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With more and more stringent policies on reducing greenhouse gas emissions, for the
industries, the improvement on energy efficiency to reduce the consumption of fossil fuels
should be an essential matter to be considered. It is pointed out that the exploitation of
industrial waste heat could increase energy efficiency in process sites, achieving considerable
economic and environmental benefits (Oluleye 2016). When considering recovering industrial
waste heat, there are diverse commercialized technologies such as Compression Heat Pumps,
Absorption Heat Transformers, Absorption Heat Pumps, Absorption Chillers and Organic
Rankine Cycles (ORC)) available. Amongst the technologies, ORC is becoming a promising
one for recovering the waste heat in industrial fields.

For the practical applications of ORCs in industrial sites, there could be multiple waste heat
sources geographically dispersed with different temperature levels and heat duties; and
correspond to different operating conditions, the implemented ORCs could have various
architecture selections and working fluids selections. In this case, in order to achieve a
maximum power output or minimum total marginal cost, how to design an effective network
for extracting waste heat and how to optimally configure and operate the implemented ORCs
are the questions that should be dealt with. These questions lead to a systematic analysis
problem, namely an ORC integration problem.

This thesis proposes several methodologies (which are separately presented in the three
appended papers), aiming to address the integration problems of ORCs. For extracting waste
heat, two strategic options, i.e., transferring heat in a direct way or through intermediate heat
carriers (in an indirect way), are considered. While for implementing ORCs, the proposed
methodologies allow for integrating more than one ORC unit, and the optimal working fluid
selection for each ORC can be determined.

Technically, the proposed methods are based on mathematical-programming process
integration technologies, which normally consists of procedures of model establishment and
optimization. For model establishment, two different superstructures are developed,
representing the direct and indirect integration of ORCs, respectively. The corresponding
models lead to mixed-integer non-liner programming. For optimization, an iterative procedure
is developed, which is used for determining the optimal unit number of the ORCs to be
integrated. Besides, for determining the optimal working fluid of each ORC, a bi-level
decomposition optimization strategy is proposed, which is illustrated in the third appended

paper.

The methodologies are applied to industrial case studies. Results indicate that integrating
ORCs for waste heat recovery could yield additional increases in overall energy efficiencies
and reductions in the total annualized cost for dealing with waste heat. The case studies also
demonstrate that, for some cases, the integration of multiple ORCs could gain more extra
benefits than the integration of a single ORC.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Research Background

1.1.1 Net-zero Emissions by 2050

It is pointed out that, with current policies on energy utilization, the global primary energy
requirement could expand by over a quarter between 2017 to 2040 (International Energy
Agency, 2018). Despite the fact that most countries have paid attention to exploiting
sustainable energy since 2010, fossil fuels could still share about an 80% proportion in global
primary energy consumption by 2030 (International Energy Agency, 2019). It can be estimated
that the yearly consumption of coal, oil, and natural gas in 2030 would be 4154 Mtoe, 5174
Mtoe, and 4070 Mtoe, about 9%, 15%, and 24% higher than the data in 2018 (International
Energy Agency, 2021). With current energy conservation policies, the increasing trend of fossil

fuel consumption could be reversed until the 2050s (International Energy Agency, 2021).

One main issue brought up by fossil fuel utilization is the emissions of CO2 — one kind of
global warming gas. The combustion of fossil fuels is regarded as the primary contributor to
the rise of CO2 concentration in the atmosphere, which could be responsible for over 70% of
the total emissions of human activities (Andres et al., 2011). It is predicted that, with the current
state of fossil fuel consumption, the global energy-related CO2 emissions could rise to about

36 gigatons in 2030 (International Energy Agency, 2021).

It is all well known that a high concentration of greenhouse gases in the atmosphere will result
in global warming and a series of global climate changes. A detailed analysis has been carried
out to assess the climate change induced by greenhouse gas emissions, of which the result

shows that the global average surface temperature rise would exceed 1.5 degree Celsius (°C)
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in the 2030s (International Energy Agency, 2021). It is also pointed out that if keeping the
current trend of greenhouse gas emission, the temperature rise could be about 2.6 °C by the
22" century, leading to a series of catastrophic climates such as extreme heat, drought,
flooding, and crop failures (International Energy Agency, 2021). In current years, with an
average temperature rise of 1.1 °C above the pre-industrial level, extreme heat events

occurred almost three times more frequently than in pre-industrial times.

With increasing pressure on the ecosystem, more and more stringent schemes and policies
have been stated to reduce fossil fuel utilization and the corresponding greenhouse gas
emissions. Science 2005, the Kyoto Protocol and the European Union Emission Trading
Scheme have been proposed, which clarified the obligations for industrialized countries to
diminish greenhouse gas emissions. At the European Council of March 2007, the EU
committed to achieving greenhouse gas emissions at least 20% less than the 1990 level by
2030. To achieve this target, the binding legislation, known as the ‘climate and energy
package’, was proposed in 2008 and became law in 2009. In 2015, at the 21st conference of
the Parties to the United Nations Framework Convention on Climate Change (UNFCCC), the
Paris Agreement (which establishes a goal of ensuring less than 2°C increase in global
average temperature) was emphasized, urging the Parties to peak their greenhouse gas
emission and to achieve net-zero emissions as soon as possible. In 2018, a scientific report
proposed by the Intergovernmental Panel on Climate Change (IPCC) warned that the ambition
in dealing with global climate change should be reinforced, or global average temperature rise
could still reach 2°C soon after 2060, approaching the critical bound of mass extinction of
species. At the Katowice UNFCCC conference held in 2018, Parties reaffirmed their increasing
ambitions to eliminate greenhouse gas emissions. The European Parliament was considering
updating the previous target of reducing greenhouse gas emissions from 20% to 55% below
the 1990 level. In 2020, the Chinese government announced that China aimed to peak CO:
emissions before 2030 and to achieve carbon neutrality before 2060. In 2021, the 26th

Conference of the Parties to the UNFCCC took place in Glasgow, of which the main purpose
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is to keep strengthening the ambitions of global countries dealing with climate change. At the
conference, more stringent emission reduction pledges were required to be declared by the

participants, and the goal of achieving net-zero emissions by 2050 was reaffirmed.

1.1.2 Energy Efficiency Enhancement

In order to accomplish net-zero emissions for global countries by 2050, except developing
renewable energy such as wind, solar, hydro, etc., the improvement on energy efficiency,
especially for the energy-intensive industrial sector, is an essential factor to be considered. In
2020, it was estimated that the industrial sector, including agriculture, iron and steel, refining
and petrochemicals, and nonmetals, occupies about 40% of the world’s final energy
consumption (including fuels used for electricity, district heating, space heating, and
transportation fuels and industrial processing fuels) (International Energy Agency, 2021). An
average 0.9% annual increase in energy consumption has been observed for the industrial
sector since 2010. With the large proportion of energy consumption, it is pointed out that the
industrial sector could be responsible for over 30% of global greenhouse gas emissions
(Oluleye, 2016), which is the second-largest emitting sector after the power generation sector
(International Energy Agency, 2021). However, with a large proportion of global total energy
consumption, the industrial sector has relatively low energy efficiency. Globally, the sectors
include industry, building and transporting can only transform 67% of total energy inputs into
useful forms for final consumption (International Energy Agency, 2012). Compared with other
sectors, the industrial sector could have the biggest implementation gap of efficiency
improvement between the current state and the announced pledges that fulfil 2050 carbon
neutralization (International Energy Agency, 2021). If excavating the potential of energy
efficiency enhancement, the growth of energy demand in the industry could be reduced by
0.4% per year on average, achieving a total energy saving amount of 326 Mtoe in 2035

(Kesicki and Yanagisawa, 2014).
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To improve industrial energy efficiency and reduce greenhouse gas emissions, except
enhancing the performances of processing facilities by advanced designs or materials, a
family of systematic-analysis methodologies, namely process integration (Pl), have been
proposed, which can design industrial sites in a holistic way, considering the optimal
operations of processing units, the cooperation between manufacturing processes, and the
cogeneration of utility systems. An accurate definition of PI, as adopted by the International
Energy Agency (2020), reads as: ‘systematic and general methods for designing integrated
production systems ranging from Individual processes to total sites, with special emphasis on

the efficient use of energy and reducing environmental effects.’

Basically, the PI techniques can be classified into two, i.e., graphical-based techniques and
mathematical programming-based techniques. The following context introduces the most

representative techniques, aiming to give a basic understanding of the Pl techniques.

e graphical-based techniques

In 1983, the ‘Pinch Analysis’ technique was proposed as a tool for analyzing and developing
efficient industrial processes (especially for the chemical and petrochemical industries)
(Linnhoff and Hindmarsh, 1983). By applying the technique, one can target the maximum
amount of heat recovery between process hot streams that should be cooled down and
process cold streams that should be heated up, offering guidelines for the followed specific

designs to improve energy efficiency.

A concept of ‘Pinch Point’ came up with the technique. Principles of applying the ‘Pinch Point’
concept can be summarized as: 1. heat transfer across a pinch point incurs the double penalty
of hot and cold utility requirement; 2. to the terms of energy conservation, cooling utility
consumption is not encouraged above a pinch point, while hot utility consumption is not

encouraged below.
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As part of the ‘Pinch Analysis’, a method of ‘Composite Curve’ was also adopted by Linnhoff
and Hindmarsh (1983) as a graphical tool to cooperate with the concept of ‘Pinch Point’, which
provides an intuitive way to target the maximum heat recovery under given minimum approach
temperatures. The illustrative schematic is shown in Figure 1.1. The red line represents the
composite curve of hot streams of a process, while the blue dashed line represents the
composite curve of the corresponding cold process streams. The narrowest point(s) between
the two curves locates the pinch point(s), where the temperature difference(s) between hot
and cold sides defines the approach temperature (A T). The overlapped region between the
composite curves indicates the heat recovery potential with current approach temperature.
The heat recovery potential can be maximized by minimizing the approach temperature (A

Tmin) at the pinch point(s).

350

Hot Composite Curve
300

------- Cold Composite Curve

250
200
150
100

Temperature (°C)

50

0 5000 10000 15000
Enthalpy (kW)

Figure 1.1 An illustrative schematic of a process composite curve (Oluleye, 2016)

Besides the ‘Composite Curve’, another method derived from the ‘Pinch Analysis’, namely
‘Grand Composite Curve’ (GCC), is worth to be mentioned. It is conceived that the ‘Composite
Curve’ can only determine the quantity of utility usage, but is not a suitable tool for determining
the temperatures of implementing utilities. In practice, there could be multiple utilities with
different supply temperatures and quantities. The most economical strategy is selecting the

most suitable utility to heat up or cool down a process stream. As such, the GCC was
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developed as a tool for utility selection (Linnhoff et al., 1982). An illustrative schematic of a

GCC is shown in Figure 1.2.
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Figure 1.2 An illustrative schematic of a GCC (Smith, 2005)
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Figure 1.3 An illustrative schematic of TSA (Dhole and Linnhoff, 1993)

The ‘Pinch Analysis’ technique was wildly applied with huge success (Smith, 2005). However,
it is realized that the technique is developed to optimize an individual process, which failed to
explore the energy conservation potentials in the context of a total site. In the view of total site,
the potential of heat integration amongst different processes exists. To this perspective, a

technique, namely ‘Total Site Analysis’ (TSA), has been introduced as an extension of the
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Pinch Analysis technique to consider heat integration in a total site context (Dhole and Linnhoff,
1993), as shown in Figure 1.3. According to the TSA, Pinch Analysis is firstly carried out within
each process, through which the heat deficient and heat surplus zones of each process can
be identified. Then, through the steam network of the utility system, heat integration amongst

different processes can be achieved.

e Mathematical programming-based techniques

The main idea of mathematical programming-based techniques can be concluded as: through
using mechanism or surrogate models to formulate the correlations of the decision variables
of the research object, and through applying mathematical programming techniques to
determine the optimal value of the variables. Compared with the graphical-based techniques,
one advantage of mathematical programming-based techniques is that they are capable of
pursuing global optimum solutions on the synthesizes and operations of processing plants
and site utility systems. However, the solution quality of programming-based techniques
depends on the accuracy of the established models and the robustness of the selected solvers.

Besides, the solving processes of some large-scale problems could be time-consuming.

One of the representative techniques is developed by Yee and Grossman (1990), which is
wildly applied for dealing with heat integration problems. In the technique, a stage-wise
superstructure is proposed, providing a general but straightforward representation of the heat
exchanger network (HEN) between hot and cold process streams. The mathematical model
of the superstructure leads to a mixed-integer non-linear programming (MINLP) problem,
through solving which the optimal HEN synthesis can be carried out. Case studies show that,
by applying the techniques, the industrial sites with heat integration can achieve less energy
consumption and lower total annualized cost. Based on the proposed superstructure, the
followed works such as Shang and Kokossis (2004), Varbanov et al. (2004), Micheletto et al.
(2008), Luo et al. (2011), Zhao et al. (2015), developed different models for dealing with heat

integration or process synthesis problems, leading to MINLP, MILP (mixed-integer linear
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programming), or NLP (non-linear programming) optimization problems.

In summary, based on physical insights, the graphical-based techniques can provide guiding
principles for arranging heat recovery and minimizing utility consumptions, which are easily
understandable for engineers on the ground. The optimality of graphical-based techniques
could be near-optimum, which could be dependent on the experiences of designers. While
the mathematical programming-based methods can simultaneously optimize a large number
of decision variables, obtaining global optimum solutions. However, it is professional-required
to establish accurate models of which the predictions can be highly consistent with the

practical working conditions and to guarantee the quality of the optimization results.

The methodologies of Pl have been extensively applied in the process industries (such as
chemical, petrochemical, pulp and paper, food and drinks, steel making) over the last 40 years,
leading to more effective and efficient site energy systems. However, it is pointed out that,
even to a fully integrated site, there is still a large quantity of residual heat that cannot be
utilized, which has to be discharged into the environment as waste heat. This is because: 1.
the total site has reached its limit for further heat recovery; 2. the residual heat has a low
temperature (no higher than 200 °C (Ammar et al., 2012)), which is too low to be used by

conventional steam-based technologies such as turbines.

In 2016, as for the process industries in the UK, at least 40% of the energy content of fuel was
wasted. (Oluleye et al., 2016). An investment proposed by the US Department of Energy
revealed that, in the US’s energy-intensive industrial sectors including glass, cement,
iron/steel, aluminium, metal casting and chemical, there is still about 1.56 EJ/year residual
energy dissipated as waste heat, accounting for about 18% of the total energy consumption
(8.86 EJ/year) (Johnson et al., 2008). As for the energy-intensive sectors in China, the waste
heat takes part about 15-40% of the total energy input (Lu et al., 2016). In the 28 countries in

European Union, the total waste heat potential in the industries is estimated to be
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300 TWh/year (Papapetrou et al., 2018).

It is logical to expect that if the industrial waste heat can be exploited, the energy efficiency
could be further improved, and the primary energy consumption could be further saved,
leading to fewer greenhouse gas emissions. On the other hand, it is also proved that waste
heat recovery could have economic potential, leading to considerable annualized profit for the

industries (Bruckner et al., 2015; Oluleye et al., 2016).

1.1.3 Industrial Waste Heat Recovery

Industrial waste heat recovery has drawn global attention in recent years. The European waste
heat recovery market is estimated to expand to exceed €45 billion in 2018 (Jouhara and Olabi,
2018). While the global waste heat recovery market is expected to surpass $65 billion by the
end of 2021, of which the corresponding compound annual growth rate is estimated to be 6.9%
(Markets, 2018). For the Asian, in the past decades, China and India have been experiencing
the highest growth rates (about 10% per annum) on the installations of waste heat recovery
units (Bianchi et al., 2019). In industrial scenarios, the most common approaches for waste
heat recovery are the ones that can be integrated with utility systems for steam generation,
feed material preheating, and power generation (Bianchi et al., 2019). It is estimated that about
300-350TWh/year waste heat in the EU industries is potentially recoverable (Bianchi et al.,
2019). In 2019, a project, namely I-THERM Horizon 2020, is proposed in the EU 28, declaring
a 25% extra cost saving over the conventional technologies for energy conservation by

applying waste heat recovery technologies (Agathokleous et al., 2019).

1.1.3.1 Definition of Industrial Waste Heat

To discuss industrial waste heat recovery, we need to specify the definition of industrial waste

heat. Bending et al. (2013) defined industrial waste heat as the residual heat after heat
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recovery within a process. However, this definition ignores the site-wide heat recovery
potential between different processes. Similar definitions were proposed by Morandin et al.
(2014), who defined industrial waste heat as “the heat at medium to low temperatures not
used in industrial processes”; Viklund and Johansson (2014), who defined waste heat as a
by-product of industrial processes; and Viklund and Karlsson (2015), who defined waste heat
as the excess heat exchanged to a medium such as water, air and flue gas. Such definitions

neglect the potential of applying PI techniques to reduce the creation of waste heat.

—35ite Source Profile
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demand

——Site Sink Profile

Steam —=
generation

Shifted Temperature (°C)

50
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s}
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Figure 1.4 Atotal site profile of heat integration (Oluleye, 2016)

To this end, Oluleye (2016) made a progression on defining industrial waste heat by
considering the potential of process heat integration. A premise, i.e., the total site has to reach
its limit for heat recovery, was pointed out for defining industrial waste heat. The maximum
heat recovery can be targeted by the Pinch Analysis and TSA techniques, as represented by
Figure 1.4. The red and blue curves represent the hot and cold composite curves of a total

site. According to Oluleye (2016), only when the two curves are fully integrated, the
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corresponding residual heat (heat rejected to cold utility) can be defined as waste heat.

However, the definition proposed by Oluleye (2016) still has deficiencies. In practice, it is
unreasonable for plants to merely consider achieving the maximum heat recovery, as the
trade-off between energy recovery and the related costs should be taken into account. For
most cases, the optimization objective could be to gain the maximum annualized profit rather
than energy recovery. On the other hand, a specified temperature range should be given for
defining waste heat, as high-temperature heat could still have the potentials to be used by
conventional steam-based technologies. A common cognition of the temperature range of
industrial waste heat is between the ambient temperature to 200°C (Ammar et al., 2012).
From these perspectives, this work defines industrial waste heat as the residual heat with a
temperature range between the ambient temperature to 200°C when a total site has reached

its best economic performance (without considering waste heat recovery).

1.1.3.2 Feasible Technologies

There are diverse technologies feasible for recovering energy in the form of upgraded heat,
cooling and power from waste heat sources. For providing upgraded heat, examples of
technologies are mechanical heat pumps, absorption heat pumps, and absorption heat
transformers. For providing cooling demand, examples of developed technologies are
absorption chillers and adsorption chillers. For generating power, technologies such as
Organic Rankine Cycles (ORCs) and Kalina cycles could be feasible. The working principles

of these technologies are briefly introduced by the following.

e Mechanical Heat Pumps
A mechanical heat pump contains four main components, i.e., an evaporator, a compressor,
a condenser, and an expansion valve. The working principle is illustrated in Figure 1.5. From

Point 4 to 1, a strand of working fluid is evaporated by an evaporator, extracting waste heat;
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From Point 1 to 2, The vaporized stream is compressed by a compressor, increasing the
temperature; From Point 2 to 3, the vaporized stream is condensed in a condenser, supplying
heat to heat sinks; From point 3 to 4, the condensed stream releases its residual pressure

through an expansion valve, preparing for repeat the cycle.

ﬂQupgrade
Condenser
Compressor

Expansion valve % (“ <:l Power

ﬂ Qwaste

Figure 1.5 The illustrative schematic diagram of Mechanical Heat Pumps

e  Absorption Heat Pumps

Compared with mechanical heat pumps, absorption heat pumps use thermal energy instead
of electrical power to raise working fluid temperature. Commonly used working fluids are
binary mixtures such as ammonia-water and water-lithium bromide. We take an ammonia-
water mixture system as an example to explain the working principle of absorption heat pumps.
The schematic diagram is shown in Figure 1.6. During operation, a generator is used to
separate the working fluid into two sub-flows, i.e., a rich absorbent (water) with low ammonia
concentration and a vaporized flow of pure ammonia. The vaporized pure ammonia is sent to
a condenser, transferring heat to the outside. While the rich absorbent is refluxed to an
absorber, preparing for receipting the cycled pure ammonia flow. After condensation, the pure
ammonia flow goes through an expansion valve, releasing its residual pressure; and is then

vaporized by an evaporator so that the absorbent can absorb it. Finally, the pure ammonia
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flow is absorbed by the rich absorbent, and the cycle repeats. The generator and condenser
are operated at higher pressure, assuring a high-enough condensation temperature provided
to outside users. In contrast, the evaporator and absorber are operated at relatively low

pressure so that the evaporation process can be driven by low-temperature waste heat

sources.
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Figure 1.6 The illustrative schematic diagram of Absorption Heat Pumps

e  Absorption Heat Transformers

Absorption heat pumps can convert low-temperature waste heat into medium-temperature
heat by using high-temperature heat, as illustrated by Figure 1.7(a). While absorption heat
transformers can convert medium-temperature waste heat into high-temperature heat and
low-temperature heat, as illustrated by Figure 1.7(b). Absorption heat transformers can be
regarded as having reverse operations as absorption heat pumps. Figure 1.8 shows the
illustrative diagram of an absorption heat transformer. In an absorption heat transformer, the
evaporator and absorber operate at a higher pressure than the condenser and generator. In
the generator, waste heat sources at medium temperatures are responsible for separating the

refrigerant (using ammonia as an example) from the absorbent (water). The refrigerant vapour
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is condensed in the condenser, discharging its latent heat to the environment. The condenser

outlet is pumped to a higher pressure; and is evaporated to saturated vapour, extracting heat

from waste heat sources. The high-pressure saturated ammonia vapour is then sent to the

absorber, in which the absorbing process can release heat at a high temperature, fulfilling

users’ demands.
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Figure 1.7 Difference between Absorption Heat Pumps and Absorption Heat Transformers
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Figure 1.8 The illustrative schematic diagram of Absorption Heat Transformers

e  Absorption Chillers

Absorption chillers use the same working component and working fluids as absorption heat
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pumps but provide chilling rather than heat upgrading. The working principle is illustrated in
Figure 1.9. In the cycle, chilling is provided by the evaporator. Waste heat is supplied to the
generator to separate the refringent-absorbent pair. After the separation, the rich absorbent
flows back to the absorber, while the separated refrigerant is sequentially sent to the

condenser and the expansion valve and is finally recycled to the evaporator.
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Figure 1.9 The illustrative schematic diagram of Absorption Chillers

e Adsorption Chillers

Adsorption Chillers adopt solid materials (such as silica gel) instead of liquid solution as
absorbent and commonly use water as the corresponding refrigerant. A typical Adsorption
Chiller consists of four main parts, i.e., an evaporation chamber, a condensation chamber, and
two adsorption chambers, as shown in Figure 1.10. In each cycle, one of the adsorption
chambers will be an adsorber while the other will be a desorber. In Figure 1.10, adsorption
chamber 1 firstly works as an absorber, connecting to the evaporation chamber. Due to the
existent of dry absorbent (silica gel) in chamber 1, the refrigerant (water) in the evaporation

chamber can be vaporized, absorbing heat from the external cooling load so that chilling is
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produced. Note that the dry absorbent will absorb the water vapour. As soon as chamber 1 is
saturated with water, it will cut off the connection with the evaporation chamber and begins to
desorb itself. The desorption process is driven by external thermal energy (waste heat).
Meanwhile, adsorption chamber 2 should have finished its desorption, which will connect to
the evaporation chamber to take over the adsorption chamber 1. As such, a continued

provision of chilling can be assured.
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Figure 1.10 The illustrative schematic diagram of Adsorption Chillers

¢ Organic Rankine Cycles

Derived from conventional steam-based Rankine Cycles, Organic Rankine Cycles (ORCs)
use organic compounds instead of water as working fluid, which is feasible to generate power
from low-temperature heat sources. A typical ORC consists of four main components, i.e., an
evaporator, a turbine, a condenser and a working fluid pump, as shown in Figure 1.11. In the
evaporator, external waste heat sources provide thermal energy to vaporize the working fluid.

The vaporized working fluid expands in the turbine, transforming its thermal energy to work
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and then to power. The condenser and pump are responsible for liquifying and pressuring the

turbine exhaust so that the cycle repeats.
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Figure 1.11 The illustrative schematic diagram of Organic Rankine Cycles
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Figure 1.12 The illustrative schematic diagram of Kalina Cycles

¢ Kalina Cycles
Typical Kalina Cycles, firstly proposed by Kalina (1984), use ammonia-water as the working

fluid, which is feasible for generating power from low-temperature waste heat sources. The
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working principle is illustrated in Figure 1.12. In the boiler, after receiving thermal energy from
waste heat sources, a high-concentrated ammonia-water mixture is superheated and is sent
to the turbine for power generation. After expansion, the high-concentrated mixture is diluted
with a lean absorbent in the absorber. Heated up by the residual heat from the turbine exhaust,
the diluted liquid becomes saturated and is sent to the flash tank. Due to the significant
volatility difference, a strand of rich-ammonia vapour is separated from the diluted liquid. The
separated rich-ammonia vapour sequentially flows to the condenser for liquifying and to the
boiler for reheating. While the lean absorbent left in the flash tank is sent back to the absorber

so that the cycle repeats.

Applications of heat pump technologies include Mechanical Heat Pumps, Absorption Heat
Pumps, and Absorption Heat Transformers are widely spread all over the world, while
particular attention has been drawn in Sweden, USA, Japan, Germany, Austria, Denmark, etc.
(Carmo et al., 2014). It is reported an increase of 7.2% by volume of the world’s heat pump
market in 2013 (Grassi, 2018). In industrial processes, heat pump technologies can be applied
for drying, evaporation, distillation or can be directly integrated with utility systems. It is
reported that distillation systems assisted with Absorption Heat Pumps or Absorption Heat
Transformers can achieve up to 45% saving on primary energy usages (Wang and Lior (2011);
Wu et al. (2014)). Compared with Absorption Heat Pumps, Absorption Heat Transformers are
more popular in the industries for waste heat recovery due to their ability for temperature
raising. Cortés and Rivera (2010) integrated an Absorption Heat Transformer for industrial
waste heat recovery. From about 70°C waste heat sources, 90-120°C hot water is obtained.
It was assessed that the applying of the absorption heat pump could save about 25% primary
fuel consumption. Compared with absorption Heat Transformers, Absorption Heat Pumps are
more commonly used for drying or civil heating, as they can achieve larger thermal energy
output but with lower temperatures (Wu et al., 2014). The coefficient of performance (COP) is
an indicator that can evaluate the rate of the useful energy output of heat pumps. The typical

COP of Absorption Heat Pumps with respect to industrial waste heat recovery ranges from 13
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to 1.6, while that of Absorption Heat Transformers ranges from 0.4 to 0.6.

Absorption Chillers and Adsorption Chillers are feasible technologies for chilling provision. In
Adsorption Chillers, due to the large superficial area and porosity of the solid absorbents, it is
capable of cycling large quantities of refrigerant, providing relatively large cooling capacities
(Best and Rivera, 2015). Adsorption Chillers are normally operated with 65C to 100°C heat
sources and can provide chilling around 5 to 7°C. The most common absorbent-refrigerant
pairs of Adsorption Chillers are silica gel/water and zeolite/water. Compared with Absorption
Chillers, Adsorption Chillers have no corrosion and crystallization problems, leading to low
maintenance requirements. However, it is also pointed out that Absorption Chillers could
achieve higher coefficients of performance than Adsorption Chillers. In practice, Absorption

Chillers are more mature and further developed (Chan et al., 2013).

Adopting mixtures of two fluids with different boiling points as working fluids, Kalina Cycles
can obtain better thermal matches with background heat sources, leading to more heat
extraction and higher exergy efficiency (Matsuda, 2014). It is declared that, for recovering
industrial waste heat, Kalina Cycles can offer up to 32% more power generation than
conventional steam-based Rankine Cycles (Zhang et al., 2012). Compared with Organic
Rankine Cycles, Kalina Cycles could provide about 3% more power output (Law et al., 2013).
However, due to the adoption of ammonia-water mixtures, the practical applications of Kalina
Cycles always require non-corrosion materials as well as leakage prevention facilities, leading
to relatively high capital costs (Zhang et al., 2012). On the other hand, Kalina Cycles also need
more heat exchanger area and high operating pressure due to the superheating process
(Oluleye, 2016). In contrast, Organic Rankine Cycles normally have high-dependent and
essay operation, which makes them the most mature and tested technology when compared

to the other power generation technologies for waste heat recovery.
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1.1.4 ORC -- A Promising Technology

Amongst the mentioned feasible technologies, Organic Rankine Cycle (ORC) could be one of
the most promising techniques for recovering low-grade heat due to its high reliability and low
maintenance. In 2017, it was estimated that the ORC-related technology represents a total
installed capacity of around 2.7 GW, corresponding to which there are about 700
commercialized projects and 1754 implemented ORC units (Tartiére and Astolfi, 2017). At the
end of 2020, it was reported that the cumulated ORC installed capacity expanded to about
4.07 GW (Wieland et al., 2021). It can be observed that the overall ORC market increased by
40 % in terms of installed capacity and by 46 % in terms of installed units since 2016. Except
for generating power from geothermal energy, industrial waste heat recovery is the second
main field of ORC applications. From 2016 to 2020, the installed ORC plants for recovering

low-grade waste heat have increased by about 207% (Wieland et al., 2021).

In practice, the feasible heat source temperature for operating ORCs is ranged from 40°C to
250°C. The capacity of a single ORC unit can be sized from 3kW to 18 MW, whilst the thermal
efficiency can be up to 20% (Mahmoudi et al., 2018). The performance of an ORC is highly

dependent on its architecture and working fluid.

1.1.4.1 Different Architectures of ORC

Several architectures of ORC have been derived from a basic cycle, aiming to improve the
thermal efficiency of an ORC when facing different application scenarios. This thesis gives a

brief introduction of each type:

1. Basic Cycles. The simplest architecture, which have been illustrated in Figure 1.11. The
corresponding temperature-entropy (T-S) diagram is depicted in Figure 1.13 (a).
2. Superheated Cycles. The working fluid is superheated in the evaporator, obtaining a

higher temperature. This type of cycle could avoid the creation of droplets at the turbine
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outlet, preventing the corrosion of turbine blades. To another aspect, the superheating
process could result in a better thermal match with heat sources, increasing the thermal
efficiency to some extend (Hung et al., 1997). However, a larger heat exchanger area will
cost. The corresponding T-S diagram is exhibited in Figure 1.13 (b).

Cycles with Recuperators. An internal heat exchanger (i.e., recuperator) is placed
between the turbine exhaust and the inlet of the evaporator, heating the working fluid after
pumping. By such configuration, for some cases the thermal match with background heat
sources could be enhanced, leading to more power generation (Desai and
Bandyopadhyay, 2009). The corresponding T-S diagram is shown in Figure 1.13 (c). Note
that this type of cycles is named ‘regenerative cycles’ by (Kermani et al., 2018), but
according to Lecompte et al. (2015), the most precise name should be ‘ORCs with
recuperator’.

Reheating Cycles. At an intermediate point of the turbine, part of the working fluid is
separated from the main flow and is re-heated by heat sources. The re-heated partial flow
is then re-injected into the turbine. This type of cycle could lead to a better thermal match
with heat sources, reducing the exergy losses and increasing the evaporation temperature
of the working fluid. The corresponding T-S diagram is presented in Figure 1.13(d).
Supercritical Cycles. The working fluid is heated up to its supercritical thermodynamic
states before being sent to the turbine for expansion. This type of cycle is not always
recommended, as its high operating pressures and temperatures may lead to higher
capital and operating costs but not always better thermal efficiencies. Figure 1.13(e)
shows the corresponding T-S diagram.

Turbine Bleeding Cycles. Part of the working fluid is extracted from the turbine at an
intermediate pressure, which will be used to pre-heat the inlet flow of the evaporator by
either direct mixing or an internal heat exchanger. The T-S diagrams of the direct mixing
way and the applying of an internal heat exchanger are depicted in Figure 1.13(f) and (g),
respectively.

Cascaded Cycles. Several ORCs are implemented in cascade, sequentially operating at
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high to low pressures. Results have shown that cascaded cycles could achieve higher
thermal efficiencies than basic cycles (Li et al., 2013). However, high enough
temperatures of waste heat sources are necessary to drive the multi-cascaded ORCs,
and more investment costs will be consumed. The related T-S diagram is shown in Figure

1.13(h).
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Figure 1.13 The T-S diagrams of different ORC architectures (Kermani et al., 2018)
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1.1.4.2 Different Working Fluids of ORC

Organic compounds are normally considered as the feasible working fluids of ORCs. The
advantages include low boiling point temperatures, medium vapour pressures at moderate
temperatures, low specific volume and low isentropic turbine enthalpy drop (Hipolito-Valencia

et al., 2013).

When implementing ORC systems, there are numerous candidates of organic working fluids
to be selected: hydrocarbons, aromatic hydrocarbons, perfluorocarbons, alcohols and
siloxanes (Oluleye 2016). In recent years, zeotropic mixtures are also considered, as their
non-isothermal evaporating processes could improve the thermal match with heat sources,
leading to higher evaporation temperatures with fewer exergy losses (Dong et al., 2020a).
Different selections of working fluid could result in different thermal efficiency, economic
viability, and security and environmental issues (Wang et al., 2020). Therefore, working fluid

selection is one of the vital factors that should be considered when applying ORCs.

Wet Fluid

/

Dry Fluid
Isentropic Fluid

y

S

\

Figure 1.14 The T-S diagrams of wet, dry, and isentropic working fluids (Yu et al., 2015)

To select proper working fluids, both the thermodynamic properties (such as heat transfer

coefficient, specific volume, boiling temperature, critical pressure/temperature, etc.), security,
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and environmental protection of working fluids should be taken into account. According to the
slopes of the saturated vapour curves in T-S diagrams, Huang et al. (1997) classified the ORC
working fluids into three categories, i.e., wet, dry, or isentropic. The dry working fluids present
positive slopes, whereas the wet working fluids exhibit negative slopes, and the isentropic
ones typically have infinitely large slopes, as exhibited in Figure1.14. It is argued that the dry
or isentropic working fluids are more favourable in practical applications as they are more
operatable to avoid condensation at turbine outlets (Yu et al., 2015). Besides, feasible ORC
working fluids should be non-toxic, low-corrosion, flammability-controllable, zero ozone
depletion potential, and low global warming potential (Chen et al., 2010). The details of ORC

working fluid selection will be further introduced in Literature Review.

1.1.4.3 Challenges Related to ORCs for Waste Heat Recovery

When applying ORCs for recovering industrial waste heat, challenges are associated, which
can be concluded into three main aspects, i.e., how to extract waste heat effectively, how to
generate power efficiently, and how to simultaneously consider waste heat extraction and

power generation.

o how to extract waste heat effectively

Waste heat sources in industrial sites could be geographically dispersed with different supply
temperatures, heat duties, and cleanliness (Oluleye 2016). Different selections and
integrations of waste heat sources correspond to different capital and operating costs. Besides,
different way of waste heat extraction may lead to different thermal match with ORCs,
influencing the overall thermal efficiency of the ORCs. Some of the previous research works,
such as Kapil et al. (2011), Garimella (2012), and Miro et al. (2015), discussed industrial waste
heat recovery problems ignoring the diversity of industrial waste heat sources. However, in
practice, representing waste heat sources systematically and determining how to transport the

waste heat from sources to sinks optimally are essential matters that should be taken into
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account.

o how to generate power efficiently
The thermal efficiency of an ORC could be affected by its architecture selections, working fluid

selections, and operation conditions.

There are multiple architectures available for an ORC. It should be realized that each type of
architecture has its advantages and drawbacks, suitable for different application scenarios. It
is case-sensitive to determine adopting which type of ORC architecture to get better system
performances. Moreover, as different architecture selections could bring up different
investment costs, the trade-off between the related cost and the bonus on power generation

should be considered.

Besides architecture selections, working fluid selections also exert considerable influences on
the performances of ORCs. On the one hand, for an ORC itself, the different architectures and
operating conditions could correspond to different optimal working fluids, leading to different
thermal efficiencies. To another aspect, working fluid selections also affects the thermal match
with background heat sources. It is realized that the isothermal boiling process of ORC
working fluids in evaporators could create Pinch points on composite curves, limiting the
further improvement of evaporating temperatures or the recovery rate of waste heat sources,
as illustrated in Figure 1.15. Different working fluids could exhibit different latent and sensible
heat ratios, performing diverse composite curves and obtaining different thermal matches with
background heat sources. Furthermore, the factors of different heat transfer coefficients, the
corrosiveness, and the specific volume of working fluids could respectively decide the heat
transfer area usages, the consumptions of corrosion-resistance materials, and the designs of
turbines, to some extent, resulting in different trade-offs between costs and profits. Some of
the previous researchers have provided heuristical principles for selecting proper working

fluids depending on some given working conditions (Saleh et al., 2007; Xu and Yu, 2014;
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Wang et al., 2020); however, there are no universal principles suitable for all the cases
considering all the above factors. It is pointed out that the selections of optimal working fluids

are case-sensitive, which should be carried out in systematic ways (Dong et al., 2020b).

e how to simultaneously consider waste heat extraction and power generation

Some previous research works sequentially consider the problems of heat extraction and
power generation (Desai and Bandyopadhyay, 2009; Song et al., 2014; Yu et al., 2017a). In
the works, the power generation of ORC(s) is firstly maximized by optimizing the architectures,
working fluids and operations, then the optimal strategy for extracting waste heat is
determined, aiming to minimize the related capital and operating costs. Though such
sequential-based methodologies could simplify the solving process of the problems, it is
realized that the corresponding solution could be sub-optimal rather than optimum. In some
cases, pursuing the maximum power generation could lead to more extra capital cost,
overcoming the bonus brought up by power generation and decreasing the gained profit. To
this end, it is necessary to consider waste heat extraction and power generation in a holistic

way, fully considering the trade-off between costs and profits.
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Figure 1.15 The Pinch points created by isothermal boiling processes (Yu et al., 2018)

38



Chapter 1: Introduction

1.1.4.4 Process Integration of ORCs

To effectively address the related challenges of applying ORCs for recovering industrial waste
heat, a concept, namely process integration of ORCs (or ORC integrations), is proposed, of
which the objective is: through considering both the aspects of waste heat extraction and ORC
power generation, achieving the best trade-off between capital costs, operating costs, and the
profit gained from power generation. Based on such objective, for waste heat extraction, ORC
integrations can advise the specific strategies and the corresponding designs; for power
generation, the optimal operations, architecture sections, and working fluid selections of

ORC(s) can be carried out.

Technically, the process integration of ORCs can be achieved by extending the existed PI
techniques (either graphical-based or mathematical programming-based). Some
representative Pl techniques have been briefly introduced in the previous sections of this

chapter, while the others will be reviewed in Literature Review.

When dealing with ORC integration problems, no matter developing which type of Pl-based
techniques, a general strategy of waste heat extraction and power generation should be given
in advance so that the graphical representations or the mathematical models can be

accordingly established.

In terms of heat extraction, this thesis conceives three different strategic options, i.e., direct
heat transfer, indirect heat transfer, and the combination of direct and indirect heat transfers.
In the direct heat transfer strategic option, waste heat is directly transferred from its sources
to the integrated ORC(s) without using any intermate heat carriers. The illustrative diagram is
shown in Figure 1.16. The option of indirect heat transfer regulates that waste heat must be
first transferred to intermediate heat carriers (normally hot water) before being transferred to
ORC working fluids. The illustrative diagram is exhibited in Figure 1.17. Compared with

indirect heat transfer, the main advantage of direct heat transfer is that it can achieve less
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approach temperature differences between heat sources and sinks, achieving more power
generation with a relatively small heat exchanger area. However, it is pointed out that indirect
heat transfer may be preferred in practice due to safety and controllability considerations (Yu
et al., 2017b). Except for adopting a single strategy to extract waste heat, the combination of
both direct and indirect heat transfer strategies could be more intelligent, of which the diagram
is illustrated in Figure 1.18. In modern industrial sites, waste heat sources could be
geographically dispersed with different temperatures and supply quantities (Lu et al., 2016);
and can be carried by different kinds of heat carriers such as exhausted gas, steam, hot water,
process stream, etc., leading to different rates of cleanness. In this case, it is logical to deduce
that some industrial waste heat sources may be more suitable to be recovered directly, while
others can be gathered by intermediate heat carriers. However, this thesis still cannot provide
clarified principles or comprehensive methodologies for applying the combination strategy.

This part of work (applying the combination strategy) is left as future work.
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Figure 1.16 The direct heat transfer strategic option
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In terms of power generation, one can choose whether to implement a single ORC or multiple
ORCs to generate power. Compared with a single ORC, multiple ORCs could have better
operating flexibility coping with fluctuated conditions of waste heat sources. For geographically
dispersed projects, implementing only a single ORC unit could lead to long-distance pipe
construction and more heat losses during the transportations of heat carrier streams (Chen et
al., 2016). From the thermodynamic perspective, applying only a single ORC could have a
weak thermal match with background heat sources due to the pinch point caused by the
isothermal boiling process (Yu et al., 2018), while multiple ORCs could debottleneck the pinch,
leading to more power generation. However, it should be realized that applying a multiple-
ORCs system could bring more capital costs. The trade-off between costs and profits should

be carried out.

Once a general strategy has been determined, it is meaningful to discuss the specific design
problems. Depending on the problems, suitable Pl-based techniques can then be developed,

through which the optimum solutions can be given out.

1.2 Research Problem

With more and more stringent global-wide policies on reducing greenhouse gas emissions,
the industry, as one of the major consumers of fossil fuels, has been focusing on improving
energy efficiency, expecting to decrease its primary energy consumption and greenhouse gas
emissions. From the view of systematic analysis, a proper site-wide integration, including
different manufacturing processes as well as the utility systems, could lead to higher overall
energy efficiency. However, it is observed that even with a fully integrated industrial site, there

are still lots of waste heat worth being exploited to improve the overall energy efficiency further.

When considering recovering industrial waste heat, ORC could be one of the most promising

technologies. To implement ORCs in practical fields, a proper integration between ORCs and

42



Chapter 1: Introduction

background processes should be considered by the project managers so that the best trade-
off between capital costs, operating costs, and the profit gained from power generation can
be achieved. Through the introductions of the previous sections, it can be realized that the
related challenges of ORC integrations include how to generate power efficiently, how to

extract waste heat effectively, and how to consider the system in a holistic way.

In terms of power generation, there are different architectures as well as multiple working fluid
candidates that can be selected. The selections of ORC architectures and working fluids are
case-dependent, which could lead to different energy efficiencies and investment costs. The
related challenge is how to select the proper ORC architectures and working fluids for a given
project to increase the gained profit. Besides the selections of architectures and working fluids,
the operating conditions of ORCs also exert influences on system performance. For most
cases, increasing evaporating temperatures or decreasing condensing temperatures could
improve the energy efficiencies of ORCs (Yu et al., 2015). However, with the increase
(decrease) in evaporating (condensing) temperatures, the approach temperature differences
with heat sources (sinks) are decreased, leading to larger heat transfer areas and the
corresponding capital costs. To another aspect, with the same working fluid, high evaporating
temperatures correspond to high evaporating pressures, which could increase the relevant
costs on leakage prevention. Therefore, the related challenge is how to determine the optimal
operating conditions of ORCs, gaining the best trade-off between profits and expenses. The
two challenges on power generation are correlated with each other. Lots of the previous
research efforts (Hipdlito-Valencia et al. 2013; Chen et al., 2014; Chen et al., 2016; Dong et
al., 2020a) provide methods for integrating ORCs focusing on optimizing the operating
conditions, while the multiple choices of working fluids and architectures are neglected.
Besides, some previous works (Desai and Bandyopadhyay, 2009; Xi et al., 2013; Chen et al.,
2014; Toffolo, 2014; Song et al., 2014; Yu et al., 2017a; Stijepovic et al. 2017) set their goals
as to maximize the power generations of ORCs, ignoring the trade-offs between energy and

capital costs. In such cases, the calculated optimal working conditions of ORCs could be
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deviated, leading to sub-optimal solutions.

In terms of heat extraction, an industrial site could have multiple waste heat sources with
different temperatures, heat duties, thermodynamic properties, etc. The related challenge is
how to determine which heat sources are worth to be recovered and how to construct the heat
exchanger network (HEN) for extracting heat from sources to sinks. Some previous works
(Quoilin et al., 2011; Guo et al., 2014; Li et al., 2015; Huang et al., 2010) discuss ORC
applications by assuming a homogeneous background heat source, i.e., the heat is available

from a single source with a single temperature level.

As different HEN synthesizes could not only result in different capital costs but also influence
the working conditions of the downstream ORCs, another challenge is to consider the waste
heat extraction and power generation simultaneously. Some previous researchers (Yu et al.,
2017a; Yu et al., 2017b; Kermani et al., 2018) address ORC integration problems in sequential
ways. They first maximize the power generation of ORCs to determine the optimal working
fluids, architectures, and operations, according to which the corresponding HEN synthesizes
are then be determined. Furthermore, it is mentioned that there could be different strategic
options on waste heat extraction (i.e., direct or indirect heat transfer) and power generation
(i.e., single or multiple ORCs), leading to different strategic combinations. It is case-sensitive
to determine adopting which type of strategic combination. Most of the previous research
discuss ORC integration problems merely considering the strategic combination of direct heat

transfer and single ORC, while the feasibilities of applying the other combinations are ignored.

Some of the representative work in the research field of ORC integration is summarized in

Table 1.1, which provides an intuitive insight into the progressiveness and insufficient of the

proposed methodologies for integrating ORCs.
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Table 1.1 The previous work on ORC integration

) Power Auto- ] ) )
) Heat extraction ) HEN ] Auto-working Solution Mathematical o
Articles generation ] architecture ] ] ) Objective(s)
strategy synthesis ] fluid selection strategy programming
strategy selection
Desai and . . o Max. power
Direct Single ORC N N N Heuristically /
Bandyopadhyay (2009) output
Hipdlito-Valencia et al. ) ) MINLP )
Direct Single ORC Y N N Model-based ) Min. total cost
(2013) (simultaneously)
) ) MINLP Max. power
Chen et al. (2014) Direct Single ORC Y N N Model-based )
(sequentially) output
] Max. power
Song et al. (2014) Direct Double ORCs N N N Model-based /
output
) . NLP+MILP .
Yu et al. (2017a) Indirect Single ORC Y N N Model-based ) Min. total cost
(sequentially)
: : NLP .
Yu et al. (2017b) Direct Single ORC Y N N Model-based ) Min. total cost
(sequentially)
) ) ) GA+MILP )
Kermani et al. (2018) Direct Single ORC Y N Y Model-based ) Min. total cost
(simultaneously)
_ _ _ MILP+NLP _
Elsido et al. (2019) Direct Single ORC Y N N Model-based ) Min. total cost
(sequentially)
, , NLP ,
Dong et al. (2020) Direct Single ORC N N Y Model-based ) Min. total cost
(simultaneously)
Huang et al. (2020) Direct Single ORC Y N N Model-based MINLP Min. total cost

45



Chapter 1: Introduction

From Table 1.1, it can be found that in the field of ORC integration, some insufficiencies still

exist, which are:

1.

The automatic selection of the optimal working fluids for the integrated ORCs is rarely
discussed.

The automatic selection of the optimal architectures for the integrated ORCs is not fully
addressed.

Even though there are several advanced methodologies developed for network synthesis
of waste heat extraction, setting the optimization objective as minimizing total annualized
cost rather than maximizing power generation could be more practical.

The strategic options of implementing more than one ORC working unit and/or adopting

intermediate heat carriers to transport waste heat are rarely discussed.

1.3 Research Objective

This work aims to develop a series of methodologies of ORC integration, addressing the open

problems mentioned in the last section. To this end, the main contribution of this work will be:

1.

Develop a methodology to discuss the techno-economic feasibility of integrating more
than one ORC into an industrial site for waste heat recovery.

Develop methodologies to address different strategic options (i.e., direct and indirect) of
waste heat extraction.

Develop a methodology to achieve the optimal working fluid selection for each integrated
ORC.

The methodologies should set minimizing total annualized cost rather than maximizing

power output as the optimization goal.

The methodologies are mainly based on mathematical programming-based Pl techniques,

while some graphical-based analyses are also adopted. To achieve such goal, a series of sub-

objectives are targeted, corresponding to the milestones of this PhD project, which can be
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specified as follows:

1. Establish the mathematical model of an ORC, which can accurately evaluate the amount
of generated power of ORC(s) and allow for selecting different working fluids. The
possibility of adopting more than one ORC unit (i.e., multiple ORCs) to improve total power
generation will be considered.

2. Develop mathematical optimization frameworks to represent the extraction of waste heat.
Note that the different heat extraction strategic options (i.e., indirect and direct heat
transfer) will be considered.

3. Integrate the ORC model into the developed frameworks to capture overall capital-energy
trade-offs.

4. Develop effective optimization procedures, which could include both deterministic

algorithms and stochastic algorithms, to solve the developed models.

1.4 Thesis Outline

This thesis contains seven chapters with sections and subsections providing a consistent
orientation for integrating ORCs into process sites. The “Alternative format” of the University
of Manchester is used, incorporating papers to be published. A list of appended papers is

provided in Section 1.5. The outline is summarized in Table 1.2.

Table 1.2 Thesis outline

Chapter Description

Chapter 2: Literature Review The previous work related to Pl techniques as
well as ORCs for industrial waste heat
recovery is reviewed — this literature review
supplements the reviews provided in the

appended papers.
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Introduction

Chapter 3: Indirect integration of ORCs

Chapter 4: Direct integration of ORCs

Chapter 5: Working fluid selections for

integrating ORCs

Chapter 6: Conclusions and future work

Chapter 3 contains one journal paper, which
provides a novel systematic analysis method
forintegrating ORCs (single and multiple) into
total sites, where an indirect heat transfer
strategy is adopted.

Chapter 4 contains one journal paper, which
provides a novel systematic analysis method
forintegrating ORCs (single and multiple) into
total sites, where a direct heat transfer
strategy is adopted.

A journal paper is appended in Chapter 5,
which provides a method that can
simultaneously consider the optimal working
fluid selection of each ORC unit when
integrating ORCs.

Chapter 6 presents key findings, limitations of

the present work and recommendations for

future work

1.5 Appended Papers

This thesis is based on the work contained in the following papers (all the papers have been

submitted or prepared to be submitted for publication in peer-reviewed journals):

Publication 1.

Chu Z., Zhang N., Smith R., Modelling and Integration of Multi-Parallel

Organic Rankine Cycles into total site, Energy (under review)

Publication 2.
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Publication 3.

ORCs into Total Site for Waste Heat Recovery, Applied Thermal Energy

(ready for submitting)

Chu Z., Zhang N., Smith R., Automatic Working Fluid Selection for

Integrating Multi-Parallel ORCs into Total Site, Industrial & Engineering

Chemical Research (under review)
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Chapter 2: Literature Review

This chapter contains a review of pertinent literature relating to the Pl technologies for energy
efficiency improvement and the ORC applications for waste heat recovery, aiming to

supplement the reviews provided in the publications presented in Chapter 3, 4, and 5.

2.1 Overview on Pl Technologies

PI technologies have been raised from the early 1970s, of which the purposes are mainly for
process heat integration. The development of Pl technologies has accelerated over the years,
owing to which the applications of Pl technologies have been extended from heat integration
to water integration, hydrogen integration, process optimization, etc. Note that this chapter will
mainly review the Pl technologies related to heat integration, as they are the most relevant to
the integration of ORCs for waste heat recovery. As for the other developments of PI

technologies, readers are referred to Smith (2005) if interested.

It has been introduced that the existing Pl technologies could be classified into two categories,
i.e., graphical (heuristical)-based technologies and mathematical programming-based

technologies, of which the related literature will be reviewed separately.

2.1.1 Graphical (Heuristical)-Based Technologies

One of the first works addressing process heat integration could be proposed by Hohmann
(1971) in his PhD thesis at the University of Southern California, USA. In the thesis, a method
of Feasibility Table is developed, which is regarded as the first rigorous way to target the

minimum utility consumption ahead of design (Gundepsen and Naess, 1988). Hohmann (1971)
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also proposed an ‘N-1’ principle, which can target the minimum number of heat exchangers
for synthesizing a HEN. Besides, for targeting the minimum heat transfer area, guidance to
the splitting and mixing of streams was provided. Ponton and Donaldson (1974) came up with
a heuristical principle for matching the heat transfers between hot and cold process streams.
It was advised that the hot stream with the highest supply temperature should be matched
with the cold stream with the highest target temperature. Huang and Elshout (1976) were
regarded as the first ones who invented and applied the ‘Composite Curves’ to represent the
potential of heat recovery between hot and cold process streams. Wells and Hodgkinson
(1977) considered general situations of process synthesizes and presented a list of heuristic
rules as the guideline of grassroots designs. In 1978, Linnhoff and Flower (1978) presented a
thermodynamic-oriented method to synthesize HENs. In the method, a concept, namely
Temperature Intervals, is proposed, according to which a HEN synthesis can be carried out
sequentially from high to low temperatures. Another useful tool, namely ‘Problem Table’, is
adopted in the method, which gives a fast way to calculate the minimum usage of cold and

hot utilities.

In the end of the 1970s, a concept of ‘Heat Recovery Pinch’ was proposed by researchers,
representing the bottlenecks for further heat integrations and thus energy savings (Huang and
Elshout, 1976; Umeda et al. 1979; Linnhoff et al. 1979). Based on the ‘Heat Recovery Pinch’,
Linnhoff found that the excess utility consumption of industrial processes can be related to the
cross-pinch heat flows, such as process to process heat transfers, heating below and cooling
above the pinch. In the early 1980s, Linnhoff and coworkers have further developed the ‘Heat
Recovery Pinch’ concept into a complete methodology, i.e., the well-known ‘Pinch Analysis’,
which has been wildly applied for addressing several aspects of process design problems

(Gundepsen and Naess, 1988).

In the "User Guide" drafted by Linnhoff et al. (1982), an approach, namely the ‘Grand

Composite Curve’, is introduced, which offers intuitive graphical representations of heat flows
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vs temperatures. The applications of the ‘Grand Composite Curve’ include utility targeting, the
optimal selection of utilities, process cogeneration, etc. Based on ‘Pinch Analysis’, Linnhoff
and Hindmarsh (1983) developed a novel method for the design of HENs. The method starts
the design of a HEN at its pinch location, separating a HEN synthesis problem into two or
more remaining sub-problems. Compared with the designs started at the hot sides (such as
the method proposed by Linnhoff and Flower (1978)), the pinch-located designs can avoid
cross-pinch heat transfers. However, the method cannot offer a comprehensive consideration

of the trade-off between energy and capital costs.

When considering process heat integration problems, heat transfer area and the unit number
of heat exchangers could be the main factors related to capital costs. Several pieces of
literature (Nishida et al., 1981; Townsend and Linnhoff, 1983) have indicated that, for most
cases, arranging vertical heat transfers between hot and cold composite curves could lead to
near-minimum heat transfer area. Nishida et al. (1981) assumed that the heat transfer
coefficients of all process streams are equal, while in Townsend and Linnhoff (1984), the
individual film transfer coefficients of process streams are considered. Adopting the strategy
of vertical heat transfers means that the stream splitting and mixing in each interval should be
considered, of which the corresponding network may involve a large number of splits and heat
exchangers (Gundepsen and Naess, 1988). Such kind of strategies of HEN synthesis was
named ‘Spaghetti Design’. However, even though it is proved that vertical heat transfers can
usually lead to a minimum or near-minimum total heat transfer area, as explained by Ahmad
(1985) and Tjoe and Linnhoff (1986), there are some special cases in which the minimum heat

transfer area could be gained by criss-cross heat transfers, as illustrated in Figure 2.1.

With similar total heat transfer area, the network design with fewer units of heat exchangers
could be preferred. One of the first targeting methods for minimizing the unit number of heat
exchangers is the ‘N-1’ rule introduced by Hohmann (1971), where N indicates the total

number of process and utility streams. Later, Linnhoff et al. (1979) extended the ‘N-1’ rule by
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proposing an ‘N-S+L’ rule to target the minimum unit number, which takes the number of
subsystems (S) and loops (L) of a network into account. Wood et al. (1985) discussed the
necessities of importing stream splitting, mixing and bypassing for network designs to reduce
the number of units. Based on the concept of ‘Heat Recovery Pinch’, Linnhoff and Turner
(1981) considered minimizing the number of units in the cases of maximum energy recovery.
Ahmad (1985), Ahmad et al. (1988) emphasized that the minimum number of heat exchanger

units should be considered as a part of the trade-offs between energy and capital costs.

[kW/°C] [kW/mZ°C]

j}ramerumre ()] | h
350°
|
, G } 10 |00
1 3
| \ !
i |
| [ |
! I 2600
I
| | 50 |00
I l
| I
! L [0 Jom
1
. | \A
>

Enthalpy [kW]

Figure 2.1 Vertical heat transfer vs criss-cross arrangement (Linnhoff and Ahmad, 1990)

In the late 1980s and early 1990s, researchers have realized the importance of simultaneously
considering the targets of energy conservation and the related capital costs. Ahmad (1985),
conceived that the minimum approach temperature could be a significant indicator that reflects
the total cost of HENs. They developed methods or principles to pre-determine the optimal
values of minimum approach temperatures, leading to near-minimum cost networks. Linnhoff
and Ahmad (1990) declared that the sequential ways of process heat integration, in which a

minimum-energy network is first identified, then to minimize the relevant costs, could always
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lead to near-optimal solutions rather than global optimists. From this perspective, they
developed a procedure for targeting and design of HENs with objectives of optimum total
annual cost, which simultaneously considered the factors of energy conservation, heat

transfer area, and unit number.

Besides considering the heat integration within a stand-alone manufacturing process, some
researchers have paid attention to a site-wide context. For a site-wide heat integration, the
utility system could be an essential intermediate responsible for transferring the heat between
processes. One of the first strategies for site-wide heat integration, namely the ‘Heat Path
Diagram’, was proposed by Westerberg (1983). In the strategy, each site process is divided
by its pinch point into a sink and source part. The divided sinks and sources, as well as the
site utility system, are positioned according to their temperatures, through which further
integration between the processes can be considered. Steinmetz and Chaney (1985)
proposed a ‘Heat and Power Distribution Diagram’, which can provide an intuitive
understanding of the interconnections between site processes and the utility system, as shown
in Figure 2.2. As a screening tool, the diagram can incorporate with the ‘Pinch Analysis’
method, establishing reduction goals for every single process so that the minimum utility
consumption of each steam distribution level can be targeted. Linnhoff and Eastwood (1987)
confirmed the effectiveness of the diagram in achieving utility savings. However, it was also
pointed out by Raissi (1994) that the representation of the diagram is limited to existing
configurations, lack of flexibility, and the optimal pressures of the stream mains are not
addressed. In Dhole and Linnhoff (1993), a graphical-based tool named ‘Site Source-Sink
Profile (SSSP) is developed, which can determine the targets of steam/power generations
and fuel consumptions of site utility systems, as shown in Figure 2.3. In the figure, the potential
of steam generation from site manufacturing processes can be graphically targeted. The
process-generated steam is sent to the site utility system (i.e., steam means), compensating

the boiler-generated steam, and is used for process heating.

54



Chapter 2: Literature Review

Natural .
Gas | Boiler 1 Boiler2 [e— st
: - : | VHP
Process
#1
— i I i HP
Process Process
#2 ﬂ f #3
f l I MP
Process Process
#1 #2 #4
L l r ] LP
Process Process Process
#4 #3 #2

Figure 2.2 The heat and power distribution diagram (Steinmetz and Chaney, 1985)
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Figure 2.3 A site source-sink profile (Oluleye, 2016)
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The followed works, such as Raissi (1994) and Klemes et al. (1997), further extended the work
of Dhole and Linnhoff (1993) by proposing a graphical-based tool named the ‘Site Utility Grand
Composite Curve (SUGCCY)’, as shown in Figure 2.4. The SUGCC gives a clear representation

of site steam expansion levels.
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Figure 2.4 A Site Utility Grand Composite Curve (SUGCC) (Kapil et al., 2011)

2.1.2 Mathematical Programming-Based Technologies

Graphical-based tools can provide physical insights for understanding the nature of heat
integration. However, Grossmann and Papoulias (1983) conceived that graphical-based tools
could not guarantee optimality, as their applications are constrained by human experiences.
Therefore, besides the development of graphical (or heuristical)-based technologies,
mathematical programming-based technologies were also proposed, in which heat integration
problems are transformed to mathematical models and are solved by diverse mathematical
programming methods. The established mathematical models can be subject to deserve
objective functions such as maximum energy conservation, minimum greenhouse gases

emissions, minimum total annualized cost, etc., or using multiple objectives (Varbanov et al.,
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2004).

It can be realized that there are two main parts of applying mathematical programming-based
technologies, i.e., modelling and optimization. This review section will mainly introduce the
proposed methods for establishing models, while the development of optimization algorithms
is omitted. If interested, readers can find more details in Furman and Sahinidis (2002), Klemes

et al. (2013), and Smith (2015).

One of the first mathematical programming-based methods is proposed by Kesler and Parker
(1969), who divided each process hot/cold streams into several heat duty elements with equal
quantities and arranged the matches between hot and cold elements, leading to a
combinatorial problem. Kobayashi et al. (1971) and Cena et al. (1977) followed this technique
route of model establishment but gave their own contributions. Kobayashi et al. (1971)
extended the previous work by considering stream splitting and looping, while Cena et al.

(1977) allowed for constraints and multiple utilities.

Cerda et al. (1983) introduced an analytical representation for dealing with HEN synthesis
problems, which can consider network configurations include not only parallel splitting and
cyclic but also constrained matches. In their work, first, the minimum utility consumption is
targeted; then, all the process streams are partitioned into several temperature intervals, and
the corresponding HEN synthesis problem is modelled as a transportation problem. Such a
transportation problem considers all possible routes for transporting heat from hot streams to
cold streams, leading to a linear programming (LP) problem. It was pointed out that the
minimum unit number of heat exchangers can be involved by reformulating the LP problem as
a mixed-integer linear programming (MILP) problem. Papoulias and Grossmann (1983a)
formulated HEN synthesis problems by adopting transshipment models, which is a variation
of the transportation problem mentioned above. The main difference between transshipment

and transportation models is that a transportation model seeks to determine the optimum
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network where commodities (i.e., heat) are directly transported from suppliers (i.e., heat
sources) to destinations (i.e., heat sinks), while a transshipment model considers using
warehouses (i.e., temperature intervals) as intermediates for shipping commodities.
Compared with transportation model-based methods, transshipment model-based methods
also allow for targeting the minimum utility cost and the minimum number of units; besides,
they can be incorporated with process models so that heat integration can be performed
simultaneously with process optimization (Papoulias and Grossmann,1983b). However, it can
be realized that the capital cost of heat exchangers is not taken into account in both of the

methods of model establishment, which could lead to sub-optimal solutions of HEN synthesis.

Duran and Grossmann (1986) proposed a method for handling the heat integration of a
manufacturing process, which allow for considering process streams as variables rather than
constant. The advantage of this method is that it allows for the simultaneous optimization and
heat integration of process flow sheets, offering the optimal operating conditions (e.g., mass
flowrate, supply and target temperatures) of process streams. The main idea of this method
is to establish a mathematical model which can automatically locate the pinch points for given
minimum approach temperatures (even with variable temperatures and mass flowrates of
process streams). As soon as pinch points are located, the corresponding minimum utility
consumptions can be determined. The established model leads to non-linear programming
(NLP). This method has been successfully applied for decades (Klemes and Kravanja, 2013);
however, it considers process heat integrations only in the aspect of energy conservation,

while the related capital costs are not taken into account.

In the early 1980s, attempts in mathematical programming-based heat integrations were more
about developing models for predicting the minimum consumption of utilities and the minimum
number of units (Klemes and Kravanja, 2013). For more advanced achievements, Floudas et
al. (1986) developed a method that can automatically generate the optimal structure of a HEN,

featuring the minimum total investment cost. The method consists of several sequential steps.
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In the first step, the LP-transshipment model proposed by Papoulias and Grossmann (1983b)
is firstly applied to target the minimum utility consumption. In the second step, according to
the minimum utility consumption, the MILP-transshipment model (Papoulias and
Grossmann,1983b) is adopted to determine the corresponding minimum number of units. In
the third step, a superstructure, which can represent many different configurations of possible
network structure, is established. In the next step, based on the superstructure, the
corresponding mathematical model can be established, leading to non-linear programming
(NLP). At last, through solving the NLP, the final network configuration that is subjected to the
minimum investment cost can be determined. The illustrative diagram of this sequential

method is shown in Figure 2.5.

Sequential Synthesis
Synthesis with
Data Decomposition
LP- Transshipment Model
ATmin > Minimum Papoulias and Grossmann
Utility Cost (1983)
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Minimum MILP- Transshipment Model
Number of Papoulias and Grossmann (1983)
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Investment Cost Grossmann (1986)

Y

HEN Configuration

Figure 2.5 The illustrative diagram of the proposed sequential method (Escobar and

Trierweiler, 2013)

The main advantage of the sequential method for HEN synthesis is that they separate the
original single-task problem (i.e., minimum total cost) into several sub-problems that can be

treated by much easier approaches (Escobar and Trierweiler, 2013). However, it is also
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pointed out that the sequential methods could lead to sub-optimal solutions since the trade-
offs amongst the utility consumption, the number of units, and the minimum investment cost
may not be taken into account appropriately (Escobar and Trierweiler, 2013). From this
perspective, researchers in the late 1980s and early 1990s paid attention to simultaneous

methods.

The most representative simultaneous approaches for process heat integration could be Yee
and Grossmann (1990) and Ciric and Floudas (1991). Yee and Grossmann (1990) proposed
a general superstructure to represent the possibilities of the selections and matches of heat
transfers between hot and cold process streams. It was declared by Yee and Grossmann
(1990) that the proposed representation enables simultaneous considerations of multiple
design factors, avoiding the limitations of sequential analysis methods. The establishment of
the superstructure is illustrated in Figure 2.6. In the figure, there are two cold streams and two
hot streams. The overall superstructure is divided into stages, of which the number is normally
the same as the maximum number of the cold or hot streams (in this example, two stages are
divided). For each stage, each of the participated streams is split into paralleled sub-streams,
of which the number should be equal to the number of the streams on the opposite side. Each
sub-stream is directed to a heat exchanger so that each potential match of heat transfer can
be represented. At each stage, the split sub-streams are iso-thermally mixed at the end, but
the corresponding outlet temperatures are treated as variables. Based on such representation,
the established mathematical model could lead to mixed-integer non-linear programming
(MINLP), through solving which the objective of minimum total annualized cost can be
addressed in one step. Ciric and Floudas (1991) presented another simultaneous method for
dealing with HEN synthesis problems. The method adopted the hyperstructure proposed by
Floudas and Ciric (1989) to optimize the configuration of HEN, and a modified version of the
transshipment model of Papoulias and Grossmann (1983a, b) to select heat loads. Compared
with the superstructure-based model proposed by Yee and Grossmann (1990), this

hyperstructure-based model allows for not only stream splitting and mixing but also bypassing,
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leading to a more complex but comprehensive configuration of HEN.
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Figure 2.6 The representation of the proposed superstructure (Yee and Grossmann, 1990)

Extended from Yee and Grossmann (1990), SorSak and Kravanja (1999) merged a detailed
design model of heat exchangers into the superstructure-based model of Yee and Grossmann
(1990) in order to accurately evaluate the pressure drops and heat transfer coefficients. Their
work aims to obtain feasible networks that have the optimal trade-offs between energy
conservation, capital investment, and the power consumption of pumps. Similarly, Mizutani et
al. (2003) included a rigorous model of shell-and-tube heat exchangers into the HEN synthesis
model of Yee and Grossmann (1990). Besides considering network configuration, heat
exchanger area, heat duties, pumping and utility expenses, their optimization model also takes
into account several detailed design variables of heat exchangers, including the number of
tubes and passes, internal and external tube diameters, tube arrangement pattern, the number
of baffles, head type, and fluid allocation. Nemet et al. (2012) emphasized that the full lifetime
of HENs and future utility prices should be considered for process heat integration. Thus, they
developed deterministic and stochastic MINLP models for multi-period HEN synthesizes,

where utility prices are forecasted as a function of the project’s lifetime.
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Except for dealing with the heat integration within a manufacturing process, some
mathematical programming-based methods were also developed for the heat integration of a
total site. Shang and Kokossis (2004) presented a mathematical programming-based
approach to optimize the steam levels of a total site utility system. They developed a
transshipment network to represent the heat flows of a total site., of which the corresponding
model leads to an MINLP problem. The major decision variables are temperatures of steam
levels, overall fuel requirement, the cogeneration potential and cooling utility demand. Zhao
et al. (2015) pointed out that a typical refinery consists of a manufacturing system and the
utility system, and the conventional optimization procedure of a total site is to consider each
of the systems hierarchically. To meet the demand for higher profit and energy utilization, it is
important to integrate the two systems simultaneously. However, they observed that adopting
mathematical programming-based methods to solve a total site integration could be imperative
but challenging, as the corresponding models could lead to MINLP problems with a large
number of discrete variables, resulting in inconsistency between solution quality and time. To
this point, they developed a solution strategy based on heuristics, in which the overall model
is decomposed into a MILP and an NLP model, and the two models are then solved iteratively.
They used a case study from a real refinery plant to demonstrate the effectiveness of the
strategy. Martelli et al. (2017) proposed a novel approach for simultaneously addressing the
synthesis of a site-wide HEN and the optimization of the utility system. For an industrial site,
there could be a set of providers of the utility demand and multiple hot/cold streams to be
cooled down/heated up. Their goal is to determine the optimal selection, arrangement, and
design of a HEN and the corresponding utility providers, leading to the minimum total
annualized cost. For representing a HEN, the superstructure proposed by Yee and Grossmann
(1990) is adopted; as for the utility system, a novel superstructure, namely the ‘Ad Hoc
Superstructure’, is developed. An MINLP model is established to formulate the
superstructures, and a sequential optimization algorithm is specifically developed for solving

the MINLP model.

62



Chapter 2: Literature Review

2.2 Overview on ORCs for Waste Heat Recovery

When considering applying ORCs, there are multiple architectures to be selected, leading to
different thermal efficiencies; besides the architecture selections, different working fluids could
also exert significant influences on thermal efficiencies. Due to the multiple choices of
architectures and working fluids and the designs of HENs for extracting waste heat, there are
complexities and challenges of implementing ORCs into industrial sites, which have been
introduced in the previous chapter. In this section, the previous publications addressing the
architecture selections, working fluid selections, and integration of ORCs for recovering
industrial waste heat are overviewed, aiming to provide insights into the progressions of

current research.

2.2.1 Architecture Selections of ORCs

According to the previous introductions, except for the basic architecture, normally, there could
be six different designs of ORCs, including Superheated Cycles, Regenerative Cycles, Reheat

Cycles, Transcritical Cycles, Bleeding Cycles, and Cascaded Cycles.

e  Superheated Cycles

Hung et al. (1997) found out that the thermal efficiencies of ORCs increase nearly linearly with
the turbine-inlet temperature for wet working fluids like water, ammonia, etc. However, unlike
wet working fluids, dry fluids could present decreased trends in ORC thermal efficiency at their
superheated regions. According to such results, they advised that dry working fluids may be
better to be operated along the saturation curve rather than superheated. Yu et al. (2015) also
did not recommend the superheating of dry working fluids. They declared that the
superheating of dry working fluids may not obviously increase the thermal efficiency of an
ORC but could lead to increases in the investment costs of heat exchangers. Other research

efforts such as Hu et al. (2017) investigated the effects of superheating working fluids on the
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stability of an ORC system with different types of heat exchangers. According to the test results,
they confirmed the correlations between superheating operations and the operation stability
of ORC systems. When using R245fa as the working fluid, with a superheat of (or below)1.8C,
they found that instability could be occurred in plate evaporators due to liquid entrainment. As
for shell-and-tube evaporators, the superheat could be as low as 0.2°C without unstable

oscillations.

e Cycles with Recuperators

Several authors (Saleh et al., 2007; Chen et al., 2010) have suggested the implementation of
an internal heat exchanger to reuse the heat of turbine exhaust gas to preheat the evaporating
working fluid. Saleh et al. (2007) declared that, without considering the thermal match with
background heat sources, implementing an internal heat exchanger could essentially increase
the thermal efficiency of an ORC. Lecompte et al. (2015) illustrated that, in order to implement

an internal heat exchanger, a superheated state is necessary at the turbine outlet.

If considering the thermal match with heat sources, Dai et al. (2009) argued that if the target
temperatures of heat sources are not limited (i.e., can be as low as the ambient temperature),
the net power output of an ORC may not be increased by adding an internal heat exchanger.
Zhang et al. (2018) investigated the effects of adopting an internal heat exchanger on the
thermo-economic performance of an ORC. In their report, the working fluid candidates
considered are R161, R1234ze, R152a, cyclopentane, cyclopropane, butane, R123, heptane,
and cyclohexane. They found out that, under a lower heat source temperature and load, the
implementation of an internal heat exchanger cannot guarantee a higher power generation
but always a worse economic performance than a basic ORC. However, they also indicated
that, with the increases of heat source temperatures, the ORC with an internal heat exchanger
could have a possibility to achieve better thermo-economic performance. In summary, the
feasibility of adopting an internal heat exchanger strongly depends on the type of working fluid

and the profile of heat sources.
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o Reheat Cycles

DiGenova et al. (2013) realized that a total processing site could normally have multiple waste
heat sources with different temperature levels and duties, resulting in a composite heat source
with a complex temperature-enthalpy profile. Therefore, they emphasized the necessity of
considering different types of ORC architectures to obtain the best thermal match with heat
sources. One of the architectures they customized is the ‘Reheat Cycles’. They adopted the
waste heat sources from a Fischer Tropsch reactor and its associated processes as the
demonstration case. The results showed that a reheat cycle could have a better thermal match
with the heat sources, leading to higher energy conversion. However, it was also pointed out
that the low heat transfer coefficient caused by the vapour phase of a reheating process could
lead to a larger heat transfer area. In their work, the trade-off between capital cost and energy
conservation is not discussed. Hemadri and Subbarao (2021) integrated a reheat ORC into a
gas turbine cycle to recover the low-temperature exhaust heat from the gas turbine. They
considered cyclopentane, hexane, and benzene as the working fluid candidates and found
that a reheat ORC could achieve an increased net power output than a basic ORC. They also
optimized the operating conditions (such as reheat pressure ratio, evaporating
temperature/pressure, and condensing temperature/pressure) of a reheat ORC integrated

with different gas turbine cycles subjected to the maximum power output.

Even though several studies have proved that reheat cycles can achieve higher power
generations than the basic ones, it should be noticed that the implementation of reheat cycles
is case-dependent. On the one hand, the performances of reheat cycles are highly dependent
on the temperature-enthalpy profiles of heat sources; on the other hand, the trade-off between

extra capital cost and power generation should be considered.

o Transcritical Cycles
In terms of net power output, Schuster and Karellas (2010) compared the difference between

a basic ORC and an ORC with supercritical working conditions. According to their
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demonstrations, for an ORC itself, the supercritical working conditions do not always lead to
a higher thermal efficiency, which is dependent on the working fluid selections; however, when
considering the integration with heat sources, the supercritical working conditions of working
fluids could achieve better temperature matches with heat sources, leading to higher rates of
heat recovery. The extra investment costs brought up by transcritical operations are not
discussed in their work. Xu et al. (2016) compared the net power outputs of a basic (subcritical)
ORC and a transcritical ORC for recovering the waste heat from flue gas with inlet
temperatures of 150-250°C. They found that if the heat source temperature is about 25-40°C
higher than the working fluid’s critical temperature, adopting supercritical working conditions
instead of subcritical working conditions could achieve the maximum power output. However,

again, the trade-off between capital cost and power generation is not addressed in their work.

o Bleeding Cycles

Desai and Bandyopadhyay (2009) integrated an ORC with multiple heat sources, considering
multiple choices of working fluids and different ORC architectures. They illustrated that the
choice of working fluid and architecture for appropriate integration depends on the heat
rejection profile of the background heat sources. According to the results of the integration,
they concluded that when background heat sources end up with high temperatures, it is
possible to implement different cycle modifications like turbine bleeding to improve the power
generation of ORC; otherwise, if the target temperatures of background heat sources are close
to the ambient temperature, different modifications are not recommended, as they could finally
lead to higher heat rejection and thereby, do not improve the power output. Desai and
Bandyopadhyay (2009) have provided selection criteria on two modified ORC architectures
(the Bleeding Cycles and Cycles with Recuperators) subjected to the maximum power output,
while the economic performances of the different architectures were not discussed. Meinel et
al. (2014) compared the thermodynamic and economic performances of a basic ORC, a
bleeding ORC and an ORC with a recuperator. The heat source is configured as the waste

heat from an internal combustion engine of an existing biomass digestion plant, of which the
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minimum target temperature is regulated to be above 180°C. It is found that, due to the high
temperature of heat sources, the bleeding ORC can achieve both a better thermodynamic
(higher power output, better match of the temperature profiles) and economic (lower specific

investment costs, higher sales) performance.

e Cascaded cycles

In a cascaded configuration, several ORCs are operated in series with multiple evaporation
temperatures. The benefit of arranging the cascaded configurations is that it allows different
working fluid selection and mass flowrate for each ORC, which could lead to a better thermal
match with the temperature-enthalpy profile of the background heat sources. Li et al. (2015)
used the first and second law of thermodynamic to analyze the thermal and exergy efficiency
of a two-cascaded ORC. The corresponding background heat source is configured as a strand
of hot water with several temperature levels (from 95°C to 150°C). The analysis results
showed that the two-cascaded ORC could obtain higher power output than a basic ORC for
all the temperature levels. For an ORC itself, the basic ORC was observed to have the highest
thermal efficiency (i.e., the highest rate of power generation from the heat absorbed); however,
if accounting for the rate of heat recovery from the background heat source, the basic ORC

has a higher ratio of exergy loss due to the weak thermal match.

In summary, the primary purposes of developing different architectures of ORCs are to
improve the thermal efficiencies of ORC units or enhance the thermal matches with heat
sources. It should be realized that the selections of ORC architectures are case-dependent,
which could be affected by the temperature-enthalpy profile of background heat sources, and
the trade-offs between the extra investments and the profits brought up by power generation

should be considered.
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2.2.2 Working Fluid Selections of ORCs

There are thousands of pure substances that can be selected as the working fluids of ORCs,
which include hydrocarbons, aromatic hydrocarbons, perfluorocarbons, alcohols and
siloxanes (Oluleye, 2016). Besides, zeotropic mixtures can also be used as working fluids.
Different selections of working fluids could not only exert different influences on the thermal
efficiencies of ORCs, thermal match with heat sources, leading to different power generations,

but also have impacts on operating costs, investment costs, and the environment.

For selecting pure working fluids, He et al. (2012) developed a mathematical model to
determine the optimal evaporation temperatures of 22 different organic compounds when
operating with a basic ORC, aiming to achieve the maximum power output. A single strand of
waste heat stream with an inlet temperature of 150°C and an unlimited outlet temperature is
configured as the heat source. The results showed that the working fluids whose critical
temperatures approach the supply temperature of the heat source (150°C) could produce
larger net power outputs. Under the given conditions of the background heat source, they
recommended selecting R114, R245fa, R123, R601a, n-pentane, R141b and R113 as the
potential candidates of ORC working fluids. Long et al. (2014) proposed two concepts, namely
‘internal exergy efficiency’ and ‘external exergy efficiency’, to evaluate the exergy efficiency of
a stand-alone ORC and an ORC integrated with heat sources, respectively. The two concepts
were then adopted to analyze the impacts of working fluids on the performances of ORCs.
The results indicated that with the same evaporating temperature, different working fluids
could exhibit little impact on the internal exergy efficiency of an ORC. However, it was also
emphasized that the working fluid selection could play a significant role in determining the
external exergy efficiency. They concluded that the working fluids with lower critical
temperatures could lead to higher evaporation temperatures, implying not only better
temperature matches with the background heat source (higher external exergy efficiency) but

also higher internal exergy efficiency of the ORC.
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For selecting mixture working fluids, Victor et al. (2013) developed a mathematical
programming-based method for determining the optimal composition of mixed working fluids
for ORCs subjected to the maximum thermal efficiency of the cycle. In the method, the
evaporation temperature of the cycle was directly configured, which could be ranged from 100°C
to 250°C, and the corresponding heat duty was set as 1MW. The optimization procedure was
carried out by the Simulated Annealing technique. According to the optimization results, it
could be concluded that, for a stand-along ORC (i.e., neglect the thermal match with
background heat sources), the pure component organic fluids are more energy-efficient than
mixed organic fluids. Andreasen et al. (2014) proposed another mathematical programming-
based method to find the most promising working fluid (pure or mixture) that could lead to the
maximum net power output of an ORC system. The work considered the thermal match with
background heat sources by configuring a strand of hot fluid with inlet temperatures at 120°C
and 90°C. Based on such configuration, the optimization results indicated that mixed working
fluids could exhibit more potentials on increasing the net power output than pure working fluids.
Ethane is found to obtain a large net power output increase when used in mixtures, and the

mixture of ethane and propane with an optimized mixing ratio is recommended.

Except for investigating the thermodynamic performances of different working fluids, some
researchers focused on the environmental impacts. Hickenbottom et al. (2018) performed a
comparative life-cycle assessment to evaluate the environmental impacts of an ORC. They
related the environmental issues not only to the construction and transportation of ORCs but
also to the operation periods. The promising working fluids of ORCs should be non-toxic and

low-flammable and should have zero ozone depletion potential.

Wang et al. (2020) proposed the optimal selection principle for 14 different ORC working fluids,
of which the selection criteria are based on environmental and economic performances. They
configured a single waste heat source with a temperature range from 90 to 230°C and set the

electricity production cost and the reduction of greenhouse gas emissions of an ORC as their
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optimization objective. Their calculation indicated that if based on the maximum emission
reductions, the optimal working fluid could be R601 operated from 363 to 384 K and from 481
to 503 K. While regarding the economic performance, they recommended R245fa working

with 363-468 K as the best choice.

The literature review shows that there is no single “winner” for the working fluid selections of
ORCs. For a stand-alone ORC, most of the previous research works considered critical
temperature as the most significant criteria for selecting promising working fluids. The
objective is typically set to maximize the thermal efficiency of an ORC. However, in practice,
the thermal match with background heat sources should be considered. To this perspective,
some researchers set the maximum power output as their goal, while some other researchers
discussed the economic performance of an ORC system by considering the trade-offs
between capital cost and the profit gained by power generation. In summary, the analysis
results of the previous researchers indicated that the selections of working fluids are case-
dependent. This point was emphasized by Dong et al. (2020b), who declared ‘no fluid is

suitable for all ORC systems’.

2.2.3 Process Integrations of ORCs

As the previous literature on ORC integration for recovering industrial waste heat has been
fully reviewed by the appended papers in the following chapters, this section will only give a

general summarization of the previous research without detailed introductions.

It has been introduced that the main purpose of ORC integration is to minimize the total
annualized cost for dealing with waste heat, considering optimizing both waste heat extraction
and ORC power generation. One of the first research dealing with ORC integration problems
could be Desai and Bandyopadhyay (2009), who developed a graphical-based method based

on the ‘Pinch Analysis’ technique. By applying the method, one can heuristically determine the
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optimal operating condition, architecture selection, and working fluid selection of a single ORC,
leading to the maximum net power output. One limitation of the graphical-based method is
that the quality of its optimization solution could be highly dependent on the experiences of
designers. To this point, Hipdlito-Valencia et al. (2013), Chen et al. (2014), Chen et al. (2016),
Yu et al. (2017a), Yu et al. (2017b), and Dong et al. (2020a) tried to adopt the mathematical
programming-based Pl techniques for dealing with ORC integration problems. The main idea
of mathematical programming-based methods is to imbed the thermodynamic equations of an
ORC into the network model of waste heat extraction to formulate an overall model. The
objective function of the overall model can be subjected to the maximum power generation or
the minimum total annualized cost so that the integration problem can be transformed into an

NLP, MINLP, NLP+MILP, or NLP+MINLP optimization problem.

It can be noticed that all of the previous works mentioned above adopt deterministic algorithms
to solve the formulated optimization problems. More recently, some researchers tried to import
stochastic algorithms as their solvers. Kermani et al. (2018) and Dong et al. (2020b) developed
a bi-level decomposition optimization strategy for solving ORC integration problems, in which

the Genetic Algorithm is adopted.

Except for integrating ORCs with process flows, Elsido et al. (2019) and Huang et al. (2020)
considered integrating ORCs into utility systems. In their work, the correlations between a total
site utility system and the downstream ORCs were discussed, and mathematical
programming-based methods were proposed for simultaneously addressing the optimal

configurations of a utility system and its corresponding ORCs.
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Chapter 3: Indirect Integration of ORCs

This chapter contains one journal-format paper, providing a mathematical programming-based
method that adopts the indirect-heat-transfer strategic option for ORC integration problems.
The method also allows for integrating more than one ORC unit, leading to an arrangement of

multi-parallel ORCs.

3.1 Introduction to Publication 1

The paper presented in this chapter contributed a mathematical programming-based method

for solving the ORC integration problems with an indirect heat transfer strategy.

For establishing the mathematical model, first, a modified stage-wise superstructure, namely
‘Modified-IBMS’, is proposed to synthesize the network of waste heat extraction. It is proved
that the ‘Modified-IBMS’ can decrease the number of the divided stages, leading to less
continuous and discrete variables than the previous superstructures, so that the computational
time of the corresponding optimization process can be reduced. For comparison purpose, this
study adopted the same Equation of State (i.e., the Peng-Robinson Equation of State) with Yu
et al. (2017a) to formulate the thermodynamic properties of ORC working fluids so that the
optimization consequences of this study can be compared with those of the previous literature.
The established mathematical model leads to an MINLP optimization problem, which can be
implemented into the GAMS® platform and is solved by the Baron solver. For optimization,
the paper develops an iterative procedure, which can simultaneously determine the optimal
unit number of ORCs, the optimal working conditions of each ORC, and the optimal HEN

synthesis.

The case studies validate the feasibility of the proposed method. The results indicate that, for

some cases, implementing multi-parallel ORCs could achieve less total annualized costs than
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a single ORC.

3.2 Publication 1

Chu Z., Nan Z., Smith R., Modelling and Integration of Multi-Parallel Organic Rankine Cycles

into Total Site, Energy (under review)
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Modelling and Integration of Multi-Parallel Organic

Rankine Cycles into Total Site
Zheng Chu, Nan Zhang*, Robin Smith

Centre for Process Integration, Department of Chemical Engineering and Analytical Science, the University of

Manchester, M13 9PL, Manchester, United Kingdom

nan.zhang@manchester.ac.uk

Abstract

Organic Rankine Cycle (ORC) is a promising technology for exploiting the industrial low-grade
waste heat. When trying to implement ORCs, proper integration with background waste heat
sources is one of the crucial matters that should be considered. Research on ORC integration
has been carried out during the last few decades. However, it is observed that the existing
methodologies for integrating ORCs into industrial sites are still insufficient. Lots of the
research efforts deal with ORC integration problem assuming only one single ORC
participates, while the options of applying multi-parallel ORCs are rarely taken into account.
Besides, existing research mainly focuses on direct integration of ORC(s) (i.e., waste heat is
transferred directly from heat sources to ORC working fluids), whereas the option of utilizing
intermediate heat carriers indirectly is neglected. As such, this study proposes a model-based
methodology for indirect integration of multi-parallel ORCs. The overall model covers both
waste heat extraction and ORC power generation. For heat extraction modelling, a modified
superstructure based on Isafiade and Fraser (2008) is proposed, which simplifies the
construction of a heat extraction network (HEN) and reduces computational time. For
thermodynamics, the Peng-Robinson Equation of State is adopted. The overall model leads
to a mixed-integer nonlinear programming (MINLP) problem and can be solved by a General
Algebraic Modelling System, e.g., the GAMS software. Two case studies are performed in this
work to validate and illustrate the application of the proposed method, the results of which
show that applying multi-parallels ORCs instead of using a single ORC can decrease the

overall annualized cost effectively.
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Nomenclature
Variables Subscripts
A heat exchanger area (m?) c critical state
Capital total capital cost ($) con condenser
FC heat capacity flowrate (kW/K) cu cold utility
FIX fixed charge ($) cw cooling water
h enthalpy (kJ/kg) eva evaporator
LMDT logarithm approach temperature extraction heat extraction section
m mass flowrate (kg/s) generation power generation section
NORC number of ORCs in inlet
Obj objective variable is isentropic state point
OoP operating cost ($/year) | liquid
Operating total operating cost ($/year) latent latent heat
P pressure (kpa) min the minimum value
PC purchase cost ($) out outlet
PO power output pump pump
Profit profit ($/year) r residual
q heat amount (kJ) sensible sensible heat
T temperature (K) sl saturated liquid
W shaft work output (KW) th turbine
VA binary variable wf ORC working fluid
Yo density (kg/m°) 1,2,3,...6 state points
14 molar volume (cm®/mol)
Parameters Superscripts
AF annualized factor s supply
AOH annual operating hours t target
L a constant with large value
Price marketing price
u heat transfer coefficient
n efficiency
Sets
elements in the set of heat elements in the set of
hc carrier streams orc ORCs
HC={hcl, 2 ... n} ORC={orc|1, 2 ... n}
elements in the set of elements in the set of
ti temperature intervals ws

TI={ti|1, 2 ... T}

waste heat streams

WS={ws|1, 2... n}
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1. Introduction

Organic Rankine Cycle (ORC), which can generate electricity from waste heat sources, is
becoming a promising technology for exploiting waste heat in industrial fields. Derived from
the conventional steam-based Rankine Cycle, ORC uses organic compounds instead of water
as working fluid, ensuring operational feasibility when coping with low-grade heat sources.
The schematic diagram and the corresponding thermodynamic T-S diagram of a typical ORC
can be seen in Figure 1. As shown in Figure 1, a typical ORC consists of four main working
components: a turbine, a condenser, a pump, and an evaporator. During operation, sub-
cooled organic liquid is evaporated to saturated vapor in the evaporator, absorbing waste heat
(5-6-1). And then, the saturated vapor is sent to the generator-connected turbine to generate
power (1-2). The exhaust gas of the turbine is condensed in the condenser (2-3-4), and is

recycled by the pump (4-5).

Turbine

Heat
source

p Evaporator

Cooling
water

Pump

Condenser
5
€ 7 g

Figure 1. The schematic diagram and T-S diagram of a basic ORC configuration

When applying ORCs to exploit waste heat in an industrial site, an appropriate general
strategy, including how to extract waste heat and generate power, should be determined. For
heat extraction, waste heat can be directly transferred from heat sources to ORC(s) or
indirectly transferred through intermediate heat carriers. The advantage of direct heat transfer

is that it can achieve more power generation with less heat transfer area, leading to a higher
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annual profit. However, it is pointed out that indirect heat transfer may be preferable in practical
operations due to safety and controllability considerations (Yu et al., 2017a). As for power
generation, it will be case-dependent to choose whether to use a single ORC or multi-parallel
ORCs. The multi-parallel configuration could have better operating flexibility to cope with
fluctuated conditions of heat sources. From the thermodynamic perspective, a single ORC
could have a weak thermal match with background heat sources due to the ‘pinch limitation’
(shown in Figure 2) caused by the isothermal boiling process of ORC working fluid (Yu et al.,
2018). Applying multi-parallel ORCs could debottleneck the ‘pinch limitation’ and improve the
thermal match with heat sources, leading to more power generation (Stijepovic et al., 2017).
However, more capital costs may be needed for implementing the extra ORC parallels. The

trade-off between the capital cost and the power generation should be considered.
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Figure 2. The ‘pinch limitation’ caused by a single ORC (Yu et al., 2018)

In general, considering both heat extraction and power generation, there will be four general

strategic options, which are listed in Table 1. Developed methods dealing with these options

7



Chapter 3: Indirect Integration of ORCs

will be reviewed below, through which the improvements and deficiencies of the previous

research can be concluded.

Table 1. Strategic options for integrating ORCs

Heat extraction

Direct Indirect
Power generation
Single ORC Direct & Single Indirect & Single
Multi-parallel ORCs Direct & Multi-parallel Indirect & Multi-parallel

e Direct heat transfer & Single ORC

The direct integration of a single ORC could be the most common topic in the research field
of ORC integration. Desai and Bandyopadhyay (2009) integrated a single ORC by using a
graphical-aided method. In the method, through incorporating the heat absorption profiles of
an ORC into the grand composite curve of background processes, near-maximum power
output can be graphically determined. Hipdlito-Valencia et al. (2013) developed a model-
based method for integrating a single ORC. The overall model is generated by embedding a
simplified ORC model into a superstructure-based model of HEN synthesis, leading to mixed-
integer non-linear programming (MINLP). Another model-based methodology was proposed
by Chen et al. (2014). In the method, first, a stage-wise superstructure model is adopted to
identify the heat surplus zone of the given background processes. Second, a rigorous ORC
model is incorporated into the superstructure model, formulating an ORC-imbedded
superstructure model, which is then used to integrate a single ORC into the heat surplus zone.
Yu et al. (2017b) solved single ORC integration problems with a two-step model-based
method. In the first step, the Duran-Grossman NLP model (Duran and Grossmann, 1986) is
applied to determine the best trade-off between utility consumption and ORC power
generation. In the second step, the transhipment MILP model proposed by Papoulias and
Grossmann (1983) is adopted to carry out the HEN synthesis. Huang et al. (2020) established
an MINLP model, which can not only optimize the operations of a utility plant and an ORC,

but also carry out the corresponding HEN synthesis.

78



Chapter 3: Indirect Integration of ORCs

Some other recent works tried to deal with single ORC integration problems considering the
working fluid selection and architecture selection are to be considered. Kermani et al. (2018)
developed a comprehensive bi-level approach for solving a single ORC integration problem.
The bi-level approach adopts the Genetic Algorithm (GA) in a master level and mixed-integer
linear programming (MILP) in a sub level. The master level can determine the optimal
operation and the best working fluid selection of the ORC. And the sub level is responsible for
optimizing the rest design variables. Dong et al. (2020) proposed another bi-level method for
integrating a single ORC. The bi-level method consists of the GA in a master lever and non-
linear programming (NLP) in a sub level. The method can determine the optimal working
conditions of the ORC simultaneously with working fluid selection. However, the HEN

synthesis is excluded.

e Indirect heat transfer & Single ORC

Yu et al. (2017a) realized that using an intermediate heat carrier (e.g., hot water) to transfer
heat from heat sources to an ORC system may be preferable in practice due to safety and
controllability considerations. They developed a sequential method for solving indirect ORC
integration problems. Based on a given minimum approach temperature, the first step
determines the optimal working conditions of the heat carrier stream and ORC, in which the
Duran-Grossman NLP model is adopted (Duran and Grossmann, 1986). The HEN synthesis

can then be carried out in the second step.

e Direct heat transfer & Multi-parallel ORCs

There are a few works focused on the integration of multi-parallel ORCs. Stijepovic et al. (2017)
observed that more power generation could be achieved by applying a multi-parallel ORCs
system. They proposed an MINLP model for integrating a multi-parallel ORCs system. In the
model, simplified thermodynamic correlations are imported. Besides, the ‘temperature-interval

(T-1)’ concept proposed by Linhoffand and Flower (1978) and the transhipment model
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proposed by Papoulias and Grossmann (1983) are adopted. The results indicate that the

multi-parallel ORCs could have advantages on power generation compared with a single-ORC.

e Indirect heat transfer & Multi-parallel ORCs

Up to now, the relevant research on integrating multi-parallel ORCs with an indirect heat
transfer strategy is still unavailable in the open literature. As introduced earlier, the indirect
heat transfer strategy can avoid safety and controllability issues in practice (Yu et al., 2016).
And the multi-parallel configuration could achieve a higher power generation (Stijepovic et al.,
2017). On the premise of ensuring safety and controllability operations, the indirect integration
of multi-parallel ORCs may be preferable. Therefore, it is worth investigating this strategic

option.

This paper aims to fill the gap in the field of the indirect integration of multi-parallel ORCs. A
detailed model-based methodology will be developed to optmise the configuration of a multi-

parallel system, HEN synthesis and operating conditions simultaneously.

2. Problem Statement

The illustrative diagram of the ‘indirect heat extraction & multi-parallel ORCs’ strategic option
is shown in Figure 3. The whole system can be decomposed into a heat extraction section
and a power generation section. In the heat extraction section, a set of waste heat streams,
WS= {ws|1, 2 ... n}, are identified, with which the working conditions (including supply
temperatures, target temperatures, and heat capacity flowrates, etc.) are known. A set of
intermediate heat carriers (typically hot water), HC= {hc|1, 2 ... n}, are customized for
extracting the waste heat, of which the working conditions are variables. In the power
generation section, there is a set of ORC parallels, ORC = {orc|1, 2 ... n}. Each of the ORC
parallels is coupled with an intermediate heat carrier stream. The operating conditions of the
ORCs, including the evaporating temperatures/pressures, the condensing

temperatures/pressures, and the working fluid mass flowrate, are variables to be optimized.
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In addition, cold utilities with inlet and outlet temperatures are provided. The objective is to
minimize the total annualized cost, considering the trade-off between the capital/operating
costs and the profit brought up by power generation, which can be achieved by solving the
following problems: 1. find the optimal number of parallel ORC trains; 2. determine the optimal
working conditions of the heat carrier streams and ORCs; 3. determine the optimal HEN

synthesis.
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Figure 3. The graphical illustration of a multi-parallel ORCs system
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3. Model establishment

The overall model for the integration problem can be separated into a heat extraction module
and a power generation module. The heat extraction module is formulated by a
superstructure-based technology. The power generation module represents the
thermodynamic performance of each ORC in parallel, where rigorous thermodynamic

correlations (i.e., the Peng-Robinson Equation of State) are adopted.

3.1. Heat extraction module

Several superstructure-based technologies such as the hyperstructure model (Ciric and
Floudas, 1991), the Synheat model (Yee and Grossman, 1990), and the IBMS model (Isafiade
and Fraser, 2008) are feasible candidates for establishing the heat extraction module.
However, due to the combinatorial nature of HEN synthesis problems, the technologies
mentioned above are MINLP in nature, which face computational difficulties in solving the
corresponding optimization problem (Martelli et al., 2017). In this study, the heat extraction
module will be simultaneously optimized with the power generation module, which could make
the computational process even more challenging. As such, it is desirable to improve the

computational efficiency.

It is observed that, with the same or fewer intervals, the IBMS model could have less
computational time than the Syntheat or the hyperstructure model. However, in most cases,
the IBMS model could generate much more intervals than the other superstructure-based
approach, leading to more computational time. It is logical to assume that the decrease in the
interval number of the IBMS model could reduce the computational time. Therefore, this study
proposed a modified-IBMS model, which is derived from the IBMS model but with fewer intervals.
In the modified-IBMS model, a concept of ‘narrow interval’ is proposed, which will be illustrated in the
following context. Through eliminating the ‘narrow intervals’, the total interval number can be decreased,

and the computational time is expected to be decreased. The assumption is verified by several case
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studies (presented in supplementary materials). Comparison results show that the modified-IBMS model

can reduce the number of continuous and discrete variables as well as the computational time.

The procedure for establishing a modified-IBMS model is introduced as below:

Step 1: Asfor given sets of process hot streams and heat carrier streams, establish an IBMS
superstructure (Isafiade and Fraser, 2008). Note that cold utilities are placed at the end of
each hot streams, and there is no hot utility usage. An example is given in Figure 4(a).

Step 2: Identify the ‘narrow intervals’ in the established IBMS superstructure.

The ‘narrow intervals’ are defined as the intervals of which the heat duty is less than X kW.
The value of the X is heuristically determined, normally between 100 ~ 500 kW. One can case-
dependently adjust the X value. With a proper X value, inspired by the ‘block decomposition’
concept (Zhu, 1995), itis assumed that the ‘narrow intervals’ can be merged into their adjacent
interval without any strong impacts on the final optimization consequences. This assumption
has been verified by several case studies (presented in supplementary materials), in which
the relative deviations of the optimization results applying the modified-IBMS are found less
than 1% to the literature results. Note that if there are no ‘narrow intervals’ found, the following
steps can be skipped, and the modified-IBMS superstructure is equivalent to an IBMS
superstructure. In this example, we can regard the ‘ti 3’ and ‘ti 5’ in Figure 4(a) as the ‘narrow
intervals’.

Step 3: Merge the ‘narrow intervals’ into their adjacent intervals according to the following
rules:

1. The merging should be carried out from the high-temperature intervals to the low-
temperature ones.

2. As for the ‘narrow interval’ bounded by a pair of supply temperatures, it should be merged
into the subsequent interval rather than the preceding one, as illustrated in Figure 5-(a).

3. As for the ‘narrow interval’ bounded by a pair of target temperatures, it should be merged

into the preceding interval rather than the subsequent one, as illustrated in Figure 5-(b).
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4. As for the ‘narrow interval’ bounded by a target temperature and a supply temperature, its
merging rule is case-dependent. If the target temperature is higher than the supply
temperature, the narrow interval should be merged into the preceding interval (Fig 5-(c)); if
the supply temperature is higher, then the narrow interval should be merged into the
subsequent interval (Fig 5-(d)).

5. After each incorporation, check if the newly formed interval is a narrow interval or not. If the
newly formed interval is still a narrow interval, merge it before moving to the next interval.
Step 4: Once all the narrow intervals are merged, a modified-IBMS is established (shown in

Figure 4(b)). The corresponding mathematical model can then be formulated.

The formulation of the modified-IBMS model is similar to that of the IBMS model, which
includes heat balance, temperature assignment, thermodynamic feasibility, logical constraints

and heat exchanger area calculations. The formulas can be found in Appendix A.
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Figure 4(a). The graphical illustration of an IBMS
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3.2. Power generation module

A power generation section consists of several stand-alone single ORCs. The model of a
power generation section is actually a combination of several single ORC models. As for
modelling every single ORC, the concept of thermodynamic state points can be used. As
shown in Figure 6, there are several thermodynamic state points marked on an ORC T-S
diagram. Through calculating the thermodynamic properties (flowrate, temperature, pressure,
enthalpy, entropy, etc.) of the state points, the performance of each working component
(evaporator, condenser, turbine, and pump) can be evaluated, and an ORC system can then
be modelled. In this work, the thermodynamic properties of the state points are formulated by
the Peng-Robinson equation of state (P-R EoS) and the Extended Antonie equation, of which
the detailed formulations are given in Appendix B. Once the thermodynamic properties of each
state point are formulated, the performance of each working component can be calculated as

follows.

Heat carrier

5

/ 4 3
Cold utility

Figure 6. T-S diagram of a typical ORC with thermodynamic state points

e  Turbines

WEE = m3% - (b —hE) = mig (g ~hg), - orc e ORC &
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Note that the superscript ‘orc’ indicates the elements in the set ORC= {ORC |1, 2 ... n}; »°

represents the turbine isentropic efficiency; wg© represents the shaft work output of an ORC

in parallel.

. Condensers

The sensible heat transferred between the state points 2 and 3 is calculated by Equation (2).

The latent heat transferred between the state points 3 and 4 is calculated by Equation (3).

o =mjy; -(h3*—h3°), orceORC (2)

q con,sensible

orc
qcon Jlatent

=myy -(hg© —h3®), orceORC (3)

If assuming that a number of cold utility streams with given inlet and outlet temperatures are
used in the condensers, the heat exchanger area of the sensible and latent heat transfers can
be calculated as:

orc

q .

orc _ con,sensible

Acon,sensible - U LMDTC® , orce ORC (4)

sensible con,sensible
qorc
orc _ con, latnet
Acon,latent - U LMDT® , orce ORC (5)
latent © con, latent

LMDTo®

con,sensible

rc ort r r r r rc ort s
_ l:(TZO B Tcwc,oul )(TBO s Tcow(‘:int )éTZO ‘- Tc(\’/v(?out + T30 B Tcwc,int ) :| . orce ORC (6)

LMDT, ¢

con,latent —

1/3
TOI’C _ Torc_ Torc _ TOI’C. Torc _ Torc_ + Torc _ Torc_
— |:( 3 cw,mt)( 4 cw,in ); 3 cw,int 4 cw,in :| , orc e ORC (7)

Where U and U are the sensible/latent heat transfer coefficients; LMDT>®

sensible latent con,sensible

and LMDTX® are the logarithm temperature differences for the sensible/latent heat

con, latent

transfers; T.¢ is an intermediate temperature of the cooling water, which can be calculated

cw,int

by Equation (8).

orc orc orc

(Tcw,int _Tcw.in) _ qcon.latenl orc e ORC (8)
Tore Tore orc !

( cw,out cw,im) qcon,sensible
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e  Working fluid pumps

The power consumption of the working fluid pumps is calculated as:

orc malr: orc orc
W' = P°—P), orce ORC 9)

pump T _orc PR
pump wf

Where 7. is set as a constant parameter, indicating the isentropic efficiency of the pump.

The density of working fluid 2° can be calculated by the Extended Rackeet Equation (Kyle,

wf

1992):

Vo 212 = (R-T, I P)(RA™)*T" - orc e ORC (10)
RA™ =g+ B(1-T"), orce ORC 1)
T =T,"/T, orceORC (12)

Where v represents the actual liquid molar volume; o« and g are two regression

parameters, whose values depend on the type of working fluid.

. Evaporators

There are two thermodynamic processes occurred in the evaporators, i.e. a heating process
(from state point 1 to 2) and an evaporation process (from state point 2 to 3). The energy

balances for the two processes are formulated as follows:

b =mpy; -(hg® —hg), orce ORC (13)

qeva,sensible

amtaene = Mg - (N —hg*), orce ORC (14

q eva, latent

As the supply and target temperatures of the heat carrier streams are pre-calculated in the
heat extraction module (Appendix A), the logarithm temperature differences in the evaporator

can be calculated as follows:

Te=T" hceHC (15)
T, =T, hceHC (16)
~ (Thc _-I—sorC)(Thc _Té)rC)(Thc _Tf?rc +-|—hc _-I—GorC) L3

LMDTe?/raC,sensible - o m 2 = L y Orce ORC’ hC € HC (17)
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1/3

B (T|:f _ -I—é)rc )(-I—I:c _ -I—lorc )(Thc _ -I—(;)rc + Tl:c _ -I—lorC)

LMDT,; et = 5 it , orceORC, hce HC (18)
Where LMDT.] . @nd LMDT.Z . are logarithm temperature differences for sensible

and latent heat transfer separately; T is an intermediate temperature of a heat carrier, which

int
is given by Equation (19).

(T.:f _T:lft) -FC,, o orce ORC, hce HC (19)

= qeva,sensible'
The approach temperature feasibility is considered in Equations (20) - (22):

T -T2 >DT,,, orceORC,hceHC (20)
Tre — T >DT,,,, orceORC,hceHC (21)

T -T2 >DT,,, orceORC,hceHC (22)

So that the heat exchanger area of the evaporator can be calculated as:

orc

q ibl
orc eva,sensible
Aeva,sensible = U LMDTO® , Orce ORC (23)
eva,sensible ~ eva,sensible
qorc
orc eva, latent
Aeva,latenl = U LMDTO,C , Orce ORC (24)
eva, latent : eva, latent

3.3. Combination of the modules
The interaction between the heat extraction section and the power generation section can be
represented by energy balance. Equation (25) defines the overall energy balance. The energy

balance of each ORC train is given by Equations (26) and (27).

h h h
z |:(TinC _ToLi)FC C] = Z (qg\r/(;,sensible + qg\l;(;,latent (25)
hceHC orceORC
O st * Qo = (T " =Ty~ ")FC™™*", orc € ORC, he e HC (26)
qgtl;?w,sensible + qgtrncn,latent = qglrjc’ orc e ORC (27)

3.4. Cost function

To evaluate the annualized profit of an integrated multi-parallel ORCs system, the capital cost,
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operating cost, and the profit brought by power generation should be calculated.

e Capital cost

The capital cost of heat extraction section is mainly contributed by heat exchangers and heat
carrier pumps. The capital cost of heat exchangers is calculated by Equation (28), which is

referred from Yu et al. (2017a).

=10000+800-A o7 (28)

extraction,he extraction

Capital

Where A indicates the total heat exchanger area of the heat extraction section. Note

extraction

that the coefficient of ‘10000’ and ‘800’ should be case dependent, rather than fixed. They can

be correlated if relevant cost data are available.

To calculate the capital cost of heat carrier pumps, the power consumption of the pumps must
be first evaluated. In this work, we applied a simplified equation (Poling et al., 2001) to evaluate
the pressure drop of heat carrier streams, as shown in Equation (29). Then the corresponding
power consumption can be calculated by Equation (30).

AP, =—0.0023FC, +9.0925, hceHC (29)

w _~0.0023FC,’  9.0925FC,,
phccphc phccphc

, hceHC (30)

pump

The capital cost of each heat carrier pump is given by Equation (31):

Capital™  — W;ucmp -1000, 5 31
pltalpump_500~(—300 )=, hceHC (31)

As for the power generation section, the capital cost contains the investment of ORC
components, the installation fee, and the cost brought up by auxiliary facilites. The
investment of each ORC component can be calculated by Equations (32), (33), (34), and (35)
respectively, which are also adopted by Yu et al. (2017a). The installation fee and auxiliary
cost are regarded as a fixed charge, which depends on the number of ORC parallel, as
calculated in Equation (36).

PChrine =1.5-(225+170-V,*), orce ORC 2
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ch\rlt; = 190 + 310 ' (Ag\r/:,sensible + Ag\r/(;,latent )! orce ORC (33)

chgcn = 190 + 310 ’ (Ag(;i,sensible + Ag;,latent )' orc e ORC (34)
orc WF;)L:C'“P 1000 0.25

PCiy =900+ (—27%- =—)°, orc < ORC (35)

legeneration = 5 . (NORC) (36)

The total capital cost of the power generation section is:

Capitalgeneraﬁon = Z (PC?l:C + PCS\Z + PC?; + PCchmp) + legenenaion (37)

orceORC

e Operating cost

The operating cost mainly consists of the cold utility costs of the heat extraction section

(calculated by Equation (38)) and the power generation section (calculated by Equation (39)).

Opextraction = Pricecu O (38)

Opgeneration = Pricecu : Z qzﬂc (39)
orceORC

e Profit

The profit is determined by the net power generation of multi-parallel ORCs. The net power

generation is evaluated by Equation (40). And the total annual profit is calculated by Equation

(41).

PO =W° —Wor, orce ORC (40)

Profit = AOH - Price iy - >, POpg (41)
orceORC

Where Price,,;. is electricity price; AOH is annual operating hours.

3.5. Objective function
The objective is to minimize the total annualized cost, which takes into account the annualized
capital cost of the heat extraction section and the power generation section, the annualized

investment of ORC components, the annual operating cost, as well as the profit from power

91



Chapter 3: Indirect Integration of ORCs

generation.

obj=AF - (Capital + Capital ) + Operating — Profit (42)

extraction generation

4. Solution Strategy

The integration problem is to determine: (1) the optimum number of the parallel ORC trains;
(2) the optimal structure of the NEN; (3) the optimal working conditions of each heat carrier
stream; (4) the optimum operation of each ORC train. Based on the established model, an
MINLP problem, namely ‘PM’, is formulated, where the points (2), (3), and (4) can be
simultaneously addressed. As shown below, the symbol ‘a’ denotes a set of free variables to
be optimized, «(a) represents the feasible search space defined by the constraints.

Min: obj=AF - (Capital

+ Capital ) + Operating — Profit

extraction generation

(PM)
heat extraction module (Modifie-IBMS)
s.t. a(a)=<a|power generation module Egs. (1) [l (27)
objective function Egs. (28) 1 (42)

To determine the optimal number of ORC trains in parallel (problem (1)), an iterative method
is applied. First, set a reference case by integrating a single ORC system. Then, create a
double-parallel ORCs system by adding one more parallel train into the single system. If the
objective function (total annualized cost) of the double-parallel system is lower than that of the
single one, the double-parallel system is set as the reference case; if not, the search is
terminated, outputting the single system as the optimum solution. When the double-parallel
ORCs system is selected as the reference case, a triple-parallel one can be further assessed,
and a similar comparison procedure can be carried out. The search process can be repeated
until the optimal number of the parallels is identified. The iterative search procedure is

summarized in Figure 7.
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e S
h 4
Referencecase: Add one more
A single-parallel ORC system parallel
A 4 \ 4
[ Model establishment : the proposed MINLP model ]

h 4
[ Model optimization: Baron MINLP solver, GAMS software ]

Value of the objective function

Single-parallel
or
lower than the
previous one?

YES

Terminate and output
the previous solution

Figure7. The searching procedures of the trial-and-error method

5. Case Studies

In this chapter, two case studies are presented to illustrate the application of the proposed
method for integrating multi-parallel ORCs. In the case studies, the following parameters are

defined:

e The cold utility cost is 20 $/(kw - year)

e The hot utility cost of the background processes is 100 $/(kw - year)

e  The electricity price is 0.10 $/(kw - year)

e  The AOH (annual operating hours) is assumed to be 8000 hours per year
e The isentropic efficiency n,° of each turbine is assumed as 80%

e The isentropic efficiency 7, of each pump is assumed as 95%

e  The AF (annualized factor) is assumed as 0.18/year, corresponding to a 6-year project
with 3% interest rate
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o  The working fluid of the multi-parallels ORCs is chosen as N-butane (R600)

e  The overall heat transfer coefficients are assumed as 150 W/ (m2~°C) and 300
w/(m?.C) for transferring the sensible heat and latent heat of ORC working fluid

e The fixed charge is assumed as 2.5-10* $ for implementing each of the ORC parallels

5.1. Case study 1

This case study is taken from Yu et al. (2017a), aiming to: 1. validate the proposed method of
this study; 2. compare the economic/thermodynamic performances of a single-ORC and multi-
parallel ORCs. The background information adopted by Yu et al. (2017a) are given in Table 2.
As the waste heat streams are not directly provided, a heat integration should be first carried
out to identify the waste heat streams. The modified IBMS superstructure-based model is
chosen as the tool for the heat integration. The results of the heat integration are presented in

Table 3, and the identified waste heat streams are listed in Table 4.

Table 2. Background information of case study 1 (Yu et al., 2017a)

stream supply temperature target temperature (C) heat capacity flowrate (kw/C)
(©)
HS1 300 40 40
HS2 170 80 70
HS3 350 100 70
HS4 120 40 65
HS5 70 40 220
HS6 120 70 160
Cs1 70 300 30
Cs2 40 120 50
CS3 90 300 70
Cs4 160 185 270
CS5 30 50 315
CSsé6 123 124 1100
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Table 3. The result of the heat integration of the background processes

hot utility usage (kW) 1509.3
hot utility annual cost ($/year) 150930.4
number of heat exchanger units 19
total heat exchanger area (m?) 25175.6
total annualized cost of heat exchangers ($/year) 175199.7

Table 4. Identified waste heat streams

supply temperature target temperature heat capacity Heat load
waste heat stream

(C) (C) flowrate (kW/°C) (kw)
WS1 109.6 40 40 2784
WS2 91 80 70 770
WS3 70.2 40 65 1963
Ws4 70 40 220 6600
WS5 92.8 70 160 3648

Table 5. The conclusive optimization results of case study 1

parallel configuration Single Double Tripple Literature
total annual cost ($/year) 500110 499270 501160.4 565950
hot utility (kW) 1509.3 1509.3 1509.3 2410.0

cold utility (kW)

15274.7 15258.5 15234.4 15671.1
(processes cold utility + ORC cooling water)
heat exchanger area (m?)
35879.7 36289.6 36910.8 72044
(background HEN + heat extraction network)
power generation (kW) 477.9 493.6 517.0 947.0

Once the waste heat streams are identified, the next step is to determine the optimum parallel

number, in which the iterative method illustrated in Figure 7 is applied. Within each iteration,
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a PM model is established and is solved by the General Algebraic Modelling System (GAMS)
with the Baron solver (Sahinidis,1996). The hardware used is a desktop PC with Intel(R)
Core(TM) i5 CPU 3.33 GHz and 8.00 GB of RAM. The computational time of each iteration is

limited within 5 hours.

The searching process is terminated after the third iteration, which implies that the double-
parallel configuration is defined as the optimum parallel configuration. During the searching
process, the assessment for integrating a single-ORC contains 138 independent equations
with 185 continuous variables and 25 discrete variables; the assessment for integrating
double-parallels ORCs contains 316 independent equations with 335 continuous variables
and 50 discrete variables; the assessment for integrating triple-parallels ORCs contains 447
independent equations with 485 continuous variables and 75 discrete variables. The
optimization results, as well as comparison with the literature result (Yu et al., 2017a) are

presented in Table 5.

Capital cost

Power generation

Total annual cost

=

S AN S 3.
< - A >

single double-parallel triple-parallel

Figure 8. The competition between the power generation and the additional capital cost

The comparison among the different parallel configurations reveals the economic trade-offs in
the ORC(s) integration problem. Though the power generation can be increased by
implementing more parallel ORC trains, it is inevitable to bring in additional capital costs. As
long as the bonus brought up by the increased power output can overcome the extra capital

cost, the multi-parallel ORCs should be more profitable (i.e., less total annualized cost) than
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a single one. With the increase of the parallel trains, the capital cost continuously increases,

but the increasing rate of the power generation is faded. As illustrated in Figure 8, there is

always a competition between the power generation and the additional capital cost. In this

case study, the best trade-off is found at the double-parallel configuration.

Table 6. The results for sensitivity analysis

parallel configuration Single Double Single Double
electricity price ($/ (kW - year)) 0.09 0.09 0.1 0.1
ORC fixed charge ($) 2.5+ 10* 2.5+ 10* 3.0 - 10* 3.0 - 10*
total annual cost ($/year) 537261 538513 501010 501070
power generation (kW) 449.5 451.7 477.9 493.6
profit brought up by power generation ($/year) 323630 325190 382320 394880
overall capital cost ($/year) 403881 406743 426906 439850
overall utility cost ($/year) 457010 456960 456424 456100
Temperature °C
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Figure 9. The composite curves of case study 1
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Table 7. The optimal operations for various parallel configurations

single-
double-parallel triple-parallel
ORC
first first second first second third
Optimization Variable
parallel parallel parallel parallel parallel parallel
Power generation section
working fluid mass flowrate
13.68 11.53 2.51 8.09 5.24 1.56
(kg/s)
evaporation temperature
68.10 65.94 80.13 62.03 71.95 85.52
()
condensation temperature
26.85 26.85 26.85 26.85 26.85 26.85
()
turbine power output
490.28 393.25 113.28 250.26 203.93 76.43
(kw)
evaporator heating duty
5700.91 4769.78 1086.33 3304.45 2213.22 684.67
(kw)
condenser cooling duty
5210.63 4376.52 973.05 3054.19 2009.30 608.23
(kw)
thermal efficiency 8.38% 8.04% 10.12% 7.40% 8.97% 10.81%
Heat extraction section
heat carrier supply
68.22 67.30 77.90 65.01 76.47 86.63
temperature (C)
heat carrier target
89.45 85.63 102.87 79.54 87.15 103.78
temperature (C)
heat capacity flowrate of
268.62 260.22 43.50 227.42 207.34 39.911

heat carrier (kW/C)

It is worth mentioning that the applications of multi-parallel ORCs may not be suitable for all
cases. In the sensitivity analysis, two sets of scenarios are carried out. In the first scenario,
the electricity price is slightly adjusted from 0.1 $/(kW-year) to 0.09 $/(kW-year). Whilst in
the second scenario, the fixed charge of implementing an ORC parallel is increased to
3.0-10*$. Results of the sensitivity analysis are presented in Table 6. It can be seen that both
of the scenarios lead to the single-ORC as the most profitable configuration rather than the

multi-parallel ones.

98



Chapter 3: Indirect Integration of ORCs

A common phenomenon we have noticed is that the application of the multi-parallel ORCs can
always increase power generation. The amount of power generation is affected by not only
the rate of energy recovery but also the ORC thermo-efficiency (Yu et al., 2015). For the same
rates of energy recovery, a higher thermo-efficiency can lead to more power generation. In
this case study, though the rates of energy recovery of the various parallel configurations are
close, the overall thermal efficiency of the double-parallel ORC system of 8.43% is higher than
that (8.38%) of the single ORC system. Figure 9 presents the composite curves of the waste
heat streams together with the heat carrier streams and the ORC working fluids for each of
the parallel configurations. It can be seen that the multi-parallel configurations can result in a
better thermal match between the heat sinks and sources, which improves the overall thermal

efficiency.

The optimal operations of each of the parallel configurations are organized in Table 7, and the
optimal network structure of the double-parallel configuration selected as the most profitable

is presented in Figure 10.
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Figure 10. The optimized double-parallel structure of case study 1
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5.2. Case study 2

In the first case study, the proposed method has been validated. However, it is noticed that
the improvement of applying multi-parallel ORCs instead of a single ORC is unobvious (the
total annualized cost is decreased from 500110 to 499270 $/year). With the same marketing
conditions, other different background heat source profiles may show more obvious

improvement when using multi-parallel ORCs.

It is assumed that the waste heat stream data are pre-identified in this case study, as listed in
Table 8. The solving processes are identical to that of the first case study. The assessment for
integrating a single-ORC creates 191 independent equations with 210 continuous variables
and 13 discrete variables; the assessment for integrating double-parallels ORCs performs 319
independent equations with 375 continuous variables and 21 discrete variables; the
assessment for integrating triple-parallels ORCs exhibits 445 independent equations with 538

continuous variables and 29 discrete variables.

The optimization results are presented in Table 9. It can be seen that the double-parallel
configuration achieves the minimum annual cost, which is 314132 $/year, about 15.8% less
than that of the single-ORC configuration. Among the three configurations, the triple-parallel
one can generate the most electricity, which is 1021 kW, about 70.7% and 4.1% higher than
that of the single-parallel and double-parallel ones. Though the triple-parallel configuration has
the most power generation, it also needs the most capital cost, which is 628370 $/year. The
increased power generation of the triple-parallel ORCs cannot compensate the extra capital

cost, leading to a higher total annualized cost than the double-parallel one.

Table 8. The waste heat stream data for case study 2

Supply
Target Temperature Heat capacity flowrate Heat duty
Stream Temperature
(C) (kWI'C) (kw)
()
WS 1 130 100 40 1200
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WS 2 125 90 70 2450
WS 3 90 40 160 8000
WS 4 90 35 120 6600
WS 5 80 37 220 9460

Table 9. The optimization results for case study 2

Parallel configuration Single-ORC Double-parallel ORCs Triple-parallel ORCs
Total annual cost ($/year) 373262 314132 321031
Total capital cost ($/year) 323165 586582 628370
Total operating cost ($/year) 541904 534038 533187
Power generating profit ($/year) 491807 806488 840526
Cold utility (kW) 27095 26702 26659
Heat extraction area (m?) 6151 17722 19238
Power generation (kW) 598 980 1021
Overall thermal efficiency 8.63% 8.82% 8.95%

Figure 11 shows the composite curve diagram of this case study. It can be seen that the
double-parallel and triple-parallel configurations can exploit additional 4500 kW and 5000
kW waste heat. Due to the pinch limitation caused by the isothermal boiling process of the
working fluid, the single-ORC exhibits a poor thermal match with the heat sources, leaving lots
of waste heat unexploited. In this case, one can improve the rate of waste heat recovery by
increasing the heat capacity flow rate of the ORC working fluid. However, with the increase of
the flow rate, the evaporation temperature of the ORC should be synchronously decreased to
ensure the feasibility of heat transfer (as shown in Figure 12), leading to a decrease in thermal
efficiency, and the amount of power generation could be even lower. Yu et al. (2018) proposed
a concept of ‘pinch limitation’ to describe this dilemma. The ‘pinch limitation’ can be

debottlenecked by the multi-parallel ORCs. For example, in the double-parallel ORCs system,
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the waste heat with different temperatures is assigned to different ORC parallels. The high-

temperature parallel (with an 88.1 ‘C evaporation temperature) can guarantee high thermal

efficiency, while the low-temperature parallel (with an 61.7 ‘C evaporation temperature) can

increase the energy recovery rate. The synergy of the two parallels results in a better thermal

match with the heat sources. The detailed results of the optimum operations and the optimum

network synthesis are separately presented in Table 10 and Figure 13.
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Figure 11. The composite curves of case study 2
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Figure 12. The decrease in the ORC evaporation temperature when trying to recover more

waste heat
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Table 10. The optimization results in Case Study 2

Single ORC Double-parallel Triple-parallel
first first second first second third
Optimization Variable
parallel parallel parallel parallel parallel parallel
Power generation section
working fluid mass flowrate
15.5 16.6 9.8 124 8.0 6.9
(kg/s)
evaporation temperature
73.4 61.7 88.1 59.5 70.4 96.4
()
Condensation temperature
26.9 26.9 26.9 26.9 26.9 26.9
()
Net power generation
598.0 496.3 483.7 350.4 294.8 375.8
(kw)
evaporator heating duty
6566.4 6768.5 4348.2 5033.6 3375.8 3115.7
(kw)
condenser cooling duty
5951.7 6260.2 3848.3 4675.3 3073.2 2725.9
(kw)
thermal efficiency 9.1% 7.3% 11.1% 6.9% 8.7% 12.1%
Heat extraction section
heat carrier supply temperature
100.9 77.7 118.4 73.7 86.4 119.3
()
heat carrier target temperature
68.5 65.6 78.6 64.9 74.1 91.5
()
heat capacity flowrat of heat
202.5 558.3 109.4 567.4 274.6 112.2

carrier (KW/°C)
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Figure 13. The optimized HEN of the double-parallel ORCs

6. Conclusions

In the research field of ORC integration, the strategic option of adopting multi-parallel ORCs
and indirect heat extraction is rarely discussed. To fill the gap, this study proposes a
mathematical programming method for indirectly integrating multi-parallel ORCs. An iterative
approach is developed to determine the optimum number of ORC parallels. The heat
integration with waste heat sources and the optimum operations of the ORCs can be
simultaneously determined. Two case studies are presented to illustrate the application of the
proposed method. In the first case study, comparisons with the literature result show that the
total annual cost is decreased by about 11.7% when applying the proposed method. In the
second case study, the total annual cost of the double-parallel ORCs is 15.8% less than that
of the single-ORC. Both of the case studies have proved the applicability of the proposed
method, indicating that multi-parallel ORCs may be more profitable than a single-ORC in some

cases.
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Appendix A: Equations of the modified IBMS

Equations of the modified IBMS model are described as follows, including heat balance,
temperature assignment, thermodynamic feasibility, logical constrains and heat exchanger

area calculations.

e Energy balance

The overall energy balances for each waste heat stream and each heat carrier stream are

separately presented in Equation (A1) and (A2) below:

(Tos ~Tus)FCs = D D Uygesi TUCys» WSEWS (A1)
fieTihceHe

(Tf:c _Thsc)FChc = Z Z qws,hc,ti ’ hC € HC (AZ)
tieTl wseWS

Equation (A3) and (A4) describe the energy balance in each interval for each waste heat
stream and each heat carrier stream. In Equation (A3), the set ‘[begin, end] indicate the
intervals that a waste heat stream participated.

(Tws,ti _Tws,ti+1) FCws = Z qws,hc,ti ' WS e WS! tl € [begin, end] (A3)

hceHC

(Thc,n _Thc,1i+1)FChc = Z Uuspeir hCeHC tieTl (A4)

wseWS

The cold utility usage of each waste heat stream is calculated by Equation (A5), where

Tosienas iNdicates the outlet temperature of a waste heat stream at its final participated

interval.

(T,

ws, ti=end+1 _T\;/s)FCws =(C,, WSe WS (AS)

e  Temperature assignment

The inlet temperature of each stream in the superstructure can be assigned as follows. In

Equation (A6), T, refers to the inlet temperature of a waste heat stream at its beginning

s,ti=begin

participated interval.
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Tws,ti:begin = T\i/s’ Ws e WS (A6)
Toeis = Ther hceHC (A7)
Thc,ti:TI+1 = Tf?c' hC € HC (A8)

e Thermodynamic feasibility

Descending trends of temperatures should be fulfiled for any streams in any of the

participated intervals. The equations are presented below:

Tosii = Tusiss» WS € WS, ti e [begin, end] (A9)
T ticendis > T » WS €WS (A10)
Theti 2 Theyin» hceHC tieTI (A11)

e Logical constrains

The existence of heat exchangers can be denoted by binary variables:

Qusneti — 2 Zyspeq <0, Ws e WS, hc e HC, ti e [begin,end ] (A12)

'ws, he, ti

qc,, —Q-Zc,, <0, wseWS (A13)

e Heat exchanger area calculations

The feasibilities of the heat transfers between the waste heat streams and the heat carrier

streams are ensured by Equation (A14) and (A15).

OTsncti < Twsii = Thei T L= Zygned)r WS € WS, he e HC, ti e [begin, end] (A14)
dTws,hc,ti+1 < Tws,ti+l _Thc,ti+1 + L(l_ Zws,hc,ti)l WS e WS’ hC € HC' tl € [begin, end] (A15)

The logarithm mean temperature differences are calculated as follow (Chen, 1987):

ws,he,ti
2

Ot ) (s 00 ) (@ e + s e i) T
LMDT _|:( ws,hc,tl)( ws,hc,t|+1)( ws,hc,t|+ ws,hc,t|+1):| ’ WSEWS, hCEHC, tie[begin, end]

(A16)
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The heat exchanger area can be calculated as:

Ao = Qs s , Ws e WS, hc e HC, ti e [begin, end] (A17)
"8 " U, e - LMDT,

ws, he, ti

Appendix B: The Peng-Robinson EoS

The Peng-Robinson Equation of State used in the power generation module is presented as
below.

RT a(T)
P= I 2
v—-b v*+2bv-b

(B1)

Where:

272
a(T) = 0.45274%05(1 )
2T 2
b=0.45724 RPTC

Cc

a(T,0) =1+ k@~ (TIT)*) |

x = 0.37464 +1.54226 0 — 0.26992 0

T.and P, are the critical temperature and pressure, o is the acentric factor.

For computational convenience, the P-R EoS can be transformed to:
Z2+(B-1)Z*+(A-3B?-2B)Z+(B*+B?*-AB)=0 (B2)
Where

_a(mP
~ (RT)?

g PP
RT

z=-Pv
RT

Note that the unit of pressure is used as Mpa in the P-R EoS, which is different with the kpa
unit used in this paper. The enthalpy and entropy of a substance at given temperature and

pressure (T4, P1) can be calculated as:

* T *
H(TP) = H(T Pt = H' (T Pro) + [ CRAT —H'(T, P (83)
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. n CY P .
S(T,R)=S(Tor Pu) =S (T P + [} 24T ~RINL—S (T, ) (84)
ref ref

Where:
HOP) 5 orsa+ o+ K(l—T,lfz)]m[M] ~T.(z-1)

T Z+(1-2)B
Sap)_ 2,078k _ i[> A+ ‘/E)B] ~In(Z-B)

R T Z+(1-2)B

pT

=

C

Note that the unit of the enthalpy and entropy calculated by the P-R EoS is configured as
molar basis which is different from the mass basis unit used in this paper. Tref and Pref are

the given reference temperature and pressure, H(T.,P) and S(T.,P.) are the enthalpy

and entropy at the given reference state. C; is the ideal gas heat capacity which can be

calculated by the DIPPR107 equation (Aly and Lee, 1981), as presented in Equation (B5).

2 2
Ci;;j:c1+cz - C, /T +C, G, /T (B5)
sinh(C, / T) cosh(C, /T)

Where C+, Cz, Cs, C4, and Cs are regression parameters, the value of them for N-Butane are

listed in the table below.

Table B1. Parameters in DIPPR107 for N-Butane

DIPPR107 Parameter C1 C2 C2 Ca Cs

Butane 71340 243000 1630 150330 730.42

The Extended Antonie Equation is used in this paper to formulate the relationship between
the saturated vapor pressures and the corresponding temperatures, as presented in Equation
(B6).

In Psat = Al + L + A4Tsat + AS In Tsat + ’A‘GTsatA7 (BG)

(Tsat + A3)
Where A, areregression parameters, the value of them for N-Butane are listed in Table B2

below.
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Table B2. Parameters in Extended Antonie Function for N-Butane

Parameter A1 Az Az A4 As As Az
N-Butane 59.44 -4363.20 0 0 -7.05 9.45e-06 2
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Supplementary material: The validations of Modified-IBMS
To validate the proposed modified IBMS, two case studies are carried out. In each case study,
given several hot and cold process streams, the corresponding HEN synthesis problems are
to be solved by different superstructure-based methodologies (the SWS, the IBMS, and the
modified IBMS), and the solving results are compared. The General Algebraic Modelling

System (GAMS) with the Baron solver is applied as the mathematical programming platform.

Case study 1

In this case, a small-scale HEN synthesis problem with 3 hot process streams and 4 cold
process streams are imported. This case is taken from the third Example of Isafiade and
Fraser (2008). The problem data is presented in Table S1.

Table S1. The problem data for case study 1 (Isafiade and Fraser, 2008)

Stream Ts (C) Tt ('C) FC (KW/C) h (kW/m? C)
H1 626 586 9.802 1.25
H2 620 519 2.931 0.05
H3 528 353 6.161 3.20
C1 497 613 7.179 0.65
Cc2 389 576 0.641 0.25
Cc3 326 386 7.627 0.33
c4 313 566 1.690 3.20
HU 650 650 3.50
cu 293 308 3.50

For each heat exchanger: Annulized cost = 8600 +670 * (Area)*0.83
Cold utility: 20$ kW-'year™"
Hot utility: 110$ kW-"year™

The optimum solutions provided by the different methodologies are summarized in Table S2.

It can be seen that all of the three methodologies can bring up similar optimization results,
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which are around 169631 $ year™'. The optimization result of the modified-IBMS model
exhibits a deviation less than 0.5% with the literature result offered by Isafiade and Fraser
(2008). The results show that the modified IBMS has the highest calculation efficiency as its
CPU time usage is only 37.48s.

Table S2. The optimization results for case study 1

Literature result

Solver: Baron SWS IBMS Modified IBMS
this stud (this study) (this study) (this study) (Isafiade and
is stu is stu is stu is stu

( ) y y y Fraser, 2008)
No. of stages 4 7 3 7
Single

336 379 190 /
variables
Discrete

55 40 27 /
variables
CPU time (s) 73.95 1750.78 37.48 /
Objective

169631 169631 169631 168700
($ year™)
Relative

0.55% 0.55% 0.55% 0
deviation
No. of units 7 7 7 10
Cold utiliy (kW) 369.149 369.149 369.149 172.6
Hot utility (kW) 440.684 440.684 400.684 244.2
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Figure S1. SWS network for case study 1 with seven heat exchanger units
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Figure S2. IBMS network for case study 1 with seven heat exchanger units
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Figure S3. Modified IBMS network for case study 1 with seven heat exchanger units

Case study 2
This case study comes up with a medium-sized HEN synthesis problem. The problem data
(listed in Table S3) is taken from Papoulias and Grossmann (1983), which is also adopted by

Escobar and Trierweiler (2013).

In this case, we set 1800 seconds of CPU time as the maximum computational time for the
Baron solver. Within the limited time, the optimum solutions provided by the different
methodologies are summarized in Table S4. Compared with the SWS, the modified IBMS can

come up with a better solution (43610.6 $ year™") occupying much less CPU time (68.6 s).

Table S3. The problem data for case study 2 (Papoulias and Grossmann, 1983)

Stream Ts (C) Tt ('C) FC (KW/C) h (KW/m? C)

H1 433 366 8.79 1.7
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H2 522 411 10.55 1.7
H3 544 422 12.56 1.7
H4 500 339 14.77 1.7
H5 472 339 17.73 1.7
C1 355 450 17.28 1.7
Cc2 366 478 13.9 1.7
C3 311 494 8.44 1.7
C4 333 433 7.62 1.7
C5 389 495 6.08 1.7
Cu 311 355 1.7
HU 509 509 3.41
For each heat exchanger: Annulized cost = 145.63 * (Area)*0.6

Cold utility: 18.12 $ KW-1year—1
Hot utility: 37.64 $ KW-1year—1

Table S4. The optimization results for case study 2

Literature result

Solver: Baron SWS Modified IBMS

(this study) (this study) (this study) (Escobar
Trierweiler, 2013).

No. of stages 5 5 /

Single variables 815 601 /

Discrete variables 160 160 /

A feasible solution

found at (s)
Objective
($ year™)

Relative deviation

No. of units

1051.5 (max. 1800)

43703.9

0.31%
10

68.6 (max. 1800)

43610.6

0.09%
10

43570.3

10
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Figure S4. SWS network for case study 2 with ten heat exchanger units
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Figure S5. Modified IBMS network for case study 2 with ten heat exchanger units
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Chapter 4: Direct Integration of ORCs

This chapter contains one journal-format paper, providing a mathematical programming-based
method that adopts the direct-heat-transfer strategic option for ORC integration problems. The
method also allows for integrating more than one ORC unit, leading to an arrangement of

multi-parallel ORCs

4.1 Introduction to Publication 2

The paper presented in this chapter contributed a mathematical programming-based method
for solving the direct integration of ORCs. For the model establishment, first, a novel stage-
wise superstructure is specifically developed to represent the direct integration of ORCs. The
superstructure can separate an evaporating ORC working fluid into a preheating sub-flow and
a two-phase sub-flow so that the difficulties in calculating the heat transfer area of evaporators
can be avoided; second, the Peng-Robinson Equation of State is adopted to formulate the
thermodynamic properties of ORC working fluids, which can improve the accuracy on
calculating the net power output of an ORC system. The established mathematical model

leads to an MINLP optimization problem.

For optimization, first, this work adopts a Pinch Analysis-based NLP model as the initialization
model, through solving which good starting points can be provided for the MINLP master
model. Note that the applicability of the NLP model has been verified by Dong et al (2020a).
Second, an iterative solution procedure is developed, which can simultaneously determine the
optimal unit number of ORCs, the optimal working conditions of each ORC, and the optimal

HEN synthesis.

The case study compares the integration results given by the proposed method and the

previous literature. The results indicate the progressiveness of the proposed method.
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4.2 Publication 2

Chu Z., Nan Z., Smith R., The Opportunities of Integrating Multi-Parallel ORCs into Total Site

for Waste Heat Recovery (ready for submission)
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The Opportunities of Integrating Multi-Parallel ORCs

into Total Site for Waste Heat Recovery
Zheng Chu, Nan Zhang’, Robin Smith

Centre for Process Integration, Department of Chemical Engineering and Analytical Science, the University of
Manchester, M13 9PL, Manchester, United Kingdom

nan.zhang@manchester.ac.uk

Abstract

Organic Rankine Cycle (ORC), which can convert low-grade heat into electricity, has been
regarded as a promising technology for waste heat recovery. In industrial applications, the
integration of ORCs with background manufacturing processes is a crucial matter that should
be considered. Lots of analysis methods have been developed for dealing with ORC
integration. It is observed that most of the existing analysis methods are for integrating a single
ORC, while the integration of multi-parallel ORCs is rarely discussed. As such, this work aims
to propose a mathematical programming-based method for integrating multi-parallel ORCs.
For modelling, a stage-wise superstructure is proposed, which is extended from the SYNHEAT
superstructure (Yee and Grossmann, 1990). The superstructure allows one to implement any
number of ORCs. Besides, rigorous thermodynamic correlations are imported (i.e., the Peng-
Robinson Equation of State and the Extended Antonie Equations) to formulate the
thermodynamic properties of ORC working fluids. The established model leads to a mixed-
integer non-linear programming (MINLP) problem. Through solving the model, the optimal
operations of ORCs and the corresponding HEN synthesis can be simultaneously determined.
For optimization, an initialization model is imported, which can offer starting points for the
MINLP model, guaranteeing the quality of optimization results. The applicability of the
proposed method is validated by a case study. Results of the case study show that multi-

parallel ORCs can achieve a lower total annualized cost than a single ORC.
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Nomenclature
Variables
Cap total capital cost ($) Obj objective variable
dT temperature difference (K) q Q) heat duty (kJ)
FC heat capacity flowrate (kW/K) T temperature (K)
HA heat exchanger area (m?) Y, volume flowrate (m3/s)
h (H) enthalpy (kJ/kg) W shaft work output (kW)
LMDT logarithm approach temperature z binary variable
m mass flowrate (kg/s) P density (kg/m3)
Parameters
AF annualized factor U heat transfer coefficient
AOH annual operating hours n Isentropic efficiency
L a constant value Q a constant value
Subscripts
cu cold utility out outlet
cw cooling water pre pre-heating
de-sup de-superheating pump pump
elec electricity s supply
eva evaporating/evaporator re recovered heat
in inlet t target
int intermediate tb turbine
liq liquifying wf ORC working fluid
latent latent heat 1,23, ... state points
min the minimum value 2is isentropic state point
Sets
cs solid nodes of cold side cs_ord sorted solid nodes of cold side
ct_ord sorted total nodes of cold side hs solid nodes of hot side
hs_ord sorted solid nodes of hot side ht_orc sorted total nodes of hot side
elements in the set of waste heat
elements in the set of ORCs
orc ws streams
ORC={orc|1, 2 ... n}
WS={ws|1, 2 ... n}
elements in the set of stages
st

ST={st|1, 2 ... ST}
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1. Introduction

Organic Rankine Cycle (ORC), which can convert low-grade heat into electricity, is a promising
technology for recovering industrial waste heat. ORCs have a similar working principle with
the conventional steam-based Rankine Cycles but use organic compounds instead of water
as working fluids. At the same pressure with water, the organic compounds usually have lower
saturated temperatures, guarantee the operability of ORCs when coping with low-grade heat
sources. An ORC is typically configured with an evaporator, an expander, a condenser, and a
pump. When operating, a strand of working fluid is evaporated in the evaporator, absorbing
waste heat. The vaporised stream is then sent to the expander to generate electricity. The

exhausted gas of the expander is condensed by the condenser and is recycled by the pump.

When applying ORCs in industrial sites, there are usually multiple waste heat sources with
various temperatures and heat duties. To achieve the maximum profit, how to extract the waste
heat effectively and generate electricity efficiently are crucial questions that should be
answered. Lots of systematic analysis methodologies dealing with the questions has been

proposed in the last decades.

Desai and Bandyopadhyay (2009) developed a graphical-aided method for integrating a single
ORC. Based on the grand composite curve of given background processes, the method can
help to estimate the near-maximum electricity generation of an ORC. Once the electricity
generation is estimated, the operation of the ORC can be correspondingly determined.
Though the graphical-aided method has advantages of intuitiveness, simplicity and clarity (Liu
et al.,, 2014), the optimization results are sub-optimum, and the solving process could
consume lots of manual works. Hipdlito-Valencia et al. (2013) developed a mathematical
programming-based method for integrating a single ORC with multiple waste heat sources, of
which the objective is to minimize the total annual cost. The method can automatically carry
out HEN synthesis. However, the optimal operation of the ORC is manually determined by trial

and error. Chen et al. (2014) contributed to the ORC integration problem by developing a two-
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step sequential method. The first step is to identify the heat surplus zone of the given
background process streams. Then, a model for integrating a single ORC with the heat surplus
zone is established in the next step. The model adopts the Synheat superstructure (Yee and
Grossman, 1990) to carry out the HEN synthesis and the Peng-Robinson Equation of State to
calculate the relevant thermodynamic properties, leading to a mixed-integer non-linear
programming (MINLP) problem. By solving the MINLP, the optimal HEN structure and the
optimal operation of the ORC can be simultaneously determined. However, the economic
performances of the integrated ORC are not evaluated. Yu et al. (2017b) proposed another
sequential method for solving ORC integration problems. In the first step, an NLP model is
established to maximize the power generation of ORC without importing extra utility costs. In

the second step, a MILP model is formulated to carry out the corresponding HEN synthesis.

Kermani et al. (2018) upgraded the ORC integration problem by considering multiple choices
of ORC working fluids and architectures. For modelling, they proposed a novel superstructure
to represent the multiple architecture selections of an ORC. For optimization, they applied a
bi-level solution strategy, which adopts the Genetic Algorithm (GA) as a master level and
mixed-integer linear programming (MILP) as the slave level. The master level is responsible
for determining the optimum working fluid, ORC operating pressures and temperatures. The
slave level can offer the best choice of ORC architecture. Dong et al. (2020) integrated a single
ORC with background processes taking into account various selections of ORC working fluid.
In terms of modelling, they developed an NLP model based on the interval heat transfer
concept (Linnhoff and Ahmad, 1990), which can consider the trade-off between the capital
costs, operating costs and the profit brought up by power generation. In terms of optimization,
they developed a bi-level solution strategy, which uses the developed NLP model as a slave

level and the GA algorithm as the master level to determine the optimal working fluid selection.

Elsido et al. (2019) and Huang et al. (2020) integrated an ORC with manufacturing processes

and utility systems. Elsido et al. (2019) came up with a novel superstructure, namely p-
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h superstructure, to tackle the synthesis and designs of utility systems. As for the synthesis of
manufacturing processes, the Synheat superstructure (Yee and Grossman, 1990) is adopted.
The overall model is established by combining the p-h superstructure and the Synheat
superstructure, leading to an MINLP problem. Huang et al. (2020) established an MINLP
model, which can simultaneously carry out the synthesis of utility systems, the heat integration

of process streams, and the optimization of an ORC.

A brief conclusion of the literature review can be given. Desai and Bandyopadhyay (2009)
developed a graphical-aided analysis method for integrating a single ORC, which could be
regarded as the beginning of the investigation of ORC integration problems. Hipdlito-Valencia
et al. (2013) and Chen et al. (2014) laid the foundation of the mathematical programming-
based methods for integrating a single ORC. Chen et al. (2016) and Yu et al. (2017b) provided
different ways of model establishment for the mathematical programming-based methods.
Kermani et al. (2018) and Dong et al. (2020) highlighted the necessity of considering the
multiple choices of ORC working fluids and architectures. Elsido et al. (2019) and Huang et al.
(2020) extended the ORC integration problem by considering the cooperation with utility
systems. Table 1 provides a summarization of the previous work dealing with ORC integration
problems. It can be seen that the research on ORC integration problems has gained significant
improvements. However, we have observed that most of the developed methodologies are for
integrating a single ORC, while few studies discuss the integration of multiple ORCs (i.e.,

multi-parallel ORCs).

We conceived that it is worth discussing the integration of multi-parallel ORCs. Yu et al. (2018)
pointed out that a single ORC (subcritical) could have a weak thermal match with background
heat sources. As illustrated in Figure 1, due to the isothermal boiling process of the ORC
working fluid, a pinch point is formed between the evaporating working fluid and the waste
heat stream. Limited by the pinch point, if one tends to increase the evaporation temperature

to improve thermal efficiency, the heat recovery should be decreased (represented by the
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green line), vice versa (represented by the purple line). In this case, to obtain the optimum
design (represented by the blue line), the maximum heat recovery should be given up to
ensure a proper evaporation temperature. The applying of multi-parallel ORCs could avoid the
pinch limitation, through which the thermal match with heat sources can be improved, and
more electricity can be generated (Stijepovic et al., 2017). For example, as shown in Figure 2,
there are two parallels of ORCs with different evaporation temperatures. The parallel with
higher evaporation temperature can achieve higher thermal efficiency, while another parallel
can guarantee maximum heat recovery. The cooperation of the two parallels performs a better
thermal match than a single ORC, leading to more electricity generation. Though applying
multi-parallel ORCs could generate more electricity, it will also bring up more capital costs. In
applications, the trade-off between more electricity generation and the extra capital cost
should be considered to determine whether to use multi-parallel ORCs or not. It is logical to
deduce that, with proper integration, the multi-parallel ORCs can have better economic
performances than a single ORC for some cases. Therefore, it is necessary to develop a

systematic analysis method for integrating multi-parallel ORCs.

This study aims to address the integration of multi-parallel ORCs with industrial sites for waste
heat recovery by proposing a systematic analysis method. In the method, a mathematical
programming-based model will be established, leading to an MINLP problem. To guarantee
the quality of the optimization results, this study also proposes an NLP initialization model
based on the Pinch Analysis concepts. Through sequentially solving the NLP and MINLP
problems, the following questions for integrating multi-parallel ORCs are expected to be
solved:

1). The synthesis of HEN for extracting waste heat

2). The optimum parallel numbers

3). The optimum operations of each ORC parallel
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Figure 1. The weak thermal match caused by pinch limitation (Yu et al., 2018)
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Figure 2. The improved thermal match by applying double-parallel ORCs
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Table 1. An overview of the previous work in the field of ORC integration

Modelling/ HEN Multi-parallel ~ Automatically working Automatically
Articles Objective(s)
optimization strategy ~ synthesis ORCs fluid selection architecture selection
Desai and Bandyopadhyay
Max. power output / N N N N
(2009)

Hipdlito-Valencia et al. (2013) Min. total cost MINLP Y N N N
Chen et al. (2014) Max. power output MINLP Y N N N
Song et al. (2014) Max. power output / N N N N
Yu et al. (2017a) Min. total cost NLP+MILP Y N N N
Yu et al. (2017b) Min. total cost NLP Y N N N
Kermani et al. (2018) Min. total cost GA+MILP Y N Y Y
Elsido et al. (2019) Min. total cost MILP+NLP Y N N Y
Dong et al. (2020) Min. total cost NLP N N Y N
Huang et al. (2020) Min. total cost MINLP Y N N N
This study Min. total cost NLP+MINLP Y Y N N
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Figure 3. The schematic diagram of the multi-parallel arrangement

2. Problem Statement

Figure 3 depicts the illustration diagram of a multi-parallel ORCs system. The whole system
can be geographically separated into a heat extraction section and a power generation section.
In the heat extraction section, the waste heat streams can be directly provided or identified by
the heat integration of background processes. In this study, we can assume that the waste
heat streams have been already identified, given as WS= {ws|1, 2 ... n}. The heat capacity
flow rates, supply and target temperatures, and heat transfer coefficients of the waste heat

streams are known. The waste heat streams transfer their heat to the downstream ORCs in
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parallel and discharge the residual heat to a cold utility. In the power generation section, there
is a series of ORCs in parallel, ORC = {orc|1, 2 ... n}, and each ORC train is operated
independently. The evaporators are the connections between the ORCs and the waste heat
streams, in which waste heat is transferred to ORC working fluids. The exhausting heat of the
turbines is discharged to the cold utility through the condensers. The operating
temperatures/pressures of the evaporators and the condenser, and the mass flow rate of ORC
working fluids, are variables to be determined. The isentropic efficiencies of the turbines are
assumed as constant. In addition, the relevant economic data (e.g., the prices of electricity

and utilities, the cost models of the working components, etc.) is provided.

The following simplifying assumptions are made:

1) The heat capacity flowrates of the ORC working fluids (preheating and evaporating) are
assumed as constants

2) The heat transfer coefficients of the two-phase (evaporating or condensing) ORC working
fluids are regarded as constants

3) The pressure drops in heat exchangers and pipelines are neglected

4) All heat exchangers adopt a counter-flow arrangement

5) The heat losses are ignored

6) The cost of pipelines is not considered

7) The changes in kinetic and potential energy are neglected

8) The working conditions of the system component are in steady-state

9) There are no working fluid consumptions during operations

3. Model Description

In this study, a superstructure for the synthesises and designs of the overall multi-parallel
system is proposed in advance. Once the superstructure is established, the corresponding
mathematical model can be formulated. The construction of the superstructure will be

introduced in the first section of this chapter, and the model formulation will be shown in the
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second section.

3.1. Superstructure representation

An illustration diagram of the superstructure is shown in Figure 4. Corresponding to the section
division in the problem statement, the overall superstructure can be also divided into a heat
extraction section (circled by the yellow dashed lines) and a power generation section (circled

by the green dashed lines).

3.1.1. Heat extraction section

The heat extraction section is a stage-wise superstructure, constructing the HEN between
waste heat streams and ORC working fluids. The superstructure can be viewed as an
extension of the one (i.e., the SYNHEAT superstructure) proposed by Yee and Grossman
(1990). In this section, the waste heat streams and ORC working fluids are regarded as hot
and cold streams, respectively. For the hot side, this superstructure uses the same way as the
SYNHEAT superstructure to divide stages and split/mix the streams. For the cold side, due to
the isothermal boiling processes of the ORC working fluids, using the same way to divide
stages and split/mix the streams could cause difficulties in the calculations of heat transfer
coefficients and heat capacity flowrates, as it is hard to tell when and where the evaporation
processes occur. To avoid such difficulties, in this superstructure, each of the ORC working
fluids is divided into a pre-heating stream and an evaporating stream. The pre-heating stream
corresponds to the pre-heating process in an evaporator, the thermo-state of which is changing
from sub-cooling liquid state to saturated liquid state. While the evaporating stream
corresponds to the evaporation process in the evaporator, the thermo-state of which is
changing from saturated liquid state to saturated vapor state. The same principles of stage
division and stream splitting/mixing as the hot side are also suitable for the pre-heating streams.
As for the evaporating streams, there is no stage divided. Each evaporating stream is split into
several sub-streams in parallel. Each paralleled sub-stream is directed to a heat exchanger,

representing one possible match with the waste heat streams. The number of the sub-streams
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to be split is determined by the following equation.

N N N

split — 'Vstage ~ ' Vws

Where N, is the spilt sub-streams of an evaporating stream; N is the total number of

stage

the divided stages; N, is the total number of the waste heat streams.
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Figure 4. The schematic diagram of the multi-parallel ORCs superstructure

For a more precise understanding, we can take Figure 4 as an example to illustrate the
construction of the heat extraction section. In Figure 4, there are one strand of waste heat
stream (WS1) and two ORC parallels (ORC1 and ORC2). According to the SYNHEAT
superstructure, two stages (ST1 and ST2) are divided. At each stage, the waste heat stream
is split into four paralleled sub-streams, while the pre-heating ORC working fluid is not split, as
there is only one strand of waste heat stream. As for the evaporating ORC working fluids, they

are not divided by any stages, but each is split into two paralleled sub-streams. Once the stage
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division and stream splitting procedures are finished, each split stream in each stage will be
directed to a heat exchanger, exclusively matching a corresponding sub-stream on the
opposite side. For instance, the heat exchanger marked as ‘ph1-1-1’ represents the match
between ‘WS1’ and the pre-heating working fluid of ‘ORC1’ at the first stage; the heat
exchanger marked as ‘eva1-1-2’ represents the match between ‘WS1’ and the evaporating

working fluid of ‘ORC1’ at the second stage.

3.1.2. Power generation section

The power generation section consists of the turbines, pumps and condensers of the multi-
parallel ORCs. The inlet working fluids of this section are received from the heat extraction
section and are sent to the turbines to generate power. In the condensers, the exhausted
gases of the turbines are condensed by cold utilities. The condensed working fluids are then

pumped back to the heat extraction section.

3.2. Model establishment

Corresponding with the superstructure described above, the overall model can be divided into
two modules, i.e., a heat extraction module and a power generation module. In the following
content, the formulations of the two modules are separately introduced. The overall model can

be built up by combining the two modules.

3.2.1. Heat extraction module
Equations of the module consist of temperature assignments, energy balances, utility usages,

logical constrains, thermodynamic feasibilities and heat exchanger area calculations.

e Temperature assignments
It can be seen from figure 4 that there are three temperature boundaries (including the
beginning boundary of the first stage, the intermediate boundary between the stages, and the

ending boundary of the second stage) created by the two stages. It can be deduced that for a
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superstructure with ST stages, ST+7 temperature boundaries are created. This paper uses
the same index ‘st’ to represent the sets of stages and temperature boundaries. If the set of
stages has a total number of ST elements, the set of temperature boundaries will

have ST+17 elements.

According to the superstructure, the temperatures of waste heat streams at the first boundary
can be directly assigned, as shown in Equation (1). Note that the waste heat stream

temperatures at intermediate boundaries are variables to be determined.

ws,st=1 __ T ws

As for the preheating ORC working fluids, the temperatures at the first boundary should equal
the evaporating temperatures, and the temperatures at the last boundary should equal the

condensing temperatures (ignore the temperature raised by the pumps).

Ty ST, orc < ORC ’
T’:)rrec,st:STH :Tcz:f, orce ORC, steST ®

e Energy balances
The cooling demands of each waste heat stream should equal the sum of the energy
transferred to ORC working fluids (preheating fluids and evaporating fluids) and cold utility, as

presented by Equation (4).

(Tsws _TtWS)FCwS — Z Z q\’/)vrséorc,st + Z Z q:://sa,orc,st +q(\:/\lljs, WSEWS (4)
steST orceORC steST orceORC

All of the heating energy of either the preheating or evaporating working fluids should come

from the waste heat streams:

o T )FCoe= > > g™, orce ORC (5)

t,pre s, pre pre pre
steST wseWS

Qe =D D guxe™, orce ORC )

steST wseWs

In order to determine the intermediate boundary temperatures of participated streams, the
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energy balances at each stage need to be formulated. The energy balances for each waste

heat stream and each ORC preheating fluid at each stage are described by Equations (7) and

(8).

(-I-ws,st _-I-ws,st+1)FCws — Z q\grséorc,st + Z q:ls;orc,st’ WSEWS, StEST (7)
orceORC orceORC
orc,st orc,st+1 orc __ ws,orc,st
oS Tt FCoe = D e, orce ORC, steST (8)
wseWS

e Utility usages
The cold utility usage of heat extraction section can be calculated as:

q(\:I:/JS — (TWS,ST+1 —TtWS)FCWS, WSEWS (9)

e Logical constraints
The logical constraints can represent whether the heat transfer between a hot and a cold

participated stream is matched successfully or not, where 0-1 binary variables are adopted.

Qo —QZ " <0, ws € WS, orc e ORC, st ST (10)
goerest —QZ ¥t <0, ws e WS, orc e ORC, st e ST (11)

e Thermodynamic feasibility
A monotonic temperature decrease at each successive stage should be regulated for each

participated stream to fulfil the second law of thermodynamic.

Twt>T  ws e WS, st eST (12)
TSR >T™, wse WS (13)
Toot > T2, orce ORC, steST (14)

Besides, to assure feasible heat transfers of the matched heat exchangers, the approach

temperatures at both ends of each of the heat exchangers should be greater than zero.

0 < dT1Boest < Vst _Torest ) (1 7"0%8)  \wg « WS, orc e ORC, steST  (15)

pre pre pre
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0 < gTVsorestit < Tsstil _orestil 4 ) (1 700ty \s WS, orc e ORC, ste ST (16)

pre pre pre
0 < dTorest < TWsst _T O 4 | (1—Z"st)  ws e WS, orc e ORC, st e ST (17)

0 < (T Meorestl < Twsstil _qore 4 ) (1 zwsoresty s e WS, orce ORC, steST  (18)

eva eva eva

e Heat exchanger area calculation
The heat exchanger area can be calculated by Equations (19) & (20). Note that the ‘LMDT’
terms (logarithm mean approach temperature) are approximated by applying the equation

proposed by Chen (1987), as shown in Equations (21) & (22).

ws,orc,st

M = qErIi/IDT ., wseWS, orc e ORC, st ST (19)
pre pre
ws,orc,st
HAL = S q|_|v| e WS WS, 0rc e ORC, st e ST (20)
B WS,0rc, s ws,orc, st+1 WS,0rc, s ws,orc,st+1 v3

LMDT ws,orc,st _ (dTpre I)(dTpre t )(dTpre t +dTpre t )

Pre 2 (21)
, Wse WS, orceORC, steST
LMDT wsorest B (de/:,orc,st)(d-l-e\\/lvas,orc,stﬂ)(dTe\\llvas,orc,st + dTe\\/lv:,orc,stJrl) v

eva - 2 | (22)

, Wse WS, orce ORC, st eST

3.2.2. Power generation module

In the power generation module, the power generated by each turbine, the power consumed
by each pump, the cold utility usage of each ORC ftrain, and the heat exchanger area of each
condenser will be calculated. In this module, a thermodynamic state-points method is applied,
which is also adopted by Yu et al. (2017). As depicted in Figure 5, The thermodynamic state
points are marked on the T-S diagram of an ORC. By calculating the thermodynamic properties
(mass flowrates, pressures, temperatures, enthalpies, entropies, etc.) of the state-points, the
performance of each working component of an ORC train can be evaluated. In this paper, the

Peng-Robinson Equation of State is adopted to calculate the thermodynamic properties, of
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which the detailed formulations are listed in Supplement Materials.

Waste heat stream

Cold utility

v

Figure 5. The T-S diagram of a single ORC train

e Power generated by each turbine
Ignoring the mechanical energy losses, the amount of the power generated by each turbine

can be approximated as:

W = (0 ) = (™ ), orc € ORC 23

e Power consumed by each pump

orc

m
W;Jr%p = ﬁ (F>50rc - P4OI’C)’ orc e ORC (24)
pump " Pwt

orc

Note that the density of each ORC working fluid ( o, ) can be calculated by the Extended

Rackeet Equation (Spencer and Danner, 1972), the formulation of which can be found in

Appendix.

e Cold utility usage in each condenser

136



Chapter 4: Direct Integration of ORCs

Oo = Mgy (hy® —hy*®), orc e ORC (25)

e Heat transfer area of each condenser

It can be regarded that there are two different thermodynamic processes that occurred in the
condenser, i.e., a de-superheating process (from state-points 2 to 3) and a liquifying process
(from state-points 3 to 4). As for the de-superheating process, the heat transfer area can be

calculated as follows:

orc

qcon de—su
orc ) p
= , orce ORC (26)
on,de—sup orc orc
Ude—sup ’ LMDTcon,de—sup
Ooon de-sup = Mg - (R —h3"), orce ORC (27)
orc orc orc orc orc orc orc orc /3
LMD Cc;;c’de_sup _ 2 _Tcu,out) 3 _Tcu,int )20-2 _Tcu,out +T3 _Tcu,int) , orce ORC
(28)

Note that the term Tc?,rvc’im means the temperature of cold utility at the beginning of the

liquifying process of ORC working fluid, which can be calculated by Equation (29).

orc _Torgz orc
(TZL:,Cmt C;JI:(I:H) — (jrccon,llq , OrCGORC (29)
(T, -T

cu,out cu,int qcon,de—sup

The heat transfer area of the liquifying process is calculated by the following equations:

orc

H Ogr? lig = orc qconJiq orc orce ORC (30)
| Uliq x LMDTcon,liq
Oonerig = Mer - (K™ —h{®), orce ORC (31)

orc orc orc orc orc orc orc orc 1/3
— T T =T YT =T + T =T )
LMDTorc 3 cu,int 4 cu,in 3 cu,int 4 cu,in , OrCEORC

con,li =
I 2

(32)
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3.2.3. Correlations of the two modules

So far, the heat extraction module (Equation (1) ~ (22)) and the power generation module
(Equation (23) ~ (32)) are established. To complete the overall model, the correlations of the
two separate modules should be given. It can be noticed that the supply and target conditions
of the pre-heating ORC working fluids in the heat extraction network should correspond to the

state-points 5 and 6 in the ORC T-S diagram.

Towe =Ts' orce ORC 33)
T =Ts» orce ORC 34)
o T JFCYE = mee - (™ —he™), orc e ORC (35)

Similar, for the evaporating working fluids, the supply and target conditions in the network

should match the state-points 6 and 1.

Tooe =Tiea =Ts =1 » 0rc€ORC (36)
Qi =My - (h™ —hg™), orce ORC (37)

3.2.4. Objective function
As this integration problem aims to minimize the annual cost, the relevant capital costs,
operating costs, and the gained profits should be taken into account. A generic formulation of

the objective function is shown in Equation (38).

Obj = AF - (Cap,ation + CAPgeneration) + OpPErating — profit (38)
Where AF is the annualized factor, which is a constant number; the Cap,..,, and
Capgeneraltion terms indicate the capital cost of the heat extraction section and power generation

section respectively; the Operating term accounts for the overall operating cost; the profit

term calculates the profit brought up by power generation. In the following part, the detailed

representations of these terms will be introduced separately.
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e Capital cost of the heat extraction section
The capital cost of the heat extraction section can be regarded as the investment cost of the

heat exchangers. The calculation equation is taken from Yu et al. (2017a), as shown below:

CaPyruion =10000+800-L 3" 3" 3" (HAR™ + HAZ )"

pre
WseWS orceORC steST (39)

, WwseWS, orce ORC, steST

e Capital cost of the power generation section

The power generation section consists of series of turbines, working fluid pumps, and
condensers. For each turbine, the capital cost is calculated by Equation (40); for each pump,
the capital cost is calculated by Equation (41), which is also adopted by Yu et al. (2017a); and

the capital cost of each condenser is calculated by Equation (42).

Cap, = Y. [1.5-(225+170-V,;*)] (40)
orceORC
W -1000
Capym = 2, 900 (—*7——)"* (41)
P orc:eZO:RC 300
Capcon = z [190 +310- (H Oorr? de—sup +H 0(;’:13 lig )] (42)
orceORC Y Y
Capgeneration = Capturbine + Cap pump + Capcon (43)

e Operating cost
The operating cost is mainly considered as the cold utility cost, and is calculated by Equation
(44). Note that the cold utility could be used by not only waste heat streams but also the

condensers of ORCs.

Operating = price,, - ( Z Qo + Z eon) (44)

wseWS orceORC

e Profit

The profit gained by power generation can be calculated as:
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profit = AOH - price,,, - >, (Wg™-W2re (45)

pump
orceORC

4. Optimization

The overall model is established by Equations (1) ~ (45). The corresponding optimization
problem (named PM) is exhibited as follows. By solving the PM problem, the optimal HEN
synthesis for extracting waste heat as well as the optimal operations of the relevant working
components can be determined. However, it can be realized that the number of the ORC trains
to be integrated is still unknown, which is key information for implementing the PM.
Furthermore, due to the binary variables and non-convex terms created in the PM problem,
the resulting MINLP optimization problem could be challenging. To assure a high-quality
solution of the MINLP problem, it is necessary to offer good starting points. To these
perspectives, first, this study provides an NLP initialization model, by solving which a starting
point for the PM problem is expected to be provided; second, this study also proposes an

iteration method for determining the optimal number of ORC trains in parallel.

Min: ObJ :AF : (Capextraction + Capgeneration) + Operating - prOfIt

(PM)
heat extraction module Egs. (1~22)
power generation module Egs. (23) [l (32)
correlations of the tow modules Eqgs. (33)~(37)
Onjective fuction Egs. (38)~(45)

st. y(x)=4x

4.1. Initialization model

The initialization model can be separated into a heat extraction module and a power
generation module. The heat extraction module can estimate the minimum heat transfer area
and the minimum cold utility usage without considering HEN synthesis. The power generation
modaule is no different from that of the master model, which estimates the power output of the
multi-parallel ORCs. Free variables in this model are the evaporating temperatures/pressures,

the condensing temperatures/pressures, and the mass flowrates of the ORC trains.
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1) Heat extraction module

According to the Pinch Analysis (Linnhoff and Ahmad, 1990), the near-minimum heat
exchanger area for a HEN can be approximated by regulating vertical heat transfer (VHT)
without considering the unit number of heat exchangers, as shown in Figure 5. The heat
extraction module is established based on the VHT concept, of which the mathematical
formulas are taken from Dong et al. (2020). Note that the applicability of the VHT-based
mathematical model has been verified by the case study 1 of Dong et al. (2020). The following
content briefly introduces the derivation of the module formulas. If interested, more details can

be found in Dong et al. (2020).

In Figure 5, there are several vertical intervals bounded by the solid and hollow nodes marked
on the hot and cold composite curves. Suppose the temperatures and enthalpies of all the
nodes are known. In that case, the heat transfer area of the vertical intervals can then be

calculated, and further, the overall heat transfer area can be estimated.

&————& Waste heat streams

T A

#—————@ ORC working fluids

#————a Cold utility

A vertical interval

v

Figure 5. The illustration diagram of VHT

e Calculate the temperatures and enthalpies of the solid nodes

At the hot side, the solid-nodes temperatures (Ths) consists of the target and supply

temperatures of the waste heat streams.
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T™ e {T.and T,", Yws e WS} .

T"™ can be automatically ordered by Equation (46).
Th- = F(T"™,vhs e HS),hs_ord e HS _ORD (46)

Where the functions F represent the equations of the odd-even sort method. The detailed

formulation of the method is omitted, which can be found in Dong et al. (2020).

On the cold side, each ORC in parallel can generate three solid nodes on the composite curve.
The temperatures of these nodes correspond to the supply temperatures of preheating
working fluids, the target (supply) temperatures of preheating (evaporating) working fluids, and
the outlet temperatures of evaporating working fluids. As an evaporation process is isothermal,
the inlet temperature of an evaporating working fluid is equal to the outlet temperature, which
could lead to difficulties on calculating the heat capacity flowrate. Therefore, this study
assumes that the outlet temperature of an evaporating fluid is 1°C higher than the inlet
temperature. Besides the ORC trains, the cold composite curve also includes a cold utility
stream, which generates two solid nodes. Temperatures of the nodes correspond to the inlet
and outlet temperatures of the cold utility. On the cold side, all the solid-node temperatures
are:

T e{T,

cu,in?

T T TO and T +1, VOFCEORC}.

cu,out? “con ! "eva eva

The solid-node temperatures are ordered by Equation (47):
T®- = F(T*,Vcs eCS),cs_ord eCS_ORD (47)

The enthalpies of the ordered hot and cold solid nodes are calculated by the Equations (48)

and (49) separately.

H hs_ord _ Z FCWS |:(max(01-|-hs_ord -Tws,t)-maX(O,T hs_ord 'Tws,s )j|

wseWS (48)
hs _ord e HS _ORD
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H cs_ord _ FCcu [max(o’-]-cs_ord T

cu,in ) —Mmax (O’TCS_Ord _Tcu,out )] +
Z FCorc |:( maX(O,T cs_ord _Tor ) — max (O, T cs_ord _Tor )] n

pre con eva

orceORC (49)
Z FCor |:(max(0,-|-cs_ord T orc)_ max(o,-l-cs_ord _Tor _1)j|

eva eva eva
orceORC

cs_ord eCS_ORD

To assure the overall energy balance, the starting and ending nodes of the hot and cold

composite curves should be vertically aligned.

H™-% =H*-*  |hs_ord|=|cs_ord|=1 (50)

H™-" =H*-*? hs_ord =|HS _ORD|, cs_ord =|CS_ORD)| (51)

e Calculate the temperatures and enthalpies of the hollow nodes

To calculate the hollow-node temperatures, we can firstly determine the enthalpy of each
hollow node. It can be noticed that the enthalpy of each hollow node is equivalent to that of
the corresponding solid node at the opposite side.

H"™-¢ =H*-°" |hh_ord|=|cs_ord|
hh _ord e HH ORD,cs _ord eCS _ORD

(52)

H®-"% = H™-° " |ch_ord|=|hs_ord|
ch_ordeCH _ORD,hs_ord e HS ORD

(53)

Then, the temperatures of the hollow nodes can be calculated by Equation (54) (for the hot

side) and Equation (55) (for the cold side).

hh h =1
T _ord =-|- s_ord +

(T hs_ord+1 —T hs_ord )
Z — —— [maX(O, H hh_ord H hs_ord )_ maX(O, H hh_ord H hs_ord+l)j|
hs_ordeHS_ORD (H - -H™- )

hs_ord<|HS _ORD)]

hh _ord e HH _ORD

(54)

143



Chapter 4: Direct Integration of ORCs

T ch_ord — T cs_ord=1 +

(T cs_ord+1 —T cs_ord )

cs_ord+1 cs_ord
¢s_ordeCS_ORD (H - -H"- )
cs_ord<|CS _ORD|

ch_ord eCH _ORD

|:maX(0, H ch_ord H cs_ord )_ maX(O, H ch_ord H cs_ord+1 ):|}

(55)

Besides, the second law of thermodynamics should be ensured:

-I—hh_ord —T cs_ord ZAT

min ?

hh _ord e HH _ORD,cs _ord e CS _ORD (56)

Ths_ord _Tch_ord ZAT

min ?

hs ord e HS ORD,ch_ord eCH _ORD (57)

e Rearrange the total nodes

The total (solid and hollow) nodes of both the hot and cold sides can be re-ordered as:

HM-od = F(H"™-¢ H"™-°9) hs _ord e HS _ORD, hh_ord e HH _ORD (58)
Th-od — F(T - T™-"%) hs ord e HS _ORD, hh_ord e HH _ORD (59)
T = F(T®- T-°%) cs_ord eCS_ORD, ch_ord eCH _ORD (60)

Where functions F represent the equations of the odd-even-method.

e Calculate the heat transfer area of each interval

Once all the enthalpies and temperatures of the marked nodes are calculated, the heat
exchanger area of each vertical interval can then be calculated. For simplicity purposes, the
formulas are omitted in this chapter. Readers can refer to Dong et al. (2020).

HAvi — HAvi (H ht_ord ,T ht_ord ’-I-ct_ord)

61
vieVl,ht _ord e HT _ORD,ct _ord e CT _ORD 1

2) Power generation module
The power generation module of the initialization model is the same as that of the master

model. Therefore, equations (23) ~ (32) can be directly transplanted.
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3) Objective function
The objective function of the initialization model consists of the capital costs of heat extraction
section and power generation section, the operating cost, and the profit generated by the multi-

parallel ORCs, as shown by equation (62).

Obj = AF - (Cap,,ation + CAPgeneration) + OpErating — profit (62)
In which, the term  Cap,,.ion IS calculated by equation (63), which is given below; the term

CaPyemeraion €aN be calculated by equations (40) ~(43); the term Operating and  profit

can be calculated by equations (44) and (45) respectively.

Capextration =10000+800- ( Z HAVi )0-7 (63)

vieVl

4.2. Optimization strategy

Based on the established initialization model, an NLP problem, namely ‘PI’, is formulated, of
which the objective is to minimize total annualized cost. As shown below, the symbol ‘i’
denotes a set of free variables to be optimized, (i) represents the feasible search space

defined by the constraints.

Min: obj=AF - (Capital + Capital ) + Operating — Profit

extraction generation

(P1)
heat extraction module, Eqgs. (46) ~ (61)
s.t. I(i) =< i|power generation module, Egs. (23) U (32)
objective function, Egs. (62) ~ (63), (40) ~ (43), (44) ~ (45)

To implement the PI, the number of ORC trains in parallel should be given in advance. It can
be realized that with a different number of ORC trains, the heat exchanger area, power
generation, and utility usage could be different, leading to diverse optimization results. There
should be an optimal number of ORC trains that can lead to the minimum total annual cost. To
find it out, an iterative method is proposed by this study, of which the flowsheet is shown in

Figure 6.
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At the first iteration, a base case is set, in which a single ORC is integrated. The second
iteration will create a comparative case with a double-parallel ORCs system by adding one
more parallel into the base case. If the optimization result of the second iteration is better than
that of the first iteration (i.e., has a lower annual cost), then the double-parallel configuration
is set as the new base case, and the third iteration will create a new comparative case by
adding one more ORC in parallel; if not, the searching process will be terminated, outputting
the base case as the optimum configuration. The search process can be repeated until the
optimal number of the parallels is identified. With the identifying of the number of ORC trains
in parallel, the corresponding optimization result given by the iteration process is also output

as the starting point of the PM problem.

Base case:
A single-parallel ORC system

Input

Add one more

parallel

Initialization model:
An NLP problem

Optimize

A 4

[ Optimization solution: ’

Minimum annual cost

First trial? XES
Terminate and NO
output the previous
solution
NO lower than the YES

previous one?

Figure 6. The flowsheet of the trial-and-error method
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5. Case Study

5.1. Background information
To illustrate the application of the proposed method for integrating multi-parallel ORCs, a case
study is exhibited in this chapter. The case is taken from Yu et al. (2017a), of which the pre-

configured parameters and the relevant marketing prices are represented below.

e The cold utility cost for the heat extraction section and the hot utility cost for the

background HEN are 20$/ (kW - year) and 100$/ (KW - year)

e  The electricity price is set as 0.10$/ (kW - year)
e  The AOH (annual operating hours) is assumed to be 8000 hours per year

e The isentropic efficiency 77,° of each turbine is assumed as 80%

orc

e The isentropic efficiency 7,,,, of each pump is assumed as 95%

e  The AF (annualized factor) is assumed as 0.18

e The overall heat transfer coefficients are assumed as 150 W/(m2-°C) and 300

W/ (m2 -°C) for transferring the sensible heat and latent heat respectively of the working

fluid

e  The fixed charge is assumed as 2.5-10* $ for implementing each of the ORC parallels

e  The working fluid of the multi-parallels ORCs is chosen as N-butane (R600)

Table 2. Background process stream data for the case study

process stream supply temperature target temperature heat capacity flowrate
() (C) (kw/°C)
HS1 300 40 40
HS2 170 80 70
HS3 350 100 70
HS4 120 40 65
HS5 70 40 220
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HS6 120 70 160
Cs1 70 300 30
CS2 40 120 50
CS3 90 300 70
CS4 160 185 270
CS5 30 50 315
CS6 123 124 1100

The background process stream data (with six hot streams and six cold streams) are listed in
Table 2. As the waste heat stream data are not directly given, the heat integration of the
background processes should be carried out in advance to identify the waste heat streams. In
this case study, the Synheat method is chosen as the tool for the background heat integration.
The result of the background heat integration is shown in Table 3, and the detailed data of the

identified waste heat streams are listed in Table 4.

Table 3. The conclusive results of the background heat integration

Hot utility usage (kW) 1509.3
Hot utility annual cost ($/year) 150930.4
Heat exchanger unit number 19
Total heat exchanger area (m?) 25175.6
Heat exchangers total annualized cost ($/year) 175199.7

Table 4. The identified waste heat stream data

waste heat supply target heat capacity Heat load
stream temperature ('C) temperature (C) flowrate (kW/°'C) (kW)
WS1 109.6 40 40 2784
WS2 91 80 70 770
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WS3 70.2 40 65 1963
Ws4 70 40 220 6600
WS5 92.8 70 160 3648

5.2. Optimization results

Once the waste heat streams are identified, the corresponding mathematical model of the PM
and PI problem can be established. To solve the problems, the iterative process illustrated in
Figure 4 is carried out. Within each iteration, given the number of ORCs in parallel, the
corresponding PI problem is established, and is solved by the General Algebraic Modeling
System (GAMS) platform with the Conopt solver (Drud, 1994). The solving results of the
iteration, including the optimal number of the ORCs in parallel and the corresponding
optimized operative variables, are output as the starting point of the PM problem. The PM
problem leads to MINLP, and is solved by the GAMS platform with the Baron solver (Sahinidis,
1996). The hardware used is a desktop PC with Intel(R) Core (TM) i5 CPU 3.33 GHz and 8.00

GB of RAM.

Table 5. The solver information and model statistics of the initialization process

Number of Number of Number of
Trial . . . . Solver CPU time
ORCs in parallel equations continues variables

1 Single 661 651 Conopt 0.203
2 Double 899 885 Conopt 0.265
3 Tripple 1165 1148 Conopt 0.579

Results of the iteration are shown in Table 6. It can be seen that the iterative process is
terminated after the third iteration, indicating that the double-parallel is selected as the optimal
configuration of the ORC trains, which has the minimum total annualized cost (50345 $/year).
The relevant operative variables of the double-parallel configuration consist of cold utility

usage, total heat exchanger area, power generation of each ORC train, mass flowrates of
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ORC working fluids, evaporation temperatures, turbine outlet temperatures, and condensation
temperatures, of which the optimized values are output as the starting point of the PM problem,

as shown by the italics printing terms in Table 6.

The mathematical model of the PM problem exhibits 624 independent equations with 595
continuous variables and 100 binary variables. The optimization result of the PM problem is
shown in Table 7. By solving the PM problem, the total annualized cost decreases from the
50345 $/year given by the Pl problem to 21576 $/year, and the total heat exchanger area of
the HEN decreases from 4070 m? to 3320 m? The total power generation given by
the PM problem is 812 kW which is close to that (837 kW) given by the PI problem. The PM
problem also carries out the corresponding HEN synthesis. The optimized network structure
is shown in Figure 7. By combining the solving result of the PM problem and the integration
result of the background processes, the whole picture of the integration problem can be viewed,

as shown in Table 8.

Table 6. The solving results of the iterative process

Number of ORCs in Single Double Tripple
parallel (18t iteration) (2 iteration) (3 iteration)
ORC 1 ORC 1 ORC2 ORC1 ORC 2 ORC 3

Conclusive results

Total annualized cost

125370 50345 105180
($/year)
Cold utility (kW) 15123.81 14969.85 14916.64
The heat exchanger area
for extracting Waste heat 3202.09 4070.96 4245.97
(m?)
Power generation (kW) 654.49 297.03 540.65 21758 24468  408.19
Total annualized capital
346485 421092 503207

cost ($/year)

ORC operations

ORC working fluid mass 19.55 11.50 13.67 9.04 7.26 9.71
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flowrate (kg/s)

Evaporation temperature
. 66.19 56.59 74.19 54.44 66.51 77.59
(C)
Turbine outlet temperature
37.89 34.73 40.57 34.04 37.99 41.69
(C)
Condensation temperature
26.85 26.85 26.85 26.85 26.85 26.85

()

Table 7. Optimization result of the master problem

First parallel Second parallel

Conclusive result

Total annualized cost ($/year) 21576
Cold utility (kW) 14931.57
The heat exchanger area for extracting
waste heat (m?) 3302.45
Power generation (kW) 284.86 527.54
Thermal efficiency (%) 6.43% 9.28%
Detailed operation
ORC working fluid mass flowrate (kg/s) 11.06 13.37
Evaporation temperature ('C) 56.51 74.06
Turbine outlet temperature ('C) 34.71 40.52
Condensation temperature (C) 26.85 26.85

Table 8. Whole picture of the solved ORC integration problem

Variable Optimal value Variable Optimal value
Area of waste heat extraction
Total annual cost ($/year) 347706 3302
network (m?)
Hot utility (kW) 1509 Area of condensers (m?) 3197
Cold utility (kw) 14932 Net power output (kW) 812
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Area of background HEN (m?) 25176 Overall thermal efficiency (%) 8.05%
1231.18 kw 697.46 kW 855.36 kW
109.6 °C 78.82 °C 61.38 °C , 400
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770.00 kW 5
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Figure 7. The structure of the integrated double-parallel ORCs

5.3. Result discussion

In the iterative process, the configuration of double-parallel ORCs is calculated to have the
minimum total annualized cost as 50345 $/year, which is much lower than that of the single or
triple-parallel configuration. The disparity in the total annualized cost between the different
configurations is caused by the trade-offs between the profits brought up by power generation
and the relevant capital costs. Though implementing multi-parallel ORCs can increase power
generation, the additional ORC working components, increased heat exchanger area, and

relevant auxiliary facilities could bring up extra capital costs.

It can be seen from Table 6 that the total power generation of the double-parallel configuration
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is 837.68 kW, 183.19 kW more than that of the single ORC. The 183.19 kW extra power
generation is equivalent to a 146552 $ bonus per year (the electricity price is set as 0.1 $/kWh).
The total annualized capital cost of the double-parallel configuration is 421092 $/year, 74607
$/year more than that of the single ORC. The 146552 $ bonus can overcome the 74607 $/year
extra capital costs, leading to a decrease in the total annualized cost of the double-parallel
configuration (from 125370 $/year to 50345 $/year). As for the triple-parallel configuration, the
total power generation is 870.45 kW, 32.77 kW more than that of the double-parallel
configuration. The 32.77 kW extra power generation is equivalent to 26216 $ bonus per year,
which cannot compete with the corresponding extra capital costs, resulting in an increase in

the total annualized cost.

It is declared by Yu et al. (2015) that two main factors affect the power generation of an
integrated ORC(s) system, which are: 1. the rate of heat recovery; 2. the thermal efficiency of
the ORC(s) system. To the perspective of energy recovery, the composite curve (Figure 8)
shows that the amount of the unrecovered waste heat is 7696.76 kW, 5407.15 kW and 5032.08
kW for the single, double and triple-parallel configurations, respectively. Based on energy
balance, we know that the double and triple-parallel configurations can have 2289.61kW and
2664.68 kW more waste heat recovered than the single ORC. To the perspective of thermal
efficiency, the calculation results of Equation (62) show no significant differences in the overall

thermal efficiencies among those configurations. For the single, double, and triple-parallel
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Figure 8. The composite curves of the different configurations of ORCs in parallel.

(a) single-parallel; (b) double-parallel; (c) triple-parallel
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configurations, the corresponding overall thermal efficiencies are 8.072%, 8.038%, and
8.076%, respectively. With similar thermal efficiency, the increased rate of heat recovery can

lead to an increase in power generation.

total net power generation

overall thermall efficiency=
total heat absorbed

(62)

The PI problem estimates the total heat exchanger area for extracting waste heat by assuming
vertical heat transfers, whereas the possibilities of arranging criss-cross heat transfers are
neglected. In this case study, the estimated heat exchanger area given by the PI problem is
4071 m2. In contrast, the optimal value provided by the PM problem is 3302 m?, 769 m? smaller
than the estimated value. As the criss-cross heat transfer is considered, the PM problem can

obtain a smaller value of heat exchanger area, leading to a better optimization consequence.

Combining the optimization result of the PM problem (shown in Table 7) and the heat
integration result (shown in Table 3) of the background processes, a final result can be
obtained, as shown in Table 8. The total annualized cost is 347706 $/year, which accounts for
the hot and cold utility costs, capital cost of the background HEN, capital cost of the waste
heat extraction network, capital cost for implementing the ORCs, and the profit gained by
power generation. In contrast, without implementing any ORCs, the total annualized cost is

about 641349 $/year.

For comparison, the optimizing results with Yu et al. (2017a) are exhibited in Table 9. As shown
in Tabe 8, the net power output given by Yu et al. (2017a) is 947 kW, 135 kW more than that
offered by this study. While the total heat exchanger area (accounts for both the background
HEN and the waste heat extraction network) given by the previous study is 72044 m?, 43566
m? larger than this study. Though the previous study achieves more power output, it also brings
up a much larger heat exchanger area than this study, leading to a higher total annualized
cost. The minimum annualized cost obtained by Yu et al. (2017a) is 565950 $/year, 218244

$/year higher than that given by this study. Such a discrepancy could be caused by the
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different heat extraction strategy and different optimizing methodologies. For extracting waste
heat, the previous study configures an intermediate heat carrier to transport heat from waste
heat sources to the integrated ORC (i.e., indirect heat transfers), while this study regulates
direct heat transfers. It is found that the indirect heat transfer strategy could result in a larger
heat exchanger area, as the heat should be first transferred to a heat carrier(s) before being
transferred to ORC working fluid(s). However, Yu et al. (2017a) declared that the indirect heat
extraction strategy might be favorable in practice due to controllability and operability
considerations. For optimization, Yu et al. (2017a) adopted a sequential methodology rather
than a simultaneous one. They firstly maximize the net power output of the ORC and then
calculate the corresponding capital cost. Though the amount of power output is maximized,

the corresponding capital cost could be even higher, leading to a worsen optimization result.

Table 9. The comparison with Yu et al. (2017a)

Optimal value Optimal value of
Variable
of this study Yu et al. (2017)
Total annual cost ($/year) 347706 565950
Hot utility (kW) 1509 2410
Cold utility (kW) 14932 15691
Total power generation (kW) 812 947
Total heat exchanger area (m?) 28478 72044

6. Conclusions

This study focuses on the integration of multi-parallel ORCs, which is rarely discussed in the
previous work. A mathematical programming-based method is developed for integrating multi-
parallel ORCs. The method consists of a master problem, namely PM, and an initialization
problem, namely Pl. For modelling, in the PM problem, this study proposes a superstructure,
especially for synthesizing and designing a multi-parallel ORCs system, as shown by Figure
4. The corresponding model leads to MINLP. While in the PI problem, referred from Dong et

al. (2020), and based on the vertical heat transfer concept of the Pinch Analysis (Linnhoff and
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Ahmad, 1990), an NLP model is established, which can estimate the total heat transfer area
for extracting waste heat without considering HEN synthesis. For optimization, this study
proposes an iterative approach. The iteration can determine the optimal number of ORC in
parallel as well as the optimal value of the corresponding operative variables, offering good
starting points for the PM problem. A case study is presented to illustrate the application of the
proposed method. Results show that double-parallel ORCs can generate more power than a

single ORC, leading to a decrease in total annualized cost.

Supplement materials: The Peng-Robinson EoS

The Peng-Robinson Equation of State used in the power generation module is presented as

below.

RT a(T)
P= I 2
v-b v*+2bv-b

(S1)

Where:

2T 2
a(T) =0.45274 RPTC a(T,0)

Cc

212
b =0.45724 RPTC

C

a(T,0) =1+ k@0~ (T/IT)*) |

x =0.37464 +1.54226 » — 0.26992 0"

T.and P, are the critical temperature and pressure, o is the acentric factor.

For computational convenience, the P-R EoS can be transformed to:
Z’+(B-1)Z° +(A-3B°-2B)Z+(B*+B’ - AB) =0 (S2)
Where:

_a(mp
~(RT)?

PP
RT

z=-Pv
RT
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Note that the unit of pressure is used as Mpa in the P-R EoS, which is different with the kpa

unit used in this paper.

The enthalpy and entropy of a substance at given temperature and pressure (T1, P1) can be

calculated as:

. T "
H(T,P) = H(T Pro) =H (T Pry) + [ CRAT —H'(T, ) (S3)
. T CY P .
ST P) = S(Tr Prr) =S (T Pu) + [ 24T =RIn - =S'(T, R (S4)
o ref

Where:
H(T\P) 5 o780+ i)+ K(l—T,l’Z)]m[M] ~T.(z-1)

: Z+(1-+2)B
SaP)_ 2,078k _ i[> A+ */E)B] ~In(Z-B)

R T Z+(1-2)B

T-1

=

c

Note that the unit of the enthalpy and entropy calculated by the P-R EoS is configured as

molar basis which is different from the mass basis unit used in this paper. Tref and Prer are
the given reference temperature and pressure, H(T,,P.,) and S(T..P.) are the enthalpy

ref

and entropy at the given reference state. C; is the ideal gas heat capacity which can be

calculated by the DIPPR107 equation (Aly and Lee, 1981), as presented in Equation (S5).

2 2
C‘F‘,’:C1+C2 — C, /T +C, _G/T (S5)
sinh(C, / T) cosh(C,/T)

Where C4, Cz, Cs, C4, and Cs are regression parameters, the value of them for N-Butane are
listed in the table below.

Table S1. Parameters in DIPPR107 for N-Butane

DIPPR107
Ci C, C, Cq Cs
Parameter
Butane 71340 243000 1630 150330 730.42
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Chapter 5: Working Fluid Selections for Integrating
ORCs

The appended papers in the preceding chapters address the simultaneous optimization of
HEN synthesis and the operations of ORCs. However, it can be noticed that the optimal
working fluid selection of each of the integrated ORCs are not addressed. This chapter
contains a journal-format paper, providing a mathematical programming-based method for

automatically selecting the optimal working fluid of each integrated ORC.

5.1 Introduction to Publication 3

The paper presented in this chapter contributed a mathematical programming-based method

for solving the integration of ORCs considering the optimal working fluid selections.

For the model establishment, this paper adopts an identical approach with that of the second
paper to establish its mathematical model (MINLP). The novelty of this paper comes from the
optimization strategy, i.e., a bi-level decomposition method is adopted for optimizing the
established model. The outer level uses a genetic algorithm, which can determine the optimal
number of ORCs to be integrated and the optimal working fluid selection of each ORC. In the
inner level, the established MINLP model is incorporated and is solved by a deterministic
algorithm (e.g., the Baron solver). If necessary, the MINLP model can be transformed into an
NLP model so that the computational efficiency can be improved. By implementing the bi-level
procedure, the optimal HEN synthesis, unit number of ORCs, operation of each ORC, and

working fluid selection of each ORC can be simultaneously determined.

In the case study, through comparing the solving result of the proposed method with that of
previous literature, the feasibility of the proposed method is proved. It is also shown that, when

integrating ORCs, the optimal working fluid selection of each ORC could be different.
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4.2 Publication 3

Chu Z., Nan Z., Smith R., The Automatic Working Fluid Selection for Integrating Multi-parallel

ORCs into Total Sites (ready for submission)
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The Automatic Working Fluid Selection for Integrating

Multi-parallel ORCs into Total Sites
Zheng Chu, Nan Zhang’, Robin Smith

Centre for Process Integration, Department of Chemical Engineering and Analytical Science, the University of
Manchester, M13 9PL, Manchester, United Kingdom
nan.zhang@manchester.ac.uk

Abstract

When trying to integrate ORC(s) into industrial sites, the working fluid selection(s) could exert
influences on system performances, which is an essential matter that should be considered.
In the last few decades, lots of research efforts have focused on selecting a proper working
fluid for integrating a single ORC, while the working fluid selections for integrating multi-parallel
ORCs are rarely investigated. This study aims to fill this blank by proposing a bi-level
decomposition method. For modelling, a superstructure-based technology is adopted to
represent the heat exchanger network (HEN) for extracting waste heat; a concept of state-
point is implemented for evaluating the performances of ORCs. For optimization, the method
proposes a bi-level optimization strategy. The outer level adopts a genetic algorithm (GA) to
identify the optimal number of ORC parallels, the optimal operation of each ORC train, and
the corresponding working fluid selections. While in the inner level, the established MINLP
model is incorporated, through solving which the HEN synthesis and the corresponding
minimum total annualized cost can be determined. An alternative version of the optimization
strategy is also provided, which can improve the calculation efficiency by using a non-linear
programming (NLP) problem to substitute the MINLP problem in the inner level. Two case
studies are carried out to validate the proposed method. The comparison results show that
the multi-parallel ORCs with working fluid selections can achieve more power generation than
those that use a monotonous type of working fluid, leading to a decrease in total annualized

cost.
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Nomenclature
Variables
Cap annualized capital cost ($/year) P pressure (kPa)
dT temperature difference (K) q(@Q heat duty (kJ)
FC heat capacity flowrate (kW/K) S entropy (kJ/mol-K)
HA heat exchanger area (m?) T temperature (K)
h (H) enthalpy (kJ/kg) U heat transfer coefficient (kwW/m?2C)
LMDT logarithm approach temperature W power output/consumption (KW)
m mass flowrate (kg/s) Z binary variable
Obj objective variable P density (kg/m?)
Parameters
L a constant value: 10* U heat transfer coefficient
MF multiplication factor n Isentropic efficiency
M relative molecular mass Q a constant value: 108
Price marketing price X dryness fraction
Subscripts
bp boiling point pre-heat pre-heating section
c critical state prestr preheating streams
cu cold utility re recovered heat
de-sup de-superheating s supply
two-
elec electricity two-phase section
phase
eva evaporators t target
evastr evaporating streams tb turbine
hu hot utility wf ORC working fluid
1,2,
in inlet state points
3,..6
int intermediate 2is isentropic state point
out outlet
Sets
the set of ORCs set of waste heat streams
ORC WS

ORC={orc|1, 2 ... n}

the set of stages
ST

ST={st|1, 2 ... ST}

WS={ws|1, 2 ... n}
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1. Introduction

Organic Rankine Cycles (ORCs) are commonly used to convert low-temperature heat (less
than 200 °C) into electricity. ORCs have a similar working principle to the conventional steam-
based Rankine Cycles but using organic compounds to substitute water as working fluids. A
typical ORC consists of four main components, i.e., an evaporator, a condenser, an expander,
and a working fluid pump, as shown in Figure 1. When operating, a strand of working fluid is
vaporized in an evaporator, absorbing heat from heat sources. Then the vaporized stream is
sent to a generator-connected expander, where electricity is generated. The exhaust gas of

the expander is condensed by a condenser and recycled by a pump.

Evaporator Expander
]
49 2 Condenser

Pump

=

we

Figure 1. An illustration diagram of a typical Organic Rankine Cycle (Xi et al., 2013)

When integrating ORC(s) into industrial sites for waste heat recovery, how to design the heat
exchanger network (HEN) for extracting waste heat, how to determine the optimal operations
of ORCs, and how to choose the optimal working fluid for each ORC are the three main
problems to be tackled. Lots of relevant methods have been developed in the last few decades.
Desai and Bandyopadhyay (2009) proposed a graphical-based method. The method can
address the optimal operation of a single ORC system considering various modified
architectures, but cannot automatically design the corresponding HEN nor select the optimal

working fluid. Hipdlito-Valencia et al. (2013) highlighted the necessity of developing
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mathematical programming-based methods to deal with ORC integration problems. They
proposed a mixed-integer non-linear programming (MINLP) model for integrating a single
ORC, through solving which the optimal operation of an ORC and the corresponding HEN
synthesis can be simultaneously determined. Chen et al. (2014) proposed another
mathematical programming-based method. The method consists of sequential steps. In the
first step, a heat integration of background processes is carried out, through which a surplus
zone is identified. Then a single ORC is incorporated into the heat surplus zone to recover
waste heat. The corresponding model is established by a superstructure-based technology,
using rigorous Equation of States (EoS) to correlate the relevant thermodynamic properties,
leading to an MINLP optimization problem. Yu et al. (2017b) adopted the Duran-Grossman
model (Duran and Grossman, 1986) to target the optimal duty of power generation of a single
ORC, leading to a non-linear programming (NLP) problem. Once the duty is given, the

corresponding ORC operation and HEN synthesis can then be determined.

Song et al. (2014), Stijepovic et al. (2017) and Dong et al. (2020a) observed that applying
multi-parallel ORCs instead of a single ORC could achieve more power generation in some
cases. Song et al. (2014) may be the first ones who propose a dual-parallel ORCs system.
They divided background waste heat sources into a high-temperature level and a low-
temperature level and made each of them exclusively cooperate with a stand-alone ORC,
forming a dual-parallel ORCs system. A case study has shown that the dual-parallel system
can generate more power than a single ORC system. Stijepovic et al. (2017) proposed an
MINLP model for integrating multi-parallel ORCs. The model is established based on the Pinch
Analysis technology (Linhoff and Flower, 1978) and the transhipment model (Papoulias and
Grossmann,1983). Dong et al. (2020a) developed a method to simultaneously optimize the
integrated multi-parallel ORCs and the corresponding HEN. They compared the integration
results of a single ORC and dual-parallel ORCs and found that the dual-parallel ORCs can

achieve higher net power output than the single ORC.

The studies mentioned above offer methods for integrating single or multi-parallel ORCs. By
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using the methods, one can sequentially or simultaneously determine the optimal operation(s)
of ORC(s) and the corresponding HEN synthesis. However, it is observed that the methods

failed to provide an efficient way to select the optimal working fluid(s) for the integrated ORC(s).

To this perspective, some researchers proposed heuristical principles, aiming to select the
optimal working fluids of ORCs without mathematical calculations. SALEH et al. (2007)
screened 31 pure organic substances as ORC working fluids. It was regulated that the ORCs
are operated between 100 ‘C (evaporation temperature) and 30 ‘C  (condensation
temperature) with a maximum pressure of 20 bar. Results show that different working fluids
can exhibit significant discrepancies in thermal efficiency even with the same evaporation
temperature. Amongst the 31 investigated substances, n-hexane is conceived to have the
highest thermal efficacy (13.00%), followed by n-pentane (12.91%) and iso-pentane (12.75%).
Xu and Yu (2014) correlated the ORC performances with the critical temperatures of working
fluids. They declared that the working fluids with critical temperatures close to the inlet
temperatures of heat sources could achieve maximum thermal efficiency. They recommended
selecting the organic compounds with critical temperatures 20 K to 100 K higher than the inlet
temperatures of heat sources as ORC working fluids. Wang et al. (2020) screened the
environmental and economic performances of 14 different working fluids that cooperate with
a heat source with a temperature range from 90°C to 230°C. They declared that, with different
heat source temperatures, different working fluids could lead to diverse economic
performances and environmental benefits. They carried out a series of parametric analyses,
through which the promising working fluids and the corresponding optimal heat source

temperatures are advised.

The heuristical principles provide an efficient way to select the optimal (or near-optimal) ORC
working fluid for the cases with a single heat source. However, when integrating ORCs into
practical industrial sites, for most cases, there could be multiple heat sources with different

temperatures and heat duties, leading to more complex thermal matches. In such
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circumstances, the applicability of the heuristical principles is limited. In another aspect, the
trade-off between power generation and the related capital and operating costs increases the
difficulties of applying the heuristical principles. In summary, it is pointed out that the selections
of optimal working fluids are case-sensitive, which should be carried out by rigorous
calculations (Dong et al., 2020b). Therefore, it is necessary to develop mathematical

programming-based methods to help select the optimal ORC working fluids.

There are a few developed mathematical programming-based methods extended ORC
integration problems by considering working fluid selections. Kermani et al. (2018) proposed
a bi-level optimization strategy. The outer level adopts a genetic algorithm (GA) to determine
the optimal working fluid and the corresponding operation of an ORC. The inner level consists
of a mixed-integer linear programming (MILP) problem, which can carry out the heat
integration with background processes. Dong et al. (2020b) not only included the operating
temperature, pressure, and flowrate of an ORC as decision variables but also considered the
different selections of working fluids. They pre-selected 43 pure organic components and 36
binary mixtures as the working fluid candidates. For modelling, they adopted the Pinch
Location method (Duran and Grossman, 1986), leading to an NLP model. For optimization, a

bi-level decomposition strategy was applied.

However, it can be observed that the previous studies only considered to select the optimal
working fluid for integrating a single ORC, while the working fluid selections for integrating
multi-parallel ORCs are still left as blank. Compared with the integration of a single ORC, the
integration of multi-parallel ORCs could be more challenging. The challenges are: 1. the
optimal number of ORC parallels is variable; 2. each ORC in parallel could have different
operating conditions, leading to different optimal working fluid; 3. the heat integration with
background heat sources could become more complex. As such, this study aims to fill the
blank by proposing a mathematical programming-based method, which can automatically

select the optimal working fluids for the integrated multi-parallel ORCs. The challenges
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mentioned above are to be addressed. For modelling, the method adopts a superstructure-
based technology and a concept of thermodynamic state-points, of which the details will be
introduced in Chapter 4. For optimizing, the method proposes a bi-level optimization strategy,
which will be introduced in Chapter 5 and 6. By applying the method, the operating conditions
of multi-parallel ORCs, the optimal working fluids, and the heat integration with background

heat sources can be simultaneously determined, leading to a minimum total annualized cost.
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Figure 2. The illustration diagram of a multi-parallel ORCs system

2. Problem Statement

The illustrative diagram of a multi-parallel ORCs system is shown in Figure 2. It can be
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assumed that a set of waste heat streams, WS= {ws|1, 2 ... n}, have been identified, of which
the inlet/outlet temperatures, the heat capacity flowrates, and the heat transfer coefficients are
specified. There are multi-parallel ORCs, ORC = {orc|1, 2 ... n}, implemented to exploit the
waste heat. Note that each ORC in parallel operates independently. The residual heat that the
ORCs cannot exploit is discharged to cold utilities. The goal is to minimize the total annualized
cost via integrating the multi-parallel ORCs with the waste heat streams. The decision
variables include the number of ORC parallels, the operating condition (evaporating
temperature/pressure, condensing temperature/pressure, and working fluid mass flowrate) of
each ORC, the working fluid selection of each ORC, the utility consumption, and the related

variables of HEN synthesis.

3. Working fluid Pre-Screening

There are three main aspects that should be considered for pre-screening ORC working fluids,

which are thermodynamic performance, safety, and the impacts on the environment.

e  Thermodynamic performance

According to the slopes of saturated vapour curves in T-S diagrams, Huang et al. (1997)
classified the ORC working fluids into three categories: wet, dry, and isentropic. The dry
working fluids present positive slopes; the wet working fluids exhibit negative slopes; the
isentropic ones typically have infinite large slopes. An illustrative diagram of the three types of
working fluid is shown in Figure 3. It is argued that dry or isentropic working fluids are more
favourable in practical applications, as wet working fluids could form droplets at the exits of

turbines, resulting in a series of operative issues (Yu et al., 2015).

On the other hand, the critical temperatures of the pre-selected working fluids have to be
higher than the evaporating temperatures of ORCs to avoid supercritical operating conditions.
In the application scenarios of waste heat recovery, the evaporating temperatures are normally

ranged from 50°C to 200°C. So, the pre-selected working fluids should have critical
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temperatures higher than 50°C in general. In addition, this study regulates that the saturated
pressures of the pre-selected working fluids at 35°C should be higher than the atmospheric
pressure to avoid the creation of vacuum during condensation (the lower limit of condensation

temperatures are assumed as 35C).

N T
oT/6S>0 r/esS<0 er/ées~0
Dry Wet Isentropic
S
Figure 3. The T-S diagram of different types of working fluid
o  Safety

An appropriate ORC working fluid is expected to be non-flammable, non-corrosive, and non-
toxic (Chen et al., 2010). As for the toxicity, this study references the assessments proposed
by ASHRAE (2009). According to ASHRAE (2009), the toxicity of working fluids is graded into
Aand B levels. The ones with B-level grades are more toxic than the A-level ones. In this study,
it is regulated that all the pre-selected working fluids should have A-level grades. As for the
corrosive and flammability, it is inevitable for organic working fluids to be flammable and
corrosive to some extent. However, recommendation lists of working fluids that have relatively
low flammability and corrosiveness can be found in the previous literature (Bao and Zhao,

2013; Yu et al., 2015; Scaccabarozzi et al., 2018), and the lists are referenced by this study.

¢ Impacts on the environment

A basic environmental requirement for ORC working fluids is zero ozone depletion potential
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(ODP) (Wang et al., 2020). Therefore, this study regulates that all the pre-selected working
fluid should have zero ODP.

Considering all the above factors, 9 working fluids are pre-screened, of which the details are
listed in Table 1

Table 1. The pre-screened working fluids

Toxicity
Substance Formula M pr (K) T, (K) P, (Mpa) ODP
(ASHRAE)
R245ca C3F5H3 134.05 298.28 447.57 3.940 A 0
C3F6H2-

R236fa b1 152.04 271.71 398.07 3.200 A 0
R227ea C3F7H 170.03 256.70 374.80 2.912 A 0
R218 C3F8 188.02 236.32 345.10 2.640 A 0
R601 C5H12-1 72.14 309.26 469.70 3.368 A 0
R601a C5H12-2 72.14 301.10 460.35 3.378 A 0
R600 C4H10-1 58.12 272.60 425.13 3.796 A 0
R600a C4H10-2 58.12 261.48 407.80 3.640 A 0
Cyclopentane  C5H10 70.13 322.45 556.75 4.52 A 0

4. Model Description

In this section, an MINLP model is established. The overall model is separated into three sub-
modules, which are a heat extraction module, a power generation module, and an objective
function. The heat extraction module represents the heat integration with background waste
heat sources, while the power generation module formulates the thermodynamic
performances of ORCs. These two modules are correlated by energy balances. The objective

function evaluates the economic performance of the integration of ORCs.

4.1. Heat extraction sub-module
This module is established by a superstructure-based technology, which is derived from the

Synheat superstructure-based model (Yee and Grossman, 1990). The illustrative diagram of
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the superstructure is shown in Figure 4, where the hot streams (waste heat streams) and cold
streams (ORC working fluids) are represented by the red and blue lines, respectively.

For the hot side, there are several stages divided. In each stage, each participated hot stream
is split into several sub-streams in parallel, and each sub-stream is directed to a heat
exchanger, representing a potential match of heat transfer with the opposite side. The
principles of dividing stages and splitting/mixing sub-streams are in correspondence with the

Synheat superstructure (Yee and Grossman, 1990).
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Figure 4. The illustrative diagram of the stage-wise superstructure

For the cold side, to avoid difficulties in the calculations of heat transfer coefficients and heat
transfer area, each strand of ORC working fluid is separated into a pre-heating stream and an
evaporating stream. The theoretical basis of doing this is referred from Wei et al. (2008) and
Imran et al. (2020). It can be seen from Figure 4 that the pre-heating streams are divided into
the same number of stages as that of the hot side. In contrast, the evaporating streams are
split in parallel without any stage divisions. For each evaporating stream, the number of sub-

streams to be split is determined by the following equation:
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N N * N

split = stage ws

Where N is the spilt sub-streams of an evaporating stream; N is the total

split stage

number of the divided stages; N, is the total number of the waste heat streams.

Once the superstructure has been determined, the corresponding mathematical formulation,
including temperature assignments, energy balances, utility usages, logical constrains,
thermodynamic feasibilities and heat exchanger area calculations, can be established. The
relevant equations are similar to those of the Synheat model, which are omitted in this section.

Readers can find them in Appendix A.

4.2. Power generation sub-module

A method of thermodynamic state-points is imported for establishing this sub-module. The
main idea of the method is to calculate the thermodynamic properties of the state-points
mapped on the T-S diagram of an ORC (as shown in Figure 5), through which the operating
conditions of ORC working components can be correlated, and the performance of the whole

ORC system can be evaluated.

Waste heat stream

Cold utility

Figure 5. The T-S diagram of an ORC

. Turbines
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Turbines are operated between state points 1 (turbine inlet) and 2 (turbine outlet). State point
2is represents an ideal situation without any irreversible losses (i.e., the isentropic efficiency is

100%). If ignoring mechanical losses, the power output of a turbine can be given as:

W™ = i - (7™ —hg™) = miye -7 (" —hgE), orc e ORC Q)
As for multi-parallel ORCs, the total power output is:

Wtb,total = Z thrc (2)

orceORC

e Condensers

In condensers, working fluids go through state points 2, 3 and 4. From state points 2 to 3, the
thermodynamic states of working fluids are transformed from superheated gas to saturated
vapour. Then from state points 3 to 4, the thermodynamic states are transformed to saturated
liquid. Corresponding with these thermodynamic processes, we can divide a condenser into
two sections, i.e., a de-superheating section (point 2 to point 3) and a two-phase section (point

3 to point 4). The energy balance of the de-superheating section is:

O o =MEC - (N2 —h), orc € ORC 3)

qcon ,de—sup

The energy balance of the two-phase section is:

o e = ME - (S —h7™), orc  ORC (@)

qcon ,two—phase
The cooling demand of a condenser is:

orc orc orc , orc e ORC (5)

qcon,total = qcon,de—sup + qcon,two— phase
As for multi-parallel ORCs, the total cooling demand is:

_ orc
qcon,total - Z qcon,total (6)

orceORC

o  Working fluid pumps
A working fluid pump is operated between state points 4 (a saturated liquid state) and 5 (a
sub-cooling liquid state). The power consumption of a working fluid pump can be calculated

by Equation (7), as shown below:
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orc

m
W;Jr%p = ﬁ (Rsorc — P40r(:)’ orce ORC (7)
pump * Fwf

Where 70" is the isentropic efficiency of each pump; oy is the density of the working

fluid flowing through.

The total power consumed by the pumps of multi-parallel ORCs is:

Wpump,total = z Wpilrr%p (8)

orceORC

e Evaporators

As depicted in Figure 5, there are two thermodynamic processes occurring in an evaporator.
From state points 5 to 6, the thermodynamic state of working fluid is transformed from sub-
cooling liquid to saturated liquid. From state points 6 to 1, the thermodynamic state is
transformed from saturated liquid to saturated vapour. Corresponding to the thermodynamic
processes, two sections (i.e., a pre-heating section and a two-phase section) can be divided,

of which the energy balances are given below:

o =m;; - (" —h"), orce ORC 9)

qeva, pre—heat

=mg - (W™ —hg™), orce ORC (10)

qeva,two— phase

o  Thermodynamic properties of state points

The decision variables are evaporating and condensing temperatures (T1 and T4) of each ORC.
The thermodynamic properties of each state point can be correlated with the decision
variables, shown by the following equations.

1) For state point 1:

R =P(T,",x=1), orce ORC (11)
h™ =H(T,",x=1), orce ORC (12)
s =S(T,",x=1), orce ORC (13)
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2) For state points 2 and 2is:

orc __ porc __ porc
P = P = P

2is
orc __ norc
S2is - Sl

hy =H(Pix', S5 ), orce ORC

2is 7
g™ = ™ — 7 - (R —hEE)
T, =T (R, h)), orce ORC
3) For state point 3:
T, =T"
P =P (T, x=1), orce ORC
hy = H(T,*,x=1), orce ORC
4) For state point 4:
P =P(T,x=0), orce ORC
h,” =H(T,“,x=0), orce ORC
s, =S(T,,x=0), orce ORC
5) For state point 5:

orc __ porc
R =R

orc

he™ =h +—L"2 | orc e ORC
m

orc !
wf

T =T (R, hg), orce ORC
6) For state point 6:

orc __ T orc
TG _Tl

hy™ = H(T, ", x=0), orce ORC
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(18)
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In this study, we did not adopt any Equation of States to establish the explicit formulations of
the functions Yy=P(X), y=T(x), y=H(X), y=S(X) . As to correlate the
thermodynamic performances of different working fluids, we may need to adopt different types
of Equations of State to guarantee the calculation accuracy, which could increase the
complexity of the model. Therefore, to simplify the modelling and coding process, the

corresponding function values are calculated by the NIST REFPROP® software.

4.3. Correlation of the two sub-modules

The common part of the two sub-modules are evaporators. The pre-heating streams defined
in the heat extraction sub-module correspond to the pre-heating sections in evaporators, while
the evaporating streams in the heat extraction sub-module correspond to the two-phase
sections in evaporators. According to this correspondence, the energy balance of the two sub-

modules can be given as:

qgg, pre—heat = qglr'gstr,total = t?pr)gestr - Ts(,)::ocrestr ) ’ FC gltgstr (30)
Tt,orr)lc'estr = TGOFC (31 )
Ts(,)[)crestr = T50rc (32)
qeovr;,two— phase = qggstr Jtotal (3 3 )

4.4. Objective function

The objective function calculates the total annualized cost of integrating multi-parallel ORCs,
in which the relevant capital cost, operating cost, and the profit brought up by power generation
are taken into account. A general formulation of the objective function is shown in Equation
(34).

ObJ = (Capextration + Capgeneration) + Operating — Profit (34)

Wherethe Cap,,, i, and Capgeneration terms are the annualized capital costs for extracting
waste heat and generating power respectively; the Operating term is the relevant

operating cost; the Profit term is the total profit brought up by power generation.
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This study assumes that the annualized capital cost for extracting waste heat ( Cap,4ion ) IS
mainly contributed by heat exchangers, which can be calculated by Equation (35). This
equation is original from Couper et al. (2012), and is also adopted by Dong et al. (2020b).

CaPorn = g [16620+575: T 3 3 (HAZE™™ + HAL)] (3)

yr wseWS orceORC steST

The annualized capital cost of power generation ( Capyeeraion ) Mainly comes from the
annualized costs of ORC working components (turbines, pumps, and condensers), which can
be calculated by the following equations. Note that equations (38) and (39) are taken from

Dong et al. (2020b).

Capgeneration = Captb + Cap pump + Capcon (36)
Cap, = 3 0 (2050- W °%) (37)
orceORC yr
Cap,um = D, MF 3540 W o7 (38)
orceORC PByr
MF orc orc
Capcon = ZO: . [16620 + 575 ' (HA:on,de—sup + HA:on,two— phase)] (39)
orceOR yr

In Equation (39), the HAY" ., and HAZT = . terms are still unknown, which can be

calculated by the following equations.

orc

qcon de—su
HA?orr? de-sup : - , orce ORC (40)
,de-sup
U ggﬁsup LM DTc?)Lc,de—sup
1/3
Torc _Torc Torc _Tor_c Torc _-I—orc +Torc _Tor(_:
LMDTCE':,de_SUp — ( 2 cu,out)( 3 cu,lnt); 2 cu,out 3 cu,mt) , orce ORC

(41)

The Tc"mr,fim term in Equation (41) represents an intermediate temperature of cold utility

stream, which can be calculated by Equation (42).
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(-I-or{:t _Tor_c ) qorcM A
cu,in cu,in/ __ ™con,two—phase
(-I-orc _Tor ) - orc » orce ORC (42)
cu,out cu,int qcon,de-sup
qorc
orc _ con,two— phase
HA:on,two—phase - U orc LMDT orc , orce ORC (43)
two—phase x con,two—phase
orc orc orc orc orc orc orc orc /3
ST T =T )T — T + T =T )
orc _ 3 cu,int 4 cu,in 3 cu,int 4 cu,in

LMDTcon,two—phase - 2 » orce ORC

(44)

It is assumed that the operating cost are mainly contributed by utility usage, which can be

calculated by Equation (45).
Operating = price,,-( D G + 2 Goonom (45)

wseWs orceORC

The profit from the sale of generated power is calculated as:

Profit = AOH - price,,, - >, (W -W2re, (46)

orceORC

5. Optimization Strategy
In the last chapter, the established model leads to an MINLP problem, namely MP, which is

presented as following:

Min: Obj=AF : (Capextraction + Capgeneration) + Operating - prOfIt

(MP)
heat extraction sub-module Egs. (A1l)~(A25)
power generation sub-module Egs. (1) [J (29)
correlations of the tow modules Egs. (30)~(33)
Onjective fuction Eqgs. (34)~(46)

st. y(x)=1<x

By solving the MP, the power output of ORCs, as well as the HEN synthesis between the
ORCs and background heat sources, can be determined. However, there are problems left: 1.

the optimal number of ORCs to be implemented is still unknown; 2. the model cannot select
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the optimal working fluids for the integrated ORCs. To address these problems, this study
proposes a bi-level optimization strategy, of which the block-flow diagram is illustrated in

Figure 6.

In the outer level, decision variables include the number of ORCs to be implemented, the
operating condition (evaporating temperature, condensing temperature, and mass flowrate of
working fluid) of each ORC, and the working fluid selection of each ORC. A genetic algorithm
(GA) implemented in the MATLAB® platform is adopted to determine the optimal values of
these variables. During optimizing, first, the GA generates an initial population by randomly
assigning sets of different values to the decision variables. Each set of values is regarded as
an individual of population. Note that the values assigned to the variables should be within
their bounds. Then, for each individual, the MATLAB® calls the NIST REFPROP® software to
calculate the related thermodynamic properties. The calculated thermodynamic properties

and the decision variables are introduced as parameters to the inner level.

181



Chapter 5: Working Fluid Selections for Integration ORCs
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Figure 6. The block-flow diagram of the optimization strategy

In the inner level, receiving the outputs from the outer level, MP problems are solved by the
GAMS® software with the Baron MINLP solver (Sahinidis, 1996). For different individuals, the
corresponding solving result could be different, leading to various HEN synthesises and total
annualized costs. The solving results are then sent back to the outer level, where the GA
selects the individuals that behave well (i.e., with less total annualized costs), using them to
generate a new generation.

Such an optimizing process will be repeated again and again until one of the following
convergence criteria is reached. The convergence criteria are:

a) the maximum generation is set as 200

b) the maximum computational time is set as 10 hours

c) the best individual does not change in 10 successive generations
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6. An Alternative Optimization Strategy

Several case studies have proven that the Baron solver, which is based on the Branch and
Bound technique, could be relatively computational expensive for solving HEN synthesis
problems. For instance, for a HEN synthesis problem with three hot streams and two cold
streams, it is tested that the Baron solver requires about 100 seconds of CPU time to get
convergence (Escobar and Trierweiler, 2013). In this study, the Baron solver is integrated with
a GA, which even increases the overall computational effort. It is logical to deduce that the

time consumption could be unacceptable for some cases.

To this perspective, this study offers an alternative optimization strategy improved from the
original one, of which the block-flow diagram is shown in Figure 7. In the inner level of the
alternative strategy, an NLP problem, namely MP-alt, is proposed to substitute the previous
MP problem, of which the details are introduced in Appendix B. The Conopt NLP solver (Drud,
1985) is adopted to solve the MP-alt problem. As illustrated in Figure 7, the optimization result
of the bi-level algorithm, including the optimal parallel number, the optimal working fluid
selection of each ORC in parallel, the operating conditions of ORCs, and the relevant
thermodynamic properties, are further output to an MP problem. By solving the MP problem,
the HEN synthesis can then be carried out, and the corresponding minimum total annualized

cost is output as the final solution.

Compared to the original optimization strategy, the alternative strategy adopts an NLP problem
solved by the Conopt solver instead of an MINLP problem solved by the Baron solver as its
inner level. The NLP problem can still consider the trade-off between costs and profits,
providing enough information for the GA to optimize the relevant decision variables. Based on
the comparison results of previous case studies (Escobar and Trierweiler, 2013), it is
reasonable to expect that the solving process of the NLP problem can lead to less
computational time. It should be noted that the nonconvex nature of the MP-alt problem may

lead to more than one local optimal solution. To increase the likelihood of obtaining the global
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optimal solution, the initialization procedure proposed by Yee and Grossmann (1990) is taken.

Genetic algorithm: ] Generate new generation
coded in the MATLAB software J
ATTTTTTTT I;an-do_ml_ a-;si-n ————————————————————— TN
s y assig v Call \

: ! \ ‘

number of ORCs in parallel NIST Refprop software:
calculate thermodynamic properties of

king fluid selection of each ORC
WORRG i aection oreac the state points of each ORC

Operating condition of each ORC

l |

1
|
|
|
|
|
|
Output as parameters |
|
I
|
|
|
|
I

Call: MP-alt problem coded in
GAMS software

Conopt solver: Minimize
A 4

I
|
|
|
|
|
|
|
|
|
|
|
|
|
| one generation

[ Total annualized cost ] !

No

Stopping criteria
reached ?

Call: MP problem coded in
GAMS software

Output
calculation
result

Baron solver: Minimize

y
l Final solution I

Figure 7. The block-flow diagram of the alternative optimization strategy

7. Case Study
7.1. Case study 1

This case study is taken from Elsido et al. (2017), which is also analyzed by Done et al.
(2020a). We use this case study to validate the applicability of the proposed method. The
background information is shown in Table 2. Note that the previous literature adopted different
equations from those of this study (Equations (35) ~ (39)) to evaluate the economic
performances of working components, leading to a different objective function. As such, for
ease of comparison, it is regulated that the objective function applied in this case study should

be identical to that of the previous literature.
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Table 2. The background information of case study 1

heat capacity heat transfer
supply temperature  target temperature
streams . . flowrate coefficient
(C) (C) . .

(kW/C) (KW/m?2 C)
W$S1 150 70 12.5 0.5
WS2 100 60 62.5 0.5
WS3 130 70 50 0.5
cold utility 15 20 1.5

ORC heat transfer coefficient

pre-heating working fluids 1.0
evaporating working fluids 10.0
de-superheating working fluids 0.6
condensing working fluids 2.0

Economic data

parameters value
annualized factor 0.2
multiplication factor 25
operating hours 7000 h
cold utility cost 20 $/kW = year
electricity price 0.14 $/KW = h

More details of the objective function can be found in Elsido et al. (2017) and Done et al.

(2020a). Other necessary information is provided below:

1. the isentropic efficiencies of turbines and pumps are 82% and 70%, respectively;

2. according to Done et al. (2020a), the fixed charge for implementing a heat exchanger is

considered, which is 100$;

The proposed method is applied to integrate ORCs with the waste heat streams. We first tried

to integrate a single ORC using the original optimization strategy introduced in Chapter 5. The

population of each generation of GA is configured as 200 individuals. The time limitation for

running the Baron solver is set as 80 seconds. A desktop PC with Intel® Core (TM) i5 CPU
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3.33 GHz and 8.00 GB of RAM is used for processing the program. Based on such
configuration, it is found that the original optimization strategy takes about 3 hours to finish
one generation of GA. In this case, it can be deduced that the time consumption for getting
convergence is unacceptable. As such, in order to improve solving efficiency, the alternative

optimization strategy introduced in Chapter 6 is adopted instead of the original one.

First, the integration of a single ORC is carried out as the reference case. During optimization,
the bi-level algorithm terminates at the 57" generation, occupying about 420 seconds of CPU
time. The solving result of the bi-level algorithm is then output to the corresponding MP
problem, which is solved by the Baron solver to obtain the global optimum. The solving

process of the MP problem takes about 150 seconds of CPU time.

After integrating a single ORC, the integration of multi-parallel ORCs is considered. We set
the maximum number of ORC parallels as four. The optimization strategy can automatically
determine the optimal number of the ORCs in parallel to be implemented, as well as the
corresponding optimal working fluid for each ORC train. During optimization, the bi-level
algorithm terminates at the 88™" generation, taking about 610 seconds of CPU time. The
sequenced MP problem occupies about 330 seconds of CPU time to be solved, leading to an
overall 940 seconds CPU time for completing the optimization process.

Table 3. The comparison results for Case 1

Elsido et Dong et al.
current paper
al. (2017) (2020a)
single dual-
Number of ORCs dual-parallel single dual-parallel
(Ref. case) parallel
R600a cyclopenta
working fluid n-pentane n-pentane
(iso-butane) ne& R600a
mass flowrate of 15t
14.63 33.94 18.90 37.62 1717
ORC (kg/s)
mass flowrate of 2"
19.31 / 13.41 / 16.91

ORC (kg/s)
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evaporating
temperature of 1t 115.70
ORC (C)
evaporating
temperature of 2nd 84.30
ORC (C)
condensing
temperature of 15t 30.00
ORC (C)
condensing
temperature of 2nd 30.00
ORC (C)

net power output (MW) 1.85

overall thermal
11.93%
efficiency

number of heat
12
exchangers
total heat exchanger
4994
area (m?)
total cold utility usage

(kW)

13536.7

82.1

25.00

1.74

11.23%

4081.5

13935.8

107.1

80.2

25.00

25.00

1.98

12.77%

13

4682

13612.1

93.19

25.00

1.86

12.09%

4773.5

13542.7

108.67

81.52

25.00

25.00

2.06

13.32%

14

5226.8

13399.1

The optimization results given by the proposed method are shown in Table 3 and Figure 8, in

which the comparisons with the previous research are also presented. As shown in Figure 8,

the integration of a single ORC (reference case) obtains a total annualized cost of -0.623

M$/year by using the proposed method, which is 8.7% lower than that given by Dong et al.

(2020a). The corresponding optimal working fluid selection is iso-butane instead of n-pentane.

Compared with Dong et al. (2020a), even though the proposed method introduces a 692 m?

extra heat exchanger area, it also increases the net power output from 1.74 MW to 1.86 MW,

leading to an increase of 0.118 M$/year in power generation revenue. The improvement in

optimization result validates the applicability of the proposed method.
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Figure 8. The comparison results for case 1

As for the integration of multi-parallel ORCs, the proposed method automatically configured
dual-parallel ORCs as the best solution, of which the total annualized cost is -0.638 M$/year,
6.2% and 27.3% lower than that given by Dong et al. (2020a) and Elsido et al. (2017). The net
power output given by this paper is 2.06 MW, 0.08 MW higher than that of Dong et al. (2020a),
which is equivalent to about 0.078 M$/year extra revenue. The corresponding capital cost is
1.112 M$/year, 0.049 M$/year more than that of Dong et al. (2020a). It is obvious that the
increased power output can overcome the increased heat exchanger area, leading to a
decrease in total annualized cost. The optimal working fluids are respectively selected as
cyclopentane and iso-butane for the different ORC ftrains with high and low evaporating

temperatures.

Figure 9 presents the optimal HEN for integrating dual-parallel ORCs. There is a total of twelve
heat exchangers configured in the HEN for extracting waste heat. Nine of them are for
preheating ORC working fluids, while the others are for vaporizing the working fluids. The

optimal evaporation temperatures of the dual-parallel ORCs are 108.67°C and 81.52°C, and
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the corresponding working fluid mass flowrates are 17.17 kg/s and 16.91 kg/s. Both the two

parallels have condensation temperatures of 25°C.

2069.3 kW 1724.3 kw
4908.6 kw evazl S 0
150.0 °C 1126.1 kW 171.4 kw 70.0°C
ws1 {evar 1} O \ l ) >
—J N p—
961.3 kW 1538.7 kW 60.0°C
100.0 °C | o | -
2 | evaz-2f 7y >
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Figure 9. The optimal HEN for case 1 with dual-parallel ORCs integrated

7.2 Case study 2

For this case, the waste heat streams are not directly provided, instead of which are the
inlet/outlet temperatures, heat capacity flowrates, and heat transfer coefficients of hot and cold
process streams. The relevant information is given in Table 4. Other necessary information is
provided below:

1. the isentropic efficiencies of turbines and pumps are 82% and 75%, respectively.

2. the fixed charges for implementing a heat exchanger and a stand-alone ORC are

considered, which are 1000$ and 250009%, respectively.

Table 4. The background information of case study 2

heat capacity heat transfer
supply temperature target temperature
streams . . flowrate coefficient
() () o o
(KW/C) (kW/m2 C)
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HS1 128 65 105 1
HS2 205 175 17 1
HS3 315 185 25 1
HS4 299 80 14 1
CS1 60 123 15 1
CS2 89 160 13 1
CS3 105 235 10 1
Cs4 133 215 8 1
cold utility 20 30 2
hot utility 350 330 5

ORC heat transfer coefficient

pre-heating working fluids 1.50
evaporating working fluids 4.00
de-superheating working fluids 0.25
condensing working fluids 4.00

Economic data

parameters value
multiplication factor 0.15
payback year 5
operating hours 8000 h/year
cold utility cost 10.19 $/kW » year
hot utility cost 192.1 $/kW » year
electricity price 0.12 $/kW = h

As waste heat stream data is not directly provided, a heat integration of the background
process streams should be first carried out to identify the waste heat streams. In this case
study, the Synheat superstructure-based model (Yee and Grossmann, 1990) is applied for
heat integration. The identified waste heat streams are listed in Table 5, and the conclusive

result of the background heat integration is shown in Table 6.

Once the waste heat streams are identified, the proposed method can be applied to integrate
ORCs. For saving computational time, the alternative optimization strategy introduced in

Chapter 6 is used. The corresponding optimization program is processed by the same desktop
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PC used in case study 1.

Table 5. Identified waste heat streams

waste heat supply target heat capacity Heat load
stream temperature (C) temperature (‘C) flowrate (kW/°C) (kW)
WS1 128.00 65 105 6615.0
WS2 205.00 175 17 510.0
WS3 236.76 185 25 1294.0
ws4 165.57 80.0 14 1198.0

Table 6. Conclusive result of the background heat integration

hot utility usage (kW) 0

number of heat exchangers between process streams 4
heat exchanger area between process streams (m?) 76.66
annualized capital cost ($/year) 60700

The bi-level algorithm automatically selects dual-parallel ORCs as the optimal configuration
to generate power, of which the solving process is terminated at the 86th generations,
consuming 1590 seconds of CPU time. The calculation results of the bi-level algorithm are
then sent to the sequencing MP problem for further optimization. The MP problem is solved

by the Baron solver, consuming about 485 seconds of CPU time.

The economic performance of the integrated dual-parallel ORCs is listed in Table 7. For
comparison, the table also includes the economic assessment of integrating a single-ORC.
Note that the relevant costs of the heat integration of background process streams should be
taken into account. It can be seen that the dual-parallel configuration achieves the minimum
total annualized cost of -372,200 $/year. The net power output of the dual-parallel ORCs is
1208 kW, 177 kW more than that of the single ORC. Based on the regulated electricity price
(0.12 $/kWh), the 117kW extra power generation can bring up 112,320 $/year extra revenue,

overcoming the increased capital cost. Besides, as the dual-parallel configuration can
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transform more waste heat into power, the corresponding cold utility usage decreases, leading

to a less annualized operating cost than the single ORC.

Table 6. The economic profile of case study 2

parallel configuration Single dual-parallel Without any ORCs
total annualized cost ($/year) -266,180 -372,200 155,310
annualized capital cost
636,466 702,167 57,313
($lyear)
annualized operating cost
87114 85,313 97,997
($lyear)
profit from power generation
-989,760 -1,159,680 0
($lyear)
hot utility usage (kW) 0 0 0
cold utility usage (kW) 8549 8372 9617
heat exchanger area (m?) 1882 1993 257
number of heat exchangers 13 18 8
power generation (kW) 1031 1208 0

The composite curves of the single and dual-parallel ORCs are depicted in Figures 10(a) and
(b). As shown in Figure 10(a), about 18.7% (1795.3 kW) waste heat cannot be extracted by
the single ORC due to temperature limitation. While the residual waste heat that the dual-
parallel ORCs cannot use (shown in Figure 10(b)) takes part only about 8.4% (807.2 kW) of
the total amount. It is obvious that the dual-parallel ORC can achieve a higher rate of heat
recovery. To the term of thermal efficiency, the single ORC transforms 7821.7 kW recovered
heat into 1031 kW electricity, achieving a 13.18% overall thermal efficiency; while the dual-
parallel ORCs can use 8809.9 kW recovered heat to generate 1208 kW electricity, leading to

a 13.71% overall thermal efficiency, higher than that of the single ORC.
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Figure 10(a). The composite curve of integrating a single ORC for case 2
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Figure 10(b). The composite curve of integrating dual-parallel ORCs for case 2

Figure 11 presents the optimal operations of the integrated dual-parallel ORCs as well as the
corresponding HEN synthesis. We can classify the two individual ORCs in parallel into a high-
temperature parallel (with a 176.85°C evaporation temperature) and a low-temperature parallel
( with a 91.13°C evaporation temperature). For the high-temperature parallel, the optimal

working fluid is pentane, of which the mass flowrate is 7.23 kg/s, whereas the low-temperature
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parallel has chosen iso-pentane as the optimal working fluid, the corresponding optimal mass

flowrate is 11.12 kg/s. To generate more power, the optimal condensation temperatures of

both the high and low-temperature parallels are bound to the lowest limit of 35°C.

- 2805.9 kW 1078.6 kw
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ws1 1280°C 32}9\"“’ 560.4 kW / 1527.5 kW O \ 610.7 kW 65.0°C
) Y
N \/ W, @—)
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Figure 11. The optimal operations of the integrated dual-parallel ORCs with HEN synthesis

8. Conclusions

This paper proposes a simultaneous optimization method to address the working fluid

selection problem for integrating multi-parallel ORCs. For modelling, the method establishes

a superstructure-based model, leading to an MINLP problem, namely MP. By solving

the MP problem, the optimal operations of the integrated ORCs, as well as the corresponding

HEN synthesis, can be simultaneously determined. For optimization, the method proposes a

bi-level optimization strategy. The outer level uses a GA, which can determine the optimal

number of ORCs to be integrated and the working fluid selection of each ORC in parallel. In

the inner level, the MP problem is incorporated and is solved by a deterministic algorithm (e.g.,

the Baron solver). It is also mentioned that, if necessary, the MP problem can be transformed
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into an NLP problem so that the computational efficiency can be improved.

This paper presents two case studies. The first case study compares the optimization
consequence of the proposed method with those of previous literature. Results show that, with
proper working fluid selections, the integrated ORCs can gain lower total annualized costs
than those without working fluid selections. The second case study illustrates the application

of the method in the situations that waste heat streams are not directly provided.

Appendix A: Equations of heat extraction sub-module

It can be seen from figure 3 that there are three temperature boundaries (including the
beginning boundary of the first stage, the intermediate boundary between the stages, and the
ending boundary of the second stage) created by the two stages. It can be deduced that for a
superstructure with ST stages, ST+1 temperature boundaries are created. This paper uses
the same index ‘st’ to represent the sets of stages and temperature boundaries. If the set of
stages has a total number of ST elements, the set of temperature boundaries will

have ST+1 elements.

e Temperature assignment

T =T ws eWS (A1)
Toresr = Toopresrr OFC € ORC (A2)
To =T e 0rc e ORC (A3)

e Energy balance

ws ws ws ws,orc,st ws,orc,st ws
(Ts _Tt ) FC™ = Z Z qprestr + Z Z qevastr + qcu y WS eWs (A4)
steST orceORC steST orceORC
orc orc orc __ ws,orc,st
t, prestr _Ts,prestr) ’ I:Cprestr - Z Z qprestr ,0rc e ORC (A5)
steST wseWs
orc _ ws,orc,st
qeva,two—phase - Z Z qevastr ,0rc e ORC (A6)

steST wseWS
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,st ,St+1 ,orc,st ,orc,st
(T =T FC™ = > qieo+ > queer™, ws WS, st e ST (A7)
orceORC orceORC
orc,st orc,st+1 orc __ ws,orc,st
prestr _Tprestr ) I:Cprestr - Z qprestr ,0rc e ORC'St e ST (AS)
wseWs

e  Utility usage

q(\:/:s — (TWS,SI:ST+1 _TtWS) . FCWS,WS EWS (A9)

e Logical constraints

Qe —Q-Z 320" <0,ws WS, orc e ORC, st € ST (A10)
goeorest — Q- Z et <0, ws e WS, orc € ORC, st e ST (A11)
Qo —Q-Z;° <0,ws eWS (A12)

e  Thermodynamic feasibility

T >T" " ws eWS, st e ST (A13)
T ws,st=ST +1 Z TtWS , WS € WS (A1 4)
Toe =Towt™ orc e ORC, st € ST (A15)

0 < dTIe0rest STt _TOst 4 | L (1— 7o) s WS, orc e ORC,ste ST (A16)

prestr prestr prestr

0 < TR0t < TWestil _porestad ) (1 7zwsoresty \we <\ orc € ORC, st e ST (A17)

prestr prestr prestr

0 < dTVsomest <TWsst _TOoC 4] .(1— 7"y ws eWS,orce ORC,ste ST (A18)

evastr evastr evastr

0 < dTreorestil cpwestsl _Tore ) (1 7Woesty g WS, orc e ORC,ste ST (A19)

evastr evastr evastr

o Heat exchanger area calculation

qws,otrc,st
HAVsorest _ prest ,Ws eWS,orc e ORC, st e ST (A20)
Aprestr U x/rse,;:c . LMDT[:/;IZQ?rrC,St
HAse - —_Gamit s WS, orc < ORC st ST (A21)
Ueva;tr ' LMDTBVaS"[I’ Y
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HA® = — s cWS
U LMDT."

Where:

LMDT Ws,orc,st —

prestr

prestr prestr prestr prestr

|: (dT ws,orc,st )(dT ws,orc,st+1)(d-|- ws,orc,st +dT ws,orc,st+1) :|1/3

,Wws eWS,orc e ORC, st e ST
|: (dT ws,orc,st )(dT Ws,orc,st+l)(d-|- ws,orc,st +dT Ws,orc,st+l) :|1/3

L M DT ws,orc,st — evastr evastr evastr evastr
2

evastr

,Ws eWS,orc e ORC, st e ST

(I-tws _Tcu,in)(T ws,st=ST +1 _Tcuvom)(l-tws _Tcu,in +Tws,st:ST+1 _

LMDT," = {
2

,Ws e WS

Appendix B: The MP-alt problem

(A22)

(A23)

(A24)

(A25)

The MP-alt problem can be regarded as an NLP version of the MP problem. In the heat

extraction sub-module of an MP-alt problem, the discrete variables that are used to indicate

the successful matches between hot and cold streams are eliminated, as well as the

corresponding equations (Equations (A10) ~ (A12)). Besides, Equations (A16) ~ (A19) are

substituted by the following equations:

dT e = max{0, (T —T %)}, ws eWS, orc e ORC, st € ST

prestr

dTg::;t’,m’S‘:S”l = max{0, (T =57 _Toes=ST)1 \ws e WS, orc e ORC

prestr

dT =0t = max{0, (T"* -T2 )}, ws eWS,orc e ORC, st € ST

evastr

dT ws,orc,st=ST+1 _ max{O, (T ws,st=ST+1 _ - orc )}, ws e WS, orc e ORC

evastr evastr

(B1)

(B2)

(B3)

(B4)

In this paper, the max operator is smoothed by the following function (Balakrishna and Biegler,

1992):
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max{0, x}z%(x+\/x2+5) (B5)

Where & is a very small constant parameter, typically valued as 1073,

The formulated MP-alt problem can be presented as:

Min: ObJ:AF : (Capextraction + Capgeneration) + Operating - prOfIt

(MP-alt)
heat extraction sub-module Egs. (A1)~(A9), (A13)~(Al5),
(B1)~(B5), (A20)~(A25)
st. y(x) =1 x| power generation sub-module Egs. (1) [ (29)
correlations of the tow modules Egs. (30)~(33)
Onjective fuction Egs. (34)~(46)
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

Adequate research works have been carried out for dealing with ORC integration problems.
However, we observed that most of the previous works only considered integration of a single
unit of ORC, while the opportunities of implementing multiple ORCs were rarely discussed.
Besides, we also found that most of the relevant studies focused on integrating the ORC(s) in
a direct way (i.e., the recovered heat is designed to be transferred directly between waste heat
streams and ORC working fluids), while the strategic option of utilizing intermediate heat
carriers (i.e., an indirectly way of heat extraction) was neglected. As such, this work proposes
several methodologies for integrating ORCs, considering different strategic options of
extracting waste heat and generating power, aiming to supplement the deficiencies of the

previous research.

The final thesis consists of six main chapters. First, the research background and research
motivation are fully introduced in Chapter 1. Then, a comprehensive literature review was
undertaken in Chapter 2 to provide the state of art in ORC integration for industrial waste heat
recovery. In Chapter 3 and 4, different strategic options of integrating ORCs are taken into
account, leading to different developments of methodologies. Publication 3 addresses the

optimal working fluid selections for integrating ORCs.

The main contributions achieved by this work can be concluded as follows:

(1) This work proposed two mathematical programming-based methodologies for the indirect
and direct integrations of ORCs. By applying the methods, subjected to the minimum total
annualized cost, the optimal heat exchanger network configuration, the optimal operating

conditions of intermediate heat carriers (if indirect heat transfer is adopted), the optimal
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number of ORCs to be implemented, and the optimal operation of each ORC can be

simultaneously determined.

(2) This work proposed a bi-level decomposition method, which can automatically determine

the optimal working fluid selections for integrating ORCs.

Several novel technologies are developed or adopted to accomplish the achievements, which

are summarised below.

For model establishment:

e  Two superstructure-based frameworks for representing waste heat extraction

In Publication 1, a superstructure, namely ‘Modified-IBMS’, is developed, which is an improved
version of the interval-based superstructure proposed by Isafiade and Fraser (2008).
Compared to the previous superstructure developed by Yee and Grossman (1990), it is proved
that Modified-IBMS can create fewer continuous and discrete variables for representing the

feasible network configurations of ORC integration, leading to less computational time.

In Publication 2, a novel superstructure, which can represent the direct integration of ORCs,
is proposed. In the superstructure, the ORC working fluid in an evaporator is separated into
two sub-flows, i.e., a pre-heating flow and a two-phase flow. By such configuration, the
difficulties of determining when and where a two-phase evaporation process occurs are
avoided, offering conveniences on calculating the heat transfer coefficient and heat transfer

area of an evaporator.

e Rigorous thermodynamic equations
The Peng-Robinson Equation of State is adopted to formulate the thermodynamic equations
for calculating the thermodynamic states of ORC working fluids, increasing the accuracy of

estimating the thermodynamic performances of different ORC components (evaporator,
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condenser, pump, expander).

For optimization:

e Aninitialization model for offering starting points

In Publication 2, the master model performs an MINLP optimization problem. In order to
enhance the solution quality of the master model, an initialization model is developed,
performing an NLP problem. The initialization model is established based on the Pinch
Analysis technique, which can consider the capital-energy trade-off without synthesizing the

HEN.

e lterative optimizing procedure for determining the optimal unit number of ORCs
In Publication 1 and 2, integrative optimizing procedures are developed, through which the
optimal unit number of ORCs can be simultaneously determined with the other decision

variables.

e Abi-level decomposition optimization strategy

In Publication 3, a bi-level decomposition optimization strategy is adopted, which allows for
the simultaneous optimization of the working fluid of each integrated ORC. In the strategy, the
outer level adopts a genetic algorithm, which is responsible for determining the optimal
number of ORCs to be implemented and the optimal working fluid selection of each ORC.
While the inner level consists of an MINLP problem, by solving which the HEN synthesis and

the optimal operating condition of each ORC can be determined.

Through case studies, the main finding of this work can be concluded as:
1. Compared with a single ORC, the implementation of multiple ORCs could gain a better
thermal match with background heat sources, leading to an increase in power generation.
However, the extra ORC units could also bring up more capital costs, which could partially

or totally overcome the bonus brought up by the increased power generation. Therefore,
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whether to implement single or multiple ORCs is case-dependent, which should be

determined by systematic analysis.

Compared with the strategic option of indirect heat transfer, the direct heat transfer
strategy could have less approach temperature difference, leading to a better thermal
match with background heat sources. Besides, in Publication 2, it is found that the indirect
heat transfer strategy could result in a larger heat exchanger area, as the heat should be
first transferred to a heat carrier(s) before being transferred to ORC working fluid(s).
However, it is pointed out that indirect heat transfer may be preferred in practice due to

safety and controllability considerations (Yu et al., 2017b).

Compared with the multi-ORCs systems that adopt a monotonous type of working fluid,
the systems adopting different working fluids on each ORC could gain more power
generation. In a multi-ORCs system, each of the ORC could have different operating
conditions, leading to different optimal working fluid selections. To another hand, different
working fluids could exhibit different temperature-enthalpy profile, leading to different
thermal match with background heat sources. The best thermal match could be gained
by the combination of multiple working fluids rather than a monotonous one. To this point,
allowing for selecting different working fluids for different ORCs can increase the

searching space of the problem.

6.2 Future Work

When integrating ORCs, different architecture selections could lead to different thermal

efficiency of the ORC systems and thermal matches with background heat sources. How to

automatically select the most suitable architecture for each of the integrated ORCs,

simultaneously with the optimal working fluid selection, the optimal operation, and the optimal

HEN synthesis could be an interesting topic. However, due to time limitations, this work failed
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to address this topic, which has to be left as future work.

Another limitation of this work is that the techno-economic feasibility of adopting mixtures as
ORC working fluids is not discussed. Compared with pure components, the boiling processes
of mixtures are usually temperature-changing processes, which may lead to better thermal
matches with background heat sources in some cases. Therefore, it is necessary to develop
a methodology to determine whether to adopt pure components or mixtures as the optimal
working fluids of ORCs. Furthermore, it should be realized that the thermodynamic properties
of mixtures could be different by the change of composition. As such, when considering
adopting mixtures as ORC working fluids, it should be an essential matter for one to determine

the proper compositions of mixtures.

It is also mentioned that, to consider waste heat extraction, one can both adopt the strategic
options of direct and indirect heat transfer. It is logical to assume that, for a total site, there
could be some waste heat sources that are more suitable to be extracted directly, while some
others could be better transferring their heat through intermediate heat carriers. It could be an
interesting topic to develop a pre-screening method for classifying and selecting the waste
heat sources to determine adopting which kind of strategic option of heat transfer. Further,
based on the pre-screening method, a holistic framework could be proposed to represent the

integration of ORCs, considering both of the strategic options.
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