)
660

528

396

264

Table 3-5: Sensitivity study of capture scenarios.
Capture
Auxiliary
Lean
CO2
plant
Reboiler
power
amine
capture Capacity
efficiency
duty
required
flowrate
rate
factor
(%)
(MW)
(MW)
(tonnes/h) (tonne/h)
(%)
90
437.2
49.2
12212.7
515.1
100
80
379.4
44.6
10443.8
457.9
88.9
70
329.7
40.1
9070.2
400.6
77.8
60
282
35.6
7779.6
343.4
66.7
90
356.5
45.7
9853.1
426.2
82.7
80
311.9
41.4
8563.1
378.9
73.6
70
271.7
37.1
7463.1
331.5
64.4
60
232.6
32.8
6410.9
284.1
55.2
90
260.9
33.9
7157.6
316.3
61.4
80
229.8
30.7
6285.5
281.1
54.6
70
200.5
27.6
5495.5
246
47.8
60
171.9
24.4
4754.6
210.9
40.9
90
178.7
20.2
4918.1
214.2
41.6
80
156.6
18.4
4280.2
190.4
37
70
136.4
16.5
3731.0
166.6
32.3
60
116.8
14.6
3205.7
161.4
31.3

Power
loss
(MW)
111.7
98.9
96.7
87.3
86
76
76
71.2
66.1
63.6
56.2
45.8
49
40.8
36
31.3

Net
power
output
(MW)
512.0
524.8
536.4
547.7
402.3
413.0
423.0
432.9
303.0
310.6
318.0
325.3
203.7
208.7
213.5
218.1

3.2 Solar-thermal Plant (STP) Model
3.2.1 Thermal and electrical requirements
The objective for the STP is to maintain the PP original power output after retrofitting with PCC
plant. Therefore, the STP is used to compensate the penalty resulted from thermal energy
required for PCC reboiler duty as well as the power requirement for PCC auxiliary energies.
Four main configurations are studied for the integration of the STP with PPs retrofitted with PCC
(Table 3-6). In each configuration, the solar field is sized and modelled to provide the required
thermal energy and/or power.
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Table 3-6: Solar augmentation configurations of PP retrofitted with PCC.
Augmentation Option
1. STP
(power only)

2. STP
(power + thermal energy)

3. Solar repowering
(solar feed water preheating)

4. Solar repowering
(STP steam for feed water
preheater)

Remarks
STP is used to produce power in parallel to the PP.
The produced power compensates the PCC retrofitted PP penalty.
The size of the PTC solar-thermal power plant is based on the PP
output penalty (total value of PCC reboiler duty + PCC auxiliary).
STP is used to produce power and thermal energy parallel to the
PP.
The STP is sized to produce electricity equal to the PCC auxiliary
load. Also, either of HTF (oil) or the available steam in STP plant
is used to provide the reboiler duty.
Solar field (PTC field + storage) is used for PP solar repowering.
The solar oil is used for high pressure feed water preheating. The
recovered high pressure steam extracts from the turbine circuit is
expanded in the turbines and produces more power compensating
the PP power penalty from PCC auxiliary loads. The oil then
passes through the reboiler to exchange the thermal energy with
the solvent.
STP is used to produce power and thermal energy parallel to the
PP. The STP is sized to produce electricity equal to the PCC
auxiliary load. Also it should be capable of providing high quality
steam to repower high pressure feed water preheaters.

3.2.2 Design-point conditions of the STP Technology
The STP design (Figure 3-6) is based on the thermal and/or electrical load of a number of
proposed integration options (Table 3-6), technical characteristics of parabolic trough collector,
the properties of the heat transfer fluid, the size and dispatch of the thermal storage system, plant
geographical location and the meteorological data. System Advisor Modeller (SAM) and
TRNSYS (Figure 3-7) were used for solar system modelling. Table 3-7 summarizes the basic
specification of the solar-thermal plant installation proposed for repowering of the high pressure
feed water preheaters in this study.
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Figure 3-6: Schematic of solar-thermal plant
Table 3-7: Solar field design specifications.
Solar field outlet
Plant Location
Sydney NSW
temperature
Required oil flow for
Design thermal duty
235 MWth
SM=1
Therminol
Heat transfer fluid
No. of loops for SM=1
VP-1
Solar collector type
Luz-2 PTC
Solar Multiple
2
Number of loops
Design point useful DNI
950 W/m
Design point wind speed
3.3 m/s
Luz-2 aperture area (m2)
Design point ambient
Solar field aperture area
18 ˚C
temperature
(m2)
Nominal flow rate per loop
6 m/s
Thermal storage media
Number of collectors in
Hot tank operating
8 per loop
temperature
series
Cold tank operating
Solar field inlet temperature 200 ˚C
temperature
Number of full load hours of storage 8FLH

275 ˚C
1428
kg/s
238
1.8
429
235
806520
Hitec-xl
270 ˚C
192 ˚C
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3.2.3 Location and Meteorological data
The case-study location is Sydney, Australia. The hourly meteorological data is either of Typical
Meteorological Year (TMY) or Energy Plus Weather (EPW) data formats for two locations of
Mascot Airport and Sydney. The design points for the ambient temperature and wind velocity do
not have a significant effect on the solar field sizing and therefore, annual averages from both
locations were assumed in this study.. The solar field was sized assuming the maximum DNI
measured at Sydney. Based on the design value of DNI and required electricity and/or thermal
energy, the solar collector field aperture area and thermal storage are sized. Table 3-8 shows the
set values for location and meteorological data.
3.2.4 Heat Transfer Fluid (HTF) and Thermal Storage
Thermal oil is used as heat transfer fluid in the heat collection elements and headers of the solar
field. For cases where solar plant is used for electricity generation, Therminol VP-1 is used as the
HTF as it is the standard fluid used in STPs. For the cases where solar field is used for thermal
energy production, a case study is performed to choose the suitable oil to be capable of providing
the thermal energy required with less amount of flow rate.
Molten salt is used as thermal storage material. The indirect thermal storage system comprises of
two tank system. One is used to store the hot thermal storage material and the other is used to
store the cold thermal storage molten salt. A heat exchanger and a pumping network are used to
exchange heat between molten salt and heat transfer fluid (HTF) during charging and
discharging of thermal storage system. Different HTFs (Appendix C, Table C-2) can be
simulated.
Table 3-8: Location and Meteorological Data (EPW Weather File for Sydney).
Location
Sydney , Australia
Latitude

-33.95 deg

Longitude

151.18 deg

Annual direct normal
insolation
Dry bulb temperature
Wind speed
Row spacing
Stow angle
Deploy angle

1452.2 KWh/m2
17.9 oC
3.3 m/s
15 m
170 deg
10 deg
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Figure 3-7: A snapshot view of the TRNSYS model for Case 3 (solar repowering).
3.2.5 Sample STP Results using PTC technology
Parabolic trough type solar collectors are modelled in the solar field system. PTCs are the most
widely used concentrated solar collector systems and the technology is mature as well as
commercialized. A suite of PTCs (Appendix C, Table C-3) can be investigated in the model.
Sample results are given in (Appendix C, Figures C-9 and C-10). LuZ-2 PTC collectors and
thermical-VP heat transfer fluid are used in the modelling of the solar-thermal field in this
section.

3.3 Concluding remarks
Detailed models of a power plant, PCC plant and solar-thermal plant have been developed in this
section. The model of the power plant was found to perform very close to operating conditions
(gross efficiency and flue gas composition) of an actual 660MW power plant, while the PCC
plant reboiler duty was found to vary almost linearly with the carbon capture rate. Results from
the modelling of the power plant and PCC plant are subsequently used in section 5 for
developing reduced models of the power plant and PCC plant performance. Repowering of the
power plant through supplying steam sourced from an auxiliary heat source (solar-thermal plant
or gas-fired heater) to the HP feed water heaters was identified as one method of increasing the
power plant output over the base case (PP retrofitted with PCC plant). The second method, as
also described in the previous section, was identified as providing steam to the reboiler in the
PCC plant for regeneration of the solvent. The solar-thermal plant was sized and modelled based
on Sydney meteorological data. Solar-thermal energy integration with the PP and PCC plant is
investigated in the next section, while a techno-economic evaluation of the flexible operation of
the PP and PCC plant with solar-thermal plant is explored in section 5.
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4 Energy network analysis for highly-integrated PCC
process
Key improvements to the PCC process energy performance are anticipated to be achievable
through model-based energy network analysis. This section of the report describes this heat
integration approach and how it was used to bring about improved energy recovery in the said
superstructure. A pinch analysis approach was applied to three alternative integration scenarios
of the coal-fired power plant, PCC and solar-thermal plants models developed in the previous
section and the benefits quantified.

4.1 Heat-integration
Heat-integration involves heat recovery from process streams by introducing heat exchangers
that work to match hot and cold streams. The amount of maximum possible heat that can be
recovered is given by composite curves or grand composite curves [21, 22, 32].
Table 4-1 provides the stream data for PCC, power plant and solar system. Unlike conventional
processes, the utility conditions (pressure and temperature of steam) are not fixed for the pinch
analysis. While the flow rate of PCC streams remain roughly the same at a given capture rate,
integration with power plant changes steam flow rate and heating duties of steam extracts and
feed water respectively. The pressure and temperature of steam from LP turbines are highly
dependent on the flow rate. Therefore, the calculation for heat recovery and efficiency
improvement becomes an iterative process. In this case study, we have assumed that the
minimum temperature approach (ΔTmin) for all the streams except power plant feed water equals
10 oC. The hot utility used for the process is the steam from power plant at 130 oC and cold
utility is cooling water at 25 oC. The heating and cooling demands for the three plants together
are calculated iteratively using pinch analysis tool in Aspen Plus, Aspen Energy Analyzer, and
EXCEL.
To maintain the heat balance in steam cycle, it is important to recalculate the steam extraction
flow rates. Extraction of steam from one point in LP turbines affects the temperature and
pressure of the next extract according to the performance curves. Calculation of the new steam
flow rate from extraction points was done iteratively in EXCEL using IAPSW IF-97 and later
validated with Aspen Plus simulation using the same package [36]. A heat and mass balance in
the steam cycle is done according to Juan et al. [36]. It is assumed that the temperature approach
in the flash back heat exchanger and drain cooler remains unchanged (2.8 °C for flash back
heaters and 8 °C in the internal drain coolers Table 4-3 provides the new pressure and steam flow
from different extraction points in the steam cycle.
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Table 4-1: Stream data of power plant, PCC and solar-thermal plant.
Inlet T Outlet T Flow rate Cp
Enthalpy HTC
(C)
(C)
(kg/s)
(kJ/kg-C) (MW)
(kJ/h-m2-C)
Power plant
Flue Gas
141.9
40
888
1.03
128.4
28.4
HP Feed water 159.5
251.7
720
LP feed water 31.5
139.2
720
Condenser
80
30
164
1.026
42.6
28.4
PCC
Lean In
50.3
40
3562
3.461
125.7
5585
Lean Out
121
50.3
3514
3.6
900
5585
Amine
55
40
3672
3.22
197.1
5585
Intercool
Stage 1
111.6
30
150
0.95
13.42
28.4
compressor
Stage 2
112.5
30
149
0.967
12.46
28.4
compressor
Stage 3
113.7
30
149
1.020
13.12
28.4
compressor
Stage 4
114.8
30
149
1.231
31.92
28.4
compressor
Rich In
40
111
1471
3.17
900
5585
Reboiler
121
121.1
454.6
5585
stream
Solar
Hot Oil (Solar) 275
190
2.135
1260
Stream
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through an auxiliary turbine to lower its pressure to match steam quality required for reboiler
heating and the condensate from reboiler is sent back to deaerator. Nearly 40% of steam to LP
turbines is bled to provide for the reboiler duty. This, however, results in a drop in the power
plant electricity output, mainly due to the decreased flow of steam and partly due to the reduction
in turbine efficiency. Moreover, the steam from LP turbines is extracted at different points to
provide energy for low pressure feed water heaters. Due to reduction in steam flow rate, pressure
at the outlets of these extraction points decreases according to the performance curves given in
Appendix C (Figures C-6 and C-7). Low pressure corresponds to lower quality of steam for feed
water heaters. The outlet pressure of various extracts upon integration with PCC is provided in
the Table 4-3. In order to maintain the heating requirements in the plant, steam extracts from
different turbines should be optimized. The PCC penalty is governed by:
∗

(4-1)

Table 4-2: Utility targets for three case studies and PCC.
Case
Hot utility
Cold utility
(MW)
(MW)
PCC only
441
492
Case a
690
406
Case b
527
406
Case c
465
406
Where
and
are the reboiler duty and auxiliary load, respectively. is the thermal to
electricity conversion factor of the extracted steam. For the base case the value of equals
0.183. This value is calculated from simulation for a stand-alone PCC process integrated with
power plant and is in agreement with Khalilpour et al. [22]. Calculated
for the given case is
51 MW.
In this scenario, the steam quality from different extracts is high enough to preheat water to a
temperature so that the temperature in the deaerator is maintained as to the base case scenario
(176.6 C). The power requirement for auxiliaries and compression of the gas is taken from the
power plant output. Figure 4-5 shows the schematic of the integrated power plant and PCC
system.
Upon PCC integration, the power plant loses its gross power output by 21.5%. Nearly 43% of the
total steam flow through LP turbines is required to provide for the reboiler energy (2.9 GJ/ton
CO2). Due to condensate return to deaerator and pressure drop from the turbine outlets, the
temperature in the deaerator drops by nearly 4 °C. In order to maintain this temperature to the
initial value, roughly 3kg/s of extra steam needs to be extracted from IPE2 (IP turbine). This
leads to a gross output drop from 660MW to 518MW. Figures 4-1 and 4-2 show composite and
grand composite curves dictating the heating and cooling demands of standalone PCC and PCC
integrated power plant system respectively.
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Table 4-3: Results of steam extraction points and energy penalty for three scenarios.
Heat
Power
Streams/Unit block
Power
Power
plant with integration
plant
plant with
solar and with FG
PCC
and Solar
PCC
P (bar)
41.96
41.96
o
HPE
T ( C)
347
347
F (kg/s)
45.39
45.39
P (bar)
20.89
20.89
o
IPE 1
T ( C)
452
452
F (kg/s)
29.21
29.21
P (bar)
9.97
9.97
10.04
10.04
o
IPE 2
T ( C)
353
353
354
354
F (kg/s)
36.99
39.99
36.99
36.99
P (bar)
2.8
2.8
2.8
o
IP-LP E
T ( C)
222
222
222
F (kg/s)
192.4
192.4
186.5
P (bar)
5.17
5.73
3.8
3.9
o
LPE 1
T ( C)
281
253
251
252
F (kg/s)
17.18
12.5
14.3
14
P (bar)
2.85
3.15
2.1
2.1
o
LPE 2
T ( C)
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Figure 4-5: Case a. PCC integration with power plant – Base case.
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Case b. Base case incorporating solar repowering
The corresponding changes in the power plant conditions resulting from solar repowering are
analyzed in this work. Modifications are made such that a solar thermal plant supplies heat to the
HP feed water heaters and thus negates the need of steam extraction from HP and IP turbines.
This leads to an increase in steam flow in IP and LP (compared to case a) turbines, consequently
leading to higher pressure at the outlets of the turbines and thus higher power production. In this
work, the same coal firing rate as that in case a has been used. As the steam quality decreases,
the temperature attained at the low pressure side water heater is not enough to keep the deaerator
temperature from dropping. Proper operation of the plant requires that additional heat be
provided to the deaerator to ensure design temperature is met, hence this was modelled. The
most feasible option for this is to extract more steam from IP turbine to keep the deaerator
temperature constant. Therefore, the existence of these numerous factors will require a technoeconomic analysis to determine optimal design parameters. In this study, we have assumed that
the extra heat required for maintaining the conditions of the deaerator is supplied by solar field.
The temperature drop in the deaerator due to solar repowering and PCC is given in Table 4-3.
It should be noted that solar energy collected will be highly dependent on the weather conditions
and the heat transfer oil flow rate is regulated in order to maintain the required outlet temperature
of the solar field close to the design value of 275 oC. Also, as the energy availability is limited to
the day time, it further requires thermal storage to store energy for release at night. In this work,
we are assuming that the solar field can provide complete energy requirement of high pressure
feed water heaters (HP FWH) and uses auxiliary gas heating when solar energy is not available.
Figure 4-6 shows the schematic of integration scenario of solar repowered power plant and PCC
system.
When solar repowering is introduced to the system (power plant and PCC), the steam throughput
through IP turbine is increased by 14%. Normally, turbines are designed to accommodate up to
10% of extra steam flow. This leads to two options – either to re-design the turbines or to ramp
the plant down and operate at lower gross output. In this case study, we have assumed that the
turbines are designed to accommodate the extra steam flow and have an isentropic efficiency of
80%. As the heating requirement for maintaining the deaerator temperature is also met by the
solar-thermal collectors, the solar field is resized to provide 225 MWth instead of the base case of
180MWth. Consequently, the electricity output from the power plant with PCC and solar-thermal
plant increases from 518 MW to 606.5 MW; an improvement of 13.3 pt%.

53

3-0911-0168

Figure 4-6: Case b. Solar repowering with PCC retrofitted power plant.
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Case c. Highly-integrated PCC process with solar repowering
Flue gas from power plant needs to be cooled before sending to capture plant for treatment. This
energy can be used to partly provide heat for the reboiler duty and low pressure feed water
heating in the power plant. This can change the steam extraction rate for PCC reboiler and
conditions on the low pressure side turbines and feed water heaters. It should be noted that the
flue gas has low specific heat, which means that the area of the exchangers would be
considerable and the heat exchanger would require a coating which is resistant to deterioration in
acidic conditions. In this case, modifications have been made to the plant in case b to include a
heat exchanger which transfers heat from the flue gas to water used for solvent regeneration.
Figure 4-7 shows the schematic of integration scenario of flue gas with solar repowered power
plant and PCC system.
HEN design for power plant with PCC and solar-thermal plant is a retrofit problem based on the
utility targets obtained, heat exchanger network is designed using tick off criteria. Lara et al. [46]
studied the HEN design for calcium looping carbon capture process and found that out of three
HEN retrofit methods, tick-off priority criteria results in the least number of exchanger units and
lower overall network cost. The retrofit design problem goes back to back from targeting to
design stage due to steam cycle balance and is done iteratively. The results presented are the
final values of various iterations. Figure 4-8 shows the HEN retrofit design for the case c.
Similar to the analysis of case b, the coal firing rate is kept constant at the rate in case a and the
system is simulated in steady state to determine the effect of the addition of a HEN. From Figure
4-8 it can be seen that, a part of reboiler energy is provided by hot flue gas. This reduces the
steam flow to the reboiler from power plant by 6 kg/s. The majority of heat requirement on low
pressure feed water side is also derived from flue gas. In turn, the steam flow from LPE3 and
LPE4 extract points from the LP turbines becomes zero and the gross power output increases to
622 MW. It is a 2.45%pt improvement over the case b. Figure 4-9 shows the power generated at
various points in the steam cycle. The highest gross output is recorded for the case c. It should be
noted that the PCC auxiliary requirement remains unchanged in all the three scenarios and thus
the gross output power should be calculated after subtracting
of PCC. The power
production for different cases can be found in the Table 4-4.

Power
output
(MW)
Case a
Case b
Case c

Table 4-4: Power generation data for various points in the steam turbines.
PCC
Auxiliary
load
(MW)
1
2
3
4
5
6
7
8
9
178.69 96.59 86.31 47.55 28.09 27.16 26.47 11.66 67.09 -51
178.69 93.68 108.09 48.61
64
33.56 31.7 30.22
69
-51
178.69 93.68 108.09 47.61
64
34.22 32.16 30.9
84
-51

Gross
Output
(MW)
518
606.5
622
55
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Figure 4-7: Case c. Flue gas integration with solar repowered PCC retrofitted power plant.
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Figure 4-8: HEN design for Case c.
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Figure 4-9: Power generated at various extraction points from turbines as shown in Figure 4-7
for three cases.
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5 Flexible operation of PCC processes integrated with
power plant and solar-thermal plant
Reducing the cost of PCC technology to feasible levels requires not only integrated process
designs as was presented in the previous section, but also designs that minimise the operational
energy penalty while responding to relevant market, social, regulatory, political, economic and
environmental drivers. In this context, understanding flexible operation of PCC processes, as is
the focus of this section, is of critical significance. Recently, carbon constrained energy planning
as a method to meet obligatory emissions targets over time has been reported by a number of
researchers [47-52]. A number of PCC operation strategies have been proposed in the literature.
Chalmers et al. [15, 53] proposed solvent storage and by-pass options for flexible operation of
power plant retrofitted with post-combustion capture as an initial assessment of operating modes.
Cohen et al. [16] optimized the operating scenarios of carbon capture in response to electricity
price and carbon price with the options proposed by Chalmers et al. [53] and concluded that
flexible operation can result in over 10% savings over inflexible case. Wiley et al. [54] analysed
the carbon capture opportunities from a black coal fired power plant in Australia and concluded
that using mixed operation strategies like partial, part-time and variable capture strategies, it is
possible to capture up to 50% of total emissions while still meeting the grid demand. In further
work by Zhang et al. [55], they concluded that there is a potential to capture 90% CO2 using
load-shifting strategies for NSW within the total electricity capacity while still meeting the grid
electricity demand. Bui et al. [56] presented an excellent review on dynamic and flexible
operation of carbon capture processes and concluded that there is a necessity of better dynamic
PCC models along with demonstration of flexible operation strategies on pilot scale.
Additionally, Arce et al. [52] present a multilevel control and optimization strategy for flexible
operation of a solvent based carbon capture plant, aiming to minimize the operational cost of the
carbon capture plant. They demonstrated savings up to 10% in energy cost for solvent
regeneration. Moreover, Li et al. [57] have developed very useful reduced models for a power
plant retrofitted with a PCC plant using response surface methodology. These models are helpful
in time efficient optimization of a power plant and PCC plant where hundreds of scenarios have
to be simulated. Furthermore Khalilpour [50] presents a mixed integer linear programming
(MILP) optimization methodology for flexible operation scheduling of the power plant and PCC
plant which is capable of determining the optimal carbon capture rates for thirty minute intervals.
To date, the mainstream studies have focused on the dynamics and flexible operation of capture
plant integrated with power plant process, where the energy requirements of the carbon capture
plant are met by the power plant. Moreover a number of studies also explored the use of
auxiliary power sources such as natural gas and wind energy to power the carbon capture process
[58-63]. However, only handful of studies has investigated the flexible operation of renewable
energy plants with PCC-retrofitted power plants [60-62].
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To build knowledge in flexible operation of PCC processes, the current section presents a modelbased analysis of process dynamics to estimate the potential of integrating solar-thermal energy
with the power plant retrofitted with amine-based capture process. A model-based approach is
used to evaluate the capability of the repowering option to reduce the power plant output penalty
resulted from PCC retrofit and improvement to its gross output for fixed load conditions (100%
power plant load and 90% capture rate). Furthermore, a system consisting of a power plant,
flexibly operated PCC plant and solar thermal plant is optimised with the aim of maximising its
operating revenue. Since the aim of the study in this chapter is to demonstrate the merits of
flexible operation of a PCC plant, the main costs and revenues of concern are the ones relevant to
the operation of the system (PP, PCC plant and solar plant). Therefore, to avoid complex capital
cost calculations, the capital costs of system components (power plant, PCC plant and solar
plant) have not been considered in this study. As such, the study addresses the question of how
best to operate the system and not whether the system is cost efficient on an integrated process
level.
This section also focuses on the value of detailed dynamic modelling of solar subsystem of the
super structure (solar plant, power plant and PCC plant) proposed for solar repowering of PCCretrofitted power plants. The effects of solar repowering and PCC operation on the power plant
steam cycle original state and operation conditions are studied and the limitations and challenges
faced in current status of this technology is highlighted. The detailed basis for design, control
and modelling used for the dynamic model are presented followed by a discussion on the model
performance under meteorological data and its response to the load requirement from power
plant. Moreover, the current study determines the optimal hourly operation of the power plant
and PCC plant. We compare four cases of integrated plant operations and quantify the benefits of
each in operating flexibly in response to electricity market and weather dynamics in the year
2020.

5.1 Improvement to power plant output penalty
As discussed in section 4, the extraction of steam from the IP turbines leads to a decrease in the
deaerator. To maintain the state of the deaerator, an option proposed in section 4 was to increase
the flow rate of steam extracted from intermediate turbine to maintain the deaerator temperature
at its required set point. The other possibility is to supply additional heat from solar plant to the
high pressure feed water preheaters. This section focuses on developing a model and
optimisation the operation of a flexibly operated power plant and PCC plant with a solar-thermal
power facility that supplies heat to the high pressure feed water heaters in the power plant.
The schematic of the repowering concept used in this study is provided in Figure 4-6 in the
previous section. The only difference is that solar-thermal storage and an auxiliary gas heater are
added to the auxiliary heating system (previously consisting only of the solar field). Details of
the solar-thermal plant, its control schemes as well as control modes can be found in Appendix
E. The overall schematic of the model developed in TRNSYS is shown in Figure 5-1. The solar59
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thermal plant model performance was investigated to assess the resulting improvement made to
the retrofitted power plant output penalty. For this purpose, the new output rate of the base case
plant (a 660 MWe PCC-retrofitted power plant with 90 % carbon capture) was investigated in
which, the high pressure side feed water preheaters were repowered by solar-thermal plant while
the duty of reboiler was conventionally provided by low quality steam extraction line from low
pressure turbine. The auxiliary loads of the power plant and solar-thermal plant are provided by
power plant output.
The solar-thermal plant is designed to provide 100 % of load required by PCC-retrofitted power
plant for high pressure feed water preheating. For the base case operation, this includes 180
MWth energy required for high pressure feed water preheaters operation at 100 % capacity plus
55 MWth energy required to maintain the conditions of the deaerator, which is about 235 MWth.
The analysis shows that providing 100 % of this thermal load from solar-thermal plant will result
in a recovered power output which matches the 82 MWe decline to the power plant output rate
for PCC reboiler operation. In other words, the decline in power plant output will reduce to the
load required for PCC auxiliaries and solar-thermal plant parasitic electrical loads. Compared to
the solar assisted concept in which 520 MWth energy is required to be provided from solarthermal plant to recover the same amount of reboiler duty, the repowering concept would require
smaller size of solar field and thermal storage to achieve the same improvement level. Table 5-1
summarise the result of the analysis for both solar integration cases.
Table 5-1: Solar integration of PCC-retrofitted power plants- comparison of main features.
Solar repowered
PCC-retrofitted
Solar assisted PCC power plant with
power plant
PCC
Base case

660MWe power plant at 100 % capacity , 90 % capture rate

PCC reboiler duty

520 MWth (90 % capture)

Decline from PCC operation
PCC reboiler duty supply

82 MWe
LP steam - power
plant

Solar-thermal plant

PCC auxiliary systems load

52 MWe (90 % capture)

PCC auxiliary loads supply

Power plant output

HP feed water preheater
supply
Solar plant design thermal
output
Solar plant size

HP steam power plant

LP steam - power
plant

Solar-thermal
plant

na

520 MWth

235 MWth

na

Solar multiple =1
1900000 m2

Solar
multiple=1.8
806520 m2
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Power plant output penalty %
Utilization of solar plant when
PCC is not operating
Gas boosting installation
required
Disturbance to Power plant
operation
Potential for LGC incentive

20.3

7.87

7.87

na

No capacity

High capacity

na

No

Yes

High

Low

Moderate

No renewable
energy component

Very low

Very high
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Figure 5-1: Solar-thermal model schematic in TRNSYS environment.
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5.2 Operability of solar-thermal plant
The variations in solar resource and climatic conditions using the typical meteorological yearly
data (TMY) available for Sydney for the duration of one year are given in Appendix C. These are
used to analyse the solar-thermal plant dynamic operation. The thermal plant is considered to be
working on design load (a solar repowered 660 MWe power plant operating at constant 100 %
load and 90 % capture rate which requires 230 MWth of high pressure feed water preheating
duty) at all times, as the dynamic load profile of the power plant feed water preheating is not
available at this stage of the research.
The solar field inlet and outlet temperature along with the control system response to the changes
to the weather data is investigated for periods with different solar availability in December and
shown in Figures 5-2 and 5-3. December is selected as the solar energy availability is the best in
selected location (Sydney, Australia) also, the solar availability fluctuates between very high,
medium and very low intensity periods that enables to investigate the model response to each of
the solar conditions. In times of low solar insolation, heat is either sourced from the thermal
storage or through a gas-fired heater. The final signal sent from the solar field control system to
the main heat transfer oil pump(s) shows that the model is capable of tracking the changes in the
direct normal irradiation and regulates the flow rate of the heat transfer oil accordingly. The inlet
temperature of the solar field does not show very frequent changes as it is directly related to the
feed water preheater load profile and in this analysis the load is considered to remain at its design
maximum value.
The share of thermal energy production (solar or gas boosting) and thermal storage source
(thermal storage) in providing the load required for the high pressure side feed water preheater
are shown for three different periods of time in December (Figure 5-3) to illustrate how the share
of solar field, thermal storage and auxiliary gas boosting changes based on the solar availability.
As shown in periods of high amount of solar energy availability, the share of gas boosting
required providing the load requirement of feed water preheaters is very low.
For the same time period, the profiles of temperature and level for each thermal storage tanks are
presented in Figure 5-4. The changes in the temperature of hot and cold tank is duo to the
controllability of the temperature of salt at the exit of salt-oil heat exchanger and also the
difference between temperature approach of the loading and unloading operations. It shows that
the minimum volume of 5 % of salt (1888.4 m3) is maintained at all times in both tanks. When
one tank is full i.e. the hot tank is completely charged (37768.1 m3), the other storage tank will
only contain the minimum level of salt.
Finally, the parasitic loads including thermal losses from each thermal storage tank to the
environment which results in the duty of the tank heat tracing system and electrical load required
for solar plant pumping systems (the sum of solar field main and recirculation oil pumping and
salt charge and discharging pumps) are presented in Figures 5-5 and 5-6, respectively. It should
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be noted that the thermal parasitic of the plant is assumed to be provided by gas boosting and it is
normally not very significant, whereas the power requirement of the plant is quite considerable
and should be provided parasitically from power plant output.

250
210
170

250
210
170

0

24

48

72

96

120

144

168

216

218

220

222

224

226

Time (hr)

228

230

232

234

236

238

240

Time (hr)

Solar field outlet temperature including defocusing

Solar field outlet temperature including defocusing

Solar field inlet temperature

Solar field inlet temperature

Solar field outlet temperature

Solar field outlet temperature

Temperature (C)

330
290
250
210
170
192

194

196

198

200

202

204

206

208

210

212

214

216

Time (hr)
Solar field outlet temperature including defocusing
Solar field inlet temperature
Solar field outlet temperature

Figure 5-2: Temperature profiles at the inlet and outlet of the solar collector field main headers,
and collector outlet temperature after defocusing for selected days of month December.
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Figure 5-3: Daily profiles of thermal energy production: (share of each of thermal storage, solar
field and auxiliary heater), presented for maximum fixed load conditions, Sydney TMY data,
shown for selected days in December with high, medium and low solar irradiation levels.
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Figure 5-4: Weekly profiles of level and temperature in hot and cold thermal storage tanks (fixed
load conditions, 8 FLH storage capacity, Sydney TMY data, month December).
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Figure 5-5: profiles of heat loss from hot and cold storage tanks, the first week of December
(fixed load conditions, 8 FLH storage capacity, Sydney TMY data, shown for a selected week in
December).
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Figure 5-6: Total electrical parasitic load profile, including main pumps and salt charging and
discharging pumps, shown for the first week of December (fixed load conditions, 8 FLH storage
capacity, Sydney TMY data).

5.3 Methodology
Detailed power plant and PCC plant flowsheet models constructed in flowsheeting software
packages require relatively lengthy computational times which further hinder their use in
optimisation studies. In order to perform an optimization of the model superstructure comprising
the power plant, PCC plant and a solar field, a less time consuming and reasonably accurate
approach becomes useful. In this work we adopt the methodology put forth by Li and co-workers
[30], via construction of reduced models of the power plant and PCC plant and extend the
optimization study to include the use of a solar-thermal field in conjunction with a power plant
and carbon capture plant. Figure 5-7 provides an overview of this methodology as extended in
this report, which is comprised of two steps: dynamic modelling and optimisation, where the
optimisation is formulated into two separate paths, one with the objective of power boosting
while the other carries the objective of load matching. The modelling and optimisation
developments are described next.
5.3.1 Developing the model superstructure
Dynamic modelling of the power plant and PCC plant is carried through creating flowsheet
models of a 660MW power plant with two dedicated PCC trains designed to capture 90% of the
carbon dioxide emissions from the power plant. Provision for two PCC trains eases the transient
operation of the PCC plant as well as allowing for maintenance schedules which do not
completely shut down the PCC plant operation. The power plant model was validated against
real power plant data; flue gas composition of the power plant under different operational
scenarios is presented in Section 4. The PCC process is modelled with a 30wt% MEA solvent
and both power and PCC plants are simulated in Aspen Plus V8.0 (Aspentech, USA). The
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ultimate aim of the dynamic modelling is to obtain operating data over a range of power plant
and PCC plant operating conditions which could then be used to develop reduced models for
these plants. The solar-thermal plant with specifications given in Section 4 was modelled using
TRNSYS (TESS, USA). As the solar plant is dynamic in nature, it should be noted that the flow
and temperature of the hot heat transfer fluid (oil) circulating in the solar plant will be highly
dependent on the weather conditions. As the solar energy availability is limited to the day time,
thermal storage is used to store any excess heat available to be released at night.
Sensitivity analyses of power plant and PCC plant variables were performed to determine the
changes in performance (reboiler duty and PCC auxiliary load) due to changes in capture rate
and power plant load. The sensitivity analysis parameters and modelling assumptions are:





Power plant operation
- Power plant is simulated at 264, 396, 528, 660 MW gross loads.
Capture plant operation
- PCC capture rate is varied between 10-90%.
- L/G ratio and reboiler duty is adjusted from between 21-44 at a constant lean
loading of 0.3 to obtain the desired capture rate.
- Flue gas is equally distributed between two capture trains for power plant
operation above 330MW part load condition.
- For part load operation below 330MW, only one capture train is deployed.
- It is assumed that the thermal to electrical energy conversion factor γ for a given
quality of steam used in reboiler remains constant (γ = 0.183).
- Blower, compressors and pumps used in capture plant are assumed to be at
constant efficiencies.
Solar-thermal plant
- A fixed total solar collector aperture size of 0.8 km2.
- Storage capacity of 4 full load hours (FLH).2
- Parabolic collectors used as solar energy harvesting. Price of collectors assumed
as $180/m2 [64].

Figure 5-8 shows the variation of reboiler duty of a PCC plant with capture rate at various power
plant gross load conditions. Under partial load operation of PCC, the efficiency changes nonlinearly with change in capture rate. Results from the sensitivity analyses are presented in
Figures 5-9 and 5-10 as dot points for each power plant operation level. Reboiler duty and
auxiliary duty are both observed to increase with carbon capture rate for all power levels.
However, the rate of increase of the reboiler duty is seen to increase with carbon capture rate

2

A storage size of 4 FLH was chosen to provide a means for a buffer for the solar plant during patches of low solar
insolation and is not meant to provide heat for prolonged periods. This is based on the assumption that high volumes
of thermal storage is expensive and would make the solar plant less feasible, especially when there is provision of
gas boosting.
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while the rate of increase is of the auxiliary load is observed to decrease with an increase in
carbon capture rate.
PP + PCC flowsheet models
Perform N simulation case studies
Operating
variables (

)

Response Surface Modelling
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)
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Figure 5-7: Algorithm for calculating capture rate and net profits for power boosting mode (left
branch – dark bold lines) and net load matching mode (right branch – dashed lines). The plain
line arrows are common for both modes.
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gure 5-8: Vaariation of reeboiler dutyy vs capture rate at diffeerent powerr plant grosss load
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where x1 is the capture rate and x2 is the power plant load. These reduced models can be used to
simulate a single PCC train operating at different power plant loads. Figures 5-9 and 5-10
compare the observed and predicted reboiler duty and auxiliary loads using the reduced model
equations. The R2 values for the models were found to be 0.99 and 0.95 respectively, indicating a
good result for the coefficients obtained in Equations (5-3) and (5-4). Using Equations (5-3) and
(5-4), the operational power penalty for the power plant due to the addition of a PCC plant can
be calculated using Equation (5-5):

∗
(5-5)
Where is the power plant thermal to electricity conversion factor, which is dependent on the
steam extraction point in the steam cycle for the steam used in supplying heat to the reboiler. For
our case, it has been calculated as 18.3%.
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Figure 5-9: Reboiler duty: observed vs predicted plot.
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Figure 5-10: Auxiliary power: observed vs predicted plot.
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The integration of solar energy in a power plant with carbon capture is particularly useful in
locations where solar energy availability coincides well with high electricity prices. One such
location is Sydney, Australia. Figure 5-11 presents the direct normal irradiation (DNI), a measure
of solar energy availability, the wholesale electricity price and the electricity load demand of a
particular power plant close to Sydney on an hourly scale for the month of January. It is evident
that high electricity prices and loads coincide with times with high solar energy availability.
In the next step, a solar-thermal field/plant model is integrated into the modelling superstructure
using two configurations. In the case of repowering configuration, the solar field operates at a
temperature of 250°C. This higher temperature solar-thermal energy is used in the power plant
for HP-FWH and thus leads to a higher efficiency of conversion to electricity in the high
pressure steam turbines. As for the case of solar-assisted PCC, lower temperature (120°C) steam
is required to regenerate the PCC solvent, and thus the solar field is operated such that 120oC
steam is generated and this steam replaces steam that would normally be extracted from the
power plant’s low pressure steam circuit. The average thermal to electricity power conversion
efficiency for the solar repowering case was calculated to be 32.7%3. This efficiency varies with
the power plant load, but for simplicity, the average efficiency over the range of power plant
loads simulated in the sensitivity analyses has been assumed constant in this study.

3

This power conversion efficiency is calculated based on simulation results where addition of saturated steam at
250oC led to extra electricity generation. The conversion efficiency is simply calculated as the fraction of the extra
electrical power production to the rate of input thermal energy provided in the form of steam.
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Figure 5-11: DNI, Electricity and Power plant load profile for a month.
5.3.2 Formulation of the optimisation problem
After generating reduced models, the formulated optimisation algorithm was used to calculate
the operational profit of the combined superstructure comprising the power plant, PCC plant and
solar-thermal plant for any given time interval.
An objective function (Equation 5-6) is developed to describe the operational net operating
revenue at any given time:

∗

∗
&

∗

∗

∗

∗
(5-6)

Where Revenue is the net benefit of the SPCC plant over the conventional PCC plant, is the
price of electricity,
is the carbon price,
is the dollar value of renewable energy
certificates (RECs),
is the electricity generated due to solar repowering and
,
and
& are the operational cost terms associated with the power plant, PCC plant and solar field
with storage respectively. The first and last terms in Equation (5-6) are revenue generating terms,
where the first term represents the revenue generated through selling of electricity while the last
term is the revenue generated through selling of RECs gained through electricity produced/saved
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by utilizing solar-thermal energy. The second term is the cost of carbon dioxide emission. The
operating costs are elaborated through the Equations below, while the magnitudes of the cost
terms are given in Table 5-2:
&
∗
/8760
(5-7)
,

∗ 0.12

∗

∗

(5-8)

∗

∗
(5-9)

.

434.7 ∗

(5-10)

.

∗

∗

∗

∗

∗

(5-11)

Where A is the area of the solar field, C is the collector specific cost ($/m2), U is the land
utilization (assumed as 60%), L is the land cost ($/m2), S is the solar-thermal storage cost and M
is the maintenance cost. The optimization formulation is summarised as in Table 5-3.
Table 5-2 Operating and maintenance cost assumptions for the power plant, PCC plant and solarthermal field.
Variable
Assumption
Variable
Assumption
&
$50,000/MW/year [66]
$70/kW/year [67]
,
660MW
235MWth
Eq. 5-10 [50]
(Maintenance)
1%
[67]
1.5kg MEA/t-CO2
Eq. 5-11 [27]
captured
$2/kg MEA
$3/MWhe [67]
S
$22/kWh
L
$10/m2
Table 5-3: Operation modes for power plant retrofitted with PCC process.
Fixed operation mode
Flexible operation mode
Objective

Maximize revenue (t, Pe, x1 = 90%, Maximize revenue (t, Pe, x1, x2,

function:

x2, Ct) s.t.

C t)
s.t.

Process model:
Initial conditions:
Process
bounds:

variables

,

,
I

= CR ,

,
I

= PPL ,

CRMin <

< CRMax

PPLMin <

< PPLMax
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Constraints:

,

<0

Where and is the capture rate (%) and power plant load (MW Gross) and respectively. The
CRI, CRMin and CRMax are the initial, lower bound and upper bound carbon capture rates and
PPLI, PPLMin and PPLMax are the initial, minimum and maximum power plant loads. The
and
represent the reboiler heat duty and auxiliary electrical energy requirement
respectively. Moreover, h denotes the process inequality constraints which mean that the net
electricity output of the power plant does not exceed the historical net load of the power plant at
any particular time. For comprehensive optimization formulation, one can refer to [68].
Through this optimisation, Equation (5-6) is maximised subject to the reduced models and a set
of bounds and constraints. The optimisation calculates the capture rate for the given time
interval. The carbon dioxide capture rate has been constrained in this study to between 25% and
90% of power plant carbon dioxide emissions. The lower bound ensures that the carbon capture
plant does not shut down while the upper bound is kept to make sure that the plant operates at a
reasonable cost. An additional constraint is that the gross power plant load must not exceed
700MW (~6% above power plant name plate capacity).
The assumptions made for the optimization are:
1. The electricity price increases at a rate of 5% per year.
2. Renewable Energy Certificate (REC) price is $35/MWhe.
3. Carbon price is $25-$50/tonne-CO2.
This optimisation was executed using a genetic algorithm for MINLP problems within the
software MATLAB [69]. The carbon capture rate and electricity output was optimized for each
hour in chronological order, with the data for thermal storage being passed on to the next hour. A
custom population size of 1000 was used for each hour of simulation while all other parameters
and stopping conditions were set to the default value in MATLAB [70].

5.4 Optimisation scenarios
Initial conditions optimization variable bounds for minimum and maximum power plant loads
and carbon capture rates for this particular power plant and accompanying PCC plant were taken
to be:
CRMin = 10%
CR Max =90%
CR I =50%
PPLMin =250MW
PPLMax =700MW
PPLI =500MW
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A solar field was integrated with this power plant and PCC plant as described in the previous
sections and the optimisation output (hourly capture rate profile and power plant load which
maximize Revenue for the given time interval) was computed for the following four scenarios
(cases):
A.
B.
C.
D.

Power plant + PCC plant without solar plant
Power plant + Solar-assisted PCC plant
Power plant + PCC plant + Solar repowering (power boosting)
Power plant + PCC + Solar repowering with matched load (load matching)

The operational profits were maximized in the first three scenarios by varying the carbon capture
rate and gross power plant load and applying an inequality constraint such that the net electricity
output of the power plant does not exceed the historical net load of the power plant at a particular
time. This inequality constraint is applied on the premise that the historical power plant output is
the maximum demand at that time and the net power plant output must not exceed that demand.
In the last scenario, an equality constraint has been applied instead of an inequality constraint,
such that the carbon capture rate and gross power plant load are varied to meet the historical net
electricity output of the power plant. Scenario 1 is similar to the models constructed by Sharma
et al. [71] and is taken as the baseline scenario to which other scenarios are compared. The
second scenario, incorporates the solar assisted PCC configuration described in the previous
section, where the solar-thermal energy is used, when available, to regenerate the solvent in the
PCC plant while steam is extracted from the low pressure steam circuit of the power plant for
solvent regeneration in times of solar resource unavailability. The third and fourth scenario
embodies the power plant with PCC plant and solar repowering configuration. The difference
between the third and fourth scenario is only that the inequality constraint described above is
applied to the third scenario while the equality constraint is applied to the fourth scenario.
This optimization problem is essentially a trade-off between the cost of carbon emission and the
revenue generation potential from producing extra electricity, or alternatively put, the real
opportunity cost of carbon capture. However the availability of solar-thermal energy, power
plant and PCC plant operational constraints (bounds) as well as the historical net load equality
and inequality constraints each add a level of complexity to the optimization problem. The cost
of carbon emissions is dictated by the carbon price and carbon capture rate while the cost of
electricity production is determined by the coal price, gross power plant load, solar field
operational cost, REC price and solar-thermal energy availability. The wholesale electricity price
as well as the PCC reboiler duty and auxiliary power relationships with power plant gross load
and carbon capture rates, are factors which determine the opportunity cost of carbon capture.
During times with high electricity prices and relatively low electricity demand, the opportunity
cost of carbon capture becomes irrelevant as the carbon capture rates may be maintained at
maximum level while meeting the electricity demand. However, when electricity demand is
relatively high, the opportunity cost of carbon capture becomes very important and once it
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exceeds the cost of carbon emissions, a downward adjustment is made to the carbon capture rate
in order to maximize the system revenue. Additionally, the cost of electricity production is
minimized by the maximum use of solar-thermal energy when available as the operational cost
of the solar-thermal field is lower than that of fuel for the power plant.

5.5 Results and Discussion
Case A. Power plant and capture plant flexibility (base case)
The base case consists of a power plant retrofitted with a PCC plant where the carbon capture
rate and power plant gross load are flexible and are varied in order to maximize the net operating
revenue of the system for a given duration. The inputs are varied in response to a carbon price,
power plant load and electricity price to maximize revenue (Equation 5-6). Figure 5-12 shows
the capture rate and gross power plant load at each time interval which maximizes the revenue
for a carbon price of $25/tonne-CO2 and $50/tonne-CO2 and the corresponding electricity price.
During hours of relatively higher electricity prices, the capture rate is seen to drop while during
low electricity price hours, it tends to the maximum. It is evident that the optimal carbon capture
rate varies much more in the case of a lower electricity price ($25/tonne-CO2) as the opportunity
cost of carbon capture is likely to be higher than that with higher carbon prices. It can be seen
that at certain times, the capture rate is high despite high electricity price. This, as explained
above, is either due to the net load demand being met or the cost of carbon emission being higher
than the opportunity cost of carbon capture. Moreover, as expected, this case results in the lowest
cumulative operational revenue of all four cases for both carbon prices as evident from Figures
5-18 and 5-19 and Tables 5-4 and 5-5. The troughs and crests in the cumulative revenues of the
system in Figure 5-18 illustrate times of the day and days of the month in which the system is
profitable. A general observation for all cases on a daily resolution shows dips in the revenue
during the off peak power hours which occur during the night in the month of January while the
crests coincide with times of high electricity prices. Additionally, the first half of the month
shows an almost steady increase in revenue while most of the second half of the month shows
declines in revenue and finally a sudden jump in revenue is observed in the last couple of days.
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Figure 5-12: Capture rate and net electricity output for power plant and PCC plant w/o solar
input (Case A) at (a) $25/tonne-CO2 and (b) $50/tonne-CO2, while (c) shows the electricity
price over the one month time interval.
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Case B. Power plant and capture plant flexibility with solar assisted capture
Solar assisted carbon capture utilizes the thermal energy available from the sun to partially
provide energy to the reboiler. In this scenario, a solar field with storage is added to the power
plant and carbon capture plant and the solar field provides heat for the regeneration of MEA
solvent in the carbon capture plant. This heat is provided in the form of steam at 120oC and 2.8
bar to the reboiler in the carbon capture plant and consequently the steam requirement from the
power plant is partially offset. A solar field size of 0.5 km2 is used and a storage size of 4 full
load hours is implemented. The full load hour heat requirement here is assumed as 225 MWth
(roughly half of the total energy requirement of reboiler), the amount needed for the carbon
capture plant at 90% capture rate. As can be seen from Figure 5-13, the reboiler energy
requirement exceeds the thermal energy available at almost all times. This indicates that the field
is undersized and can only partially meet the load requirement of the reboiler. The capture rate
profile and net electricity output for this case is somewhat similar to that of case A, although they
are both generally higher than those in case A, due to the availability of solar-thermal energy
which fully or partially meets the reboiler heat requirement. Moreover the cumulative revenue
over the one month period for case B is considerably higher than that of case A at both carbon
prices (Figures 5-18 and 5-19). Furthermore, the overall carbon captured is higher and the
carbon emission intensity of the system is lower in case B compared to case A (Tables 5-4 and 55).
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Figu
ure 5-13: Proofile of rebooiler thermal energy reqquirement an
nd the availlable solar-thhermal
energy.
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Figure 5-14: Optimal capture rate and net electricity output for case B at carbon price of
$25/tonne-CO2 (a) and $50/tonne-CO2 (b).
Case C. Power plant and capture plant with solar repowering to increase net power output.
Solar energy can also be utilized for extra power generation via solar repowering. This scenario
uses the same solar field and storage size as in case B, but in this case, the solar field is operated
such that it generates steam at a temperature of 250°C and supplies it to the high pressure feed
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water heaters in the power plant, leading to additional electricity generated through repowering.
Figure 5-15 shows the maximum thermal energy available from the solar field while operating at
250°C and the thermal energy required for repowering. Contrary to Case B, the amount of
thermal energy available is higher than that required during peak demand hours. This shows that
the field may be just the right size or slightly oversized for repowering energy needs. It is
assumed that the high pressure side heating does not affect the low pressure side feed water
heaters. In reality, this will cause changes in the steam cycle which will affect the low pressure
side heaters and turbines (similar to PCC integration with power plant). For simplicity, the
change is assumed to be minimal. The optimized carbon capture rates for this scenario at both
carbon prices were found to be 90% at all times (Figure 5-16). This indicates that the power plant
with solar repowering is able to meet all of the electricity ‘demand’ during times of high
electricity prices at which times one could expect a drop in the carbon capture rates to allow for
maximum electricity generation. Thus it may be concluded that the solar-thermal energy
availability, electricity demand and electricity price, in the current time interval and location,
fluctuate in such a way as to allow the carbon capture plant to operate inflexibly at a carbon price
above $25/tonne-CO2. This is very desirable as this reduces the complexity of operation and
consequently the operational cost of the carbon capture plant. Moreover, the repowering process
leads to higher electricity generation and thus higher revenue too, as not only is the revenue
generation through selling of electricity maximized, but the revenue loss due to payment of
carbon price is minimized. The cumulative revenue generation of the system can be observed
through the profiles in Figures 5-18 and 5-19, respectively. It is worth noting that the magnitude
of dips in cumulative revenue observed for Case C is much lower than that observed for all other
cases at a high carbon price. Moreover, the emissions intensity of Case C is the lowest of all the
cases (Tables 5-4 and 5-5).
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Figure 5-15: Maximum repowering thermal energy requirement is compared with the available
thermal energy from the solar field.
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Figure 5-16: Optimal capture rate and net electricity output for case C at carbon price of
$25/tonne-CO2 (a) and $50/tonne-CO2 (b).
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Case D. Power plant and capture plant flexibility with solar repowering to match net
power plant output.
The cases discussed up till now indicate considerable loss in power due to the operational power
penalty of the carbon capture plant. This reduced power output must be met through operating
the power plant at a higher gross load where possible and/or decrease the carbon capture rate.
While the previous cases were constrained by applying an upper bound to the net electricity
output of the system, in this scenario, the net historical electricity output of the power plant must
be matched with that of the currently analysed power plant, PCC plant and solar-thermal system.
Although this is a somewhat extreme scenario, the purpose of this scenario is to demonstrate
what degree of flexibility would be required of the carbon capture plant in order to satisfy this
constraint.
The capture rate and power plant net power output at each time interval for this case with a
carbon price of $25/tonne-CO2 and $50/tonne-CO2 are compared in Figure 5-17. Moreover
Tables 5-4 and 5-5 summarise the cumulative net electricity output, revenue and carbon dioxide
emissions for optimal flexible operation at carbon prices of $25/tonne-CO2 and $50/tonne-CO2
respectively. This scenario (case D) produces a larger amount of electricity than cases A-C for
both carbon prices. However, the cumulative operational revenue is almost the same as that in
case C for a carbon price $25/tonne-CO2, while a considerable difference in the operational
revenue of cases C and D is observed when a $50/tonne-CO2 is applied. The lower net operating
revenue to power produced ratio for case D is due to the constraint that the load requirement
must be met at all times, even if the price of electricity is low. In the case when electricity prices
are low and demand is high, the carbon capture plant must operate at lower levels than optimum
as the combined capacity of the power plant and the solar-thermal field is not enough to meet
both the load requirement and the optimum carbon capture requirement. This leads to larger
carbon emissions and thus larger revenue loss due to carbon price.
Although there is significant variation in the carbon capture rate for this case at both carbon
prices as can be seen in Figure 5-17, it is worth noting that the constraint applied is met at all
times and the lowest observed carbon capture rate is above the lower bound of 25% 4 . This
indicates that the system may be operated at historical electricity output levels while staying
within the technically feasible range of operation of the carbon capture plant.

4

A lower bound of 25% is set so as to allow continuous operation of the carbon capture plant and to restrict the
specific operation l power penalty within reasonable limits.
86

3-0911-0168

Carbon capture rate

Net electricity output
800

80

600

60

400

40

200

20

0

100

200

300

400

500

600

Net electricity (MW)

Carbon captuure rate (%)

(a)
100

700

800

80

600

60

400

40

200

20

0

100

200

300

400

500

600

Net electricity (MW)

Carbon captuure rate (%)

(b)
100

700

Figure 5-17: Optimal capture rate and net electricity output for case D at carbon price of
$25/tonne-CO2 (top) and $50/tonne-CO2 (bottom).
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Figure 5-18: Cumulative net operating revenueof all four cases with a carbon price of $25/tonneCO2.
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Figure 5-19: Cumulative net operating revenue of all four cases with a carbon price of
$50/tonne-CO2.

Table 5-4: Cumulative net operating revenue, net power production and CO2 emissions for cases
A-D with the application of a $25/tonne-CO2 carbon price.
Case A
Case B
Case C
Case D
Cumulative power production (GWhe)
368
374.5
374.1
391
Cumulative net operating revenue (k$)
2896
3831
4776
4640
Cumulative emissions (tonne-CO2)
88476
61028
39186
75988
Carbon emission intensity (tonne- 0.24
0.16
0.10
0.19
CO2/MWh)
Table 5-5: Cumulative net operating revenues, net power production and CO2 emissions for
cases A-D with the application of a $50/tonne-CO2 carbon price.
Case A
Case B
Case C
Case D
Cumulative power production (GWhe) 352
365
374.5
391
Cumulative net operating revenue (k$) 1566
2682
3797
2731
Cumulative emissions (tonne-CO2)
41204
40558
39155
74932
Carbon emission intensity (tonne- 0.12
0.11
0.10
0.19
CO2/MWh)

5.6 Limitations and future work
When solar repowering is introduced to the system (power plant and PCC), the steam throughput
through the IP turbine is increased by 14%. Normally, turbines are designed to accommodate up
to 10% of extra steam flow. This leads to two options – either to re-design the turbines or to
ramp the plant down and operate at lower gross output. In this case study, we have assumed that
the turbines are designed to accommodate the extra steam flow and have an isentropic efficiency
of 80%.
Moreover, as the energy required for repowering the feed water heaters depends on the water
flow rate and power plant load, not all of the solar energy available can be used for the
repowering purposes. The excess either needs to be dumped or stored. Thus thermal storage
sizing is another avenue for future studies on this topic.
The current study has been performed for the month of January (mid-summer) and the results for
this case study are likely to be optimistic. Moreover, the solar-thermal energy availability would
be lower during the winter months and high electricity prices may not necessarily coincide with
solar energy availability at all times due to changes in electricity usage patterns, highlighting the
need for thermal energy storage and scheduling of its use during times of high electricity prices.
This would require more complex decision making algorithms and is beyond the scope of this
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study. Therefore, although a significant benefit in terms of increased revenue has been observed
for flexible operation of a power plant and PCC plant with solar-thermal energy addition under
summer conditions, further studies in the winter months would be required to determine the scale
of benefit achievable throughout the year and this benefit would need to be compared with the
cost of the solar-thermal system. Nonetheless, the study does point out the positive effects of
solar-thermal energy addition as a method of boosting electricity production from a power plant
with carbon capture, especially during times of high electricity prices while also reducing the
burning of additional coal to meet the electricity demand.
In this study, a fixed solar plant size is used. Solar field size and storage size optimisation is an
obvious future study area, which could provide valuable insight in to what is the ideal solar field
design for a given power plant and carbon capture plant. Moreover, further studies on effects of
repowering and carbon capture on the power plant deaerator temperature would enhance the
accuracy of the optimization results presented in this study. Lastly, this study is based on the
assumption that a carbon pricing scheme is applicable for the implementation of such a system,
which is currently not the case. However carbon policy development on a global scale could see
the resurfacing of a carbon pricing scheme in Australia in the future, when the benefits of this
scheme may be realized.
Furthermore, the results of this optimization suggest, at times, fast and steep changes in the
power plant output and carbon capture rate. In reality, the degree and rates of these fluctuations
may be limited due to operational constraints of the system. For example, the carbon capture
plant would not be able to be ramped up and down from the highest (90%) to lowest (25%) in a
30 minute interval. This is due to the adjustments that would be required in steam flow to the
reboiler and changes in solvent flow to the absorber and desorber. Even for moderate changes in
the carbon capture rate (from 90% to 60%), the actual average carbon capture rate during that
interval would be somewhere in between 90% and 60%. The same principle applies to ramping
up and down of the power plant load, in which a number of power plant parameters would need
to be adjusted to change the power output. These parameters include steam generation, flow of
water/steam in the heat exchangers and fuel usage. Although some low level constraints
regarding power plant and PCC plant operation have been taken in to account in this study,
higher level constraints would vary on a plant by plant basis and have not been included. Thus,
the flexible operation of the power plant and PCC plant, and consequently the monetary benefit
that it brings, would be limited in practical applications.
In this study, a fixed solar plant size is used. Solar field size and storage size optimisation is an
obvious future study area, which could provide valuable insight in to what is the ideal solar field
design for a given power plant and carbon capture plant.
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6 Model-based optimal operation of PCC processes
The previous section described the results of implementation of dynamic modelling for the
integrated process superstructure (the power plant, the PCC process and the solar-thermal plant).
The dynamic modelling was coupled with an optimization formulation that led to computations
of the capture rate in response to power plant load dynamics as well as to solar irradiation
fluctuations. This demonstration of ‘flexible operation’ of PCC process is of significant
importance for the short and long term global energy securities. Long-term energy security refers
to perpetual energy supply concurrent with economic enhancement and environmental
sustainability while short-term energy security emphasizes on the robust and flexible operation
of energy systems towards abrupt perturbation within the supply-demand balance [72].
Achieving this requires systematic carbon emissions control and planning in power generations
(retrofitted with PCC system) which involve implementation of optimal techno-economic
strategies and highly flexible operations.
The purpose of this section is to extend the algorithm presented in the previous section to obtain
maximum plant revenue by controlling the power plant load and CO2 capture rate. Secondly, to
ensure the robustness of PCC control strategy developed in this project under real-time
perturbation patterns from the upstream process (power plant). The work presented in this
section imposes real-time carbon prices and evaluating maximum possible revenue for one full
year. Moreover, this study merges real-time electricity prices which feature Australian energy
market trends and European Union Allowances (EUA) for CO2 emission under one case study.
To avoid confusion, herein afterward, we used carbon price to represent the EUA. The structure
of this section is as follows: the development of control-optimization framework is given next
and followed by the methodology involved in executing the algorithm, before presenting results
from case study analyses.

6.1 Development of control-optimization framework
In this work, two independent algorithms are integrated to perform a control-optimization study
of PCC retrofitted to the power plant which incorporates three levels; enterprise, plant and
instrumentation levels. The high-level algorithm consists of optimization process using genetic
algorithm (GA) function. It optimizes the model superstructure encompassing a power plant and
PCC plant. Details of the optimization framework can be found in [73] where in this work, we
choose net load matching mode as the optimization formulation. While, the bottom level
involves an advanced control algorithm of the PCC plant by hiring the Model Predictive
Controller (MPC). The PCC dynamic model at the instrumentation level was adopted from [74,
75]. The model was developed using actual pilot plant data via multivariable nonlinear
autoregressive with exogenous input (NLARX) model. While, the MPC control strategy (at the
plant level) was selected based on the controllability study conducted by [74]. The two
algorithms are then integrated to demonstrate a control-optimization framework (MPC-MINLP)
as illustrated in Figure 6-1.
91

3-0911-0168

Figure 6-1: Control-optimization algorithm (MPC-MINLP) for power plant integrated with PCC
process.
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At the enterprise level, the optimization algorithm is used to assist decision making process of
power plant retrofit with PCC process. The main objective and concern at this level is to ensure
maximum operating revenue at optimal power plant load and CO2 capture percentage. In this
study, an objective function is developed to feature the system revenue as described in Equation
(6-1).

∗
∗

∗
(6-1)

Where is the price of electricity and is the carbon price. The revenue composite consists of
three individual costs which include
as the power plant operational cost,,
as the PCC
operational cost and finally, the cost of CO2 emission (indicated in the second integration term).
While, the first integration term in the above Equation represents the revenue generated through
selling of electricity. At this level, the optimization algorithm generates two inputs and two
outputs. The inputs are power plant gross load (t) and electricity price (t), where both inputs are a
function of time t. The (t) represents the real-time data taken at every 30 minutes, while the
outputs include optimal CO2 capture rate (CCideal) and power plant load. This level exhibits
process optimization under dynamic operation in 24 hour period with 30 minute time interval.
Subsequently, at the plant level, a control algorithm is implemented in conjunction with the databased PCC dynamic model to control the PCC plant performance. Here, the control algorithm
receives a signal (CCideal) from the optimization algorithm. At the same time, MPC controller
regulates lean solvent flow rate, u3 and reboiler heat duty, u7 (act as manipulated variables) to
ensure that the plant meets the control objective by tracking the set point of CCideal. The
CCactual represents the actual output of CO2 capture based on the response from the MPC
algorithm and it is the basis for comparing with the ideal and actual revenues of integrated plant.
It should be noted that the adopted PCC model developed here does not truly model dynamic
behaviour of carbon capture processes and a minimum limit to the time interval for steady state
approximation of dynamic behaviour exists. We have used a time interval of half an hour in our
study, which provides reasonable time for the plant to come to steady state, as long as drastic and
frequent changes to carbon capture rate are not made. This does, to an extent, affect the accuracy
of the results in this study, but we feel this is reasonable, as the aim of this study is to provide
proof of concept of this algorithm. As far as operational feasibility is concerned, the MPC
algorithm ensures that the ramping up and down of PCC process takes place at a pace which is
feasible. This ‘smooths out’ many of the spikes and dips in the ideal carbon capture rate
suggested by the MINLP optimization. Another aspect to keep in mind is that the period of
evaluation used in this study contains an unusual spike in the electricity price trend which occurs
only a few of times in the year.
At the instrumentation level, a 4 x 2 PCC system is employed. The inputs consist of flue gas flow
rate (u1), CO2 concentration in flue gas (u2), lean solvent flow rate (u3), and reboiler heat duty
(u7). While the outputs are CO2 capture rate (CC) and energy performance (EP). As mentioned
before, the lean solvent flow rate (u3) and reboiler heat duty (u7) are played as the manipulated
variables while the flue gas flow rate (u1) and CO2 concentration in flue gas (u2) are constant at
500 kg/hr and 14 mass% respectively. Here, the energy performance (EP) represents the amount
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of energy required to capture a kg of CO2, which then being controlled at 4 MJ/kg. The values
for those two inputs (u1, u2) are selected based on the nominal operating conditions of actual
pilot plant. While, we set the value of energy performance at 4 MJ/kg in order to ensure the PCC
plant is operated within the optimal energy requirement. Both levels (plant and instrumentation
levels) exhibit plant wide control operation under dynamic operation with 10 seconds time
intervals.

6.2 Control-optimization scenarios and algorithm solution
implementation
6.2.1 Fixed carbon prices for 24 hour durations
Two control-optimization scenarios were first developed based on the electricity prices (year
2011 and 2020) and carbon prices ($AUD 5, 25, 50/ tonne-CO2). The scenarios represent fixed
operation mode and flexible operation mode respectively. Both scenarios were compared to
examine the capability of the developed control-optimization algorithm and the financial
advantages of both modes. Electricity prices for a 24-hour period with a highly fluctuating
pattern are selected as illustrated in Figure 6-2. The dynamic profile of electricity prices were
chosen to examine the capability and sensitivity of the developed control-optimization algorithm.
Here, electricity prices are collected from [76].
6.2.2 Variable carbon prices for annual duration
The fluctuation in electricity prices could drive decisions to operate the power station at lower
loads. This will reduce efficiencies leading to higher CO2 intensity. Therefore, two inputs
consisting of electricity and carbon prices for years 2011 and 2020 were utilized to predict
investment opportunity for PCC plant based on estimated plant revenue. Figure 6-3 shows the
profile of electricity and carbon prices for both years. For 2011, electricity prices (RRP =
regional reference price) were obtained from [76] for one whole year with data points for every
30 minutes. Whereas, for year 2020, the projected electricity prices were calculated by assuming
5% yearly increment from the base year 2008 with an identical time interval as 2011. In year
2011, negative wholesale electricity prices were observed between the months of May and June.
This fall occurred during the time where electricity prices in Queensland were higher than in
New South Wales, which caused electricity to flow counter-price (flow from higher-priced
region across interconnector into lower-priced region) into New South Wales. These counterprice flows were influenced by the disorderly bidding associated with network congestion [77].
The carbon price scheme in Australia was started on July 2012 and has been abolished from July
2014. It is expected that the Emission Reduction Fund (ERF) will supersede the carbon price
scheme However, as of February 2015, the ERF is still under public consultation and was not yet
implemented. Therefore, to provide some relevance and realism to this study, we have adapted
and extracted the carbon price trend based on EUA historical data [77]. For year 2020, the
carbon prices were calculated by assuming 5% yearly increment and 3% inflation rate induced
yearly from the base year 2008. This calculation is based on the core policy scenario proposed by
the Treasury Department, Australia [78]. Besides that, the carbon prices for 2011 were adopted
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and normalized from the EUA historical data. Here, we consider carbon prices as one of the
significant variables in the optimization study since it can influence the profitability of power
plant integrated with PCC [79].

Figure 6-2: The electricity prices (regional reference price, RRP) for 2011.

(a)
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(b)

Figure 6-3: The electricity and carbon prices for one year at every 30 minute time intervals, (a)
2011 and (b) 2020.
6.2.3 Control-Optimization algorithm solution implementation
The MPC-MINLP algorithm (depicted in Figure 6-1) was implemented in Matlab (Mathworks,
USA) and solved on a typical PC running i7 processor and 16 GB RAM for the 24 hour duration
scenarios while a parallel computational technique was devised for the annual scenarios. The
computation time required for execution of MINLP algorithm for one scenario (24 hours) was
approximately 5 hours. While, the computation time required for MPC controller is about 10
minutes. On the other hand, the computation time required for one year via parallel computations
were approximately 4 - 6 days with the computation time required for MPC controller to perform
annually is about one hour.

6.3 Result and discussion
The capability of the MINLP algorithm is demonstrated by assigning two plausible operations of
power plant retrofitted with PCC process. These two operation modes considered are fixed and
flexible operation. In a base case scenario, the fixed operation mode was performed by
implementing 90% capture rate throughout 24 hour period and one-year operation. These were
implemented by constraining the lower and upper bounds of CO2 capture rate at 90% while
maintaining the objective function (maximize plant revenue) at corresponding power plant loads.
In a second scenario, viz. the flexible operation mode, the CO2 capture rate was allowed to vary
along with the power plant load in order to maximize revenue. The operation was executed by
exploiting the electricity prices and carbon prices at a given period. Both scenarios were later
compared to examine the investment decisions of integrated plant based on resultant financial
benefits. Integration of coal-fired power plant with PCC involves three general operating modes;
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load following, base load and unit turndown [80] as illustrated in Figure 6-4. The flexibility of
output corresponds with the seasonal and diurnal fluctuations in electricity demand (electricity
prices) and also based on the prevailing environmental policy regulated by the responsible
authorities. Load following mode requires the ability to accommodate different ramp rates that
are reflected in changes in flue gas flow rate and composition [80], while baseload is the
minimum amount of energy produced (usually at constant outputs) at a low cost during all hours
of the year [81]. In contrast, unit turndown occurs due to thermal transient in boiler and turbine
component resulting in decrease of thermal efficiency at low load (high turndown) [82]. Figure
6-5 shows power plant loads generated from both optimization formulations (fixed and flexible
operation modes) for the 24 hour periods (year 2011) while further explanation can be found in
the next section.
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Figure 6--4: Three poossible geneeration modees for coal-ffired powerr plant [80].

98

3
3-0911-0168

Figurre 6-5: Poweer plant load
d generationns at respecttive carbon pprice rate fo
or a 24 hourr period.
(Contin
nuous line: Fixed modee operation ((constant CO2 capture rate,
r
CC at vvariable pow
wer plant
loads); Dashed line: Flexible mode
m
operaation (variabble in CO2 capture rate, CC and pow
wer plant
loads)).

Fixed operaation mode
6.3.1 F
During fixed operaation mode,, at corresponding elecctricity and carbon pricces, optimizzer forced
power pplant to gen
nerate moree energy at each time interval
i
com
mpared to tthe flexible operation
mode ass depicted iin Figure 6--5. For instaance, at $5//tonne-CO2 of carbon pprice, fixed operation
required
d, on an aveerage, an addditional 700 MW (from
m the loads generated vvia flexiblee mode) at
every haalf hour in order
o
for plaant to obtainn maximum net operatinng revenue.
s
thee output resp
ponses from
m the contro
oller are depicted in Fig
gure 6-6 andd appear to
In this scenario,
be identtical under tthree differeent carbon pprice rates. T
The black liine indicatees as the CC
Cideal which
was calculated from
m the econo
omic optim
mization algoorithm, whiile the red bbar is the actual
a
CO2
capturedd which reesponses froom the MP
PC controller in the PCC proceess. Since the MPC
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controller is capabble to track
k the CCideaal perfectly, there is no deviationn in ideal and
a actual
revenuees for this sppecific operaation mode.
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Figure 6-6: Contro
ol response for fixed opperation modde under thrree carbon prices
p
(($AU
UD 5, 25,
; Red barr: CCactual).
50 tonnee-CO2) (Blacck line: CCideal
i
Figure 66-7 shows thhe control-ooptimizationn annual ouutput for fixeed operationn mode for year 2011
and 20220. Based on year 2011, the optim
mization outtput suggestts power plant to operaate at unit
turndow
wn in order tto obtain maaximum plaant revenue. To improvee the visibillity, we mag
gnified the
trend off power plaant load (20011) under the prevailling electriccity prices at selected period in
Januaryy as illustraated in Figgure 6-8. IIt can be seen that, unit turndoowns are ffrequently
implemeented during the periodd of low eleectricity pricces (low dem
mand). Whiilst, at the ssame time,
load folllowing mo
ode is operrated througghout the year
y
to balaance the ov
verall annuual energy
productiion and connsumption. Contrarily, for year 20020, the opttimizer prop
posed poweer plant to
operate at irregularr alternationn of generatiion modes w
with chaoticc dynamics ((an abrupt cchange) of
unit turnndown and lload following (not illuustrated heree) in order too attain maxximum plannt revenue.
Apparenntly, in bothh years, periiodic plant shutdowns
s
ffor maintenaance executiion were prooposed by
the optiimizer to im
mitate/matchh with the aactual operaation of coall-fired poweer plant bassed on the
gross lo
oads inputtedd to the algoorithm.
At the ccontrol leveel, the outpput responsees from thee controller (lean solveent flow ratte, u3 and
reboilerr heat duty, u7) appear tto be identical for yearrs 2011 and 2020. The benefit of eemploying
MPC algorithm in tterms of achhieving ideaal revenue iss explained in the next ssection.
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Figure 6-7: Controol-optimizattion responsses from fixed operation
n mode for yyear 2011 aand 2020.

Figure 6-8: Unit tuurndown operation of ppower plant for year 20111 at selecteed period in
n January.
6.3.2 C
Control-opttimization aanalysis forr year 2011
Figure 6-9
6 shows that the conntrol-optimiization perfformance aiims to geneerate maxim
mum plant
revenuee for a givenn duration (2
24 hour scennario). Figurre 6-9 (a-i, b-i,
b c-i) illustrate the poower plant
load gen
nerated from
m the optim
mization algoorithm in coonjunction with the opptimal CO2 capture in
Figure 66-9 (a-ii, b-iii, c-ii).
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(a-i)

(b-i)

(c-i)

(a-ii)

(b-ii)

(c-ii)

(a-iii)

(b-iii)

(c-iii))

(a-iv)

(b-iv)

(b-iv))

p
at caarbon price ((a) $5/tonnee-CO2
Figure 6-9: A technno-economicc analysis foor year 20111 (24 hour period)
(b) $25//tonne-CO2 and (c) $500/tonne-CO2 (Black linee: CCideal; Red bar: CCactual
).
a
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It can be seen, at the highest carbon price ($50/tonne-CO2), optimizer proposed CO2 to be
captured at almost maximum plant capacity, 90% and opposite performance occurred at low
carbon price. Where, PCC plant operated at minimum capacity between 20% - 30%. Moreover,
during high-peak demand where high electricity prices were induced induced ($2500 – 4000/
MWhe), the capture rate was observed to decrease and at low electricity prices ($100 – 200/
MWhe), the capture rate appeared to increase as illustrated in Figure 6-9 (b-ii) and (c-ii)
respectively. These behaviours are comparable to the study conducted by [73, 83]. It is evident
that there are trade-offs between the power plant load demand and CO2 capture rate in order to
obtain maximum plant revenue.
It can be seen in Figure 6-9 (b-ii) and (c-ii), there is a slight deviation at the time when the PCC
plant launched a transitory increment (hours 4 - 8). This is explained by the fact that in the PCC
process, the reaction of CO2 absorption in amine solvent is fast, but not instantaneous [84] and
therefore it affects the performance of CCactual to track the CCideal consistently.
Besides that, two spikes have been spotted in the ideal CO2 capture rate (CCideal) at 13 hours and
14 hours (Figure 6-9 b (ii)). The spike at both times is due to the abrupt reduction of electricity
prices (refer Figure 6-2). Conversely, a sudden drop in the ideal carbon capture rate is observed
in Figure 6-9 c (ii) at 10 hours, which can be attributed to sudden jump in electricity price at that
time. It can be observed, based on these two circumstances, the optimization algorithm is
sensitive to rapid and high magnitude changes in electricity prices.
The annual optimisation outputs are given in Figure 6-10. Figure 6-10 (a-b) illustrate the power
plant load and ideal CO2 capture percentage (CCideal) generated by running the MINLP at the
corresponding electricity and carbon prices for the full year. Whereas, Figure 6-10 (b-d) displays
the actual CO2 capture percentage (CCactual), lean solvent flow rate (u3) and reboiler heat duty (u7)
trends produced from the action of MPC algorithm.
As can be observed in Figure 6-10 (a), the power plant operated in load following mode for a
high proportion throughout the year. This reflects that during load following operation, power
plant combined with PCC generated low cost generation corresponding to its prevailing
electricity and carbon prices. The power plant unit turndown mode is implemented as per the real
power plant operation as shown in Figure 6-10 (a). Short-term maintenance (shutdown) plans
were observed in the months of May, June, July and December. This decision is due to the low
electricity prices observed duringthose four months (Figure 6-3). This meant that the extended
shutdown periods (March and September) imparted influence on the optimizer output as the
optimiser algorithm attemted to match the actual power plant loads as per constraint equation in
Table 5-3.With such a high occurrence of the mixed operation modes, it is evident that in the
future, uninterrupted operation of coal-fired power plant in baseload will not be feasible and will
virtually disappear from the market [17].
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(a)

(b)

(c)

(d)
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Figure 6-10: Yearrly control-ooptimizationn response fr
from flexiblee operation mode for yeear 2011.

6.3.3 C
Control-opttimization aanalysis forr year 2020
Baseloaad operationn mode sugggested a hiigh proportion of the time for opperation of coal-fired
power pplant retrofiitted with PCC
P
for yeaar 2020 as iillustrated iin Figure 6--11. Where,, baseload
operatioon was runn between m
month of JJanuary andd March. A
Additionally, the poweer plant is
operatedd in recurrennt maximum
m load with
h intermittennt narrow unnit turndown
n and load following.
f
This ressult is partiicularly releevant to poower plant operation ssince energyy systems ddo not all
operate in the sam
me way [85]. Moreoverr, these mixxed operatioon modes of power plaant in line
with schheduled shuutdowns aree actually asssisting to rreduce the ru
running costt of both po
ower plant
and PCC
C.
At the pplant level, for both yeears (2011 and
a 2020), the MPC ccontroller haas shown saatisfactory
control performancce in trackin
ng the ideal CO2 capturre rate (CCideal). It cann be observeed that the
were compennsating each
h other in ressponses to
lean solvvent flow raate, u3 and rreboiler heatt duty, u7 w
set poin
nt change oof CO2 captture rate. T
The responses show th
hat the lean solvent floow rate is
relativelly more sennsitive comppared to thee reboiler heeat duty in its reaction
n to the flucctuation of
CO2 cappture set ppoint (CCideeal). In otheer words, leean solventt flow rate gives a faster/ahead
responsee than the rreboiler heatt duty. This performancce showed that
t
the MP
PC was able to reduce
reboilerr heat duty (economic wise) whille achieving
g capture sset point whhich characcterize the
flexibiliity of the PC
CC process. It can also be observed
d that the reeboiler heat duty decreaased when
maximuum power pllant load waas imposed. This condittion elucidaates that lesss steam is prrovided to
the strippper columnn of PCC pplant due to
o more steam
m use in thhe power pllant to geneerate more
electriciity. This invverse correlaation betweeen the pow
wer plant loaad and reboiiler heat dutty (steam)
has been
n deeply expplained by [75] in theirr study. Thee benefit of employing MPC schem
me and the
agility pperformancee in terms off plant reven
nue is explaained in the next sub-seection.
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(d)

Figure 6-11: Yearly control-optimization response from flexible operation mode for year 2020.

6.4 Financial benefits
Normalised ideal and actual total revenues for 24 hour period are illustrated in Figure 6-12.
Normalising was carried out via a ratio of revenue in the range 0 to 1, by dividing revenue of
each scenario by the maximum revenue among all the scenarios (fixed and flexible operation
model). Here, ‘1’ illustrates the highest/maximum cost incurred while ‘0’ indicates
minimum/lowest cost incurred. The key reason of this 0 to 1 scale is to provide reference to the
investor/plant manager on the potential plant revenue possible when installation of PCC system
is taken into consideration. Due to the extensive demand in the implementation of large-scale
PCC plants (in the present and future), this scalable plant (power plant integrated with PCC
system) revenue can provide a quick and practical guideline/reference to the investor/plant
manager. The right hand side of Equation (6-1) was segregated into four individual terms as
given in Equation (6-2).
(6-2)
Where A represents the plant profit generated through selling of electricity, B is cost of
CO2 emission (carbon price paid), C and D are the power plant and PCC operational costs
respectively.
As expected, revenue generated from fixed operation mode is much lower compared to that in
flexible operation with an average difference of 6% for three different rates of carbon price. This
outcome occurs because, during fixed operation mode, when maximum capture rate is required,
the PCC plant is forced to increase its operational capacity, affecting the power plant operation.
To clarify this result, we illustrate the revenue breakdown for both operation modes ($ 25/tonne
CO2) in Figure 6-13. It can be seen that a huge cost is imposed on the system due to power plant
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and PCC
C operating
g costs (C annd D), resullting in reduuction of reevenue for ffixed operation mode.
Moreov
ver, this typpe of operaation mode (fixed moode) can bee an operattional burdeen on the
integrateed plant, annd thus redu
uce plant perrformance inn the long tterm. It is aanticipated tthat only a
small to
otal cost off CO2 emisssion (B) needs to be ppaid for fixeed operationn mode com
mpared to
flexible one under yyear 2011.
On the other handd, for flexiible operatiion mode, under threee carbon pprice rates, the plant
generatees surplus rrevenues off 6% compaared to the optimal revvenue undeer the fixed operation
mode (F
Figure 6-122). This surp
plus generattion is influuenced by a small decrrement in acctual PCC
operatinng cost, as illlustrated in
n Figure 6-133 (for case aat carbon prrice of 25/toonne CO2).

Figure 6-12: Compparison betw
ween ideal/aactual revennue for fixedd operation mode, ideall revenue
for flexible operaation mode and actual revenue
r
for flexible opeeration.
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Figure 6-13: Breakdown of plant revenue for flexible and fixed operation modes for scenario
under carbon price of $25/tonne CO2 mode (A: plant profit generated through selling of
electricity, B: cost of CO2 emission (carbon price paid), C: power plant operational costs and D:
PCC operational costs).
For the year profiles, and based on year 2011 (Figure 6-14), fixed operation mode incurred
operation costs approximately 18 % higher than the operation costs under flexible operation
(actual) mode. Whereas, in year 2020 (Figure 6-15), flexible operation (actual) mode attained 14
% higher net system revenue compared to fixed operation mode. The aforementioned results
illustrate that the application of flexible operation mode enhances plant revenue and provides
significant cost saving. This corroborates with the study conducted by [83].
In the flexible operation mode, the system subject to 2020 electricity and carbon prices generated
annual net system revenue of approximately 12% of the gross revenue. On the other hand, the
system with 2011 electricity and carbon prices incurred a net operating revenue loss roughly
13% of the gross revenue. This negative net system revenue occurred possibly because of the
lower bound set for the power plant output (0 MW) and CO2 capture rate (25%). For instance,
during times of very low electricity prices (possibly even negative), the cost of operation of the
power plant and PCC plant would exceed the revenue generated from selling the electricity
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generated. The individual cost for net system revenue for year 2011 and 2020 under fixed and
flexible operation modes are tabulated in Table 6-1.
The performance of MPC controller was evaluated based on the deviation in ideal and actual
revenues (controller error). According to the calculated revenue (Figures 6-14 and 6-15), MPC
algorithm exhibited superior control performance by minimizing the controller error to an
average of 4%. From the results of this study, it can be concluded that, from an operational
perspective, it would be beneficial to invest in this optimization framework and its control
systems which could allow for a PCC plant retrofitted to a coal-fired power plant to operate
flexibly in the year 2020. Caution must be taken in making investment decisions on investing in
control systems to ensure that the cost does not exceed any potential benefits of flexible
operation. Contrariwise, under 2011 electricity prices, the operation costs of PCC plant
retrofitted to a coal power plant exceed the gross revenue of the power system.

Table 6-1: Net system revenue and its individual costs for year 2011 and 2020 subject to fixed
and flexible operation modes.
2011

2020

Fixed

Flexible

Fixed

Flexible

operation

operation

operation

operation

mode

mode (actual)

mode

mode (actual)

(Millions

(Millions

(Millions

(Millions

$/year)

$/year)

$/year)

$/year)

Net system revenue

-31

-18

48

56

Gross revenue generated

162

145

436

461

Cost of CO2 emission

3

18

18

49

Power plant operational

70

66

156

164

120

78

214

191

through selling of
electricity

cost
PCC operational cost
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Figure 6-14: Revenue breakdown for power plant retrofitted with PCC for year 2011.

Figure 6-15: Revenue breakdown for power plant retrofitted with PCC for year 2020.
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7 Conclusions and future directions
This section provides conclusions from this project and is structured to reflect the conclusions of
each of the above sections separately. Future direction are given at the end.

7.1 Conclusions
We reviewed the available commonly-used modelling and simulation tools (MST) in the context
of modelling solar-assisted solvent-based PCC integrated with coal-fired power plants. The key
features of the three processes were presented before describing and discussing modelling
principles, model types, modelling practices and the types and features of available modelling
tools. This was followed by specific reviews on trends in modelling and simulation for each plant
and for integrated plant superstructure. Finally, strategies for hybrid model development and
simulation for integrated processes were given.
The following are key findings:
 It was evident that no attempt was made in the literature to develop a robust model of all
three processes in either a single package or in a hybrid model structure, and for either steady
state or dynamic modes; however, integrated plant design and hybrid modelling of two
processes (mainly power plant and capture plant) has been extensively done.
 No single modelling package currently caters for all modelling requirements (Process,
design, steady state and dynamics analysis, heat integration and optimization) of the three
plants.
 Modular packages namely Aspen Plus were found to be dominant for modelling the PCC
process at steady state with 46% of total papers reviewed using this package. Equation-based
packages like gPROMS were found to be dominant for dynamic modelling of PCC with 33%
of the dynamic studies using it.
Finally, a number of hybrid modelling options are proposed for both steady state and dynamic
modelling of the three-plant superstructure. Dynamic data-driven models are highlighted as
important due to their flexibility, robustness and ease of interfacing to other data systems
including weather, electricity and carbon markets.
Section 2 showed that process design (heat integration) and geography (Climatic conditions) are
important considerations when investigating the potential for solar-assisted post-combustion
carbon capture (SPCC). In SPCC, solar-thermal energy harvested form solar collectors, is used to
fully or partially meet the regeneration thermal energy required in the reboiler of the carbon
capture plant. From the first analysis it was seen that the net annual benefits for SPCC with heat
integration was consistently higher than the one without heat integration. Moreover evacuated
tube collectors and parabolic trough collectors provided the highest net annual benefits with and
without heat integration respectively. Furthermore, Sydney and Townsville provided similar
profiles for the net annual benefits although Townsville experiences slightly higher net annual
benefits than Sydney. However it can be seen clearly from Figures 2-3 to 2-5 that SPCC does not
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provide positive net benefits in any of the locations using any of the solar collector technologies
without providing incentives. The effect of subsidy was explored and it was found that
subsidizing the capital cost of the plant using the model proposed improved the net annual
benefit of the plant, especially at high solar fractions. The subsidies alone, however, were not
enough to provide positive net annual benefits.
The effect of carbon price/credits on the net annual benefit of the plant was found to be low for
the conservative carbon price scenario ($11.53/tonne) while it was significant for the other three
scenarios ($23/tonne, $44/tonne and $56/tonne). The last three carbon price scenarios provided
positive net annual benefits for certain solar fractions in Sydney and Townsville. Currently it is
estimated that a carbon price of $58/tonne-CO2 would be required in order to make PCC plants
feasible compared to conventional non-capturing coal fired plants [42]. At this carbon price it
may be observed that the net annual benefits for the SPCC plant in Sydney and Townsville are
high. This showed the potential of a reduced carbon price requirement at close to $44/tonne for
breaking even if a SPCC plant is to be compared to a conventional non-capturing coal fired
plant.
Lastly a hypothetical situation where the plant is eligible for large-scale generation certificates
(LGCs) was considered. The effect of LGCs on the net annual benefit of the plant was strongest
out of all the incentives. Positive net annual benefits for the plant in Sydney, Townsville and
Melbourne were observed once the maximum carbon price was assumed. At the highest carbon
price, a solar load fraction greater than 0.8 is achievable economically in Townsville. Due to its
poor solar resource, Melbourne provided the weakest economic performance of all three
locations studied in this analysis.
Section 3 presented power plant, PCC and solar plant models simulated under various load
conditions. Power plant was modelled based on data and PFDs provided by the partner power
company while PCC plant model was developed in a detailed study in which numerous PCC
configurations were considered and simulated. The sensitivity analysis studied the impact of
changing power plant load on PCC performance. Pseudo-dynamic models were proposed for
used for optimization under dynamic operation of the three plants working together.
Section 4 presented a process integration study in which we evaluated a system to reduce the
carbon capture penalty by providing energy input using solar-thermal repowering. A highlyintegrated PCC process (Case b) was developed merging together the three processes, the power
plant, PCC and solar-thermal plants. Detailed simulation studies revealed significant
improvements of up to 13.3% in efficiency in the highly-integrated triple process over the base
case being a PCC-integrated power plant (Case a). However, the effect of integration of solarthermal plant and PCC also increased the heating requirement at high pressure side feed water
heaters. Deeper power plant output penalty reductions (from 142 MW in the case of a power
plant with carbon capture plant, down to 38 MW for a highly integrated power plant, carbon
capture plant and solar-thermal plant) were identified in a simulation case (Case c) where the
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power plant flue gas energy is also utilized in a highly-integrated heat exchanger network for the
three plants together.
Section 5 showed how solar-thermal energy can be effectively utilized with PCC-retrofitted
power plants. It was found to reduce the power plant output penalty imposed by PCC reboiler
operation and auxiliary loads, enabling the continuation of power generation by fossil fuelled
power plant while reducing its carbon emissions. Two major trends of such solar augmentation
are solar assisted PCC and solar repowering of PCC retrofitted power plant high pressure side
feed water preheaters. Compared to SPCC technology, solar repowering increases the
engagement of solar-thermal installation in power production even in cases where PCC is not in
operation. The solar repowering option will result is similar improvement, i.e. reduction in power
plant output penalty with remarkably smaller solar installation size. The idea is very new and the
existing literature in the field does not provide a clear basis and modelling approach to
dynamically analyse and model such solar-thermally integrated system of plants.
For the first time, a detailed dynamic model was developed to simulate a solar-thermal plant to
repower the high pressure feed water heaters of a 660 MW power plant – retrofitted with a PCC
plant capturing 90 % of the power plant carbon dioxide emissions. The model was designed to
provide the load requirement of power plant solar feed water preheaters on demand while
thermal energy storage and auxiliary heating systems were provided to moderate the effects of
frequent changes to the steam flow of turbine cycle and external disturbances such as
meteorological conditions and markets. A detailed basis for design and modelling of each
component in the dynamic model is provided in sections 3 and 4. The model exploited existing
modules of solar-thermal plant equipment in TRNSYS simulation software and utilized the
linkage utility provided in TRNSYS to interact and connect those modules (types) to the
specifically developed components modelled in Microsoft Excel. A versatile control logic model
was developed to enable the solar plant system to provide the thermal load dictated by the power
plant. Five possible operating modes were recognised and discussed in detail to provide a clear
perspective of the solar-thermal plant operation in this integrated situation.
The model performance showed the capability of the dynamic model to track the disturbances
imposed by climatic conditions and to regulate the operation modes of the plant accordingly. The
challenges and limitation faced in analysing the model performance were mainly due to the lack
of availability of a dynamic profile of the thermal load requirement for high pressure side feed
water preheaters of the power plant. Therefore, the size proposed for the solar installation
comprising of SM=1.8 and 8 FLH of thermal storage could be further optimised to minimise the
share of fossil natural gas auxiliary heating and at the same time minimise in the load used for
power requirement of the solar plant. The model performance under various solar resources and
meteorological data in the selected location, Sydney was presented.
This section also presented the construction of reduced models of the power plant and carbon
capture plant in a bid to simulate and study flexible operation. Following that, four scenarios
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were constructed for comparison. The first scenario was the base case (power plant and carbon
capture plant only), while the other three scenarios incorporated a solar-thermal plant providing
thermal energy directly to the carbon capture process (case B) or to the high pressure feed
heaters in the power plant (cases C and D) for repowering. In the first three scenarios, the carbon
capture rate and gross power plant load were varied, subject to an inequality constraint whereby
an upper bound was applied to the net electricity output of the system and while maximizing the
system profit. In the fourth scenario, an alternative equality constraint was applied whereby the
net electricity output of the system was matched with the historical electricity output of the
power plant, while varying the carbon capture rate and gross power plant load to maximize the
system profits. The system was optimized for operation in the month of January. It was found
that solar energy input (cases B-D) increased the profitability of the system. However, the system
was more profitable and efficient when solar energy was used for power plant repowering as
compared to providing solar-thermal energy to the carbon capture process for solvent
regeneration. Moreover, the case in which solar-thermal energy was used for power plant
repowering and subject to an inequality constraint on the net electricity output of the system
(case C), was found to be the most profitable.
Section 6 presented the development of a control-optimization algorithm to evaluate the potential
revenue of coal-fired power plant retrofitted with PCC in response to changes in electricity
demand, carbon prices and electricity prices. At the enterprise level, the objective function is to
maximize plant revenue through varying the CO2 capture rate and power plant load. While, at the
plant level, the control objective was responsible to consistently track the generated CCideal by
manipulating the lean solvent flow rate and reboiler heat duty. An integrated plant (power plant
with PCC) subject to forecast 2020 electricity and carbon prices was shown to generate yearly
net profit of approximately 12% of the gross revenue. While, the same integrated plant generates
revenue loss of roughly 13% under 2011 electricity and carbon prices. These results underpin the
strategy that employs the proposed optimization-based control framework for flexible operation
of a PCC plant in the year 2020, because such framework captures financial benefits hidden in
the dynamics of electricity load, electricity and carbon price trends, and does so at high temporal
resolution.
The proposed algorithm required exhaustive computational run-times, therefore a highperformance computer is necessary for longer optimization periods. Based on the results
obtained, the algorithm suggested several power plant operation modes at a selected month in
order to compensate with the load demand, electricity price and carbon market price. For
instance, the algorithm proposed wider unit turndown in year 2011 and frequent load following
in year 2020. The developed MINLP-MPC algorithm was proven to be a reliable and robust
approximation in designing the flexible operation of power plant retrofitted with PCC plant,
leading to an enhanced carbon management system for the future.
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7.2 Future directions
There is little doubt that the future of the power industry lies in sustainable technologies. Solarthermal power is one such technology that is of great interest in the medium to long term while
carbon dioxide capture and storage is more relevant in the short to medium term. Currently, the
carbon capture technologies are not economically viable without a considerable carbon price
imposed as an incentive. Flexible operation of carbon capture plants and power plants has
previously been proposed as an avenue for cost reduction in the carbon capture process.
However, up till now, no study has addressed the question of flexible operation of a carbon
capture plant, power plant and a solar-thermal plant to maximize the profits from such a
scenario. This project addressed this question through a systematic model-based analysis and
comparison approach.
The effect of this high level of process integration on power plant steam cycle was discussed in
detail with particular attention to the impact due to solar repowering and the significant impact
introduced by the PCC process on the solar repowered power plant operation. As such this
situation is proposed as an optimization problem for future work to deal with the apparent
tradeoffs between energy benefits obtained from solar repowering and the capital cost associated
with installation of solar field. Therefore, an optimal design of solar field obtained by analysis of
power plant and capture plant operation considering meteorological data of a whole year will
reap even deeper cuts to the output capture penalty.
This project also established the grounds of the solar-thermal subsystem dynamic model as part
of the super structure (solar plant, PCC plant and fossil fuel power plant). Its capability and
controllability to trace the dynamic load data requirement from the power plant enables it to be
conveniently retrofitted to the dynamic models of power plant and PCC plant for future research
in the repowering concept of PCC-retrofitted power plants. The solar subsystem model could be
effectively used in future development in solar repowering of PCC-retrofitted power plant
techno-economic studies on the optimal size of the solar-thermal plant installation which requires
dynamic models of power and PCC plant and studying the integrated super structure (dynamic
model of power plant and capture plant with this current solar dynamic model) for specific
geographical locations, and in response to external disturbances such as weather data, carbon
capture target and electricity price and demand.
The electricity generation capacity of the system decreases when the PCC plant is added to the
power plant due to the extra auxiliary power required by the PCC system and the steam
extraction related power penalty. The base electricity output of the power plant thus decreases to
81% of the original base capacity. When the solar field is added (and it provides 100% of the
thermal energy requirement of the SPCC plant), the base electricity generation of the plant
increases to 93.7% of the original base capacity. Apart from the subsidy that the plant would be
eligible for, other incentives that the SPCC plant could receive over the conventional PCC plant
is the carbon credit that it claims for the carbon emission mitigated in emission-free incremental
electricity that it produces. However since a large investment has been made in deployment of
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solar-theermal collectors, which
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ble carbon m
mitigation, tthe system could be reegarded as
eligible for a higheer premium carbon finance producct such as tthe LGCs. T
The nominaal price of
k on this prroject was $$23/tonne-C
CO2 while thhe price of a LGC is
carbon at the time of the work
Whe. If it is acknowledgged that the incrementaal electricityy generated after addingg the solar
$35/MW
field is through zeero carbon eemissions aand through renewable means, it could
c
be reegarded as
eligible for the sam
me incentivess that are prrovided to other renewaable electricity generation.
Under ccurrent policy, the plannts as descrribed are in
neligible to receive LG
GCs. However in the
future thhis policy may
m be am
mended to innclude the use
u of solarr-thermal boosted
b
hybrid power
generatiion similar tto the curreent allowancce for poweer plants co--firing biom
mass [84]. T
This would
allow foor greater inntegration oof solar techhnologies an
nd also redu
uce the risk of low solaar-thermal
output ddue to adveerse weatheer condition
ns. Moreoveer, the overrall feasibiliity of carboon capture
facilities could be made moree attractive by integratting solar-thhermal technnologies, asssisting in
reducing
g carbon dioxide em
missions aand meetinng the Goovernment’ss emissionss targets.
Furtherm
more if the State or Feederal Goveernment werre to introduuce a prem
mium feed inn tariff for
large sccale low carrbon emittinng plants to promote coogeneration
n or tri-geneeration, the feasibility
of the SPCC plants would improve furtherr.
For futu
ure work, w
we plan to
o integrate the developped controll-optimizatioon algorithhm with a
management decisiion support algorithm ((planning annd schedulinng) as show
wn in Figuree 7-1. The
vel (regulattory level) to the botttom level
framewoork will innteract in seeries from the top lev
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f

n managemeent framewoork of powerr plant assocciated with PCC.
Figgure 7-1: Thhe top-down
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