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Abstract

The industrial sector accounts for almost a third of the global GHG emissions, from which
around 80% correspond to energy-related emissions. The decrease of energy consumption in
the industrial sectors has therefore a direct impact in the reduction of the global GHG emission
as required by the Paris Agreement, in order to limit the increase of the global average
temperature below 2°C above pre-industrial levels. Around 30% of the energy input into the
industrial sector worldwide is released unused to the environment as waste heat. The internal
and external recovery of waste heat represents in consequence, an attractive strategy for the
reduction of the industrial energy consumption. Typically, the internal waste heat recovery and
the external waste heat recovery are treated as separated problems in the hierarchical sequential
approach for the design of industrial processes. Although a practical and successful design
strategy, this sequential approach neglects possible synergies generated by considering

simultaneously the internal and external waste heat recovery options during the process design.

In this work, a mathematical framework considering simultaneously internal (represented by
the synthesis of the heat exchanger network for the system) and external (represented by the
use of waste heat transformation technologies) waste heat recovery options is presented. The
mathematical framework focuses on two of the most mature waste heat transformation
technologies, Organic Rankine Cycles (ORCs) and Absorption Chillers (ABCs), and integrates
them into Heat Exchanger Networks (HENS) in continuous and multi-period process with and
without Fixed Temperature Variable Mass (FTVM) heat storage. The generated system designs
have the potential to be economically, technically and environmentally more attractive than
systems solely factoring heat exchanger networks.

The work is organized in six chapters. First, an introduction to the research problem, motivation
and objectives, is provided. Next, fundamental concepts of waste heat recovery and process
integration, as well as the State-of-the-Art of the process integration of ORCs, ABCs or both
into HEN, are presented. The mathematic framework developed in this work is then introduced
and its application is illustrated using three case studies from the literature. Finally, conclusions

and future work are outlined.

The main conclusion from this dissertation is, that combined design methodologies, considering
the process integration of ORCs, ABCs or both, into HENs in continuous and multi-period
processes with and without FTVM heat storage, can generate economically, technically or

environmentally attractive system designs.
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Kurzfassung

Rund 30 % des Energieeinsatzes im industriellen Sektor weltweit wird als Abwérme ungenutzt
an die Umwelt abgegeben. Die interne und externe Rlckgewinnung von Abwérme stellt
folglich eine attraktive Strategie zur Reduzierung des industriellen Energieverbrauchs dar.
Typischerweise werden die interne und die externe Ruckgewinnung (bzw.
Waérmertckgewinnung und Abwarmenutzung) als getrennte Probleme im hierarchisch-
sequenziellen Ansatz fur das Design von industriellen Prozessen behandelt. Obwohl dies eine
praktische und erfolgreiche Designstrategie ist, vernachlassigt dieser sequentielle Ansatz
mdogliche Synergien, die durch die gleichzeitige Berlicksichtigung der internen und externen

Ruckgewinnungsoptionen wahrend des Prozessdesigns entstehen.

In dieser Arbeit wird ein mathematisches Rahmenwerk entwickelt, das gleichzeitig interne
(Auslegung des Warmelbertragernetzwerks fur das System) und externe (Einsatz von
Abwéarme-Umwandlungstechnologien)  Rlckgewinnungsoptionen  berlicksichtigt.  Das
mathematische Rahmenwerk konzentriert sich auf zwei der etabliertesten Abwérme-
Umwandlungstechnologien, Organic Rankine Cycles (ORCs) und Absorptionskéltemaschinen
(engl. ABCs), und integriert sie in Warmelbertragernetzwerken (engl. HENS) in
kontinuierlichen und mehrperiodigen Prozessen mit und ohne FTVM-Warmespeicher (engl.
Fixed Temperature Variable Mass Heat Storage). Die generierten Systemdesigns haben das
Potenzial, wirtschaftlich, technisch und 6kologisch attraktiver zu sein als Systeme, die nur

WarmeUlbertragernetzwerke bertcksichtigen.

Die Arbeit ist in sechs Kapitel gegliedert. Zunédchst wird eine Einfiihrung in die
Forschungsfrage, die Motivation und die Ziele gegeben. AnschlieBend werden grundlegende
Konzepte der Abwarmenutzung und Prozessintegration sowie der Stand der Technik der
Prozessintegration von ORCs, ABCs und deren Kombination in HENs vorgestellt. Im n&chsten
Schritt wird das in dieser Arbeit entwickelte mathematische Rahmenwerk vorgestellt und seine
Umsetzung wird durch drei Fallstudien aus der Literatur erlautert. Abschliefend werden

Schlussfolgerungen und Ansatze fir zuklnftige Forschungsarbeiten skizziert.

Die wichtigste Schlussfolgerung aus dieser Arbeit ist, dass kombinierte Auslegungsmethoden,
die die Prozessintegration von ORCs, ABCs und deren Kombination in HENs in
kontinuierlichen und mehrperiodigen Prozessen mit und ohne FTVM-Warmespeicher
berticksichtigen, wirtschaftlich, technisch und 06kologisch attraktive Systemauslegungen

generieren kdnnen.












Introduction 1

1 Introduction

On the 12" of December 2015, the legally binding Paris Agreement was adopted by 195
countries (plus the European Union as a legal entity) during the 2015 United Nations Climate
Change Conference, also known as the 215 United Nations Framework Convention on Climate
Change (UNFCCC) Conference of the Parties (COP 21). The main objective of the agreement
is to “...strengthen the global response to the threat of climate change...” by “... holding the
global average temperature! to well below 2°C above pre-industrial levels? and pursue efforts
to limit the temperature increase to 1.5°C above pre-industrial levels...” (UNFCCC 2015). The
agreement, which entered into force on the 4" of November 2016 presents a legal framework
for the global fight against climate change. More recently, on the special report “Global
Warming of 1.5°C” (IPCC 2018) the Intergovernmental Panel on Climate Change (IPCC) of
the United Nations (UN) warned about the long-term consequences that a temperature increase
of more than 1.5°C above pre-industrial levels will have on natural and human systems and
encourage policy makers to support the implementation of ambitious actions to limit the global
warming to the 1.5°C target. The expected consequences in comparison with the 2°C scenario
include but are not limited to increases in the mean temperatures of most land and ocean
regions, increases in extreme weather conditions (i.e. hot extremes, heavy precipitation,
droughts, etc.) in several regions, increases on see level rising, increases on species loss and
extinction (6% of insects, 8% of plants and 4% of vertebrates in 1.5°C scenario in comparison
with 18% of insects, 16% of plants and 8% of vertebrates in 2°C scenario) and increases on
climate-related risks to health, food and human security, water supply and economic growth,

etc.

According to data from the World Resources Institute, in 2016 the industrial sector accounted
for 29.4% of the global greenhouse gases (GHG) emissions, with 82.3% of this share (24.2%
of the global GHG emissions) as energy-related emissions and 17.7% (5.2% of the global GHG
emissions) generated as byproduct of industrial processes, mainly in cement, chemical and
petrochemical manufacturing (Ritchie, et-al 2020).As presented in Figure 1-1, energy-related
GHG emissions in the industrial sector have the largest contribution to the GHG emissions of

! Global average temperature is defined by the Intergovernmental Panel on Climate Change of the United Nations
(IPCC) as the Global Mean Surface Temperature (GMST) and is calculated as a weighted average of the Near-
Surface Air Temperature (SAT) and the Sea Surface Temperature (SST).

2 Pre-Industrial levels are defined by the IPCC as the “...multi-century period prior to the onset of large-scale
industrial activity around 1750...” IPCC 2018. The GMST calculations for pre-industrial levels are based on the
reference period 1850-1900.



2 Introduction

any anthropogenic activity with a 24.2% of the global GHG emissions and therefore the
decarbonization and the decrease of the energy consumption in the industrial sector have a
direct impact on the global efforts against climate change. In numbers, the global GHG
emissions in 2016 were roughly 49.4 GtCOeq?® from which 12.0 GtCOeq were energy-related

emissions from the industrial sector (Ritchie, et-al 2020).

Agriculture, Forestry
and Land Use

Waste 18.4%
3.2%
Other
15.3% Energy-Related
' 24.2%
Industry
29.4%
Buildings
17.5%

Transport
16.2%

Figure 1-1. Global Green House Gas (GHG) emissions in percentage of CO.eq per sector in 2016.

Process-Related
5.2%

Source: Own diagram based on Ritchie, et-al (2020).

1.1 Motivation and Background

In the only study estimating the total global waste heat potential, Forman et al. (2016) calculated
that around 30% of the energy input into the industrial sector, is released unused to the
environment through a heat carrier as industrial waste heat. Increasing environmental standards
and the dissemination of better technological practices worldwide can be expected to decrease

the proportion of industrial waste heat.

Even then, for physical, technological and economic reasons, some level of industrial waste
heat is unavoidable and new methodologies and technologies need to be implemented in order
to design systems that minimize the waste heat generated by a given process (reuse or internal
recovery) or that transform it into other useful energy forms or transport it to other external

3 Non-SI standard unit for GHG emissions. Calculated using global warming potentials (GWPs) over a 100-year
period. For non-CO; gases, CO; equivalent is calculated as the amount of CO, which generate the same GWP.
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locations where it can be used (external recovery or utilization). Although in English, both
concepts are usually referred to with the term “Waste Heat Recovery” (WHR), in the German
language a clearer separation between the internal (“Warmeriickgewinnung™) and external

(“Abwirmenutzung”) recovery of waste heat exists (Gabathuler 1994).

In most publications in the literature, as well as in practice, internal and external heat recovery
in industrial processes are treated as independent and separated problems. The internal heat
recovery is studied as part of the design of a heat recovery system, which mainly refers to the
synthesis of a cost-optimal heat exchanger network (HEN) for the process, and it constitutes
the main research problem of a family of methodologies known as “Process Integration” (PI).
On the other hand, the external waste heat recovery, and more specifically the use of energy
conversion technologies, is treated sometimes as an independent problem or sometimes as part
of the design of the utility system. An overview of this hierarchal approach is represented in the

famous “onion diagram” for process design as shown in Figure 1-2.

Water and Effluent Treatment

Energy Conversion
(WHR Technologies)

Heat Recovery
(HEN Synthesis)

Figure 1-2. "Onion Diagram™ for process design.

Source: Own diagram based on Peesel et al. (2016) and Smith (2005)

The typical onion diagram for process design represents a sequential approach for the design of
industrial processes which is a successful and practical strategy for the synthesis of industrial
systems. Even then, the sequential nature of the method, although often iterative, neglects the

possible synergies that can be generated by considering simultaneously two or more levels in
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the process design hierarchy. In this research, two of those process design levels are considered
simultaneously: the design of the heat exchanger network (including heat storage) and the
integration of waste heat recovery technologies into the background processes. By considering
the integration of waste heat recovery technologies and the synthesis of the heat exchanger
network simultaneously, new possibilities and synergies can be generated which could
contribute to design energy systems that are economically, technically and/or environmentally

attractive for industrial implementation.
1.2 Problem Description and Objectives

Given the number of waste heat recovery technologies available, considering the integration of
all of them into heat exchanger networks is a considerable task. For time and resources
limitations, only a few selected technologies are considered in this work. Two of the most
mature technologies for WHR are the “Organic Rankine Cycles” (ORC) and the “Absorption
Chillers” (ABC). While a few studies have been presented considering the integration of these
WHR technologies into HENS, they typically only considered one technology at a time, do not
consider the thermophysical properties for the working fluids/pairs and/or are limited to
continuous processes (see State-of-the-Art in Chapter 3). This research is an effort to expand
the literature in this area of research and study the process integration of ORCs, ABCs or both

into HENs in continuous and multi-period processes with or without heat storage.

From the heat storage technologies available in the market for industrial applications, only
“Fixed Temperature Variable Mass” (FTVM) heat storages are considered in this research. The
main reason for this selection is the maturity level of this technology for industrial applications.
FTVM storages includes two-tank, multi-tank and stratified tanks systems, and their use is a
common and accepted practice in industrial processes worldwide (see discussion on heat

storage technologies in Section 2.3.3).
The overarching research question for this dissertation can be formulated as:

“Can a combined design methodology considering simultaneously the synthesis of heat
exchanger networks and the process integration of organic Rankine cycles, absorption chillers
or both into the background processes in continuous and multi-period operation with and
without FTVM heat storage, generate system designs that are economically, technically and/or

environmentally more attractive than systems solely factoring heat exchanger networks? ”
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In order to answer this overarching research question, a mathematical framework is developed
for the process integration of organic Rankine cycles, absorption chillers or both into heat
exchanger networks in continuous and multi-period processes with and without FTVM heat

storage.

The novelty of the research resides in two key aspects: first, the modification of existing
mathematical models for the integration of ORCs and ABCs into HENS in continuous processes
in order to include both technologies simultaneously while considering the working fluid/pair
properties and second, the expansion of the modified models to include multi-period processes
with and without FTVM heat storage.

The research question can also be formulated as a synthesis problem (problem statement). The
use of problem statement is a common practice in studies related to the synthesis of heat

exchanger networks. For this dissertation, the synthesis problem, can be formulated as:

“Given are a continuous or a multi-period industrial process with a set of streams to be cooled
i € HP (hot streams) and a set of streams to be heated j € CP (cold streams) with known inlet
and outlet temperatures as well as known heat capacity flow rates and heat transfer coefficients.
Moreover, hot and cold utilities of known temperatures and heat transfer coefficients are
available to supply or to accept thermal energy to or from the system, respectively. Additionally
in the case of multi-period processes, a set of periods of operation p € P, each of them of known
duration is given. Design a heat exchanger network (including heat storage) integrating
organic Rankine cycles, absorption chillers or both into the background processes, that
optimizes the total annualized cost (TAC) of the system ”.

An overview of the general and specific objectives of this dissertation is presented in Figure
1-3. The main objective of the dissertation is to generate the aforementioned mathematical
framework for the integration of organic Rankine cycles, absorption chillers or both, into heat
exchanger networks in continuous and multi-period processes with and without FTVM heat
storage. This objective is accomplished through the generation of nine superstructures (three
for continuous processes, three for multi-period processes without heat storage and three for
multi-period processes with FTVM storage) with their respective mathematical models, that
can be used to explore integration opportunities of ORCs, ABCs or both, into HENs, while
simultaneously designing the HEN, integrating FTVM heat storage if necessary and calculating
the TAC of the system.
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The main objective is subdivided into three different specific objectives, one for each type of
process considered in this dissertation, as presented in Figure 1-3. For continuous processes,
the acronyms HEN-ORC, HEN-ABC and HEN-WHR indicate the superstructures for the
process integration of organic Rankine cycles, absorption chillers and both technologies
simultaneously into HENSs, respectively. Similar acronyms are used to represent the
superstructures developed for multi-period processes without heat storage (MP-ORC, MP-ABC
and MP-WHR) and also to represent the superstructures developed for multi-period processes
with FTVM heat storage (MP-ST-ORC, MP-ST-ABC and MP-ST-WHR).

Mathematical Framework for the process integration of ORCs, ABCs or both into HENs in

continuous and multi-period processes with and without FTVM heat storage

Objective 1 Objective 2 Objective 3

Superstructures for the Superstructures for the Superstructures for the
process integration of process integration of process integration of
ORCs, ABCs or both into ORCs, ABCs or both mnto ORCs, ABCs or both into
HENs in continuous HENs i multi-period HENs i multi-period

processes. processes without heat processes with FTVM
- HEN-ORC storage (semi-continuous heat  storage  (batch
- HEN-ABC processes). processes with  fixed
- HEN-WHR - MP-ORC schedule).

- MP-ABC - MP-ST-ORC

- MP-WHR - MP-ST-ABC

- MP-ST-WHR

Figure 1-3. General and specific objectives of the dissertation.
Source: Own diagram

1.3 Scope of the Research

As all mathematical models, the mathematical framework developed in this dissertation has
certain limitations due to the assumptions made during its generation. Some of these limitations
are related to the system arrangements possible in the superstructures, as certain system
configurations are not considered. Other limitations are related to assumptions made to simplify

the number of variables and computational complexity of the mathematical models.

This dissertation attempts to provide viable designs for the synthesis problem within the

following assumptions:
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1) General assumptions:

The method is a mathematical programming approach for the simultaneous synthesis of
HEN and the integration of ORC, ABC or both into the background processes. Pinch
analysis (PA) is used only to establish upper limits to the hot and cold utility
consumption in the system (i.e., hot and cold utility targets) and as visual aid (i.e.,
“Grand Composite Curves” or GCC) for the understanding of the case studies presented
in Chapter 4. The synthesis results (i.e., system designs) are generated exclusively from
mathematical optimization techniques. In contrast to sequential methods for the
synthesis of HEN and the integration of ORC, ABC or both into the background
processes, the methodology developed in this work considers simultaneoulsy trade-offs
and interactions between the different components and subsystems of the design.
ORC and ABC will operate only with “waste heat”, that is only with energy already
supplied to the HEN which it would be otherwise rejected to the cold utility if not
“recovered”. In this work, only waste heat attached to fluid heat carriers is considered
(no diffuse waste heat or waste heat attached to solid carriers) and it is defined as “the
unused or residual heat from an industrial process, after the maximum internal heat
recovery through heat exchange according to the pinch analysis is achieved” (Oluleye
2015) . Numerically, the waste heat available in the system is equal to the cold utility
target as calculated with pinch analysis. Please see Section 2.1 for a extended discussion
on the multiple definitions of waste heat in the scientific literature.
The superstructures are based on the “stage-wise” superstructure for the synthesis of
HENSs also known as SYNHEAT model by Yee and Grossmann (1990). From current
mathematical programing methods for the design of HENSs in continuous processes,
SYNHEAT offers the best combined performance in terms of quality of the solutions
and computational effort (Escobar and Trierweiler 2013). Additionaly, SYNHEAT has
already been successfully extended and applied for the design of multi-period HENs
(Aaltola 2003).
As with any superstructure-based methodology, only certain system configurations are
considered. The detailed description of the configurations developed in this work is
presented in Chapter 4. Some of the system designs that are not considered include:

= Systems with multiple ORCs and ABCs. The developed models only include

one ORC and one ABC.
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= Systems where the ORC and ABC exchange energy directly with each other, or
with the storage system. In the developed models the ORC and the ABC only
interact with the process streams or the utilities.

= Systems with ORC configurations other than the basic cycle.

= Systems with ABC configuration other than the single-effect ABC.

Only one ORC can be integrated to a given HEN. Multiple evaporators and condensers
in pararell can be installed in each of the hot and cold process streams, respectively, but
the ORC system operates only with one working fluid, one pump and one turbine.
Similar to the ORC, only one ABC can be integrated to a given HEN. Mutiple generators
and evaporators in parallel can be installed in each of the hot process streams, but the
ABC operates with only one refrigerant couple, one absorber, one condenser, one pump
and one solution heat exchanger (SHEX).

ORC and ABC integration can only occur in certain places in the superstructure
(dedicated stages). This assumption reduces the number of binariy variables
significatively, as the number of binary variables describing the existence (or not) of
ORCs and ABCs is only proportional to the number of hot and cold streams and not the
number of stages in the superstructure. Succesfull applications of this approach were
first presented by Hipolito-Valencia et al. (2013).

The locations of the dedicated stages for the ORC and ABC integration in the different
models developed are fixed and they take place at the cold end of the process streams.
The schematic representations for the nine superstructures developed in this work are
presented in Chapter 4 and provide a detailed description of the stage locations for the
different superstructures. With the exception of the “ABC-Evaporator Stage” located
directly after the “Cold Utility Stage”, the fixed locations for the dedicated stages are
not thermodynamically optimal (that would be directly after the pinch point for the
“ORC Stage” and the “ABC-Generator” Stage). Even then, by fixing the location of the
dedicated stages, the computational complexity and model size of the different
superstructures is reduced significatively. Additionally, the fixed locations allow to
generate systems without expert knowledge of the internal flow of energy between the
process streams, that is without the need of a detailed pinch analysis.

The main objective of all the models developed in this work is the minimization of
“Total Annualized Cost” (TAC) of the systems (Objective Function). Different than
methodologies based on the “Pinch Design Method” (Linnhoff and Hindmarsh 1983),
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where the economical optimum is not the objective function, and instead “near optimal”
designs optimizing related variables (e.g., the hot and utility consumptions, the number
of units, total heat transfer area, power generated by ORC, etc.) are sequentially
generated, the mathematical approach used in this work allows to search directly for the
economic optimum of the system.

Heat capacities and heat transfer coefficients of all fluids involved are constant.

If streams splits are required in the HEN, mixing takes place isothermally. This
limitation is inherited from the original formulation of the SYNHEAT model and it
allows to reduce the size of the model formulation, as it eliminates the need for non-
linear mixing equations (mass and heat balances) at each stage of the superstructure
(Yee and Grossmann 1990).

All the components in the systems are adiabatic (no thermal losses).

Dynamic and transient or partial-load effects in the multi-period processes are not
considered. This limitation simplifies the mathematical optimization problem but can
have a significant impact on the performance of real-life systems. Additional research
in this area is suggested for future works (see Section 6.2).

The capital cost for each heat exchanger, turbine, pump and storage tank in the system
Is described by a formula of the type:

Ccost = Cfix T Cyar EF (1-1)

Where ¢, represents the capital cost of the component, ¢, the fixed cost of a unit of

the component, c,,,- the variable cost coefficient for the given component, E the
equipment cost attribute, that is the equipment parameter which is used to correlate
capital costs (heat transfer area for heat exchangers, power generated or required for
turbines and pumps and storage volume for storage tanks), and g the capital cost
exponent. The superstructures developed on this work can be applied with any arbitrary
set of cost coefficients. For each case study presented in Chapter 5, a new set of cost
coefficients is used.

For multi-period processes, the capital cost for each component in the system is
calculated using the “Maximum Size Approach” . This methodology, first presented by
by Verheyen and Zhang (2006) for the synthesis of multi-period HENS, defines the
effective heat transfer area of a heat exchanger to be used in TAC calculations as the
biggest of the heat transfer areas required (i.e, maximum size) by the given heat

exchanger, if each period of operation were considered independently. In this work, the
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“Maximum Size Approach” is extended to other unit types (turbines, pumps and storage
tanks) using the maximum value of their equipment cost attributes (power generated,
power required and storage volume, respectively). The “Maximum Size Approach”
allows the generated designs to operate under all the possible conditions in the system,
and the minimization of the TAC as objective function forces the optimization algorithm
to generate the “cheapest” (i.e., smallest) system which is able to operate under all

conditions in all the period of operation.

For system involving ORCs:

Only the basic ORC configuration is considered, due to its simplicity and good
thermoeconomic performance (Imran et al. 2014; Branchini et al. 2013).

Working fluid is set in advance. Only pure substances that are dry working fluids are
allowed. Dry and isentropic fluids are preferred for most ORC applications, as no liquid
droplets are generated during the expansion and therefore no superheating is required to
preserve the turbine blades (Liu et al. 2004).

ORC evaporation and condensation temperatures/pressures are set in advance. Models
including the ORC evaporation and condensation temperatures as optimization
variables have already been presented in the literature for continuous processes (Yu et
al. 2017a), but this approach increases substancially the complexity of the model
formulations, as it requires the inclusion of highly non-linear equations of state in the
optimization models. More recenlty, approaches using fit funtions instead of equations
of state for the working fluid properties have been used with promising results and could
be explored for future works (Dong et al. 2020).

Specific thermophysical properties (per unit of mass) of the working fluid at the
entrance/exit of each ORC component are calculated in advance independently of the
optimization model. At least two independent intensive thermophysical properties of
the working fluid are known in advance at the entrance/exit of each component of the
ORC cycle, and therefore its themodynamical state in these locations is completely
defined (the so called “State Principle”). Although properties databases can be used, for
the case studies presented in Chapter 5, the properties are calculated using the Peng-
Robinson equations of state. See Appendix B for a detailed description of the property
calculations and the ORC cycle simulation.

Related to the point above, working fluids leave the evaporators and condensers at a

saturated state (vapor/liquid respectively).
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Isentropic efficiencies of turbines and pumps are known in advance.

If required, stream splits of the working fluid mix isothermally after evaporators and
condensers. Similar to the streams splits of process streams in the HEN, the isothermal
mixing assumption reduces the size and complexity of the model formulation.

The capital cost of the ORC is equal to the sum of the capital costs of its constituent

heat exchangers (evaporators and condensers) and the costs of the turbine and pump.

For system involving ABCs

Refrigerant couple is set as LiBr/H20, as is the prefered refrigerant couple used in
applications with refrigeration temperatures above 0°C (Papadopoulos et al. 2020) . For
a detail explanation of the properties of this refrigerant couple, please see Section
2.3.4.1.

Only single-effect absorption chillers are considered. This assumption decreases the size
and complexity of the model formulation in comparion with multi-effect systems, while
providing a good thermodynamical performance.

For given refrigeration (T,.r) and condensation temperatures (Tconq), and a given

effectiveness of the “Solution Heat Exchanger” (ggygx), @ unique set of fit functions
describing the physical behavior of the ABC is generated. All the fit functions obtained
have R? > 0.95. The objective of these fit functions is to integrate the physical
behaviour of the ABC into the optimization model. For more details on the ABC
simulation and the properties of refrigerant and refrigerant couple, please refer to
Appendix A.

The fit functions are generated based on a detailed simulation of the ABC behavior (see
Appendix A). The refrigerant and refrigerant solution properties used to perform this
detailed simulation are taken from experimental correlations. For the LiBr/H.O solution
properties are taken from the correlations by Sun (1997). Properties for pure H20 inside
the absorption cycle are obtained from Irvine and Liley (1984). The use of fit functions
simplifies the modeling of the ABC and it replaces the use of the highly complex
experimental correlations for the properties of the refrigerant and refrigerant couple
(plus the additional mass and energy balances for every component of the ABC) in the
optimization model.

At least three independent intensive properties of the refrigerant solution, and two
independent intensive properties of the pure refrigerant are known at the entrace/exit of

each ABC component.
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Temperatures of the refrigerant at the exit of the condenser (T,,,4) and the refrigerant
couple at the exit absorber (T,;s) are set in advance. They are considered the same and
equal to the sum of the temperature of the available cold utility and the minimum
approach temperature allowed between the ABC componets and the process streams.
This assumption implies that the refrigerant and refrigerant couple at the condenser and
absorber, respectively, are cooled down to the minimum achievable temperature by the
cold utility.

Evaporator (refrigeration) temperature (T;..5) is set in advance.

Mixing of streams after the generators and evaporators takes place isothermally. Similar
to the streams splits of process streams in the HEN, and working fluid in the ORC, the
isothermal mixing assumption reduces the size and complexity of the model
formulation.

Concentration of LiBr in solution remains always between 0.4 and 0.7 in mass, to avoid
crystallization. This concentration range is typically used for the design of absoption
machines (Kaita 2001). In reality, the concentration at which a LiBr solution crystallize
is a function of its temperature (Gilani and Ahmed 2015). A further exploration of the
crystallization effect in the design of the system is proposed as an area of future work.
Refrigerant (H20) leaves condenser and evaporators at a saturated state as liquid and
vapor respectively (Wonchala et al. 2014).

H>O leaves the generator as a superheated steam at the generator pressure and at the
equilibrium temperature of the LiBr/H.O solution (Wonchala et al. 2014).

Refrigerant solution (LiBr/H20) leaves absorber and the generators at a saturated state
as liquid and vapor respectively (Wonchala et al. 2014).

Efficiency of “Solution Heat Exchanger” (esygx) IS Set in advance .

The costs of the SHEX, the solution pump and the pumping costs of the ABC are
neglected in the cost calculations as they are small in comparison to the capital costs of
the generators, condensers, evaporators and absorbers (Mussati et al. 2016).

The capital cost of the ABC is equal to the sum of the capital costs of its constituent
heat exchangers (except the SHEX as pointed in the previous point).

In order to simplify the cost calculations for the ABC Absorber and the ABC Condenser,
and as they do not interact directly with the process streams (the are not part of the

HEN), no related binary variables have been defined and their fixed costs (cs, In

Equation (1-1)) are set to zero (Cy;, = 0).
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For system involving storage:

Only two-tank and multi-tank “Fixed Temperature Variable Mass” (FTVM) storage
systems are considered. Although numerous technologies for “Thermal Energy
Storage” (TES) are available in the market, sensible storages such as the FTVM storage
tanks remain the most popular alternative for industrial processes (Sarbu and
Sebarchievici 2018).

The number of tanks is defined in advance. Stratified tanks can be considered as two-
tank systems.

The temperatures at each storage tank remain fixed during the whole cycle and are
calculated during the optimization process.

Tanks operate cyclically. Tank level at the start of the cycle is equal to the level at the
end of the cycle. The amount of energy stored/accumulated in a given storage tank at
the beginning and end of the process duration (cycle) is the same.

Storage fluid is set in advance.

Thermophysical properties of the storage fluid are known and constant.

Utilities do not supply/extract energy to/from the storage systems. Only the process
streams exchange heat with the storage system.

The FTVM storage tanks are fed by hot and cold storage streams that exchange energy
exclusively with the process streams. For a schematic representation of the storage
system , as well as a detail explanation of its operation, please see Section 4.2.3.1.

The tanks are organized in energy levels. In each energy level, two tanks exist, one
acting like a hot storage and one as a cold storage. A tank acting as a cold storage in one
energy level, is considered a hot storage in the next one. The temperatures of the tanks
decrease with each increasing energy level.

In each energy level, one hot storage stream flows from the hot storage tank to the cold
storage tank, exchanging energy exclusively with the cold process streams. Similarly,
in each energy level, one cold storage stream flows from the cold storage tank to the hot
storage tank, exchanging energy exclusively with the hot process streams along the way.
For each period of operation and at a given energy level, only one of the storage streams,
either the hot storage stream or the cold storage stream, is active.

The costs of the storage fluid, the capital cost of the required pumps and the pumping
cost of the storage system are not considered, as they are assumed small in comparison
to the cost of the storage tanks. The capital cost of the storage system is equal to the

sum of the capital costs of its constituent storage tanks.
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1.4 Outline of the Work

The structure of the dissertation is presented in Figure 1-4. Chapter 2 presents fundamental
concepts of waste heat recovery and process integration. These fundamentals include a working
definition for waste heat to be used in the rest of this work; estimations for industrial waste heat
(IWH) potentials around the world, in Europe and in Germany; an overview of different WHR
technologies with emphasis on ORC and ABC, and an introduction to key concepts of process
integration in continuous and discontinuous process. Chapter 3 provides a State-of-the-Art on
the process integration of ORCs, ABCs and both, into HENs and Chapter 4 presents the
mathematical framework developed in this research for the integration of ORC, ABC or both
into HENSs in continuous and multi-period processes with and without FTVVM heat storage. In
total nine different superstructures involving the integration of the individual and combined
WHR technologies in to HENs are presented. At the end of Chapter 4, the mathematical
considerations and limitations for the nine superstructures are discussed. The use of the
superstructures developed in Chapter 4 is illustrated with help of three case studies from the
literature in Chapter 5, corresponding to continuous, semi-continuous and batch processes.
After an exemplary sensitivity analysis of one the developed models and the critical discussion
of the results of the case studies and the performance of the developed superstructures,

conclusions and possible future work are outlined in Chapter 6.
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2 Fundamentals

This chapter presents an overview about key concepts of “Waste Heat Recovery” (WHR) from
industrial processes and “Process Integration” (PI). Section 2.1 provides a number of definitions
for waste heat and establishes the definition of waste heat to be used in the context of this
research; Section 2.2 presents estimations for the theoretical potential for WHR from industrial
sites in Germany, Europe and the world; Section 2.3 presents an overview of the technologies
available for WHR; section 2.4 offers an introduction to PI, describing key concepts of Pinch
Analysis (PA) and Mathematical Programming (MP) and section 2.5 definitions for key

concepts for P in discontinuous processes.
2.1 Waste Heat: Definition

In the most general sense, “Industrial Waste Heat” (IWH) can be defined as “...the energy that
is generated in industrial processes which is not put into any practical use and is lost, wasted
and dumped into the environment... ” (Jouhara et al. 2018). Similar definitions are offered by
Brickner et al. (2015), Broberg Viklund and Johansson (2014), Ludwig (2012) and Johnson et
al. (2008).

Ludwig (2012) categorizes waste heat as either “diffuse” or “concentrated”. Diffuse waste heat,
is energy lost or dissipated directly to the environment without the use of a heat carrier. Energy
lost through radiation and convection from hot surfaces, generated by friction between moving
surfaces or by dissipation due to electrical resistances are examples of diffuse waste heat
(Forman et al. 2016). This waste heat is difficult to reuse in industrial processes but can be
partially recovered in industrial facilities through “Heat, Ventilation and, Air Conditioning”
(HVAC) systems to be used for space heating, or minimized by means of better insulation of
pipes and hot surfaces and better lubrication between moving surfaces. Concentrated waste
heat, is defined as the portion of the unused energy from industrial processes that is released to
the environment attached to heat carriers, typically fluids. Although solid heat carriers exist,
they are difficult to handle and heat recovery from them, tends to be expensive and technically

challenging (Papapetrou et al. 2018).

From a practical point of view, only waste heat attached to a fluid heat carrier can be technically
and economically recovered to be reused in industrial processes or transformed in other useful
energy forms, i.e. higher-grade heat, cooling and electricity (Papapetrou et al. 2018), and it is

this share of the unused energy from industrial process that it is commonly referred as waste
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heat or “industrial excess heat” (Berntsson and Asblad 2015) in most of the studies about waste

heat and waste heat potentials.

More technically-driven definitions for waste heat, focus on the fact, that some unavoidable
heat losses are part of all physical processes and in contrast, some of the heat from industrial
processes can be internally or externally recovered using different technologies and methods.
Oluleye (2015) defines waste heat as “...the residual heat rejected to cooling water and air
when a single process or a site has reached its limit for heat recovery... ”. This limit for heat
recovery is established using PA (Linnhoff and Flower 1978a). Berntsson and Asblad (2015)
call “true waste heat” or “non-usable excess heat” to the “...remaining part of the excess heat,
when all internally and externally usable parts have been deducted... ”. Bendig et al. (2013)
define waste heat as the “...the sum of the exergy that is available in a process after pinch
analysis, heat recovery, process integration and energy conversion (utility) integration with the
help of exergy analysis... ”, that is all the exergy that is available after all possible internal and
external energy recovery is exhausted. Ammar et al. (2012) refer to waste heat or “low-grade
heat” to the heat that “...is not viable to recover within the process and is rejected to the
environment... ”. As for “viable” recovery, Ammar et al. (2012) consider not only the physical
feasibility but the economic aspects of the heat recovery.

In this work, IWH is defined similar to Oluleye (2015), as:

“The unused or residual heat from an industrial process, after the maximum internal heat
recovery through heat exchange according to the pinch analysis is achieved. Under the absence
of any other heat recovery options, i.e. heat transformation technologies, this heat would be
rejected to the environment through a fluid heat carrier ”.

This definition only includes waste heat attached to fluid heat carriers and ignores diffuse waste

heat and waste heat contained in solid heat carriers (see Section 1.3).
2.2 Industrial Waste Heat Potential

Multiple studies estimating the industrial waste heat potential in different geographical zones
have been published in the last years. For all of the studies, the calculated IWH potential refers
only to the waste heat contained in fluid heat carriers. A review by Briickner et al. (2014)
categorizes methods for the estimation of IWH potential depending on the scale of the study
(single company, industrial park, neighborhood, town, region, country or the world), the data

acquisition method (survey/measurement, estimation or combined) and the approach used for
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the calculation of the waste heat potential (bottom-up , top-down or combined), the latter being
the most popular method for the classification of waste heat potential studies (Pehnt et al. 2010).
In this classification, bottom- up approach refers to the aggregation of information from single
companies or studies into a general result and top-down approach refers to the use general
parameters, like efficiency factors from machines, processes or industrial sectors, in order to
calculate an estimate of the waste heat potential for a given system (process, industrial sector
or geographical region). Other authors like Blesl et al. (2008) also categorize the waste heat
potential studies according to the accuracy of the estimation into rough, medium or high
accuracy methods, with increasing requirements in the level and accuracy of the information

required for the estimation.

Additionally, Briickner et al. (2014) distinguish between different types of waste heat potential:
theoretical or physical potential which accounts for the recoverable heat according to the laws
of physics; technical potential which considers technological and practical limitations to the
possible heat recovery and the economic potential which refers to the feasible energy recovery
when considering economic and financial parameters. Most of the studies in the literature only
refer to the theoretical potential. Table 2-1 offers an overview of studies estimating theoretical
industrial waste heat potentials published in the last decade. Only studies for Germany, the
European Union or the world as a whole are considered. Studies for regions, cities or individual
countries (except Germany) are not presented in the table. Also, studies focusing on selected

industrial sectors (e.g., non-metallic, food, energy intensive industries) are not included.

Table 2-1. Estimations of theoretical industrial waste heat potentials in different geographical areas.
Source Area Approach Refere?ce Estimation Reference
Temp. (°C) (PJ/a) Year
Papapetrou et al. (2018) EU Top-Down N.A. 1091.7 2015
Brickner et al. (2017) Germany Bottom-Up >35.0 223.0 2008
Forman et al. (2016) World Top-Down N.A. 31902.0 2012
I-ThERM Consortium (2016) EU Top-Down N.A. 12255 2010
Persson et al. (2014) EU Top-Down >90.0 2924.0 2010
Pehnt et al. (2010) Germany Top-Down >60.0 476.0 2007
Source: Own table based on Papapetrou et al. (2018), Brickner et al. (2017), Forman et al. (2016), |-

ThERM Consortium (2016), Persson et al. (2014) and Pehnt et al. (2010).

From the studies in Table 2-1, only Forman et al. (2016) estimates the global IWH available.
Additionally, the study presents estimated theoretical waste heat potentials for the
transportation, commerce, residential and energy generation sectors. The global IWH potential
is estimated as 31 902.0 PJ/a, which corresponds to almost 7% of the global energy input and
30% of the energy consumed in the industrial sector. As for European studies, the values
provided by the I-ThERM Consortium (2016) and Papapetrou et al. (2018) are similar, with
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estimated theoretical IWH potentials of 1 225.5 PJ/ and 1 094.9 PJ/a respectively. In contrast,
the value provided by Persson et al. (2014) of 2 924.0 PJ/a is approximately 2.5 times higher
than the other values, and it is considered in their study as an upper limit for the IWH recovery
potential in Europe. The conservative value estimated by Papapetrou et al. (2018) corresponds

to 9.5% of the total energy consumption in the industrial sector in Europe.

Table 2-2. Estimations of theoretical industrial waste heat potentials in Germany
Source Approach Referegce Estimation Reference
Temp (°C) (PJ/a) Year
Papapetrou et al. (2018) Top-Down N.A. 269.5 2015
Brilckner et al. (2017) Bottom-Up >35.0 223.0 2008
I-ThERM Consortium (2016) Top-Down N.A. 321.1 2010
Persson et al. (2014) Top-Down >90.0 566.0 2010
Pehnt et al. (2010) Top-Down >60.0 476.0 2007
Source: Own table based on Papapetrou et al. (2018), Brickner et al. (2017), I-ThERM Consortium

(2016), Persson et al. (2014) and Pehnt et al. (2010).

As for Germany, the two dedicated studies by Briickner et al. (2017) and Pehnt et al. (2010)
presented in Table 2-1, reported dissimilar values. Using a bottom-up approach and waste
streams emission data from 81 000 data points in Germany, Brickner et al. (2017) calculated
an IWH potential of 223.0 PJ/a which corresponded to 5.7% of the total industrial energy
consumption in Germany in the reference year 2008, according to the Statistiches Bundesamt
(2019). In contrast, Pehnt et al. (2010) estimated an IWH potential of 476.0 PJ/a, that is more
than 2 times the value from Briickner et al. (2017). This is to be expected as Briickner et al.
(2017) considered their value to be a lower limit for the German IWH potential. Other values
for the German IWH potential (See Table 2-2) as reported by Papapetrou et al. (2018), I-
ThERM Consortium (2016) and Persson et al. (2014) in their European studies, are 269.5 PJ/a,
321.1 PJ/a and 566.0 PJ/a, respectively. Although different, these values are in the same order
of magnitude as the values from the dedicated (Germany-only) studies. The differences between
the estimations can be explained by the different methodologies used in the studies and the
various efficiency factors and data sets used for the estimations. An extended breakdown of the
studies, in Table 2-1 is presented in Appendix F, including their methodologies, data sources
and a Sankey diagram for the waste heat potential of the industrial sector worldwide based on
Forman et al. (2016) .

As a conclusion from the reviewed studies, at least 223.0 PJ/a of IWH are available in Germany,
1 095.0 PJ/a in Europe and 31 902.0 PJ/a worldwide, which correspond to 5.7%, 9.5% and 30%
of their total industrial energy consumption, respectively. The ratios of IWH to the total

industrial energy consumption, illustrate the high efficiency of the energy use in the German
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and European industrial sector in comparison with the rest of the world and the potential for
improvements in the design of industrial processes around the world.

2.3 Waste Heat Recovery Technologies

Brickner et al. (2015) and later Chowdhury et al. (2018) categorize the WHR technologies into
“active” and “passive” technologies. For Briickner et al. (2015), passive WHR technologies use
the waste heat directly at the same, or at a lower temperature level, than the heat source
temperature, while active WHR technologies use the heat at a higher temperature level than the
heat source or transform the waste heat to another form of energy through the use of
thermodynamic cycles. Chowdhury et al. (2018) modify the definitions to include innovative
WHR technologies like thermoelectric generators and thermophotovoltaic devices. For
Chowdhury et al. (2018) passive WHR technologies are those which require no significant
energy input (mechanical, thermal or electrical) to operate, as on them, the heat moves
spontaneously from a state of high temperature to a lower temperature level according to the
Clausius’s formulation of the Second Law of Thermodynamics (Clausius 1854). On the other
hand, active WHR technologies require a significant energy input to operate and typically are
based on thermodynamic cycles. More recently, Xu et al. (2019) categorize WHR technologies
into “direct use” technologies and “heat conversion” technologies, depending on the use of the
heat. This classification roughly corresponds to the passive and active technologies as described
by Briickner et al. (2015).

Figure 2-1 presents a classification of industrial WHR technologies. This classification is based
on the definitions of active and passive technologies according to Briickner et al. (2015).
Chowdhury et al. (2018) and Oluleye (2015) also mention unconventional heat recovery
technologies such as thermoelectric generators, supercritical CO2 cycles or trilateral cycles, in
their classifications, but these technologies are only in development phase and have not been
used in large scale industrial applications. These unconventional technologies are not
considered in this dissertation. In the following sections, an overview of different industrial
WHR technologies is presented. Special emphasis is placed on organic Rankine cycles,
absorption chillers and heat storages, as they are the technologies to be integrated into heat
exchanger networks with the use of the mathematical framework developed in Chapter 4. Steam
cycles are not considered, as their investment costs are too high to be considered for most waste
heat recovery applications and for temperatures lower than 300°C (at which most of the waste
heat is available) ORCs efficiencies outperform those from steam cycles (Vanslambrouck et al.
2012).
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Figure 2-1. Classification of industrial waste heat recovery technologies.
Source: Own diagram based on Bruckner et al. (2015).

2.3.1 Heat Exchangers

Heat exchangers are devices used to transfer thermal energy between substances, typically
fluids (Abou Elmaaty et al. 2017). Although heat exchangers have been used in an extensive
number of applications and sectors for a long time, even today, the thermal, economical,
hydraulic and mechanical enhancement on the performance of heat exchangers is an active area
of research. The basic principles for the design and operation of heat exchangers are covered in
most process and chemical engineering textbooks. The reader is referred to Smith (2005) for
more information about the basics of heat exchangers. In this work, the detailed design and
selection of the optimal type of heat exchanger for a given process is not performed. Instead,
the heat exchangers are assumed to be perfect countercurrent heat exchangers and are
characterized by their heat transfer areas and heat transfer duties.

2.3.2 Heat Distribution

“One man’s trash is another man’s treasure” and IWH from an industrial plant can certainly be
of value to other industries or neighboring buildings and communities. For centuries, industries,

businesses and communities located in a close proximity have developed synergies through the
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exchange of byproducts (materials, energy or resources). The networks generated by these
interactions are now known as “Eco-Industrial Parks” or “Industrial Symbiosis” (Desrochers
2001). Although the concept itself is centuries old, the modern use of the terms “Industrial
Symbiosis” and “Eco-Industrial Parks”, emphasizes the environmental benefits of such
synergies, and it can be traced to the studies published in the early 1990s about the industrial
region of Kalundborg in Denmark, which since the 1960s developed a network of
interrelationships for the exchange of byproducts between local companies in which also
participates the municipality of Kalundborg (Chertow 2004). Recent reviews by Lawal et al.
(2021) and Butturi et al. (2019) offer an overview of the recent developments and tools used in

industrial symbiosis.

For the exchange of IWH between neighboring plants, or between neighboring processes at an
industrial site, Dhole and Linnhoff (1993) developed the concept of “Total Site Analysis”
(TSA) also known as “Total Site Heat Integration” (TSHI). They extended concepts and tools
of “Pinch Analysis” (PA) in order to optimize the internal energy recovery in total sites, which
they defined as “...factories incorporating several processes, serviced by and linked through a
central utility system... ”. The concept was later extended to include renewable energy sources
as well as different heat sinks, such as large complex buildings, offices and residential areas, in
what is also known as “Locally Integrated Energy Sectors” (LIES) (Perry et al. 2008). A recent

review by Liew et al. (2017) presents the recent advances in this area of research.

Industrial waste heat can also be used to generate hot water or low pressure steam to satisfy
space heating and domestic hot water needs from different consumers by using a heat
distribution network of insulated pipes. This is part of the more general concept of “District
Heating” (DH) which includes other heat sources such as “Combined Heat and Power Plants”
(CHP), biomass, solar thermal heat, geothermal, conventional boilers driven by fossil fuels or
renewable energies, etc. (Mazhar et al. 2018). Although the use of district heating can be already
found in the Middle Ages and some authors even suggest that it was used in Roman times
(Wiltshire 2016), the modern concept of district heating can be traced to the steam distribution
systems installed in New York and other US Cities in the 1870s and 1880s, many of which are
still in use today (Werner 2017). Since then, the use of DH has expanded around the world and,
by 2015, it provided 12% of all the heating and cooling requirements in the EU28 (Fraunhofer
ISl etal. 2017). As for technological developments, the trend has been the replacement of steam
with liquid water as heat carrier, the decrease of the transmission temperatures, the addition of

district cooling networks, the use of prefabricated materials for the distribution pipes, and the
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integration of heat pumps at the generation (Lund et al. 2014) and distribution levels (Buffa et
al. 2019).

The use of IWH for DH has particular challenges. IWH is often available at low temperatures
unsuitable for the use in DH networks. Most of the DH networks operating currently have
supply temperatures of at least 90°C, which means that the waste heat source has to be at a
higher temperature. This discards a significant portion of the available IWH. According to Fang
et al. (2015), there are three key issues for the use of IWH for DH: 1) the integration of IWH
with different heat sources at different temperature levels, 2) the distance between the industrial
sites and the heat consumers, and 3) the regulations and controls for the DH system due to the

variable temporal availably of the IWH.

The heterogeneous sources of IWH are a technical challenge for the optimal integration of the
heat sources into the DH system, and, in most cases, only a single waste heat source or multiple
waste heat sources in parallel are considered. This combination of multiple heat sources in
parallel is simple but tends to be thermodynamically inefficient. The distance between the
industrial sites and the heat consumers has also a significant influence on the feasibility of DH
networks. Heat losses in heat distribution networks in Europe are between 5% and 20% of the
heat fed to the system (Mathiesen et al. 2019) and increase with the distance between source
and consumer. Considering economics, distances between industrial sites and heat consumers
up to 30 km are recommended, but the maximum distance should be calculated in a case-by-
case basis, depending on the local conditions (Fang et al. 2013). Finally, the discrepancy
between the temporal availability of the IWH and the heat demand at the district heating means
that IWH can never be the only source of heat for a district heating network, but it can be used

as base load source to cover the heating demand (Fang et al. 2015).

In this work, neither Total Site Heat Integration nor District Heating are considered. The
objective of the work is to optimize the waste heat recovery in industrial processes by the
exclusive use of heat exchanger networks with or without heat storage and organic Rankine
cycles or absorption chillers.

2.3.3 Heat Storage

Ausfelder et al. (2015) define storage systems as systems which: 1) collect energy in a
controlled way (charge), 2) retain it during a certain time attached to a storage material
(storage), and 3) after a given time, release the energy back also in a controlled manner

(discharge). If the energy collected is thermal energy, the system is referred to as “Thermal
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Energy Storage” (TES). The stored heat is used to match temporally or geographically the heat
sources with the heat sinks (Mir6 et al. 2016). TES can be classified depending on the method
for the storage of the thermal energy into physical and thermochemical processes (Jouhara et
al. 2020). Thermal energy can be stored through physical processes by heating or cooling of a
storage medium (sensible energy storage) or by inducing a phase change in the storage material
(latent energy storage). On the other hand, thermochemical processes use thermally driven
reversible chemical reactions or sorption processes to store thermal energy. Figure 2-2 presents

this classification for TES.

Thermal Energy

Storage
1
| 1
Physical Thermochemical
Processes Processes
1
l | 1
: Sorption Chemical
Sensible Heat Latent Heat Processes Reactions
Figure 2-2. Classification of Thermal Energy Storages (TES) according to the underlying storage processes.
Source: Own diagram based on Jouhara et al. (2020).

Sensible storage is by far the most used storage technology (Mewes et al. 2008), due to its
maturity level (Nguyen et al. 2017), simplicity and low cost (Sarbu and Sebarchievici 2018).
Water is the most common storage material and it is used extensively in low temperature
applications (<100 °C), in residential and industrial sectors (International Renewable Energy
Agency 2013). Thermal oils, molten salts and solid material such as sand-rocks minerals,
concrete, etc. are also commonly used in certain applications (Dinker et al. 2017). The main
disadvantages of the use of sensible storage are the low energy densities and variable heat

transfer rates due to the variable heat transfer temperatures.

Latent heat storage improves on these issues, as it takes place isothermally and the latent heat
storage materials, also known as “Phase Change Materials” (PCM), have higher energy
densities than the sensible storage materials, which leads to smaller space requirements for the
storage (Jouhara et al. 2020). Higher costs and low thermal conductivities with the associated
low heat transfer rates (Hofmann et al. 2019), are a barrier for the industrial implementation of
latent heat storage and currently it is only used in niche industrial applications (e.g., ice storage),
and research and pilot projects (Pieper 2019). For both the sensible and latent storage systems,

some thermal losses during the storage time are unavoidable and limit the period of time that
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heat can be stored. These heat losses are the product of imperfect insulation and can be
minimized but not eradicated (Jarimi et al. 2019).

Finally, thermochemical processes are characterized by high energy densities and low energy
losses, as the heat is stored as chemical potential energy in the reactants instead of thermal
energy (Bauer et al. 2012), but the systems are rather complex and expensive and they are
currently in an early stage of development (Airo Farulla et al. 2020). Table 2-3 presents an

overview of the different thermal energy storage technologies available.

Table 2-3. Overview of characteristic parameters for typical Thermal Energy Storage technologies.
Sensible Latent Thermochemical
Capacity (kWh/t) 10-50 50-150 120-250
Power (MW) 0.001-10 0.001-1 0.01-1
Efficiency (%) 50-90 75-90 75-100
Storage period Days to Years Hours to Weeks Hours to Days
Cost (€/kWh) 0.1-10 10-50 8-100
Source: Own table based on International Renewable Energy Agency (2013)

TES based on physical processes can be also classified by its behavior during operation. Stoltze
et al. (1995) categorize TES into “Fixed Temperature Variable Mass” (FTVM) storage,
“Variable Temperature Fixed Mass” (VTFM) storage and “Fixed Temperature Fixed Mass”
(FTFM) storage which are equivalent to latent heat storages. This classification has the
advantage that the mathematical modeling of the heat content of storages of the same type is
similar, that is, the change of enthalpy during charge or discharge for a given storage type can
be described by similar equations. Table 2-4 presents generic descriptions of the change of
enthalpy during charge or discharge for FTVM, VTFM and latent heat storages respectively.

Table 2-4. Change of enthalpy during charge/discharge for different storage types.

Type of Storage Enthalpy Change during Charge/Discharge Equation Number
FTVM AHSt = TSEAMSE cpg, (2-1)
VTFM AHSt = MStAT Stepy, (2-2)
FTFM (Latent) AHS® = M*‘hy,, (2-3)

Source: Own table based on Stoltze et al. (1995)

In these expressions AHSt represents the change of enthalpy of the storage during charge or
discharge, TSt the temperature of the storage material, M5t the mass of the storage, cpg; the
specific heat capacity of the storage material and h,,. the enthalpy of phase change (enthalpy of
fusion/solidification or enthalpy of vaporization/condensation for solid/liquid and liquid/gas

phase changes respectively).

In this work and for the mathematical framework developed in Chapter 4, only FTVM storage

is considered. This type of storage includes two-tank and multi-tank systems, stratified tanks
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and packed bed storages. Two-tank and multi-tank systems, as their name suggested, are
composed by two or more separated and insulated tanks, which are connected by a network of
pipes and auxiliaries, typically pumps and valves to control the flow between the tanks (Roos
and Haselbacher 2021). The storage material, typically a liquid, acts also as heat transfer fluid
and it flows between the tanks releasing or absorbing sensible heat in a controlled way through
heat exchangers located in the pipe network. During operation, the temperature of the storage

fluid in the tanks remains constant and only the mass stored in each tanks changes.

Stratified tanks work similarly to two-tank storage with two clear regions of hot and cold fluid,
but instead of a solid physical separation, the regions are separated by a mixed temperature
zone known as thermocline, which acts a barrier for the heat exchange between hot and cold
fluids. Regions are generated due to the difference in density between the hot and cold fluids,
with the cold zone at the bottom of the tank and the hot zone at the top (Kogak et al. 2020). For
a given tank size, the size of thermocline negatively impacts the storage capacity of the tank
and therefore measures are taken to minimize it (Fertahi et al. 2018). Some of this measures
includes the addition of baffle plates, diffusors, the modification of the geometry of the tank
and control of the operating conditions such as the velocity of charge or discharge of the storage
fluid, etc. (Chandra and Matuska 2019).

Packed bed storages are made of a tank or several tanks filled with a packing solid material
which acts as storage medium, and a heat transfer fluid that flows though the tanks to charge or
discharge the storage (Almendros-lbafiez et al. 2019). The main advantages of these type of
systems is that they can reach higher storage temperatures than liquid based storages due to the
chemical stability of the solid materials and the improved thermal stratification in the case of

single tank systems (Gautam and Saini 2020).

The methodology developed in this work and the case studies provided in Chapter 5 are focused
only on two-tank and multi-tank systems, as they facilitate the graphical representation of the
storage system. For the purpose of this work, two-tank systems can be replaced by stratified
tanks without loss of generality, but the objective functions should be adjusted to illustrate the

differences in cost and storage volume between the technologies.
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2.3.4 Waste Heat to Cooling
2.3.4.1 Absorption Chillers

Absorption refrigeration systems are thermally driven systems that generate a cooling effect
through the use of low-grade temperature sources. Figure 2-3 presents a schematic
representation of a typical single-effect “Absorption Chiller” (ABC) in a P-T diagram, in order
to illustrate the relative position of pressures and temperatures in the system. The refrigeration
cycle starts at the outlet from the absorber where a weak refrigerant solution (weak in solvent
concentration) is pumped to the generator, where the refrigerant is separated from the solution
in an endothermic desorption process. The refrigerant leaves the generator as a vapor and it
flows to the condenser where it releases heat and exits as a liquid. The refrigerant is then
expanded at the throttling valve decreasing its temperature and pressure and flows to the
evaporator where it evaporates by absorbing heat from the environment (or fluid to be cooled),
providing the cooling effect. The refrigerant leaves the evaporator as vapor and flows to the
absorber where it is mixed with the strong refrigerant solution (strong in solvent concentration)
returning from the generator and it is absorbed by the solution through an exothermic process.
The newly generated weak refrigerant solution rejects the heat of absorption and it is cooled
down before restarting the cycle again. An additional heat exchanger (SHEX) is used to recover

heat from the strong solution returning to the absorber and preheat the weak solution flowing
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Figure 2-3. Schematic representation of a single-effect absorption chiller (not in scale).
Source: Own diagram based on Nikbakhti et al. (2020)
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Historically, the refrigeration effect of the absorption process has been known since the 1700s
(Reif-Acherman 2012), but it was only in the late 1850s that the first commercial absorption
refrigerator, using H.O/NHs as working pair, was available, patented by French inventor
Ferdinand Carré (Carré 1860). Although many pairs of refrigerant and absorbent have since
then been suggested, most commercially available systems today use LiBr/H20 or H,O/NHz3 as
working pairs (Papadopoulos et al. 2020).

In the case of LiBr/H20 as working pair, H20 acts as the refrigerant and LiBr as the solvent,
which limits the minimum cooling temperature achievable in the system to 0°C (Freezing point
of pure water for pressures ranging from its triple point 611.7 Pa up to ca. 20 MPa (Glasser
2004)). For most industrial and space cooling applications, this temperature is low enough. For
applications in which cooling to sub-zero temperatures is required, the HoO/NHz pair is used,
with NHs acting as refrigerant and H2O as the solvent. In this case, a minimum cooling
temperature of -77°C is possible. Recent reviews by Papadopoulos et al. (2019) and Sun et al.
(2012) present a survey from other possible working pairs, including organic working pair
mixtures, alcohols, inorganic salts and ionic liquids, etc., but most of them are only used in
research and at lab-scale. Table 2-5 presents a comparison between the LiBr/H20 and H>O/NH3

working pairs.

Table 2-5. Comparison LiBr/H,O and H.O/NHs working pairs for absorption refrigeration

LiBr/H,O

H>O/NH3

Refrigerant H,O and solvent LiBr

Minimum refrigeration temperature 0°C (Freezing
point of H,0)

LiBr forms solid crystals at high concentrations in the
solution depending on the solution temperature
(crystallization)

LiBr is non-volatile and therefore no rectifier is
required

H>O is non-toxic and has zero ozone depletion
potential. LiBr can be corrosive to certain materials

(e.g., Copper)
Cycle operates below the atmospheric pressure
(vacuum conditions)

Under similar operating conditions better performance
than H,O/NH3 (COP = ~ 0.8 for single-effect)

Refrigerant NH3 and solvent H,O

Minimum refrigeration temperature -77°C (Freezing
point of NHa3)

No crystallization problems

Due to water volatility, it requires rectifier after
generator to separate water vapor from NHs, in order
to guaranty high purity of NH; flowing to the
condenser (>99.8%)

NHs is toxic and corrosive at high concentrations

Cycle operates at relatively high pressures

Under similar operating conditions worst performance
than LiBr/H,O (COP = ~ 0.5 for single-effect)

Source: Own table based on Sun et al. (2012)
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The performance of the absorption chiller is described through the “Coefficient of
Performance” (COP), which is described as the ratio between the cooling output at the
evaporator (q%°¢€) and the heating input required at the generator (q%°<9) as presented in
equation (2-4). Some authors also define an electrical coefficient of performance (COPel) which
represents the ratio between the cooling output at the evaporator and the electrical requirement
of the solution pump (equation (2-5)), which typically is negligible in comparison with the

thermal input required in the generator (Wonchala et al. 2014).

qabce
COP = ancg (2'4)
qabce
COP, = —— (2-5)
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In order to improve the COP of the system, many modifications have been proposed to the
single-effect ABC presented in Figure 2-3, including multi-effect cycles, GAX cycles and the
addition of additional components such as refrigerant heat exchangers, ejectors, etc. (Nikbakhti
et al. 2020). Multi-effect cycles combine single-effect absorption cycles in cascade, where the
energy rejected at the condenser in a high temperature and pressure level serves as heat input
to the generator of an absorption cycle at a lower level. Each additional level can operate to a
higher temperature and take advantage of higher-grade energy sources. The simplest of the
multi-effect cycles is the double-effect system as presented in Figure 2-4. In double-effect
systems, the heat released in the condensation at the high temperature condenser is used to
power the low temperature generator. Depending on the type of hydraulic connection between
the generators, the systems can be classified as parallel, series or reverse (series) cycles. In the
case of parallel cycles, the weak solution coming from the absorber is fed to the low temperature
and high temperature simultaneously, while in the series configuration the weak solution flows
first to the high temperature and then to the low temperature generator (vice versa in reverse
cycles). For LiBr/H-O chillers, parallel cycles have the best thermal performance (Yang et al.
2017). Double-effect ABCs have been commercially available since the 1950s but first efforts
to improve their performance where only made during the oil crisis of the mid 1970s, with its
corresponding high energy prices (Vliet et al. 1980). Typically, double-effect refrigeration
cycles have higher COPs compared with the single-effect cycles (almost double) and slightly
higher exergetic efficiencies (Gomri 2009). Similarly, triple-effect and other multi-effect cycles
have been also studied since the 1980s (Alefeld 1983, 1982) with different configurations
proposed and are characterized by decreasing improvements in COP and exergetic efficiencies
with each additional stage (Gomri 2010).
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Figure 2-4. Schematic representation of double-effect absorption chiller. In diagram reverse cycle.

Source: Own diagram based on Nikbakhti et al. (2020)

In the case of H.O/NHs absorption chillers, an overlap between the generation and absorption
temperatures allows the integration of direct heat exchangers between the generator and the
absorber (GAX Cycles) to take advantage of the heat released at the absorber (Jawahar and
Saravanan 2010). This cycle optimizes the internal heat recovery inside of the absorption cycle
and it has been proved to be thermodynamically optimal according to the pinch method (Chen
et al. 2017). Additional components for the single-effect cycle have also been proposed. Sézen
(2001) studied the addition of a refrigerant heat exchanger (RHEX) between the refrigerant
flowing to the condenser and flowing to the absorber, but found almost no improvements in the
performance of the cycle. Chen (1988) and Sun et al. (1996) proposed the addition of ejectors
at the entrance to the absorber and at the entrance to the condenser, respectively and found that
the systems are equivalent to multi-stage cycles, but with less components. A recent work by
Nikbakhti et al. (2020) presents a comprehensive review of different techniques for the

improvement of the energy performance of absorption cycles.

In this work only single-effect ABCs with LiBr/H.O as working pair are considered. The
selection is based on their suitability for most process applications with temperatures above
0°C, the higher COPs in comparison with the H.O/NHz3 chillers and the simplicity of the design
(no rectifier).
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As mentioned in Table 2-5, crystallization is the main operational problem of the LiBr/H.O
working pair, as it decreases the performance of the system and could cause a blockade of the
circulation of the solution due to the solidification of the LiBr. The critical component for the
crystallization is the absorber, as the strong solution returning from the generator is expanded
before entering it. This creates a situation where a high concentration of LiBr and low
temperatures in the solution, due to throttling, take place simultaneously and therefore the LiBr
in the solution is susceptible to crystallize. According to Liao and Radermacher (2007) the six
major causes for crystallization in LiBr/H>O systems are: 1) high absorber and condenser
temperatures, 2) low absorber and condenser temperatures combined with full load operation,
3) air leakages or non-absorbable gases generated due to corrosion in the pipes, 4) high
temperatures in the generator, 5) failed dilution after shutdown when the machine cools down
to ambient temperature, and 6) too low evaporation temperatures for given condensation and
absorption temperatures. In general, a strict control of the operating temperatures and
concentrations of LiBr in the solution is required to avoid crystallization. In this work, such
control is not considered and as a simplified approach the mass concentration of LiBr in the
solution is kept between 40% and 70% at all times, which corresponds to the usual operating

concentrations in absorption machines (Kaita 2001).

A detailed simulation of the single-effect LiBr/H2O ABC is presented in Appendix A. Fit
functions are generated from the results of the simulation in order to simplify the mathematical
modeling of the ABC. These fit functions are used in the models developed in Chapter 4 for the
integration of ABCs into HENS.

2.3.4.2 Adsorption Chillers

Similar to ABCs, adsorption chillers take advantage of the thermally activated adsorption
process to drive the refrigeration cycle (Sarbu and Sebarchievici 2015). In the adsorption
process, an adsorption bed filled with solid adsorbent releases or adsorbs refrigerant vapor
depending on the temperature of the bed. If a heat source is used to heat the bed, the adsorbent
increases its internal pressure and temperature and then releases the vapor refrigerant after
enough thermal energy is provided. The vapor refrigerant at high pressure is then condensed
and expanded similar to the vapor compression and absorption processes, generating the
cooling effect. In the other hand, if heat is extracted from the bed through a cooling medium,
the adsorbent decreases its internal pressure and temperature and adsorbs the vapor refrigerant

to restart the cycle (Fernandes et al. 2014). As the adsorption and desorption processes cannot
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take place simultaneously in the same adsorbent bed, a minimum of two beds is required to
guarantee the continuous operation of the cycle.

Adsorption chillers are characterized by low COPs in comparison to absorption or vapor
compression cycles (COP = ~0.15) but their construction is simple, and the lack of
crystallization problems or moving part makes them attractive for certain applications. Recent
reviews by Shmroukh et al. (2015) and Ojha et al. (2020) provide information about possible
working pairs (solid adsorbent/fluid refrigerant) and recent advancements in the research,
respectively. Additionally, Choudhury et al. (2010) presents a historical review of adsorption
refrigeration technologies from the 1920s (air conditioning using silica gel) until 2010,
including the influential work by Tchernev (1978) and its pioneer work in the use of zeolite-

water working pairs.
2.3.5 Waste Heat to Power
2.3.5.1 Organic Rankine Cycle (ORC)

“Organic Rankine Cycles” or ORCs are closed power generation cycles based on the traditional
Rankine cycle (or steam cycle), that use organic fluids instead of steam as working fluid. The
idea of using organic fluids instead of water to drive traditional power cycles dates back to the
beginning of the 19" century, where it was suggested the use of “ether”* or “alcohol®” to replace
steam in steam reciprocating engines due to their lower boiling points and low latent heat of
evaporation at atmospheric pressure. By 1830, it had been already suggested that the low
specific volumes of the vapors generated by the evaporation of alcohol and ether offset any gain
from the low boiling temperatures and low latent heat of evaporation, and therefore water was
more suitable for the steam cycle (Ainger 1830). On the other hand, Ainger (1830) also
proposed the use of cascading steam cycles using working fluids with different evaporation
temperatures, so that the energy rejected at the condenser of one cycle could drive the
evaporation of another working fluid at a lower temperature, but technical limitations at that

time made that kind of cascade system unattractive.

The first commercial application of organic fluids in engines on record is the Du Trembley
Combined Vapor Engine (Fulton 1851) fabricated at the Novelty Iron Works of Stillman, Allen

& Co. in New York. The maritime reciprocating engine combined 2 cylinders with pistons, one

4 Referred to the compound known today as Diethyl ether (C.Hs-O- C.H).
5 Referred to Ethanol (C;Hs-OH)
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cylinder operating with water and the other with “perchloride”®. The energy rejected by the
condensation of water in one cylinder was used to drive the evaporation of the perchloride in
the other one in a cascading cycle. Other working fluids tested were “ether”, “chloroform” and
“sulphur of carbon™’. Similar systems were developed for niche applications in maritime and
solar thermal projects in the late 1800s and early 1900s but advances in the design of high
pressure reciprocating engines and the development of steam turbines, as well as accidents due
to the use of flammable and explosive fluids, diminished the interest in the use of organic fluids

in power generation applications (Bronicki 2017).

The modern study of ORCs dates from the late 1950s and early 1960s driven by the study of
solar thermal engines at the National Physical Laboratory of Israel in Jerusalem. There, Tabor,
Bronicki (1961) studied the use of basic and recuperative ORCs using small turbines for the
harnessing of solar energy. Later, the same authors developed scientific criteria for the selection
of working fluids for power cycles at low to medium temperatures (below 200°C) and
established that the systems should operate turbines instead of reciprocating engines, due to
their low maintenance, high reliability, easy control and lubrication and large volumetric
expansion (Tabor and Bronicki 1965). The developments at the laboratory lead to the creation
of ORMAT in 1964, the first company specialized in the design, developing and operation of
turbines and general ORCs equipment, currently the market leader and operating predominantly

in the fields of geothermal generation and waste heat recovery (Ormat Technologies Inc. 2020).

Currently, at least a dozen companies commercialize ORC systems for different applications
(mainly biomass, geothermal, solar and WHR) with at least 2700 MW of total installed capacity
worldwide (by 2017). Although still a niche market, and heavily dependent on fossil fuel prices
for its economic viability, the increasing interest in renewable energies and sustainability,
makes ORCs a commercially attractive technology for current and future power generation
applications (Tartiére and Astolfi 2017). Recent works by Bronicki (2017) and Tartiere and
Astolfi (2017) offer a historical perspective of the development of ORC technologies and

insights in their current market size and futures perspectives.

From a technical perspective, the ORCs are similar to traditional Rankine cycles used in most
power plants around the world. A schematic representation and a T-s diagram illustrating the

cycle for a pure working fluid are presented in Figure 2-5. The cycle starts in point (1), where

® Probably referred to perchlorate ion (ClO4)
7 Currently known as carbon disulfide (CS,)



34 Fundamentals

the working fluid enters the pump as a saturated liquid and its pressure is elevated until the
evaporation pressure. ldeally, the process is isentropic (2s) but in real operation irreversibilities
in the pump are unavoidable (2). The working fluid at the evaporation pressure is then heated
and evaporated in the evaporator, leaving it as a saturated vapor (3). The saturated vapor is
expanded in the expander (typically a turbine) leaving it as a superheated vapor at the
condensation pressure. Again, the ideal process is isentropic (4s) but irreversibilities in the
turbine are also unavoidable in real operation (4). Finally, the superheated vapor is cooled in
the condenser where it rejects its excess heat, leaving the condenser as a saturated liquid to
restart the cycle (1). Other configurations aside from the basic ORC presented in Figure 2-5
have also been proposed. Preheating the working fluid entering the evaporator with heat from
the fluid at the exit from the expander (referred as recuperative cycle) is a common
configuration also used in commercial applications. Other more complex configurations based
on the traditional Rankine cycle (with turbine bleeding also known as regenerative cycle,
superheating, multiple expansions, reheating etc.) have also been studied but the increased
capital costs, increased complexity and generally small improvements in the efficiency of the
cycle made these configurations unattractive for many practical applications (Shu et al. 2014;
Braimakis and Karellas 2018). In this work, only the basic ORC configuration are considered
in the methodology developed in Chapter 4, due to its simplicity and good thermoeconomic
performance (Imran et al. 2014; Branchini et al. 2013). The integration of complex ORC
configurations in the methodology is proposed as a future work. Recent reviews by Mahmoudi
et al. (2018) and Lecompte et al. (2015) present comprehensive descriptions of the different
ORC configurations used in waste heat recovery applications.

One of the main factors influencing the performance of the ORC cycle is the working fluid.
Depending on the shape of their T-s diagram, fluids can be characterized as ‘dry’, ‘isentropic’
or ‘wet” working fluids. Dry working fluids have mainly a positive slope (Z—: > 0) in the
saturated vapor part of their curve (red in Figure 2-6). That means that an isentropic expansion

of the saturated vapor entering the turbine produces a superheated vapor and therefore no liquid

droplets interfere with the operation of the expander (Hung 2001). As for isentropic (% = 0)

and wet fluids (Z—Z < 0), an isentropic expansion of the saturated vapor entering the turbine
produces saturated vapor or a liquid-vapor mix, respectively. Dry and isentropic fluids are

preferred for most ORC applications, as no liquid droplets are generated during the expansion
(Liu et al. 2004).
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Figure 2-6. Types of working fluids according to their T-s diagram

Source: Own diagram based on Mikielewicz and Mikielewicz (2010)

Combinations of pure working fluids with different evaporation temperatures at the same
pressure, known as zeotropic mixtures, have also been studied. Their main difference with pure
working fluids is that the evaporation and condensation processes do not take place
isothermally. By manipulating the composition of the mixture, it is also possible to generate
working fluids with the desirable thermophysical, environmental and safety properties for a
given application (Chys et al. 2012). Additionally, the variable temperature at the evaporation
and condensation stages allows the cycle to follow closer the temperature profile of the heat
sources. This feature decreases the irreversibilities in the cycle during heat transfer (exergy

destruction) increasing its second law efficiency (Lecompte et al. 2014).

The optimal selection of a working fluid for a given application is a complex task. The optimal
working fluid should have not only a good thermophysical behavior and chemical and thermal
stability but also fulfill ever increasing environmental and safety requirements. Multiple studies
have been performed studying the selection of working fluids under different conditions, and
using different criteria. Thurairaja et al. (2019) studied 82 different working fluids and
compared their thermal efficiency in a basic ORC cycle at different evaporation temperatures
(between 30°C to 320°C) and generated recommendations for the selection of working fluids
according to the evaporation temperature. Kermani et al. (2018) developed an interactive tool
to visualize the properties of 84 working fluids for waste heat recovery applications. Darvish et
al. (2015) analyzed 9 working fluids for a regenerative ORC cycle using energy and exergy
efficiencies at fixed operating conditions and found that R134a and iso-butane have the best

energy and exergy efficiencies at a evaporation temperature of 120°C. Feng et al. (2015)
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performed a thermoeconomic comparison between the pure working fluids and zeotropic
mixtures of R227ea and R245fa in basic ORC cycles and found that mixtures with an optimal
mass fraction in composition have a better thermoeconomic performance than pure fluids.
Vivian et al. (2015) studied the thermal efficiency of 27 pure working fluids at 3 different ORC
configurations with heat sources at different temperatures and concluded that the performance
of the cycle depends on the difference between the starting temperature of the heat source and
the critical temperature of the working fluid, with the best results for temperature differences
between 35°C and 55°C for basic ORC cycles.

Lecompte et al. (2014) studied 8 pure fluid and 8 zeotropic mixtures in basic and regenerative
cycles at fixed conditions and determined that mixtures have better exergy efficiencies. They
also established that for each mixture an optimal composition exists that maximizes the exergy
efficiency. Similar studies and results for zeotropic mixtures with different fluids and
compositions are presented by Chys et al. (2012) and Heberle et al. (2012). Stijepovic et al.
(2012) concluded that mainly 5 thermophysical properties affect the thermal efficiency of a
working fluid : the expansion ratio in the turbine, the heat capacity of ideal gas, the molar mass,
the compressibility factor and the density of the saturated liquid. Rayegan and Tao (2011)
studied 34 working fluids for solar thermal applications and classify them according to energy
and exergy efficiencies, as well as net power generated and vapor expansion ration in the
turbines. Similar studies for solar thermal applications have been presented by Hung et al.
(2010) and Tchanche et al. (2009). For ORC applications in WHR from internal combustion
engines in vehicles, a study was presented by Wang et al. (2011).

As evident from the mentioned studies, no single working fluid or evaluation criteria has been
established for the optimal selection of organic working fluids. Depending on the operating
conditions and environmental and safety factors, the best working fluid for a given application
has to be determined. For the case studies in Chapter 5, only a selected number of working
fluids is considered. This selection does not represent all the possible working fluids that could
be used for the case studies. As long as their thermophysical properties are available, the
methodology developed in Chapter 4 can be applied to any pure dry working fluid.
Additionally, no rigorous optimization of the operating parameters in the ORC cycle is
performed. Appendix B presents a list of the working fluids considered in the case studies in

Chapter 5, with some of their thermophysical properties.

Another relevant factor for the design of ORC systems is the selection of the expander. In

general, the design of the expander influences the isentropic efficiency of the expansion, the
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cost and size of the system and the operating parameters of the cycle. Different expander
technologies have been proposed, but they can be classified in two main groups: turbo
expanders, also known as velocity type (e.g., axial and radial flow turbines) and volumetric
expanders also referred to as positive displacement type (e.g., scroll expanders, screw
expanders, rotary vane expanders, piston expanders) (Quoilin 2011). Turbo expanders are
similar to steam turbines and are characterized by high rotational speeds, compact and simple
structure, and high efficiencies. They are preferred for applications with power outputs higher
than 50 kWe, but for lower power outputs their performance decreases rapidly (Qiu et al. 2011).
For small-scale applications, volumetric expanders are preferred. They are characterized by
lower flow rates, higher pressure ratios and lower rotational speeds than turbo expanders.
Additionally, some volumetric expanders (e.g., Screw and scroll expanders) can operate with
wet working fluids (Kolasinski 2020). Bao and Zhao (2013) present a review of expander
technologies for ORC. In this work, the expander technology is not considered and the
performance of the expander is described only by their isentropic efficiency.

2.3.5.2 Kalina Cycle

Kalina cycle (Kalina 1984) is a power generation cycle based on the use of a zeotropic mixture
of ammonia-water (NHs/H20). Similar to zeotropic mixtures of organic fluids in ORC, the main
advantage of the Kalina cycle is the variable temperature at the evaporation and condensation
stages, with the associated increases in second law efficiencies. The cycle is similar to the ORC
cycle with compression, evaporation, expansion and condensation stages, but also includes
additional stages due to the handling and manipulation of the NHs/H20 mixture. The additional
stages include mixing, separation, and preheating stages. The exact configuration of the cycle
is flexible and depends on the application, the main common feature is the use of the NHs/H20
mixture as working fluid. The composition of the NHs/H.O mixture varies during the cycle
with higher NHs concentration in the evaporation stage and lower concentrations during

condensation.

In general, Kalina cycles tend to have slightly better thermal performances than ORC cycles
but their complex design and operation, high operating pressures and the requirement of non-
corrosive material due to the NHs, limit their use in practical applications (Zhang et al. 2012;
Modi and Haglind 2017).



Fundamentals 39

2.3.6 Waste Heat to Heating (Heat Pumps)

From a historical and technological perspective, heat pumps share the same origins and
fundamental principles than refrigeration technologies, but they operate in a reverse cycle. Up
until the oil crisis in 1973 and due to low energy prices and the large availability of fossil fuels,
almost all heating requirements in residential, commercial and industrial applications
worldwide were supplied by other technologies, mainly steam networks and typical coal,
biomass and gas driven boilers. The oil crisis had a deep impact on the worldwide views on
energy and energy efficiency, alternative energies sources and energy security became part of
the public and political priorities of governments worldwide and there was a boom on the
research and installation of heat pumps on residential, commercial and industrial applications
(Zogg 2008). The use and integration of heat pumps in industrial processes is an active field of
research. An analysis of heat pump technologies, their industrial applications and their
economic and technical potentials it is out of the scope of this work. The reader is referred to a
recent work by Wolf (2017) for an in-depth study of the integration of heat pumps in industrial

systems.
2.4  Process Integration

The Handbook of Process Integration defines “Process Integration” (P1) as a “...family of
methodologies for combining operations within a process or several processes to reduce
consumption of resources and/or harmful emissions... ” (Varbanov 2013). Similarly, the IEA
defines Pl as the "...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..." (Gundersen 2002). From these definitions
it is clear that PI is a group of methodologies for the combination and integration of processes
in order to reduce their resource intensity and emissions. Although initially developed for the
synthesis of heat exchanger networks (HENS), that is, for the optimization of thermal energy
flows in single processes (Heat Integration) (Linnhoff and Flower 1978a, 1978b; Linnhoff
1979) and then the combined heat and power (CHP) in total sites (Dhole and Linnhoff 1993),
the current scope includes other resources and processes such as mass flow (Mass Integration)
(El-Halwagi and Manousiouthakis 1989), hydrogen (Alves and Towler 2002), oxygen (Zhelev
and Ntlhakana 1999), supply chain flows (Singhvi and Shenoy 2002), material reuse (Foo et al.
2006), carbon footprint (Tan and Foo 2007), etc. A recent review by Klemes et al. (2018)
presents the current developments on 15 different fields of application of Pinch Analysis (PA),
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which is the main tool of Process Integration and sometimes is used as a synonym. In this work,
the term “Process Integration” is used as stated by the IEA and refers to ... systematic and
general methods for designing integrated production systems...”. The design of systems
integrating ORCs and ABCs into HENSs is then considered as part of the field of study of
“Process Integration”.

2.4.1 Pinch Analysis

Gundersen (2002) defines “Pinch Analysis” (PA) as a tool that provides information about the
flow of a quantity in a process. The quantity or amount (e.g., heat or mass) is characterized by
a quality (e.g., temperature, concentration, etc.). Three main elements are basic for PA: (1)
“Composite Curves” (CC) that are used to represent graphically the quantity flows in the system
and provide an overview of the state of the process; (2) “Performance Targets” based on
physical insights obtained through analysis of the Composite Curves or algorithmic methods
like the “Problem Table Algorithm” (PTA) and (3) a “Pinch Decomposition”, that separates the
system at the pinch point in “excess” or “deficit” regions with respect to the quality considered.
In the case of “Heat Integration”, the quantity and quality are heat or more precisely, enthalpy
and temperature, respectively, and the objective of PA is to generate or “synthesize” optimal
heat exchanger networks. An optimal HEN is a reliable and safe HEN design with a minimum
“Total Annualized Cost” (TAC). As the direct optimization of TAC using only PA is not
possible, this objective is substituted by “near optimal” HEN designs with minimum utility
targets, minimum number of units or matches, and minimum heat transfer areas, which are
related calculations that are attainable with PA tools. The set of rules and heuristics procedures
used to generate system designs using the principles of PA is known as “Pinch Design Method”

(Linnhoff and Hindmarsh 1983).

The “Composite Curves” and “Performances Targets” were first presented by Hohmann (1971)
in its PhD Thesis at the University of Southern California but it wasn’t until two articles
published by Linnhoff and Flower (1978a, 1978b) and then the PhD thesis by Linnhoff (1979)
that the pinch point decomposition was identified and the practical potential of PA for the
synthesis of HEN was recognized (Linnhoff and Hindmarsh 1983). Pinch point(s) or simply
“pinch”, is defined in the Handbook of Process Integration (Varbanov 2013) as “...the
location(s) in the problem where the process driving force is equal to the minimum allowed... .
For thermal systems, the driving force is the temperature difference between the hot and cold
process streams. The fundamentals of PA and its utilization have been covered extensively in

many publications and are not presented in detail in this work. For more information about PA
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please refer to reference books and manuals such as Kemp (2007), Klemes (2013) and Brunner
et al. (2015).

2.4.2 Mathematical Programming

Parallel to the development of PA techniques, a mathematical approach based on mathematical
optimization techniques also known as “Mathematical Programming” (MP) was developed for
the synthesis of HEN. The main advantage of MP is the optimality, feasibility and integrality
of the solutions (Klemes et al. 2013). The optimality can be related to one or multiple objective
functions and trade-offs and complex interactions between the different components and
subsystems can be studied and evaluated in a direct and flexible way. The main drawbacks of
MP are the lack of global optimization techniques for complex models, the relative difficulty
for the formulation of the mathematical problem and the difficult interpretation and analysis of
the results. While PA is intuitive and presents a clear graphical indication of the state of the
system, the interpretation and analysis of the MP results requires relatively advance knowledge
of the mathematical model and the optimization technique and strategies used, which limits its
application in industrial scale problems (Kleme$ and Kravanja 2013). Klemes and Kravanja
(2013) presented a comparison between PA and MP and concluded that a combination of both
techniques for real life applications could lead to improved industrial designs, as PA is already
a standard practice in many industries and its results can be refined and improved with the use

of MP techniques.

MP approaches for the synthesis of HEN can be classified as sequential or simultaneous
methods. Sequential methods divide the HEN synthesis problem in subproblems, which are
solved sequentially, with the results of one subproblems serving as input information for the
next one. Typically, the subproblems are three: (1) the minimization of the utility consumption;
(2) the minimum number of units or matches and (3) the minimum heat transfer area or
investment cost. In the case of simultaneous models, the objective function is typically the
minimum “Total Annualized Cost” (TAC) and the models consider simultaneously all the

trade-offs and interactions between the different components in the system.

The three subproblems for sequential methods resemble the targets calculations in Pinch
Analysis. Each of the subproblems is solved independently using different mathematical
formulations. Mathematical models for the minimum utility consumption problem were
proposed independently by Papoulias and Grossmann (1983) and Cerda et al. (1983) based on

the transshipment and transportation problems of operational research, respectively. In both
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models, the resulting problem is a “Linear Programming” (LP) problem, of which the
transshipment model is the most known formulation. Similarly, mathematical formulations for
the problem of the minimum number of matches were also proposed by Papoulias and
Grossmann (1983) and Cerda and Westerburg (1983) again based on the transshipment and
transportation problems. The resulting formulations are “Mixed Integer Linear Programming”
(MILP) problems. Finally, for the third problem, the minimum investment cost is typically
solved using the formulation by Floudas et al. (1986), which results in an “Non Linear
Programming” (NLP) problem. Similarly, the models generated in the simultaneous approach
also have different mathematical formulations, the most known being the “Hyperstructure”
(Ciric and Floudas 1991) and the “stage-wise superstructure” more commonly referred as
“SYNHEAT” model (Yee and Grossmann 1990). In both cases, the resulting problems are
“Mixed Integer Non Linear Programming” (MINLP) problems. Both MINLP formulations for
HEN synthesis as well as the MILP formulation for the minimum number of matches in the
sequential methods have been proved NP-Hard problems in the strong sense, which means that
no known algorithm provides exact solutions in a computationally efficient way (polynomial
time®) (Furman and Sahinidis 2001).

In general, sequential methods tend to be faster and easier to implement but, similarly to PA,
they generate sub-optimal solutions and do not take into consideration the tradeoffs in the
system. Simultaneous methods, on the other hand, tend to generate better results but they are
computationally demanding and global optimization techniques tend to get trapped in local
optima. A comparative study by Escobar and Trierweiler (2013) concluded that from all MP
methods available, SYNHEAT tends to provide the best results even with the isothermal mixing
assumption, and with appropriated initialization procedures, the flexibility and robustness of

the model allows to generate good local optima relatively fast.

In this work a purely MP approach is used for the design of systems integrating HEN, ORCs
and ABCs for continuous and discontinuous processes with and without FTVM heat storage.
MP is the best option in this case, due to the high number of subsystems and complex interaction
between them. PA tools such as “Performance Targets”, “Composite Curves” and “Grand
Composite Curves” (GCC) are used to facilitate the understanding of the case studies presented

in Chapter 5, but the results are based on purely mathematical considerations.

8 Furman and Sahinidis 2001 define polynomial time algorithms as “...algorithms whose run time is polynomially
bounded in the size of input and the logarithm of the size of the input values...” .
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2.5 Process Integration in Discontinuous Processes

The methods and approaches discussed in section 2.4 were all developed originally for
continuous processes but they have been extended to analyze systems with discontinuous
operation. As the name suggested, discontinuous processes are characterized by intervals or
periods of operation where the operating conditions, the streams involved and/or the processing
units, change. The terms “batch” and “multi-period” processes have been used to describe
processes with discontinuous operation. Becker (2012) differentiates between batch and multi-
period processes, indicating that although the distinction is not always evident, multi-period
processes refer to processes with different scenarios, periods of operation, or operating states.
In this case, no time dependence is considered and each scenario is independent of the others.
Processes with clear periods of operation and with their own specific operating conditions are
multi-period. Seasonal and monthly variations, workday/weekend operations or shift work are
typical examples of multi-period processes and are also known as “semi-continuous” processes.
Batch processes are also characterized by periods or intervals of operation, but there is a time
dependency between them. Some processes cannot start until other are finished and in most
cases processes share operating units. Time limitations have to be considered at the design and
operation of batch processes and they are characterized by short periods of operation, and a
sequence of predetermined discrete tasks (recipe) that have to be followed to transform raw
materials into products (Barker et al. 2005). Typical examples of batch processes are those in
the pharmaceutical industry, the production of specialty chemicals and processes in food and
beverage industry like breweries and dairies. In this work, batch processes with fixed schedules
are treated as multi-period processes, as in that case the time dependency between the intervals

or periods of operation can be ignored.

The two main tools for PA in discontinuous processes are the “Time Average Model” (TAM)
and the “Time Slice Model” (TSM) developed by Linnhoff March Ltd. in the late 80s (Clayton
1986; Linnhoff et al. 1988). In the TAM, the heat flows are averaged over a cycle of operation
and the system is treated as a continuous process with process streams with the same initial and
target temperatures as in the batch process and heat flows capacities equal to the weighted time
averages of the heat flows capacities during the cycle. On the other hand, TSM treats each
period of operation, also referred as time intervals, independently of each other and the energy
targets and pinch temperatures are calculated for each time interval also independently with
cycle targets equal to the sum of the energy targets in each interval. The TAM targets represent

an upper limit to the heat recovery in the process (best case) and are only attainable with
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sufficient heat storage and no time/scheduling constraints in the system. The TSM targets
represent the best attainable energy recovery only using direct heat integration (no storage and

no rescheduling).

A popular extension of the TSM model is the “Cascade Analysis” proposed by Kemp (1990).
The cascade analysis takes advantage of the different pinch temperatures in each of the time
intervals according to the TSM and evaluates the possibility of heat transfer from below the
pinch temperature in an interval to above the pinch on another interval. In this case, energy
from below the pinch in an interval can be stored to be later released and used above the pinch
in another time interval with a lower pinch temperature, so that the effective heat transfer takes
place always above the pinch. Cascade analysis can be used to evaluate fixed-temperature
storage options and rescheduling opportunities and its results match those of TAM if the number
of storages is big enough and the same minimum approach temperature is used between process
streams and between process streams and heat storages.

Other pinch-based techniques have been proposed in order to facilitate the design of the
required heat storages for a given discontinuous processes. Stoltze et al. (1995) found that a
low number of heat storages is sufficient to reach the TAM targets in many industrial cases
(between 2 and 6 storages for the cases evaluated) and proposed a combinatorial method for the
synthesis of HEN integrating streams and heat storages. This method, later referred as
“Permutation Method”, assumes initially that two FTVM storages are available and generates
the corresponding HEN, then the number of storages units is increased by one, and again a HEN
is generated. The process continues until the design is able to achieve the TAM targets or all
the possible combinations/permutations are evaluated. The maximum number of storages to be
evaluated is equal to twice the number of process streams, but as mentioned before, a low
number of storages is sufficient to reach the TAM targets. As for storage temperatures, all the
possible combinations between the initial and end temperature of the process streams (corrected
by AT,,;») can be used. Krummenacher and Favrat (2001) presented a graphical method based
on modified CCs to calculate the minimum number of storage units required to achieve the
TAM targets or a given level of energy recovery. Krummenacher (1999) also proposed a
metaheuristic method based on “Genetic Algorithms” (GA) for the synthesis of batch HENs
with or without heat storage. Atkins et al. (2010) extended the use of pinch-based techniques to
total sites and used it to integrate multi-period (semi-continuous) processes in a milk powder
plant using stratified storage tanks and “Heat Recovery Loops” (HRL). Later, the same research
group extended the methodology to account for dynamic effects in the HRL (Atkins et al. 2012),
the optimization of the heat transfer areas in the HEN (Walmsley et al. 2013b) and the
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integration of solar energy and variable temperature storages (Walmsley et al. 2014). A
comprehensive explanation of the methodology is available in the Handbook of Process
Integration (Walmsley et al. 2013a). Recent works by Olsen et al. (2017) and Abdelouadoud et
al. (2019) extended the graphical tools developed by Krummenacher and Favrat (2001) to
facilitate the design and evaluation of heat storages including economic and practical
considerations and Stampfli et al. (2020) presented a LP model that complemented the graphical

approach in order to evaluate heat storage when there are volume constraints.

Parallel to pinch-based techniques, mathematical programming approaches for the design of
discontinuous HENSs have been also developed. In most cases, MP approaches treat batch and
multi-period HEN methods separately. In the case of batch HEN synthesis, Vaselenak et al.
(1986) presented a heuristic and a MILP algorithm to match processing units (tanks) requiring
heating and cooling in batch processes. The work can be considered as a pioneer work in direct
heat integration in batch processes using MP. Corominas et al. (1993, 1994) presented a
methodology combining heuristics and an MILP formulation for the design of batch HENSs in
multiproduct/multipurpose, maximizing energy recovery using direct heat integration and
rescheduling. The heuristics are used to evaluate rescheduling opportunities and the MILP for
the calculation of the optimal matches between process streams. Papageorgiou et al. (1994)
combines the scheduling and heat integration problems using a MINLP formulation for direct
and indirect heat integration. The formulation is an extension of the MILP developed by Kondili
et al. (1993) for the optimal short-term scheduling of batch processes, known as discrete-time
formulation. Another mathematical formulation developed originally for the optimal
scheduling of batch processes, known as continuous-time formulation (Majozi and Zhu 2001),
was also modified to include the direct heat integration problem in multipurpose/multiproduct
batch processes (Majozi 2006). The same research group later extended the formulation to
include indirect heat integration (Majozi 2009; Stamp and Majozi 2011), modifications to the
scheduling formulation to reduce the number of variables (Seid and Majozi 2012, 2014a), water
minimization (Seid and Majozi 2014b), consideration of heat integration with batch streams
while they are moving from one unit of operation to another one (material transfer) (Lee et al.
2015, 2016), long-term scheduling (Stamp and Majozi 2017) and multiple storage vessels
(Sebelebele and Majozi 2017).

Other MP formulations for the synthesis of batch HENs without considering rescheduling were
developed by Chen and Ciou (2008, 2009) for the design of batch HENs with only indirect heat
integration using fixed and variable temperature storages. Hellwig (1998) also developed

independently an optimization algorithm for the selection of a set of possible matches between
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hot and cold streams in continuous and discontinuous processes (direct integration only) which
maximizes energy recovery (OMNIUM Method). The method is based on the Hungarian
algorithm, a classical algorithm to solve linear assignment problems in operations research
(Kuhn 2012). Uhlenbruck et al. (2000) compared the results of OMNIUM and the TSM targets
and found that OMNIUM does not reach the pinch targets and tends to generate complex
networks. They proposed the repeated/recursive application of OMNIUM to improve the results
and generated designs that reached in average up to 95% of the pinch targets. More recently
Heyden (2016) extended the OMNIUM method to include cost and technical calculations, as
well as heat storage options, and used it to evaluate waste heat recovery opportunities in an
industrial laundry and in the German laundry sector as a whole, using representative laundries

for “small” and “big” facilities.

Studies focused on multi-period processes have their origin in the problem of design of flexible
HENSs. Verheyen and Zhang (2006) define flexible HEN as those that can operate even if there
are variations of certain parameters around a nominal value due to uncertainties (resilient
HENSs) or that can operate even if there are planned periodical changes in their operating
conditions (multi-period HENS). In the case of multi-period HENSs, some of the first influential
studies were published by Floudas and Grossmann (1986, 1987). They presented an automated
sequential method for the design of multi-period HENs. Their work is an extension of the
transshipment model developed by Papoulias and Grossmann (1983) and Floudas et al. (1986)
for the design of continuous HENS. Later Aaltola (2003) in his dissertation presented a multi-
period extension to the SYNHEAT model (Yee and Grossmann 1990) for the simultaneous
synthesis of continuous HENs. He used an “average area approach” in which the effective area
for a given match to be used for TAC calculations is equal to the arithmetic average of the areas
required for the heat exchanger in the match at each period of operation. This formulation
results in an underestimation of the required heat transfer areas and the TAC, but avoids the
introduction of non-linearities in the constraints or the objective function. Chen and Hung
(2004) proposed then an “maximum area approach” through the use of a discontinuous
maximum function in their objective function, but the resulting computational times where
discouraging. Then Verheyen and Zhang (2006) reformulated the “maximum area approach”
by the use of area inequalities in the constraints instead of discontinuous functions in the
objective. This formulation is one of the bases of the framework presented in section 4.2.2 for
the integration of ORCs and ABC into multi-period HENs without heat storage. In the three
formulations by Aaltola (2003), Chen and Hung (2004) and Verheyen and Zhang (2006), only

processes with periods of equal duration are considered. Isafiade and Fraser (2010) modified
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the objective function by Verheyen and Zhang (2006) to improve the results in processes with
periods of unequal duration. Other recent improvements to the superstructure of Verheyen and
Zhang (2006) include the integration of multiple utilities (Isafiade et al. 2015), the consideration
of detail heat exchanger design (Short et al. 2016a, 2016b), better initialization techniques for
the MINLP and lower overdesign of the heat exchangers (Isafiade and Short 2016; Isafiade
2017) and the integration of heat storages options for fixed (Beck and Hofmann 2018b) and
variable temperature fixed mass storages (Beck and Hofmann 2019). The formulation by Beck
and Hofmann (2018b) is used as base for the methodology presented in section 4.2.3 for the
integration of ORC and ABC into HEN in multi-period processes with FTVM storage. As for
extensions to the sequential method by Floudas and Grossmann (1987), Mian et al. (2015)
integrated multiple utilities, that could be located in any position in the superstructure. The
problem is solved using a metaheuristic algorithm developed by the same research group and
named PGS-COM (Martelli and Amaldi 2014). The same research group later included heat
storage options to the formulation (Mian et al. 2016).

Another interesting development in the multi-period HEN research is the “timesharing
mechanism” (Sadeli and Chang 2012), that is, the reuse of heat exchangers in different matches
each period of operation, depending on the characteristics of the process. Heuristics (Jiang and
Chang 2013) and algorithmic (Jiang and Chang 2015) approaches to the timesharing
mechanism have been developed with encouraging results, as it tends to decrease the capital
cost of the HEN, and heat exchangers can be reused in different matches in a way that
minimized their overdesign. Possible disadvantages of this method include but are not limited
to the need of cleaning procedures for the heat exchangers with their associated additional costs.
Recent studies also include non-isothermal mixing (Miranda et al. 2016) and metaheuristic
methods for the MINLP solution (Pavéo et al. 2018) combined with the timesharing
mechanism. In this work, the timesharing mechanism is not considered for the mathematical

framework developed in Chapter 4, but research in this area is encouraged for future works.
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3 State-of-the-Art

In this chapter, a State-of-the-Art of the process integration of ORCs and ABCs into HENSs is
presented. The process integration of other WHR technologies, including heat pumps and
alternative “waste heat to heating” and “waste heat to cooling” technologies, are not considered
but their study and integration to the framework developed in Chapter 4 are recommended for
future works. The chapter is divided in three subsections covering the process integration of
ORCs, ABCs and the combined technologies independently. Most of the works on the
integration of WHR technologies into HENs have been focused on continuous processes and
only study the integration of one WHR technology at a time. The few works combining different
WHR technologies tend to oversimplify the mathematical modeling and behavior of the WHR
technologies, i.e. assuming fixed ORC and ABC efficiencies ignoring the working fluid and
working pairs properties and the physical behavior of the ORC and refrigeration cycles. This
dissertation is an effort to bridge these research gaps and proposes a mathematical framework
and superstructure for the integration of multiple WHR technologies (ORCs and ABCs) into
HEN in continuous and multi-period processes, with or without FTVM storage, while
considering in detail, the physical behavior of the working fluids in the ORC and working pairs
in the ABC.

3.1 Process Integration of Organic Rankine Cycles into Heat Exchanger

Networks

The basic pinch rules for the integration of heat engines (ORCs included) and heat pumps
(ABCs included) into HEN were presented by Townsend and Linnhoff (1983b, 1983a) already
in the first years of pinch analysis. The “Appropriate Placement” rules (Townsend and Linnhoff
1983a) state that heat engines should be located entirely above or entirely below the pinch in
order to avoid cross-pinch transfer and generate mechanical work with a theoretical 100%
efficiency in the heat to work conversion (Figure 3-1). For a system with hot utility consumption
fixed to its pinch targets, that 100% heat to work conversion efficiency means that a heat engine
located entirely below the pinch will generate mechanical work from waste heat, that would be
otherwise rejected to the cooling utility. On the other hand, a heat engine located entirely above
the pinch will generate mechanical work from energy already supplied to the system by the hot
utility, with 100% efficiency and without increasing the utility consumption of the system.
Townsend and Linnhoff (1983Db) already considered the possibility of integration ORCs below
the pinch in order to generate mechanical work from waste heat and suggested selecting
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working fluids with critical temperatures near to the pinch temperature as they increased the
temperatures at the top of the cycle, increasing its efficiency. They also recognized the tradeoff
between the temperature at the ORC-Evaporator and the amount of energy that the ORC is able
to extract from the hot process streams below the pinch. Moreover, in the same work Townsend
and Linnhoff (1983b) considered technical limitations and shapes of the heat profiles generated
by working fluids in Rankine and Bryton (Gas Turbines) cycles and how they should be
considered when exploring the integration of heat engines into industrial processes. Due to the
relatively low temperatures, low efficiencies and high costs of heat engines below the pinch,
the study of the process integration of ORCs into HENs fell in relative obscurity during the
following decades until a study by Desai and Bandyopadhyay (2009) and increased energy
prices and sensibilities about energy efficiency and environmental protection, reactivated this
field of research. However, the integration of heat engines above the pinch was further
developed and studied as part of the design of utility systems, which includes the Total Site
Analysis (Dhole and Linnhoff 1993) mentioned in section 2.3.2. The utility system design
comprises among other objectives, the selection of temperature and pressure levels for the hot
utilities and the identification of the optimal turbine configuration between the hot utility
(usually steam) mains that maximizes the cogeneration (heat and power) potential of the system
(Mavromatis and Kokossis 1998).

a) Right Placement b) Wrong Placement
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Figure 3-1. Appropriate placement of ORCs driven by waste heat according to pinch analysis.
Source: Own diagram based on Townsend and Linnhoff (1983a) and diagram from Natural Resources

Canada (2012)

Desai and Bandyopadhyay (2009) used PA techniques to study the integration of ORCs into
continuous HENSs. They explored the opportunities for integration of ORCs using the GCCs
and the PTA to rapidly evaluate different dry working fluids using different evaporation and
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condensation temperatures for the ORC. They also considered other ORC configurations aside
from the basic, including the recuperative cycle (referred as regenerative cycle in the article),
turbine bleeding and a combination of the two. After the working fluid, ORC configuration and
corresponding evaporation and condensation temperatures are determined, the HEN including
the ORC is generated using the Pinch Design Method (Linnhoff and Hindmarsh 1983).
Thermophysical properties of the working fluids are obtained from the software REFPROP
(Huber et al. 2018).

Later, works by Hipdlito-Valencia et al. (2013) first and then Chen et al. (2014), developed
mathematical programming approaches to the simultaneous integration of ORCs into the
background processes and the synthesis of the accompanying HEN. Both superstructures are
extensions of the SYNHEAT model for the synthesis of HENs (Yee and Grossmann 1990).
Hipolito-Valencia et al. (2013) focused on the optimization of the TAC of the system and
neglected the latent heat of evaporation of the working fluid. In the model, the ORC structure
included an economizer to pre-heat the working fluid before the evaporator with the hot
working fluid exiting the turbine. Similar to the framework presented in Chapter 4, the model
only allows heat exchange between the working fluid and the process streams in one dedicated
stage located at the cold side of the superstructure. The authors did not calculate the
thermophysical properties of the working fluids for the ORC and instead assumed values for
the heat capacity of the working fluids. The superstructure was later extended by the same
research group to include inter-plant heat integration (Hipdélito-Valencia et al. 2014b) and
absorption chillers and steam cycles (Lira-Barragan et al. 2014c). In this case, a boiler fed by
renewable energies (solar thermal or biomass) or fossil fuels drives the steam cycle and the
energy rejected by the cycle in the condenser acts as hot utility for the process streams, the ORC
and the ABC. The ORC and the ABC are integrated in the HEN of the process streams and can
be driven by energy from the process streams, or from the hot utility, depending on the process
conditions and the objective function. Additionally, the study considered alternative objective
functions including environmental (greenhouse gas emissions or GHGE) and social
considerations (number of jobs generated by the project). The superstructure for the ORC
integration was applied to a bioethanol separation process with TAC savings up to 7% in
comparison with the HEN without ORC under the conditions used by the authors (Hipélito-
Valencia et al. 2014c).

The superstructure proposed by Chen et al. (2014) was also an extension of the SYNHEAT
model and pursued the maximization of the “Net Power” generated from the waste heat using
the Peng Robinson Equations of State (PR-EOS) (Peng and Robinson 1976) to calculate,
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separately from the optimization model, the thermophysical properties of the working fluid.
The study considered the latent heat of evaporation and condensation of the working fluid and
rightfully proved its influence on the model results. The model used a basic ORC configuration
and allowed heat exchange between the working fluid and the process streams in all stages of
the superstructure. The model was later extended to include transcritical ORCs (Chen et al.
2015a). A similar superstructure was later used by the same research group to study the
integration ORCs into a refinery (Chen et al. 2016). In this case, the HEN was not generated
and only hot streams were considered. Heat recovery loops using intermediate heat transfer
fluids were used to transfer energy between the hot streams and the ORCs. Multiple ORCs with
different working fluids and operating conditions could be evaluated simultaneously. The
selection of the optimal working fluid and operating conditions for a given ORC was made
using an iterative “trial and error” algorithm. The same algorithm is applied to the case studies
in Chapter 5, with “Net Power” generated from waste heat as objective function, in order to
determine the best working fluids and operating conditions for the ORCs presented in the
chapter. A flow diagram of the “prescreening algorithm” is available in Chapter 5 in Figure 5-2.
More recently, Elsido et al. (2017) extended the superstructure presented by Chen et al. (2014)
in order to consider multiple pressure levels for the expansion in the turbines. The properties
for the working fluid are taken from REFPROP. The MINLP is then solved using

metaheuristics®.

In order to include the optimization of the ORC configuration and operating temperatures
explicitly into the optimization problem, Yu et al. (2017a) proposed a sequential method. In the
first step, the ORC configuration, operating temperatures and mass flow of the working fluid
in the ORC are treated as variables and optimized using the Duran-Grossmann model for the
simultaneous consideration of Heat Integration and Process Synthesis'® (Duran and Grossmann
1986). The thermophysical properties of the working fluid are included explicitly in the
formulation through the use of the PR-EOS (Peng and Robinson 1976). In the second step, a

HEN including the ORC and process streams is generated using the transshipment model for

® Metaheuristics algorithms are high-level adaptive and autonomous methodologies that apply generic heuristic
rules (i.e. based on trial and error and/or rule of thumb) for the solution of computational problems (Wang 2010).
Main difference with exact/deterministic methodologies is that metaheuristics do not provide information about
the gap between the solutions found and the best possible solution and cannot guarantee to find the global optimum
if enough time is provided (Hussain et al. 2019).

10 The original Duran-Grossmann model 1986 is a mathematical formulation used to find the required temperatures
and mass flows of process streams that maximizes the heat recovery in a given chemical process without generating
the HEN.
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sequential synthesis of HENs (Floudas et al. 1986). The same research group also extended the
formulation to include indirect heat transfer between the ORC and the process streams using
hot water as an intermediate heat transfer fluid (HTF) (Yu et al. 2017b). Previously, the authors
had already studied the integration of an ORC into a refinery using hot water as HTF in a HRL
using graphical PA tools (Yu et al. 2016).

Kermani et al. (2018) also presented a sequential method for the integration of ORCs into
HENSs. In the first step, a MILP generic superstructure that includes up to five pressure levels
for the turbines and consider basic cycles, superheated, regenerative, transcritical, reheating,
bleeding and multi-stage cycles is optimized and the optimal configuration and operating
parameters for the integrated ORC is determined. The MILP is solved using a bi-level
decomposition technique, which uses a MILP solver to find the optimal ORC configuration and
metaheuristics to determine the optimal operating conditions for the ORC. The properties of
the working fluid are included in the formulation as piece-wise linear models. In the second
step, the HEN including the ORC is generated using the transshipment model (Floudas et al.
1986). The study also considered multiple objective functions and multi-objective optimization.
The formulation includes equations for the calculation of heat transfer coefficients of the
working fluids in the heat exchangers (film coefficients) and an interactive database with some

thermophysical properties for selected working fluids was also generated.

More recently, a number of publications discussing the ORC integration into HENs were
published. Xu et al. (2020) included the ORC evaporation and condensation temperatures as
variables in the model by Chen et al. (2014) and considered the total exergy destruction and the
TAC as multi-objective functions. Properties of the working fluids are obtained from
REFPROP. Dong et al. (2020) included the working fluid properties in the formulation using
fit functions obtained from polynomial regressions of the fluid properties instead of using the
highly non-linear PR-EOS. Similarly, Huang et al. (2020) presented a superstructure including
HEN, steam Rankine cycle, ORC and cooling tower and considered the properties of the
working fluid in the formulation using fit functions. Chamorro-Romero and Radgen (2020)
extended the superstructure by Chen et al. (2014) to include indirect heat integration of ORCs
into HEN using intermediate HTFs. The heat transfers between the ORCs and the HEN take
place through HRLs. The operating temperatures and mass flows of the HTFs inside of the
HRLs are treated as variables and determined during the optimization procedure. Additionally,
a recent review by Anastasovski et al. (2020) presented a comprehensive analysis of heat
integration approaches for the integration of ORCs driven by waste heat into production

processes. The review focuses on the link between the ORC and the industrial processes and
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the methods used for the optimization of the ORC configuration and operating parameters in
the integrated system. Studies considering simultaneously the ORC integration and the HEN
synthesis are also mentioned but are not the main focus of the review. Anastasovski et al. (2020)
concluded that the main gap in the research is the gap of systematic methods for the integration

of ORCs into batch and discontinuous processes.

Finally, last year (2021),the first work dealing with the integration of ORC into multi-perid
HENs was presented. Elsido et al. (2021) extended a previous metaheuristic methodology
developed for continuous processes (Elsido et al. 2017) and later improved for better
computational performance (Elsido et al. 2019), to include multi-period operation. Two-tank
storages with FTVM were considered and their temperatures were known in advance. Size of

the storage was part of the variables to optimizes.
3.2 Process Integration of Absorption Chillers into Heat Exchanger Networks

Only few works study the process integration of absorption chillers into heat exchanger
networks. The contrast with the process integration of ORCs into HEN as discussed in the
previous section is clear. Similar to ORCs, the “Appropriate Placement” rules (Townsend and
Linnhoff 1983a) offer guidelines for the integration or ABCs into HENS. In general, heat pumps
should transfer heat across the pinch in order to be efficient. In the case of ABCs, they behave
like reversed heat pumps between the process streams located below and above the “utility
pinch”, that is, the pinch generated by the cold utility. As long as the ABC transfer heat across
the utility pinch, they will provide cooling without increasing the heat consumption of the
system, in practice generating cooling from waste heat. As represented in Figure 3-2, the total
cooling demand of the system, does not change due to the integration of the ABC, but the ABC
replaces the demand of low temperature cold utility by usually cheaper higher temperature cold
utility, using waste heat from the system to drive the refrigeration cycle. Similar to ORCs, the
study of the process integration of ABC into HENs was in relative obscurity until Tora and EI-

Halwagi (2010) presented a PA approach for the integration of ABC into industrial processes.

Tora and El-Halwagi (2010) did not consider the HEN synthesis, but the study presented a
systematic approach to evaluate ABC integration opportunities into industrial processes using
GCCs. The utility pinch caused by the cold utility (cooling water in their case) was located on
the GCC and the required cooling load and cooling temperature to be provided by the ABC was
also determined from the GCCs. The available waste heat under the process pinch that could

be supplied to the ABC was also calculated. The additional thermal energy required by the ABC
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that could not be provided by the process streams, was supplied by solar energy, or the hot
utility. A NLP determining the optimal combination of hot utility and solar energy to supply
the additional energy required by the ABC was also presented. A fixed COP for the ABC was
used and the objective function of the NLP was the TAC of the system.

a) No ABC b) ABC Right Placement c) ABC Wrong Placement
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Figure 3-2. Appropriate placement of ABCs driven by waste heat according to pinch analysis.
Source: Own diagram based on Townsend and Linnhoff (1983a) and Tora and El-Halwagi (2010)

The same research group then extended the method to include multiple objectives (TAC and
GHGE) in the formulation (Ponce-Ortega et al. 2011). Later, the research group presented a
MP approach for the integration of ABCs into HENs (Lira-Barragan et al. 2013), based on the
SYNHEAT model for the simultaneous synthesis of HENS. In their superstructure, the ABC
could only exchange energy with the process streams in dedicated stages, located at the cold
end of the system after the cold utility stage (ABC-Evaporator Stage) and at the hot end of the
system between the hot utility stage and the first intra-process stage (ABC-Generator Stage). If
the process streams were incapable to provide all the required thermal energy for the ABC,
solar collectors and hot utilities could be used to supply the additional energy to the ABC. The
COP of the ABC was fixed and the operating conditions of the ABC (refrigeration temperature
and the temperature of the energy supplied to the ABC) were defined beforehand. Next, the
formulation was extended to include the heat storage design for the solar collectors (Lira-
Barragan et al. 2014b).

More recently, Sun et al. (2019) presented a superstructure for the integration of ABC into HEN
considering the optimization of the operating conditions of the ABC. Instead of fixed operating
conditions, the heat source temperature for the ABC, the refrigeration temperatures produced
by the ABC cycle and the COP of the ABC, were treated as variables and fit functions between
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the mentioned temperatures and the COP of the ABC were included in the optimization
algorithm. The objective function was the TAC. The method was illustrated with a case study
and the generated HEN-ABC configuration was compared with a system where a Vapor
Compression Refrigeration (VCR) system was used to provide the cooling below the cold utility
temperature. Later, the HEN-ABC superstructure was extended to include hybrid Compression-
Absorption Cascade Refrigeration Systems (CACRS) (Sun et al. 2020a; Sun et al. 2020b).
CACRS are hybrid systems combining ABC and VCR in cascade. The ABC supplies the
refrigeration until a temperature of 0°C (the technical limit for the LiBr/H>O working pair) and

the VCR covers the cooling demand below that temperature.

3.3 Process Integration of Organic Rankine Cycles and Absorption Chillers

into Heat Exchanger Networks (Combined Models)

Only few studies, all from the same research group, consider the simultaneous integration of
ORCs and ABCs into HENSs. Lira-Barragan et al. (2014c, 2014a) combined their models for
stand-alone integration of ORCs and ABC into HENs into a single model considering the
simultaneous integration of both WHR technologies. In their model, a steam Rankine cycle fed
by fossil fuels or renewable sources generates mechanical energy and rejects thermal energy in
the condenser. This rejected energy is used as hot utility for the process streams in the HEN and
provides additional energy to the ORC and the ABC if necessary. The ORC and the ABC are
integrated in the HEN and driven by waste heat provided by the process streams or energy take
directly from the hot utility, depending on the optimization results. As with the single models
for ORC and ABC integration into HENs by the same research group, thermophysical
properties of the working fluids and working pairs are not considered. Later the model was
extended to consider multiple industrial plants simultaneously (Hip6lito-Valencia et al. 2014a).

3.4 Summary of the State-of-the-Art and Overview of Mathematical

Framework

A summary of the state-of-the art of the Process Integration of ORCs and ABC into HEN is
presented in Table 3-1. Only studies considering simultaneously the HEN synthesis and the
integration of the ORCs, ABCs or both into HENSs, are presented, as well as the main PA studies
in the field. The main conclusion of the literature review is the lack of structured methods for

the process integration of ORCs and ABC into HENSs in discontinuous processes.
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This dissertation is an effort to help to bridge that gap in the literature. Although the pinch rules
for integration of ORCs and ABCs into HENSs are known since the first years of PA, only in the
last decade, studies considering this problematic have been published. This can be related to
greater sensibilities about environmental issues and higher energy prices. Also the increase in
power and availability of optimization hardware/software has given an impulse into the
formulation of MP models with increasing complexity. This dissertation is also the first work
on the simultaneous integration of ORC and ABC integration into HENs considering
working/fluid properties. An extended table of the State-of-the-Art including other relevant

articles in the field and their main contributions is presented in Appendix E.

Table 3-1. Selection of relevant studies on the Process Integration of Organic Rankine Cycles and
Absorption Chillers into Heat Exchanger Networks.
Waste Heat Working
Recovery Approach Type of Process  Fluid/Pair
Technology Properties
ORC ABC PA MP Cont. Discont.
SQ SM
Chamorro-Romero (2023) * X X X X X X
Elsido et al. (2021) X X
Sun et al.; Sun et al. (2020b; 2020a) X X X X
Sun et al. (2019) X X X
Kermani et al. (2018) X X X X
Elsido et al. (2017) X X X X
Yu etal. (2017a) X X X X
Chen et al. (2014) X X X X
Lira-Barragan et al. (2014c, 2014a) X X X X
Hipolito-Valencia et al. (2013) X X X
Lira-Barragan et al. (2013) X X X
Tora and El-Halwagi (2010) X (x)? X
Desai and Bandyopadhyay (2009) X X X X
Townsend and Linnhoff (1983a, 1983b)  x (x)v X X

* This work.
D Absorption chillers were not mentioned but general pinch rules for the integration of heat pumps were provided.
2 No HEN synthesis considered. Pinch rules for the integration of ABCs into HEN explicitly presented.

ORC: Organic Rankine Cycle; ABC: Absorption Refrigeration/Chiller; PA: Pinch Analysis; MP: Mathematical
Programming; SQ: Sequential Method; SM: Simultaneous Method

Source: Own table

The main contribution of the works referenced in Table 3-1 are the following:

- Townsend and Linnhoff (1983a, 1983b) : Pinch rules for the integration of heat engines
and heat pumps into industrial processes. Consideration of technical limitations and shapes
of heat profiles of working fluids in steam, ORC and Brayton cycles.

- Desai and Bandyopadhyay (2009) : First dedicated study on the integration of ORCs into
HENS using PA.
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Tora and El-Halwagi (2010) : First dedicated study on the integration of ABCs into
industrial processes using PA. HEN was not generated.

Lira-Barragan et al. (2013) : First MP formulation for the integration of ABCs into HENS.
ABC could be driven by process streams or hot utilities (including solar energy).
Hipdlito-Valencia et al. (2013) : First MP formulation for the integration of ORCs into
HENSs. Extension of SYNHEAT (Yee and Grossmann, 1990).

Lira-Barragéan et al. (2014c, 2014a) : First MP model for the simultaneous integration of
ORCs and ABCs into HENs. Combination of Hipolito-Valencia, et-al (2013) and Lira-
Barragan, et-al (2013).

Chenetal. (2014) : MP model for the integration of ORCs into HENSs considering the latent
heat of evaporation and thermophysical properties of the working fluids. Properties are
calculated independently of the optimization model.

Yu et al. (2017a) : MP model for the integration of ORCs into HENs including working
fluid properties and temperatures into the optimization problem.

Elsido et al. (2017) : MP model for the integration of ORCs into HENSs considering multiple
pressure levels for ORC expansion and the use of metaheuristics for the MINLP. Extension
of Chen, et-al (2014).

Kermani et al. (2018) : MP model for the integration of ORCs into HENSs including most
of the possible ORC configurations (multiple pressure levels, regeneration, superheating,
transcritical, etc.)

Sun et al. (2019) : MP model for the integration of ABCs into HENs considering the
working pair properties and temperatures inside of the ABCs.

Sun et al.; Sun et al. (2020b; 2020a) : MP model for the integration of ABCs into HENs
considering hybrid systems combining ABCs and VCRs.

Elsido et al. (2021): Extension of Elsido et al. (2017) for multi-period operation. Two tank
FTVM heat storages with known temperatures are considered. First work considering the
integration of ORCs in HENs with multi-period operation.

Chamorro-Romero (2023) *: MP framework for the process integration of ORC, ABC or
both into HENSs into continuous and multi-period processes, while considering working
fluid/pair properties. First formulation combining ORC, ABC and HENs while including
discontinuous processes (multi-period with and without FTVM heat storage). Storage sizes
and temperatures are part of the optimization variables and multiple storage levels (more

than 2 storage tanks) are considered.
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In this work a total of nine superstructures are developed, grouped in three categories, each of
them related to the specific objectives presented in section 1.2 and depending on the type of
process they are referring to (continuous processes, multi-period processes without heat storage
and multi-period processes with Fixed Temperature Variable Mass [FTVM] heat storage). Each
category consists of three individual models: one model describing the process integration of
stand-alone ORCs, one model describing the process integration of stand- alone ABCs and a
combined model for the process integration of both waste heat recovery (WHR) technologies

simultaneously.

The mathematical framework developed in this dissertation is a mathematical programming
approach for the integration of selected waste heat recovery technologies (ORC and ABC) into
heat exchanger networks for continuous and multi-period processes with and without FTVM
heat storage. The assumptions used for the mathematical framework are presented in detail in
Section 1.3. The following chapter (Chapter 4) presents a complete description of the
framework and in Chapter 5 the application of the framework is illustrated using examples from

the literature.
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4 Mathematical Framework

This chapter presents the superstructures developed for the process integration of organic
Rankine cycles (ORC), absorption chillers (ABC) or both, into heat exchanger networks (HEN)
for continuous and multi-period processes with and without FTVVM heat storage, including the
mathematical models describing the behavior of the systems. Section 4.1 introduces the
methodology and general considerations and assumptions applicable to all models. Section 4.2
presents the detail description of each of the developed models, their constituting equations and
their particularities. Finally, section 4.3 discusses the mathematical considerations and

limitations of each of the models.
4.1 Methodology and General Assumptions

In this work a total of nine superstructures are developed, grouped in three categories, each of
them related to the specific objectives presented in section 1.2 and depending on the type of
process they are referring to (continuous processes, multi-period processes without heat storage
and multi-period processes with Fixed Temperature Variable Mass [FTVM] heat storage). Each
category consists of three individual models: one model describing the process integration of
stand-alone ORCs, one model describing the process integration of stand- alone ABCs and a
combined model for the process integration of both waste heat recovery (WHR) technologies
simultaneously. Each of the individual models is named using short acronyms for their easy

identification. The categories, models and acronyms are as follows:

- Superstructures for continuous processes
- Process Integration of Organic Rankine Cycles (HEN-ORC)
- Process Integration of Absorption Chillers (HEN-ABC)
- Combined Model (HEN-WHR)
- Superstructures for multi-period processes without heat storage
- Process Integration of Organic Rankine Cycles (MP-ORC)
- Process Integration of Absorption Chillers (MP-ABC)
- Combined Model (MP-WHR)
- Superstructures for multi-period processes with FTVM heat storage
- Process Integration of Organic Rankine Cycles (MP-ST-ORC)
- Process Integration of Absorption Chillers (MP-ST-ABC)
- Combined Model (MP-ST-WHR)
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Figure 4-1 illustrates the different models developed and their relation with the specific

objectives presented in section 1.2.

Ob_]ectwe‘ 1 :. 7Cic.1171t111uous HEN-ORC HEN-ABC
processes

Objective 2: Multi-period
processes without MP-ORC MP-ABC MP-WHR
heat storage
Objective 3: Multi-period
processes with MP-ST-ORC MP-ST-ABC MP-ST-WHR
FTVM heat storage

Figure 4-1. Overview of the superstructures developed in this dissertation.

Source: Own diagram

The assumptions used for the development of the nine superstructures for the process
integration of ORCs, ABCs or both into HENSs in continuous and multi-period processes, with
and without FTVM heat storage, were already presented in section 1.3 and they were used to

establish the scope of the research. Please see Section 1.3 for more information.

In the following sections, a description of the nine superstructures developed in this work is
presented. As many of the modes share similar equations and terms, in the descriptions only the
new equations related to each model are presented. A complete presentation of all the

constituent equations for each model is provided in Appendix C.
4.2  Model Formulations

All the mathematical models developed for the process integration of WHR technologies into
HENSs have a similar structure. A common feature of all models is the use of energy balances
and logical conditions for temperatures and heat transfer duties. Table 4-1 presents a generic
depiction of the structure of the common equations used in the models. As illustrated in Table
4-1, all models contain overall energy balances for the process streams, stage energy balances
for each stage in the superstructure, including utility and dedicated stages (ORC Stage, ABC-
Evaporator Stage and ABC-Condenser Stage), logical relations and conditions for the
temperatures of the process streams guaranteeing the feasibility of the energy transfer at
different locations in the superstructure, upper limits for the heat transfer duties of each of the

possible heat exchangers, equations calculating the approach temperatures at the hot and cold
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ends of each possible heat exchanger in the superstructure and the objective function, in this
work the “Total Annualized Cost” (TAC). Additional constraints for the models such as
restricted matches, maximum number of units, etc. can also be added but are not part of the
main formulation. The specific terms used in each equation, change depending on the model
used. Models for ORC integration have to include terms related to the ORC-Evaporators and
ORC-Condensers, as well as terms describing the behavior of ORC-Pumps and ORC-Turbines.
Similarly, models including ABC integration have to contain terms describing the behavior
ABC-Generators, ABC-Evaporators and the central ABC-Condenser and ABC-Absorber.

Table 4-1. Generic depiction of common equations for all superstructures for the Process Integration of
Waste Heat Recovery Technologies

z Z Qijr+ai " +qf* = F(T" — TP)

Overall energy balances JECP keST

Z Qijre = Fi(tig — tigs1)

Stage energy balances jecp

Logical relations of temperatures

orc out
tivok+1 2t = T
(Process Streams)

Gije — 225, <0
Upper limits for heat exchangers duties

ATpin < dtl e < tig—tix+ I'(1—2;)

Approach temperatures for hot and cold ATin < dt2; e < tigrr —tigrr + T'(1— 2 5k)
ends of heat exchangers

Objective Function {minTAC = CAPEX + OPEX}
Z qft < Z q" (HEN)
Additional constraints (Optional) jecp jf.E"CP
Source: Own table

Aside from the common equations used in all models, specific equations depending on the
WHR technologies considered (ORCs, ABCs or both), as well as the type of process
(continuous or multi-period with and without heat storage) have to be included. Table 4-2
presents a generic representation of the additional equations required depending on the
technologies considered. As illustrated in Table 4-2, models considering ORC integration have
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to include additional mass balances for the working fluid split streams in evaporators and
condensers, energy balances for pumps and turbines and calculations for approach temperatures
inside of the evaporators and condensers due to the phase changes of the working fluid. As for
models considering ABC integration, definitions for important parameters in the system such
as the “Coefficient of Performance” (COP) of the refrigeration system and the ratio between
the energy extracted in the central ABC-Condenser and the energy supplied in the ABC-
Generators (in this work refered as C2G) have to be provided, as well as additional fit functions
describing the physical behavior of the ABC and an overall energy balance of the absorption
refrigeration cycle. As for the fit functions, they include expressions calculating COP, C2G as
function of the temperatures in the system, as well as expressions for temperatures of the

refrigerant solution and the refrigerant inside of the absorption cycle.

Table 4-2. Generic depiction of specific equations for the Process Integration of Waste Heat Recovery
Technologies depending on the technologies considered.

>
Mass balances stream t
splits

Energy balances

Woump = mwwpump
turbines/pumps

ORC
mw "w; CPw (Teovltlt - Teiir}a )
evap i ()] p p
AT < dt3; < <t{’rc + 7
Approach temperatures l
evaporation/condensation —ToM, + F(1 — Zie”ap)
b
Yienp qi ¢
- cop = abcg
Definitions COP/C2G Yienp q;
abcg abce abcc abca
abeg z abce — gabee 4
ABC  Energy balance ABC- Z i : & 1 1
System lEHP LEHP

COP = C, e2tgen 4 (5 C4tgen
Fit functions

Source: Own table
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As for models for multi-period processes, the general equations presented in Table 4-1, as well
as specific equations depending on the technology presented in Table 4-2, are also used, but
they are repeated for each period of operation. That means that overall energy balances, stage
energy balances, logical constraints, etc., have to be represented for each period. Most of the
terms in the equations have to be also written as multi-period terms, namely, temperatures for
the process streams and heat transfer duties for the heat exchangers, as they change from period
to period. On the other hand, the binary terms, the temperatures and properties of the working
fluid inside the ORC and the temperatures, COP and C2G of the refrigeration cycle remain
independent of the periods, that is, they do not change from period to period.

Additionally, equations calculating the effective size of the components in the system (heat
exchangers, turbines and pumps), to be used in cost calculations, are necessary. The effective
size for a given component is the maximum size between the required sizes for the given
component if each period is considered as an independent system at continuous operation. This
effective size guarantees that the given component is able to perform its duty in all periods of
operation (see Section 1.3). Table 4-3 presents a generic representation of these “Maximum

Size” equations.

Table 4-3. Generic depiction of "Maximum Size" equations for the Process Integration of Waste Heat
Recovery Technologies into Multi-Period Processes

4i,jkp

— Aijk 2 G MTD
Maximum size of components Ljp i,jkp

Source: Own table

In the case of multi-period processes with heat storage, additional terms have to be included
into the energy balances presented in Table 4-1 in order to represent the energy exchanged
between the storage system and the process streams at each period of operation. In this work,
only “Fixed Temperature Variable Mass” (FTVM) storage tanks are considered. Also, extra
equations describing the behavior of the storage system have to be included. Table 4-4 presents
a generic representation of the additional equations required for the storage system. These
equations consist of energy balances for the storage streams, equations describing the energy
accumulated in the storage tanks at the end of each period, equations for the sizes of the storage

tanks as well as logical conditions and relations for the hot and cold storages.

In the following sections, a detail description of the superstructures and their constituent
equations is presented. The models are formulated as “Mixed Integer Non Linear

Programming” (MINLP) problems, where the binary variables represent the existence of a
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certain component at a certain stage of the superstructure and continuous variables are used to
describe the operational conditions of the system (temperatures, mass flows, heat flows and

equipment sizes).

Table 4-4. Generic depiction of equations for the Process Integration of Fixed Temperature Variable Mass
(FTVM) Storage Systems

charh __ stoc
Qp,lv - z z Qi,k,p,lv
Energy balances i{CHP FesT
h _ nh charh __ ,discharh charc __ ,discharc
Accumulated Qp,lv - Qp—l,lv + DOPp ((Qp,lv Qp,lv ) + (Qp,lv—l Qp,lv—l ))

energy in tanks
Maximum size

{max{Q;il,,} > QS,W}

Tsth _ mstc
) ] w — flw-1
Logical relations

Source: Own table

4.2.1 Continuous Processes
4.2.1.1 Organic Rankine Cycles (HEN-ORC)

A schematic representation of the superstructure for the process integration of ORCs into HENs
in continuous processes (HEN-ORC) is depicted in Figure 4-2. Not all possible matches
between the process streams are included (e.g., streams splits, etc.). Also for clarity, only two
hot and two cold process streams are presented, but the superstructure and its associated

mathematical model are suitable for any arbitrary number of process streams.

The heat exchange between process streams takes place in the inner stages of the superstructure,
also known as “Intra-Process Stages” in Figure 4-2. The heat exchange between the process
streams and the ORC takes place only in the “ORC Stage”, located at the cold end of the process
streams after the last intra-process stage. In the dedicated ORC stage the hot process streams
exchange heat with the dry working fluid circulating in the evaporators of the ORC. The
working fluid at the evaporation pressure, leaves the stage as a saturated vapor and is mixed
isothermally before being expanded in the turbine. The expanded working fluid exits the turbine
at the condensation pressure in a superheated stage and is cooled in the condensers by means

of heat exchange with the cold process streams in the dedicated ORC stage or through heat
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release to the cold utility. The working fluid leaves the stage as a saturated liquid at the
condensation pressure and is again isothermally mixed before being pumped back to the
evaporation pressure to restart the cycle. At the hot and cold ends of the superstructure in the
“Hot and Cold Utility Stages™, utilities are used to provide or remove the remaining energy
required to achieve the target temperatures of the process streams. Similar to the SYNHEAT
model, in HEN-ORC the number of intra-process stages is decided beforehand and it is
recommended to be greater or equal to the number of hot or cold process streams (Yee and

Grossmann 1990), although in most cases, less stages will also provide viable designs.

As explained in section 4.2, the structure of the mathematical model for HEN-ORC is a
combination of common equations used for all models, as presented in Table 4-1, and specific
equations due to the integration of the ORC, as presented in Table 4-2. Equations (4-1) to (4-9)
present the energy balances for the process streams and stages as mentioned in Table 4-1. In
this formulation, equations (4-1) and (4-2) represent the overall energy balances for the hot and
cold process streams i € HP and j € CP. For the hot streams, the overall change in enthalpy
(F:(T{™ — TPY)) is equal to the sum of the energy exchanged with the cold streams at the intra-
process stages of the superstructure (q; ;x), the energy transferred to the ORC through the
evaporators located in the ORC stage at the cold end of the hot process stream (g;”“"), and the
energy rejected to the cold utility in the cold utility stage (g{*). Similarly for the cold process
streams, the overall enthalpy change (F; (Tj"”t - Tji”)) equals the sum of the energy exchanged
with the hot streams at the intra-process stages of the superstructure (q; ; ), the energy rejected

by the ORC system into the cold streams as heating in the ORC stage (qj"”d) and the energy

provided to the cold process stream by the hot utility in the hot utility stage (q]’-”‘).

D D gt Al = F(T{ — 1) (4-1)
JECP keST

Z Qi,j,k + q]qond + q]i_lu — 1;},(Tjout _ ij) (4_2)
iEHP KEST

Equations (4-3) and (4-4) denote the energy balances for the intra-process stages. In the case of
the hot process streams, the energy transferred by a hot process stream i € HP at a given stage
k € ST, equals the sum of the heat (g; ; x) exchanged between the hot stream and each of the
cold process streams j € CP. The enthalpy change in the hot process stream in that stage is
equivalent to the product of the heat capacity flowrate of the stream (F;) and the temperatures
of the stream at the inlet (¢; ;) and outlet (¢; ,4,) of the stage. An analog equation is used to

calculate the stage energy balances for the cold process streams.
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Figure 4-2. Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles into Continuous Processes (HEN-ORC).

Source Own diagram.
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Qijge = Fi(tix = tik+1) (4-3)

jecp

Z Tijk = Fj(tx = tjk+1) (4-4)

iEHP

Equations (4-5) and (4-6) show individual energy balances for the heat exchangers between the
process streams and the utilities located in the hot and cold utility stages. In the case of the hot
process streams i € HP, t{"° denotes the temperature of the hot process stream after leaving
the evaporator, that is, after exchanging energy with the ORC system. For the cold process

streams j € CP, t;, denotes the temperature of the cold process stream at the first stage of the

superstructure.
qicu =F (tlprc_Tiout) (4_5)
af = F(TP™ — t1) (4-6)

Energy balances for the exchangers located in the ORC stage between the ORC working fluid,
the hot process streams i € HP (evaporators) and the cold process streams j € CP (condensers)
are also illustrated in equations (4-7) and (4-8). At each of the evaporators, a split fraction (r;,,)
of the total mass flowrate of the working fluid (m,,), goes from a subcooled liquid state at the
exit of the pump at the evaporation pressure (F,,4,) and temperature Te"{}ap to a saturated vapor
at the same pressure and temperature T4, higher than Tei{}ap. The average heat capacity of the

working fluid at the liquid state until reaching the evaporation temperature (pr(l)), as well as

the latent heat of vaporization at the evaporator pressure A,q, are calculated separately using

equations of state or extracted from properties databases. Likewise at each of the condensers, a

split fraction (rwj) of the total mass flowrate of the working fluid (11,,), goes from a superheated
vapor state at the exit of the turbine at the condensation pressure (P,,,4) and temperature .7, ,
to a saturated liquid at the same pressure and temperature T2%,, lower than T, ,. Similar to

the evaporation process, the average heat capacity of the working fluid at the gas state until

reaching the condensation temperature (pr(g)), as well as the latent heat of vaporization at the

condenser pressure (A.o,nq) are calculated separately using equations of state or extracted from

properties databases. If necessary, the rest of the working fluid (1 — X jecp rwj) is condensed at
a dedicated exchanger which rejects excess energy to the cold utility, as illustrated in equation

(4-9).

a;"? = Fi(tinok+1 — t7°) = iy, Ty (CpWa) (TS5t = Tébap) + Aevap) (4-7)
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q]qond = Ff(tj,N0K+1 - T]m) = m'w rwj (pr(g) (Tcignd - Tcoolifd) + Acond) (4_8)
qacu — mw <1 — z TWj) (pr(g)( citr)lnd - T(?o%fd) + Acond) (4'9)
JECP

Next, and as presented in Table 4-1, logical conditions for the temperatures in the formulation
are provided to guarantee the non-negativity of the heat exchanger duties calculated in
equations (4-3) to (4-8). Equations (4-10) and (4-11) assign logical relations to the temperatures
at the hot and cold ends of the hot process streams i € HP. Equation (4-10) indicates that the
temperature at the first intra-process stage (t; ;) equals to the initial temperature of the stream
(T{™). Equation (4-11) describes the logical relations between the temperatures at the cold end
of the superstructure. The temperature at the last intra-process stage (t; yox+1) should be greater
or equal to the temperature of the stream after the ORC stage (t{"°) , which likewise should be
greater or equal to the target temperature of the process stream (T%*). Similarly, equations
(4-12) and (4-13) assign logical relations to the temperatures at the hot and cold ends of the
cold process streams j € CP. In the hot end, equation (4-12) indicates that the target temperature
of the stream (Tji") is greater or equal to the temperature at the first intra-process stage (&; ;).
Equation (4-13) establishes that in the cold end, the temperature at the last intra-process stage
(tj nox+1) sShould be greater or equal to the initial temperature of the cold process stream (Tji").
Equations (4-14) and (4-15) describe the monotonic decrease of the temperatures of the hot and
cold process streams i € HP and j € CP at each subsequent intra-process stage k € ST, starting
on the hot end of the model (left hand side in Figure 4-2).

T =t;, (4-10)
tinox+1 = t776 = T (4-11)
TP >t (4-12)
tiNok+1 = Tjin (4-13)
ik = tik+1 (4-14)
ik = g1 (4-15)

Equation (4-16) provides a generic expression for upper limits (Q) to the heat transfer duties
(q7) of all possible heat exchangers in the superstructure, as represented in Figure 4-2. In this

expression, the binary variables (z;r ) represent the existence of the different heat exchanger

units. The optimization process will decide which process units exist in the final design
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depending on the objective function. Similarly, equations (4-17) and (4-18) calculate the
approach temperatures at the hot and cold ends (dt1! and de21) of each possible heat exchanger
in the superstructure, relaxing the temperature constraints if there are no heat exchangers
between the streams at the given location, and providing lower (AT,,;,) and upper (') limits to

the allowed temperature differences in the system.

In general, equations (4-16) to (4-18) are “Big-M” formulations, that is equations or constrains
that are “turned on” or “turned off” depending on the value of a binary variable (z;r ). Big-M
formulations are easy to implement but can lead to numerical instabilities and the performance
of many of the available solvers for MILP and MINLP problems is heavily affected by the
selection of suitable M values (€2 and T in equations (4-16) to (4-18)). From a mathematical
point of view, any value of M large enough to guarantee that the constrains are active (or
inactive) when ZI =1 (or ZI = 0), is a suitable candidate for M, but M values that are “too
big”, have a negative impact on the performance of the optimization solvers (Bonami et al.
2015). In the literature on HEN synthesis, the M values are usually defined as the “maximum
possible values” for the variables in the constrains that make physical sense, that is the upper
limits for the heat transfer duties values (1) and approach temperatures in the heat exchanger

(I') in equations (4-16) to (4-18)), but this is a rather arbitrary choice.

Table 4-5 presents all the possible heat exchangers in the superstructures for the process
integration of ORCs, ABCs or both into HENSs in continuous processes (HEN-ORC, HEN-ABC
and HEN-WHR) and the symbols for their heat exchanger duties, the binary variables
representing their existence and the corresponding temperature differences at the hot and cold

ends (ATypt—gng aNd AT¢p1a—gnag) OF the heat exchangers.

gf— 0z <o (4-16)
ATpin < dt1] < ATyor_pna + (1 —2) (4-17)
AT < dt28 < ATeog_pna + (1 - 21) (4-18)

As mentioned in Table 4-2, due to the ORC integration, additional mass balances for the
working fluid split streams in the ORC-Evaporators and ORC-Condensers should be
considered. Equation (4-19) illustrates that the entire working fluid is evaporated through heat
exchange with the hot process streams and the inequality in expression (4-20) indicates that
part of the working fluid can condense releasing energy to the cold utility instead of exchanging

heat with the cold process streams.
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Z Ty, = 1 (4-19)

iEHP

Twys1 (4-20)

jecp

Additional equations are also required for the evaporators and condensers to guarantee that the
approach temperature constraints are maintained inside of the process units during the phase
change of the working fluid. Equations (4-21) and (4-22) calculate the minimum approach

temperature inside of the evaporators and condensers during the phase change.

1My, Ty CP Tout _ Tin
AT < di35% < <t;’” 0 g_emp siap) ) _ TSM, + (1 -z (4-21)
4
mw Tw; CPw (Tégnd - Tc?olgd
ATy < de30"4 < TOUL, — ( tiNoKk+1 — — +I(1—2zm)  (4-22)
J

Other specific equations required due to the ORC integration (Table 4-2) include the equations
for the work generated by the turbine and required by the pump. They are calculated as the
product of the mass flow of working fluid (m,, ) and the specific work required or generated
per mass unit (Wyy,mp and wy,,, for the pump and turbine respectively). Equations (4-23) and
(4-24) describe these relations. The specific work of turbines and pumps is calculated separately
from the optimization model, as the difference between the specific enthalpies of the working
fluid before and after the turbines and pumps, respectively. An extended discussion on the
calculations of the thermophysical properties of the working fluids, as well as an exemplary
calculation of the specific enthalpies of the working fluid at different locations in the ORC cycle
including the calculation of the specific work of turbines and pumps is found in Appendix B.

Wpump =my, Wpump (4-23)

Weurp = My, Weyrp (4-24)

For the HEN-ORC model, the objective function is the minimization of the “Total Annualized
Cost” (TAC) of the system, which is equal to the sum of the TAC of the subsystems (HEN and
ORC) as defined in equations (4-25) to (4-27). The TAC of the ORC includes the revenues due
to the sale of the net electricity generated as presented in equation (4-27). In this expressions
H,, indicates the hours of operation per year, e,,;.. and e, the price and for the net electricity

generated and consumed by the system, c., and cy, the unitary costs for the cold and hot

utilities, c}{if;” and cHEN the fixed and variable cost factors for the heat exchanger units, Ul the

overall heat transfer coefficients for the heat exchangers in the superstructure and LMTD; the
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“Logarithmic Mean Temperature Differences” between the streams at a given location. An

extended discussion about the LMTD can be found in section 4.3. Also in the expression, ¢t¥?

pump

PumP
Cf ix

turb
and Cvar » Cyar

x

represent the fixed and variable cost factors for turbines and pumps,

BHEN  gpump and BEUTb the cost exponents associated to the variable costs of heat exchangers,

pumps and turbines, respectively and AF the annualization factor for the equipment costs.

mln TAC = TACHEN + TACORC (4_25)
( cu hu )
H, Z Ceuqi +Hy Z Chudj
iEHP jecp
+AF cg§N<Z RTINS Z;w)
{€EHP jECP kEST {EHP jECP
TACHEN = < Z Z Z < Qijk )ﬁHEN > (4-26)
HEN {EHP jECP kEST UijelLMT Dy j
+AF | Cyar cu BHEN hu BHEN
_ Uf*LMTDf* _ UL MTDM
iEHP jecp ] ]
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+ AF | cfi" ( Z 77" + Z zfond + zacu>
i€EHP jECP
Z < qlevap >5HEN
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HEN
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jEcp

HEN
acu B

q

“

UaCuLMTDaCu

)
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4.2.1.2 Absorption Chillers (HEN-ABC)

A schematic representation of the superstructure for the process integration of ABCs into HENs
in continuous processes (HEN-ABC) is depicted in Figure 4-3. Not all possible matches
between the process streams are included (e.g., streams splits, etc.). Also for clarity, only two
hot and two cold process streams are presented, but the superstructure and its associated
mathematical model are suitable for any arbitrary number of process streams. The heat

exchange between process streams takes place in the inner stages of the superstructure. Hot and
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cold utilities located at their dedicated stages at the hot and cold ends of the superstructure can
also provide/remove energy to/from the process streams. The heat exchange between the
process streams and the fluids circulating in the ABC (“Refrigerant” and “Refrigerant
Solution”) takes place in two dedicated stages located at the cold end of the hot process streams,
one before and one after the cold utility stage. In the first dedicated stage, located between the
cold utility and the last stage of intra-process energy exchange, the hot process streams
exchange energy with the generators of the ABC. The energy from the hot process streams is
used in the generators of the ABC, to evaporate the refrigerant and separate it from the weak
refrigerant solution coming from the absorber. The refrigerant in gaseous state coming from the
generators mixes isothermally and flows to one central condenser where it releases heat to the
cold utility leaving the unit as a saturated liquid. The liquid refrigerant circulates through an
expansion valve, reducing its pressure and decreasing its temperature. The cooled refrigerant
flows to the evaporators where it exchanges heat with the hot process streams in the second
dedicated stage, located after the cold utility stage at the cold end of the superstructure,
providing cooling to the streams. The refrigerant leaving the evaporators as a saturated gas is
again mixed isothermally and returns to one central absorber where it is mixed with the strong
solution returning from the generators to be cooled down using the cold utility. Finally, the
solution is pumped back to the generator to restart the cycle. An additional heat exchanger is
used to recover heat from the strong solution returning to the absorber and preheat the weak

solution flowing to the generator.

As with HEN-ORC, the structure of the mathematical model for HEN-ABC is a combination
of common equations used for all models, presented in Table 4-1, and specific equations due to
the integration of the ABC, presented in Table 4-2. Equations (4-28) to (4-35) present the
energy balances for the process streams and stages as mentioned in Table 4-1. Equations (4-28)
and (4-29) represent overall energy balances for the hot and cold process streams i € HP and
J € CP. Hot process streams exchange heat with cold process streams (q; ; ) and the cold utility
(qi*), with additional terms representing the heat exchange with the ABC at the ABC-Generator

(g7"°9) and ABC-Evaporator (gf*°®) stages. Cold process streams exchange heat only with hot

process streams (g; ;) or with the hot utility (q7*).

b .
JjECP kEST
Z Z Qi,j,k + q;lu — F},(?w]_out _ len) (4_29)

IEHP keST
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The energy balances for the inner stages of the superstructure, where only intra-process energy
exchange occurs, are similar to those of the HEN-ORC model and are described by equations
(4-30) and (4-31).

Z Qijk = Fi(tig — tigs1) (4-30)
jecp
Z Aijre = Fi(tik = tixe1) (4-31)

iEHP

Equations (4-32) and (4-33) illustrate the energy balances for the utilities. For the cold utilities,

abcg
i

t represents the temperature of the hot process stream i € HP after the energy exchange

with the ABC-Generators, and t*2°® the temperature of the hot process stream i € HP before
the energy exchange with the ABC-Evaporators. In the case of the hot utilities, the energy

balance is similar to the balance in the HEN-ORC model.

gt = F(tfP°9 — rgbee) (4-32)

i = F(T™ — t;1) (4-33)

Equations (4-34) and (4-35) describe the energy balances for ABC-Generator and ABC-

Evaporator stages.

0™ = Fitiorss = %) @34
qiabce — Fi(tlglbce _ Tiout) (4_35)

Similar to HEN-ORC, logical conditions for the temperatures in the superstructure are
provided. Equations (4-36) to (4-41) assign temperatures for the hot and cold process streams
i € HP and j € CP at the cold and hot ends of the superstructure and establish mathematical

constraints between the stream temperatures in different locations of the system.

T =t (4-36)
tivok+1 =t > tabee > Tout (4-37)
TP >t (4-38)
tiNok+1 = Tjin (4-39)
ik = tik+1 (4-40)

tik 2t kst (4-41)
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Figure 4-3. Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Continuous Processes (HEN-ABC)

Source: Own diagram
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As with HEN-ORC, equations (4-42) to (4-44) offer generic expressions for the heat transfer
duties and approach temperatures for every possible exchanger in the superstructure, as
illustrated in Figure 4-3. For the ABC-Condenser and ABC-Absorber no binary variables have
been defined. The formulation calculates their approach temperatures with the cold utility
assuming that the ABC-Condenser and ABC-Absorber exist, and they are equal to ATy ot—gna

and ATy 4—Egna @S defined in Table 4-5.

af — 0z <0 (4-42)
ATmin < dt1] < ATyor_pna + (1 —2) (4-43)
ATpin < dt28 < AT¢oq_png + (1 —21) (4-44)

Equations (4-45) to (4-51) provide the specific additional equations required for the integration
of the ABC as presented in Table 4-2. Equation (4-45) and (4-46) offer definitions for the COP
and C2G of the system and equation (4-47) provides an overall energy balance for the

refrigeration cycle.

COP Z g9 = Z qebee (4-45)

iEHP LEHP
b
€26 ) qf* = g (4-46)
IEHP
b
Z qlg cg + z qiabce — qabcc + qabca (4_47)
iEHP IEHP

Equations (4-48) to (4-51) present the generic forms of the fit functions generated for different
parameters and temperatures in the absorption cycle. The COP and C2G as defined in equations
(4-45) and (4-46) are functions of the temperatures of the refrigerant and refrigerant solution in
different locations of the cycle. In this work, an expression describing COP as a function of the
temperature of the refrigerant solution at the exit of the ABC-Generators (t4,.,) is developed.
This function, as described in Appendix A, is obtained by data fitting procedures and is based
on a detailed mathematical simulation of the behavior of the ABC. In the simulation, the
physical behavior of the system is described as a function of: 1) the temperature of the
refrigerant solution at the exit of the generator (¢,4.y), 2) the refrigeration temperature, that is
the target temperature of the refrigerant at the evaporator (T,.f), 3) the condensation
temperature, described as the temperature of the refrigerant at the exit of the ABC-Condenser
(T;ona), 4) the absorption temperature, defined as the temperature of the refrigerant solution at
the exit of the ABC-Absorber (T,;s) and 5) the effectiveness of the “Solution Heat Exchanger”

(esuEex) as defined in Appendix A. The values of T,,,4 and T,,¢ have been assumed equal and
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set to the initial temperature of the cold utility (T plus the minimum approach temperature
allowed (AT,,;»). For more details about the simulation of the ABC please refer to Appendix
A.

For the described conditions and using the assumptions and procedures in Appendix A for given
refrigeration and condensation temperatures T,..r and T,,,q, and a given effectiveness of the
SHEX, esyEx, @ unique set of fit functions describing the behavior of the ABC is generated. All
the fit functions obtained have R? > 0.95. In the case of C2G, a fit function relating its value
to the COP of the ABC is also developed using similar data fitting procedures. Equation (4-48)
and (4-49) present the generic form of the fit functions generated for the COP and C2G.

COP = Cy e“2toen 4 C5 eCatgen (4-48)

C2G = C5 COP + C,4 (4-49)

Additional fit functions for temperatures of the refrigerant and refrigerant solution at key
locations in the ABC are also generated. Equations (4-50) and (4-51) present the generic forms

for the temperature of the refrigerant solution at the entry of the ABC-Generators (tg;n) and the

entry of the ABC-Absorber (¢ ). These temperatures are used to calculate the LMTDs at the
ABC-Generator and ABC-Absorber, and therefore to calculate their required heat transfer
areas, which are necessary to determine the TAC of the system. C; to C,, are the fitting
parameters for the different fit functions generated for a given ABC with refrigeration and

condensation temperatures T;.. and T,,,4 and effectiveness of the SHEX, esppx.

tgén =(; (tgen)z + Cg tgen + Co (4-50)
tilhs = Cio tgen + C11 (4-51)

Equations (4-52) to (4-54) describe the objective function for the HEN-ABC model. In this
expressions, the “Total Annualized Cost” (TAC) is defined as the sum of all annual operating
costs for the system and the annualized capital costs of all components, including those in the
ABC. Pumping cost for the ABC as well as the pump capital costs are negligible in comparison
with heat exchanger costs and therefore are not taken under consideration (Mussati et al. 2016).
Additionally, no fixed costs were considered for the ABC-Condenser and ABC-Absorber and
only their variable costs as a function of their required heat exchanger area, are accounted in

the objective function (See Section 1.3 for a detail list of all the assumptions).
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4.2.1.3 Combined Model (HEN-WHR)
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(4-52)

(4-53)

(4-54)

A schematic representation of the combined superstructure for the process integration of ORCs

and ABCs into HENS in continuous processes (HEN-WHR) is presented in Figure 4-4. Similar

to previous diagrams, not all possible matches between the process streams are included (e.g.,

streams splits, etc.). Also for clarity, only two hot and two cold process streams are presented,

but the superstructure and its associated mathematical model are suitable for any arbitrary

number of process streams. For brevity, the group of ORC and ABC is referred to simply as
“Waste Heat Recovery” (WHR) system. This superstructure combines HEN-ORC and HEN-

ABC and the mathematical formulation is a combination of equations from the mentioned

models.
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WHR)
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As in HEN-ORC and HEN-ABC, the heat exchange between process streams takes place in the
inner stages of the superstructure. Additional dedicated stages allow the integration of the WHR
technologies into the system. After exchanging energy with the cold process streams, the hot
process streams can exchange heat with the dry working fluid circulating in the ORC-
Evaporators in the ORC stage located directly after the last intra-process stage. This energy
powers the ORC cycle as described in HEN-ORC (Section 4.2.1.1). The hot process streams
can subsequently exchange energy with the refrigerant solution flowing through the ABC-
Generators in their dedicated stage and then be cooled down by the cold utility. The energy
supplied to the ABC-Generators powers the refrigeration cycle and generates a cooling effect
in the ABC-Evaporators, as described in HEN-ABC (Section 4.2.1.2). The refrigerant can then
exchange energy back with the hot process streams to provide cooling at temperatures below
the temperature of the cold utility at the dedicated stage located at the cold end of the hot process
streams. The cold process streams, similar to HEN-ORC, can be heated by energy from the
ORC-Condensers at the ORC stage and then exchange heat with the hot process streams. The
remaining energy required to achieve their target temperatures is provided by the hot utility.
The energy exchange between the hot process streams and the ORC precedes the exchange
between the hot process streams and the ABC, because of the higher temperatures required to
drive the ORC cycle, in comparison with the absorption refrigeration cycle.

General equations as described in Table 4-1 are provided in equations (4-55) to (4-74). In the
HEN-WHR formulation, equations (4-55) and (4-56) represent the overall energy balances for
the process streams. The hot process streams i € HP can exchange energy with the cold process
streams j € CP, the ORC-Evaporator, the ABC-Generators, the cold utility and the ABC-
Evaporators. As for the cold process streams j € CP, they can exchange energy with the ORC-

Condensers and the hot process streams i € HP.

b .

Z Qi i + qievap + q;l cg + qicu + qubce — Fi(Tim _ Tiout) (4_55)
JECP KEST

Z Qijx + q]gond + q]hu — F}_(Tjout _ T]m) (4-56)
iEHP k€eST

Energy balances for each of the intra-process stages are depicted in equations (4-57) and (4-58).
The energy balances are identical to those used in HEN-ORC and HEN-ABC.

z Qijx = Fi(ti,k - ti,k+1) (4-57)
jecp
Z Aije = Fj(tjp = tixs1) (4-58)

iEHP
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The energy balances for the hot and cold utilities are identical to those used in HEN-ABC, as

presented in equations (4-59) and (4-60).

gt = Fy(e2%9 — cabee) (4-59)

af = F(TP™ — t;1) (4-60)

Equations (4-61) to (4-63) illustrate the energy balances for the ORC-Evaporators and ORC-

Condensers. The equations are identical to those used in HEN-ORC.

q;avap = Fl (ti,NOK+1 - tlpT'C) = mw rwi (pr(l) (Te%lgp - Tégap) + }levap) (4_61)
q](:‘OTLd = Fj(tj,NOK+1 — 7}in) = mw er (pr(g) (Tclgnd - T(?Olf’ltd) + ACond) (4-62)
q** =my,|1- Z Twj (CPW(Q)( cignd - Tcoo%d) + Acond) (4-63)

jecp

As for the ABC-Generators and ABC-Condensers, the energy balances, as presented in
equations (4-64) and (4-65), are similar to those in HEN-ABC. In the case of the ABC-
Generators a small modification to the temperatures used is needed, in order to correctly
represent the new position of the ABC-Generators stage. As described before, the ABC-
Generator stage in the HEN-WHR superstructure is located after the ORC stage, instead of
being located directly after the last intra-process stage like in HEN-ABC.

qe9 = Fy(t0re — £29) (4-64)

i

qlqbce — Fi(thbce _ Tl_out) (4-65)

Equations (4-66) to (4-71) assign logical conditions for the temperatures at the hot and cold
ends of the process streams and also provide logical relations between the temperatures of the

process streams at different locations in the superstructure.

T =t (4-66)
tinok+1 = 776 = 7099 > gabee > Tout (4-67)
TP > 4 (4-68)
tiNok+1 = Tjin (4-69)

tik = tik+1 (4-70)
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tik = tik+1 (4-71)

As with the previous models, equations (4-72) to (4-74) offer generic expressions for the heat
transfer duties and approach temperatures for all the possible heat exchangers in the

superstructure as illustrated in Figure 4-4. ATyt —gna @Nd AT 10— Ena are defined in Table 4-5.

gf—0zf <o (4-72)
ATpin < dt1] < ATyoy_pna + (1 —2) (4-73)
ATpin < dt28 < AT¢oq_png + (1 —21) (4-74)

The specific equations for HEN-WHR due to the integration of the WHR technologies are a
combination of the specific equations for HEN-ORC and HEN-ABC as presented in Table 4-2.
Mass balances for the working fluids in case of stream splits in the ORC-Evaporators and ORC-
Condensers are provided in equations (4-75) and (4-76) and they are identical to those used in
HEN-ORC.

Z Ty, = 1 (4-75)

iEHP

T <1 (4-76)
jECP

As with HEN-ORC, additional equations are required to guarantee that the approach
temperature constraints are maintained inside the ORC-Evaporators and ORC-Condensers
during the phase change of the working fluid. Equations (4-77) and (4-78) calculate the
minimum approach temperature inside of the evaporators and condensers during the phase

change and are identical to the equations developed for HEN-ORC.

3 t in
my rwi pr(l) (Te(z}flp - Tevap)
AT < de377%P < <t{’“ + = —TuL, + I'(1—2z"") (4-77)
i
) ( in  _ Tout
my ij pr(g) cond cond

F;

cond out
ATmin < dt3j < Tcond - ( tj,NOK+1 -
]

) +I(1-2z°") (4-78)

Equations (4-79) and (4-80) calculate the work generated by the turbine and required by the
pump in the ORC as a function of the mass flow of working fluid and the specific work required

or generated per mass unit.

Wpump =my Wpump (4-79)

Wiurb = My, Weyrp (4-80)
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Equations (4-81) to (4-83) offer additional definitions for COP and C2G as well as a general
energy balance for the refrigeration cycle in HEN-WHR. The equations are identical to those
used in HEN-ABC.

b
cop Z g = Z gabee (4-81)

iEHP iEHP
€26 Z qiPes = qabee (4-82)
ieEHP
Z qlabcg n Z qabee = gabec 4 gabea (4-83)
iEHP IEHP

As with HEN-ABC, fit functions describing the physical behavior of the ABC, are presented.
Equations (4-84) to (4-87) present the fit functions developed for the COP, C2G, tmn and t

respectively. The equations are identical to those used in HEN-ABC with C; to C;, representing
the fitting parameters.

COP = C; e“2tgen + Cy eC4 baen (4-84)
C2G = Cs COP + Cg (4-85)
tygin = C7(tgen)® + Cg tgen + Co (4-86)
tabs = Cio tgen + C11 (4-87)

For HEN-WHR the objective function, the “Total Annualized Cost” (TAC), is defined as the
sum of the TACs of all the constituent subsystems (HEN, ORC and ABC). Equation (4-88)
presents the TAC of HEN-WHR as a combination of equations (4-89) to (4-91) for the TACs
of the HEN, ORC and ABC respectively.

minTAC = TACHEN + TACORC + TACABC (4'88)

Hy Z Ccuqicu + Hy Z Chuqyu )

iEHP JjECP
cu hu
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Table 4-5. Heat exchanger duties, binary variables and approach temperatures for all the possible heat
exchangers in the Superstructures for the Process Integration of Waste Heat Recovery
Technologies into Heat Exchanger Networks in Continuous Processes
Tﬁ%if f Exclz_:g:g or Binary Appr. Model
Exchanger Duty Variable Temp. HEN-ORC HEN-ABC HEN-WHR
Intra- ATyot-Ena bk — tj,k tix — tj_k tix — t].'k
Process ijk Zijk
AT¢ota—Ena bik+1 — L1 Lik+1 — L+t Cik+1 — Lig+1
Cold b b
Utility-Hot ATyot-Ena e — T tia 9 _ Tout t;l 9 Tout
cu ZCu
Process ai L _ . ,
Stream ATco1q-Ena T — T gabee — Tin tabee — Tin
ggltdutlllty- ) ) ATyo—Ena T}m _ Tjout T’m _ Tjout T}iﬁ _ Tjout
q hu Zhu
Process J J
Stream AT¢o1a—-Ena Tt — i1 Tt — i TRut — i1
ORC
Evaporator- AThot-Ena tiNok+1 — Te‘?}fztp - linok+1 — Te%lfztp
Hot gver 28 | |
Process AT¢ota—Ena £ — Tevap - t7" = Tevap
Stream
ORC . )
Condenser ATHot—Ena cond — tjNOK+1 - cond — tiNok+1
-C0|d qqond Zgond
] ) ) ]
PYOCESS ATCold—End Tc%lgd - ’I}'m - TC%I;fd - ij
Stream
ORC ; .
AT _ n _ Tout _ n _ Tout
Condenser- qacu acu Hot—End cond cu cond cu
Cold . )
Utility ATcora-Ena TOM, — Tin - Tout _ Tin
ABC
Generator- AThot-Ena - tinok+1 — tgen £ — tyen
Hot abeg 209
L A . .
Process AT¢o1a-Ena - tl-a beg _ tgeln tf beg _ t!;’;n
Stream
ABC
Evaporator- ATyot-Ena - tEPee — Tyef t3b%e — T,
Hot lqbce Zlqbce t t
ou ou
Process AT¢o1d—End - TP™ = Trep T — Trer
Stream
ABC
Absorber- Y AThot-pna - taps = Teu'* taps — T
aobca
Cold 1 -
Utility ATcora—Ena - ATnin ATin
ABC
Condenser- AThot—Ena I e Tou — oM
apcc
Cold 1 -
Utility ATcora-Ena - AT ATpin
Source : Own table
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4.2.2 Multi-Period Processes without Heat Storage (Semi-Continuous Processes)

In this section three different models are presented, describing the process integration of ORCs,
ABCs or both, into HENs in multi-period processes without heat storage. For multi-period
processes with long periods of operation, such as daily, weekly, monthly or seasonal variations,
heat storage is usually impractical. For these semi-continuous processes, dedicated design

methodologies are required.

In general, the developed superstructures are similar to those developed in the continuous cases
but the mathematical descriptions contain period-dependent variables that change depending
on the operating conditions and period-independent variables that remain constant throughout
the different periods of operations. Additionally, and as mentioned in Table 4-3, the
mathematical models for multi-period processes require additional equations calculating the
effective size of the process components (heat exchangers, turbines and pumps) to be used in
the cost calculations. In this work, the “Maximum Size Approach” is used. This methodology
presented by Verheyen and Zhang (2006) for the synthesis of multi-period HENS, seeks to
generate systems where the size of the individual units is greater or equal to the maximum size

required to be able to handle the heat transfer duties in each of the periods of operation.

In order to simplify the presentation of the mathematical models and due to the similarities
between the equations for the multi-period and continuous cases, in this section, only the
modifications made to the equations of the continuous models are presented, as well as the
specific equations due to the multi-period operation, namely the equations for the maximum
size of components (Table 4-3). For a detailed presentation of all the equations, please see
Appendix C, where all the equations for the superstructures developed in this work are

presented explicitly.
4.2.2.1 Organic Rankine Cycles (MP-ORC)

The MP-ORC superstructure is an extension of the HEN-ORC superstructure, as presented in
Figure 4-5. Similar to previous diagrams, the schematic representation of MP-ORC does not
include all possible matches between the process streams (e.g., streams splits, etc.). Also for
clarity, only two hot and two cold process streams are presented, but the superstructure and its

associated mathematical model are suitable for any arbitrary number of process streams.
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As in HEN-ORC, the heat exchange between process streams takes place in the inner stages of
the superstructure while the heat exchange between the process streams and the ORC takes
place only in one stage located at the cold end of the streams, after the last intra-process stage.
The energy supplied by the hot process streams to the ORC-Evaporators drives the ORC and
generates electricity through the expansion of the working fluids in the ORC-Turbine. The
expanded working fluid is then condensed by heat exchange at the ORC-Condensers with the
cold process streams or the cold utility and then the saturated liquid is pumped back to the
evaporation pressure to restart the cycle. The operating conditions of the process streams in
each period of operation differ, but the evaporating and condensing pressures, and therefore the
evaporating and condensing temperatures in the ORC, remain constant in all periods. This is
visible in Figure 4-5, as the temperatures in the ORC do not have the subindex p, which

represents the periods of operation.

The mathematical formulation of MP-ORC contains the equations (4-1) to (4-24) for HEN-
ORC but replacing variables and parameters for the equivalent variables and parameters for the
multi-period case as described in Table 4-6. As for the additional equations due to the multi-
period operation, equations (4-92) to (4-94) calculate the maximum size for the different
components of the system. Equation (4-92) presents a generic expression for the effective heat
transfer area for each possible heat exchanger in MP-ORC, as presented in Figure 4-5. The
effective area for a given heat exchanger, AT, is the maximum between the required heat transfer
areas for each period, if they are considered separately. q:f_ » Uf_p and LMTDJ, p represent the
heat transfer duties, overall heat transfer coefficients and logarithmic mean temperature
differences for each possible heat exchanger in MP-ORC at each period p € P. Equations (4-93)
and (4-94) use a similar approach to calculate the effective sizes for the turbines and pumps in

the ORC, with Wtuﬂ,p and Wpumpp representing the power generated and required by the

turbine and pump at each period of operation p € P, and W75 and W7, indicating the

effective size of these components.

q+

At > +—'p+ (4-92)
U;,,LMTD,,,

Woimp = Wpumpp (4-93)

max >

turb = Wturbp (4-94)
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Table 4-6. Equivalences between variables and parameters between continuous and multi-period models

Symbol Symbol (Continuation)
Continuous Multi-period Continuous Multi-period

T Ty i, Tt p

Tout T dtl; g dtl ik

" T dt2; dt2;jkp

T Ui de1f™ dt1fy

F; Fip de2ft de2i,

F; Fi dt1M dt1

Ui jk Ui jkp dt2 dt2f

U Uty de1;"* de1;

U 0f de2;"" de2; "

Uievap Uie,Zap dt3?vap dt3§’1;ap

chond Uﬁgnd dtl]gond dtljc‘;)’nd

Uacu Ug.cu dtz]gond dtzjc‘;)’nd

ulres U dt3eveP dt3;e

ygbee ng?ce dt1ec+ de1p™

[ abea ygbea dt2acu de2ge

[ abece U;)zbcc dtl?bcy dtlzgcg

Qijk Qi jkp 289 dtzﬁjcg

qf* aip de1{Pee A1

q;lu th‘II.)L dtngce dtzgzce

ievap qie;ap dtlabca dtlgbca

qjqond qjq,t;nd dt2ebca dtngca

q“ ™ dt19bee dt1gbee

;1ng qggcg di2abee dtngcc

fibee qugce Woump Woump,p

qebee ggbee Wieurp Wiur,p

qabCC ng“ LMTD,; LMTD; jxp

tix tikp LMTDf* LMT Difg

tik tikp LMTD/* LMTD/

tinok+1 tinok+1,p LMTD{"*P LM TDie,Zap

k. NOK+1 tiNoK+1,p LM TDjwnd LM TDJ%nd

gore tgre LMTD%¥ LMTDgv

tlfzbcg tic,l::cg LMTDiang LMTDE:;CQ

tfbee tiyee LMTDg< LMTDbee

T, TWwip LMTDabca LMTDgb<®

Tw Twip LMTDA4bee LMTDgb<e

Source: Own table

Finally, the objective function for MP-ORC, the “Total Annualized Cost” (TAC), is calculated
using equations (4-95) to (4-97). As with HEN-ORC, TAC is equal to the sum of the TACs of

DOP. .. . .
——P2 _jsincluded in the calculations
Ypep DOPy

the subsystems (HEN and ORC). The weighted factor
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of the annual operating costs and the annual revenues from the sale of electricity, to take under
consideration the different duration of the periods, as presented by Isafiade and Fraser (2010)™L.

min TAC = TACHEN + TACORC (4‘95)

H Z( DOP ><Z ChupCI]p Z Ccuﬂ%)
ZpEP DOP, jEcp iEHP
(35 S 3 5
’

iEHP jECP kEST iEHP jecp

IDIPNCTD

i€EHP jECP kEST

HEN nunBHEN
£ AP Y ()

i€EHP jecp

TACypn = X (4-96)

VAF cHEN

DOP, A
H Z (ZpEpDOP ) (_epricethurbp + ecostpVVpumpp)

evap cond acu
+AFC;{§N<ZZL- +sz +z )

i€HP jECP

ﬁHEN ﬁHEN HEN
caretiy (TGP ™ e

iEHP jecp

TACORC = < } (4_97)

+aF (e + e i) )

ap (7 g ™)

4.2.2.2 Absorption Chillers (MP-ABC)

A schematic representation of the superstructure for the process integration of ABCs into HENs
in multi-period processes without heat storage (MP-ABC) is presented in Figure 4-6. Similar
to previous diagrams, the schematic representation of MP-ABC does not include all possible
matches between the process streams (e.g., streams splits, etc.). Also for clarity, only two hot
and two cold process streams are presented, but the superstructure and its associated
mathematical model are suitable for any arbitrary number of process streams. MP-ABC it is an
extension of the superstructure developed for the continuous case (HEN-ABC). Intra-process

energy exchange takes place in the inner stages of the superstructure. Hot process streams can

1 The multi-period HEN superstructure as presented by Verheyen and Zhang 2006 (“Maximum Size Approach”)
used periods of operation of equal duration. The weighted factor by introduced by Isafiade and Fraser 2010 allows
to consider the different duration of the periods in the optimization model.
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then reject heat to the ABC-Generators located between the cold utility and the last intra-process
stage. This energy drives the refrigeration cycle, separating the vapor refrigerant from the
refrigerant solution in the ABC-Generators. The refrigerant flows to a central ABC-Condenser
where it condenses by rejecting heat to the cold utility. The refrigerant leaves the ABC-
Condenser as a saturated liquid and it is expanded in a throttle valve to generate the cooling
effect. The expanded refrigerant at low temperature is then used to cool the hot process streams
through heat exchange in the ABC-Evaporators, located after the cold utility stage, at the cold
end of the superstructure. The refrigerant leaves the ABC-Evaporators as a saturated vapor and
it is reabsorbed by the strong refrigerant solution coming from the ABC-Generators in a central
ABC-Absorber. The resulting weak refrigerant solution rejects heat again to the cold utility and
leaves the ABC-Absorber as a saturated liquid to be pumped back to the ABC-Generators to
restart the cycle. A solution heat exchanger (SHEX) is used to preheat the weak refrigerant
solution flowing to the ABC-Generators with energy provided by the strong refrigerant solution
returning to the ABC-Absorbers.

Similar to MP-ORC, the temperatures inside the refrigeration cycle remain the same during all
periods of operation but the temperatures of the process streams in each location of the
superstructure, as well as the duties of heat exchangers (intra-process or between the process
streams and the refrigeration cycle), change depending on the operating conditions. This is
visible in Figure 4-6, as the temperatures in the ABC do not have the subindex p, which
represents the periods of operation. As for the mathematical formulation, equations (4-28) to
(4-51) from HEN-ABC are modified with the corresponding variables and parameters for the
multi-period case, as presented in Table 4-6. As with MP-ORC, additional equations for the
effective size of the system components, namely heat exchangers for MP-ABC, are required.
Equation (4-98) presents a generic expression for the effective heat transfer areas of all possible
heat exchangers in MP-ABC.

Al > e (4-98)

The objective function for MP-ABC, the “Total Annualized Cost” (TAC) as defined in
equations (4-99) to (4-101), is equal to the sum of the TACs of its constituent subsystems (HEN

and ABC). As with MP-ORC, the weighted factor ED% is included in the calculation of the
PEP P

annual operating costs to take under consideration the different duration of the periods. Also
similar to HEN-ABC pump capital cost, pumping costs and ABC-Condenser and ABC-

Absorber fixed costs are not considered.
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Own diagram

Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Multi-Period Processes without Heat Storage (MP-ABC)
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minTAC = TACHEN + TACABC (4'99)

DoP, n
i Z <Z DOP)(Z i ) ccuqu,;;>
pEP

jEcp i€HP

+AF cfIEV (Z Z Z Zijk + Z zi* + Z Zjh”>

iEHP jECP kEST iEHP jecp

IDIPNCTD

i€EHP jECP kEST

HEN unBHEN
£ AP Y ()

\ iEHP JECP

TACHEN =

"

(4-100)

VAF cHEN

( DOPP abcc abca
2 (5 ) (8 5

b
e (3 3 )

iEHP iEHP

o[ 25 (agrey

+AF cpq | ienp iEHP
+(Aabcc) _|_ (Aabca)ﬁHEN )

TACABC = A

~~

(4-101)

4.2.2.3 Combined Model (MP-WHR)

A schematic representation of the superstructure for the process integration of ORCs and ABCs
into HENSs in multi-period processes without heat storage (MP-WHR) is illustrated in Figure
4-7. Similar to previous diagrams, the schematic representation of MP-WHR does not include
all possible matches between the process streams (e.g., streams splits, etc.). Also for clarity,
only two hot and two cold process streams are presented, but the superstructure and its

associated mathematical model are suitable for any arbitrary number of process streams.

MP-WHR is an extension of the superstructure for the continuous case (HEN-WHR). As with
HEN-WHR, MP-WHR is a combination of the models for the process integration of ORCs and
ABCs into HENSs in multi-period processes without heat storage (MP-ORC and MP-ABC). In
MP-WHR the intra-process energy exchange takes place in the inner stages of the
superstructure. The energy exchange between the process streams and the working fluid
circulating through the ORC occurs in a dedicated ORC stage located directly after the last
intra-process stage. The energy provided to the working fluid in this stage by the hot process

streams drives the power cycle, as described in MP-ORC. The hot process streams can then
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supply energy to the refrigeration cycle at the ABC-Generators located between the cold
utilities and the ORC stage. This energy drives the refrigeration cycle as explained in MP-ORC.
The refrigeration effect generated in the cycle is then used to cool the hot process streams in
the ABC-Evaporators located in the cold end of the superstructure after the cold utility. Hot
utilities at the hot end of the superstructure provide the remaining energy required by the cold
process streams to achieve their target temperatures.

Similar to MP-ORC and MP-ABC, the temperatures inside the ORC and refrigeration cycles
remain the same during all periods of operation but the temperatures of the process streams in
each location of the superstructure, as well as the duties of heat exchangers (intra-process or
between the process streams and the refrigeration cycle), change depending on the operating
conditions. This is visible in Figure 4-7, as the temperatures in the ORC and the ABC do not
have the subindex p, which represents the periods of operation. The mathematical formulation
for MP-WHR is obtained by replacing variables and parameters in equations (4-55) to (4-87)
in HEN-WHR, with their multi-period counterparts as presented in Table 4-6. The additional
equations for the effective size of heat exchangers, turbines and pumps are similar to those of
MP-ORC and MP-ABC and presented in equations (4-102) to (4-104).

gt

Al > _l_;'pT (4-102)
Ul LMDT],

Woump = Woump,, (4-103)

Weirs = Weurp,, (4-104)

The MP-WHR objective function, the Total Annualized Cost (TAC), is defined as the sum of
the TACs of its constituent subsystems (HEN, ORC and ABC). Equations (4-105) to (4-108)
present the TAC of MP-WHR as a combination of the TACs of the HEN, ORC and ABC

respectively.

minTAC = TACygy + TACorc + TACapc (4-105)

w2 (omom) (G o)
pEP

jECP iEHP
h
TACygy = 4 +AF CF{,’Z;N (Z Z Z Zijk t Z zit + Z Zj u> > (4-106)
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J
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4.2.3 Multi-Period Processes with Heat Storage (Batch Processes)

In this section, the superstructures for the process integration of ORCs, ABCs or both, into
HENSs in multi-period processes with heat storage are provided. In this work, only “Fixed
Temperature Variable Mass” (FTVM) storage tanks are considered. For multi-period process
with short periods of operation and high energy consumption, the use of heat storage can be
beneficial. Although numerous technologies for “Thermal Energy Storage” (TES) are available
in the market, sensible storages such as the FTVM storage tanks remain the most popular
alternative for industrial processes (see section 2.3.3). The FTVM storage tank models used in
this work are based on the work by Beck and Hofmann (2018b) for the synthesis of HENSs for
multi-period process with heat storage. Beck’s model is extended to include multi-tank storage
systems and then combined with the models for the process integration of ORCs, ABCs or both,
into HENSs in multi-period processes without heat storage developed in section 4.2.2 (MP-ORC,

MP-ABC and MP-WHR) in order to generate the models presented in this section.

As with the previous superstructures, the mathematical models are formulated as “Mixed
Integer Non Linear Programming” (MINLP) problems, where the binary variables (z*)
represent the existence of a certain component at a certain stage of the superstructure and

continuous variables are used to describe the operational conditions of the system
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(temperatures, mass flows, heat flows and equipment sizes). Additional binary variables

(ysl’ff Yy are used to indicate if a FTVM hot storage tank is being charged or discharged in a

giving period and energy level. The FTVM storage tanks are fed by hot and cold storage streams
that exchange energy exclusively with the process streams and only inside the intra-process
stages. The tanks are organized in energy levels. In each energy level, two tanks exist, one
acting like a hot storage and one as a cold storage. A tank acting as a cold storage in one energy
level, is considered a hot storage in the next one. The temperatures of the tanks decrease with
each increasing energy level. In each energy level, one hot storage stream flows from the hot
storage tank to the cold storage tank, exchanging energy with the cold process streams in the
intra-process stages. Similarly, in each energy level, one cold storage stream flows from the
cold storage tank to the hot storage tank, exchanging energy with the hot process streams along
the way, inside the intra-process stages. For each period, at a given energy level only one of the
storage streams, either the hot storage stream or the cold storage stream, is active. The amount
of energy stored/accumulated in a given storage tank at the beginning and end of the process
duration (cycle) is the same. The temperatures at each storage tank remain fixed during the
whole cycle and are calculated during the optimization process. Similar to the superstructures
developed in section 4.2.2, and in order to simplify the presentation of the mathematical models
in this section only the modifications made to the equations corresponding to the multi-period
models without heat storage are presented as well as the specific equations due to the storage
operation, as presented in Table 4-4. For an explicit presentation of all the equations, see

Appendix C.
4.2.3.1 Storage Equations

As mentioned before, the storage system exchanges energy exclusively with the process streams
and not with the working fluid in the ORC or the refrigerant or refrigerant couple in the ABCs
(see Section 1.3 for a list of all the modeling asssumptions used). Figure 4-8 presents a
schematic representation of the superstructure for the synthesis of HENs in multi-period process
with multiple FTVM heat storage tanks. This superstructure describes the interaction between
the storage system and the process streams and, as mentioned before, is an extension of Beck
and Hofmann (2018b), which considered two-tank systems, fluidized beds storages and latent
heat storages. The integration of ORCs and ABCs does not affect the internal behavior of the
storage system and therefore the equations describing their behavior are the same for all the
models. As with previous diagrams, Figure 4-8 does not include all possible matches between

the process streams (e.g., streams splits, etc.). Also for clarity, only two storage levels (three
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storage tanks) and two hot and two cold process streams are presented, but the superstructure
and its associated mathematical model are suitable for any arbitrary number of process streams
and storage levels. Equations (4-109) to (4-127) are the specific equations due to the storage
system as mentioned in Table 4-4 and describe its internal behavior. The equations are common
to all the superstructures including FTVM heat storages and therefore will only be presented in
this section. In the sections on the individual superstructures (MP-ST-ORC, MP-ST-ABC and
MP-ST-WHR), the equations describing the interaction between the process streams and the
storage system are presented. In principle, these equations are exclusively energy balances for
the process streams. Equations (4-109) and (4-110) present overall energy balances for the hot
and cold storage streams. In equation (4-109) corresponding to the cold storage streams, that is,
the streams flowing from the cold to the hot storage tanks, qg_’;ﬁrh represents the energy rate
used to charge the hot storage tank in level [ € LV and period p € P and it is equivalent to the
energy rate used to discharge the cold storage tank in the same level qgff,f"“”. Similarly, in
equation (4-110) corresponding to the hot storage stream, that is, the streams flowing from the

hot to the cold storage tanks qgfi,‘irc represents the energy rate used to charge the cold storage

tank in level [ € LV and period p € P and it is equivalent to the energy rate used to discharge

the hot storage tank in the same level g™,

Gty " = Aoy e = Z Z i (4-109)
iEHP KEST
charc _ ,discharh _ stoh
v~ = 9p,iv Z Z 4 kp,lv (4-110)
JECP keST

Equations (4-111) and (4-112) calculate the cumulated energy stored in a given hot or cold
storage tank at the end of period p € P. In these equations Qz’;’h, and Qp, represent the
cumulated energy stored at the hot and cold storage tanks in level lv € LV at the end of period
p € P, and the terms Qﬁ,smr . and Qp, . symbolize the cumulated energy in the tanks at the

beginning of the process cycle, that is the initial state of the tanks, before any energy exchange

takes place.

=

Qo = Qlyare + Z agha™ DOP, - Z g™ Do, (4-111)

%o = s + 2, 5157 DO, = Z agihere DOR, (@-112)

IIMU 1l
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Figure 4-8. Schematic representation of the Superstructure for the Synthesis of Heat Exchanger Networks in
Multi-Period Process with Fixed Temperature Variable Mass (FTVM) Heat Storage Tanks

Source: Own diagram

Equations (4-113) to (4-116) calculate the required size for the storage tanks. The difference
between the maximum and minimum cumulated energy stored in a given tank during the cycle
is proportional to the minimum storage mass required for the tank at the given level M3f°" and
M;tec, the heat capacity of the storage fluid cp,, and the difference between the temperatures

of hot and cold storages t5:°" and t;£°¢ in the given level. Additionally, the minimum storage

volume required for a given tank, V" and V¢ is directly proportional to the minimum

storage mass required for the tank and inversely proportional the density of the storage fluid,

Pst-

max{Qp iy} — min{Qp i} = (¢5,°" — ti5°°) cpse Mi*" (4-113)

max{Qp i} — min{Qp 1} = (65" — ti5°°) cpse Mi*° (4-114)
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toh
M _ ston (4-115)
Pst
MStOC
:’ = yjtoc (4-116)
st

Equations (4-117) to (4-127) group logical relations and conditions for different parameters of
the storage system. Equations (4-117) and (4-118) assign temperatures for hot and cold storage
streams at the first and last intra-process stages. Equations (4-119) and (4-120) provide
monotonicity constraints to the temperatures of the hot and cold storage streams. Equations
(4-121) and (4-122) establish that the cumulated energy at a given storage at the end of the
process cycle should be equal to the cumulated energy at the beginning of the cycle, in order to
restart the cycle. Equation (4-123) to (4-125) state that the cold storage tank in a given level
acts like the hot storage tank of the next level. These equations are valid for all energy levels
except the last, where the cold storage tank do not serve as a hot storage tank for another energy

level. Finally, equations (4-126) and (4-127) establish that a given period of operation only one

stream per level is active, the hot or the cold storage stream. Binary variable y<"%"9¢ acts like

Dl
a switch variable, with value 1 if the hot storage tank in the given level is charged during the
period and value 0 if the hot storage tank in the given level is not charged and therefore
discharged during the period. The term W is an upper limit to the energy rate transferred to the
storage tanks in the given period. In periods where the hot and cold streams are balanced and

no charge or discharge of storages takes place, the values for the heat transfer to and from the

storage streams are zero and the value of y<7"9° has no relevance in the calculations.
iy =ty =t (4-117)
tNok+ 1w = tNOK+1w = by (4-118)
bty = Lt (4-119)
iy 2 bt (4-120)
Qoriw = Qb rars (4-121)
Qnorw = Qvgrare (4-122)
Q5w = Qpips1, VI < NOLV (4-123)
M3 = M5t v lv < NOLV (4-124)
3t = ¢5th v lv < NOLV (4-125)
ape < W yon o (4-126)
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h
gphee < W (1 -y, ") (4-127)

Finally, equations (4-128) to (4-135) calculate the heat transfer duties, approach temperatures
and heat transfer areas of the individual heat exchangers located between the process streams

and the storage streams.

AGlepw = QZikly <0 (4-128)
Ulcpw — iy < 0 (4-129)
ATpin < dt15505 < tig, — tigs, + T(1—271%5) (4-130)
ATmin < 825305 < tigrrp — titipw + T(1— 255 (4-131)
ATmin < dt15500 < tipep — tioh, + T'(1— 2710 (4-132)
ATmin < dt25500 < tipep1p — tidyw + T(1— 279 (4-133)
AStoc > qii%‘.lv (4-134)
Wb S U LMD
Aston < 9 p.1v (4-135)
S LMD

4.2.3.2 Organic Rankine Cycles (MP-ST-ORC)

In principle, MP-ST-ORC is similar to MP-ORC, as illustrated in Figure 4-9. As with previous
diagrams, Figure 4-9 does not include all possible matches between the process streams (e.g.,
streams splits, etc.). Also for clarity, only two storage levels (three storage tanks) and two hot
and two cold process streams are presented, but the superstructure and its associated

mathematical model are suitable for any arbitrary number of process streams and storage levels.

Process streams exchange energy in the intra-process stages of the superstructure while the
energy exchange between the working fluid of the ORC and the process streams takes place in
a dedicated ORC stage located at the cold end of the process streams, after the last intra-process
stage. The energy supplied by the hot process streams to the ORC-Evaporators drives the ORC
cycle as described in HEN-ORC and MP-ORC, and the remaining energy after the expansion
of the working fluid in the ORC-Turbine can be used to heat the cold process streams in the
ORC-Condensers. The operating conditions in each period of operation differ but the
evaporating and condensing pressures, and therefore the evaporating and condensing

temperatures in the ORC, remain constant in all periods.



Mathematical Framework 101

Hot Cold
Utility Utility
Stage Intra-Process Stages ORC-Stage Stage
( T T T A
L txip b noks1p ti’:f
| Gk Oipmed | ‘ !
l l l !
! @ @ ! ! } .
. | | | it
Tio | e i enp | G | Ao T
|
! o ! Y ! o | &
| | | |
| | |
[T T I R T AT T i e e Ittt
% i i SRANY i STORAGE TANKS | | ORGANIC RANKINE CYCLE |
I ] I | | | |
i 3 3 | 7 i |
I I I I ! I out in I
I I I I ! I T T I
i i E\ i i / } i evap evap i
|
1 l | | ! 1 |
i i i qstoh i i i i
I I | Jk+1,p v+ ! ! W W |
| b, B !
i // % % % . i i turb, p pump, p i
i i i i 1 i i -I—in 4@7 T out i
! | d |
| ! } } } } cond con }
i | | | : o |
! | Lo | |
| el I
| |
|
—O——
} cond ! in
G i Tio
|
: O
] T
|
J,NOK+1,p
Figure 4-9. Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles into Multi-Period Processes with FTVM Heat Storage

Tanks (MP-ST-ORC)

Source: Own diagram
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Additionally, the process streams can exchange heat with the storage system using heat
exchangers located also in the intra-process stages. Hot process streams can exchange energy
with the storage system only by supplying energy to cold storage streams, which will then be
fed to the hot storage tanks in each level at their corresponding storage temperature. As a result
of this mechanism, the cold storage streams will effectively charge the hot storage tanks with
excess energy from the hot process streams, while simultaneously discharging the cold storage
tanks. Likewise, the cold process streams can exchange energy with the storage system by
receiving energy from the hot storage streams, which after releasing their energy, is fed to the
cold storage tanks in each level at their corresponding storage temperature, effectively
discharging the hot storage tanks while charging the cold storages tanks. At a given period and
energy level, only one storage stream, hot or cold, is active, charging or discharging the hot
storage tank, in that energy level, while simultaneously discharging or charging the
corresponding cold storage tank. As mentioned before, the temperatures at each storage tank
remain fixed during the whole cycle and are calculated during the optimization process.

The mathematical formulation for MP-ST-ORC is an extension of MP-ORC developed in
section 4.2.2. Similar to MP-ORC most of the equations in MP-ST-ORC are the multi-period
version of equations of the continuous HEN-ORC model, with variables and parameters
adapted to the multi-period operation as presented in Table 4-6, but including terms
representing the interactions between the process streams and the storage system. Additional
equations describing the behavior of the storage tanks as well as the storage streams are also
required as presented in Table 4-4. As mentioned before, only equations from MP-ORC that
are modified to describe the interaction between the process streams and the storage system are
presented in this section. For the equations describing the internal dynamics of the storage
system please see section 4.2.3.1 and for an explicit presentation of all the constituent equations
of MP-ST-ORC, please see Appendix C.

Equations (4-136) and (4-137) present the overall energy balances for the hot and cold process
streams i € HP and j € CP at each period of operation p € P . The expressions are equivalent
to those used in MP-ORC but with additional terms representing the energy exchanged between
the process streams and the storage system. In the overall energy balance for the hot process

streams in equation (4-136), g7’ ;, represents the rate of the energy exchanged in stage k €

ST between the hot process stream i € HP and the cold storage stream in energy level lv € LV

during period p € P. Similarly in equation (4-137) corresponding to the overall energy balance

stoh

for the cold process streams, q; i 1

represents the rate of the energy exchanged in stage k €
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ST between the cold process stream j € CP and the hot storage stream in energy level lv € LV
during period p € P. Equations (4-138) and (4-139) illustrate the energy balances for the intra-
process stages for the hot and cold process streams at each period p € P. At each period p € P

the hot process streams i € HP in stage k € ST can exchange energy at a rate q; ; x , With each

of the cold process streams j € CP or exchange energy at a rate qﬁi‘,’;lv with the cold storage
streams at each level lv € LV. The enthalpy change in the hot process stream in that stage is

equivalent to the product of the heat capacity flowrate of the stream at that period (F;,,) and the

temperatures of the stream at the inlet (t; . ,,) and outlet (t; ;.. ,,) Of the stage at that period.

A similar expression is used for the stage energy balance for the cold process streams, where at
each period p € P the cold process streams j € CP in stage k € ST can exchange energy at a
rate q; j x,, With each of the hot process streams i € HP or exchange energy at a rate qifc‘fglv with
the hot storage streams at each level lv € LV. The enthalpy change in the cold process stream
in that stage is equivalent to the product of the heat capacity flowrate of the stream at that period

(F;») and the temperatures of the stream at the inlet (t; ;. ,,) and outlet (¢; x44,,) Of the stage at

that period.
D Gukpt ). D A+ Al +afy = Fip(Th — T (4-136)
JECP kEST keST lvelLV
. stoh cond hu _ out _ pin
Z Z Gijiep z z Gipw + 459" +ajp = Fp(T5 = Tjp (4-137)
iEHP kKEST keST lvelLV
Qijjep + z Gikpiv = Fip(tijep ~ tijer1p) (4-138)
JECP lveLV
stoh  _
Z Qijjep T z Tkeptv = FipGikp ~ tik+1p) (4-139)
iEHP lveLVv

For MP-ST-ORC the objective function, TAC as presented in equations (4-140) to (4-143), is
defined as the sum of all annual operating costs and annualized capital costs of all subsystems,
that is, the HEN, the ORC and the storage system. The costs for the storage fluid or pumping
cost of the storage system are not considered (See Section 1.3 for a detail list of all the

assumptions).

minTAC = TACygy + TACore + TACsro (4-140)
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DOP,
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+AF

+AF cHEN (

(ST 3

i{€EHP keST lveLV

Z Zievap + Z chond +Zacu>

HEN
Cflx . 4
iEHP JjECP

>

(4-142)

BHEN
> (@)

iEHP

+AF(

pump

flx

FAF (B 4 e (yymaz

ﬂHEN
+ (45

jecp
mp)

turb
+ Cﬁurb (Wtuax)p’ )

PIPIPN

pump

stoc
l k,lv

" (Aacu)BHEN>

JECP KEST lELV

+AF cHEN <Z Z Z (AFKh

i{€EHP keST lveLV JECP keST lveLV

sto Vstoh Bsm
+Cvar ( 147 )
lveLv
Vs )F)

sto

+AF <Z Crix
lveLv

\ +AF(cfiy + it

4.2.3.3 Absorption Chillers (MP-ST-ABC)

EEIPIPHC

stoh !
j k,lv

stoh
j, kv

[ (4-143)

Figure 4-10 illustrates the superstructure for the process integration of ABCs into HENS in

multi-period processes with FTVM heat storage (MP-ST-ABC). As with previous diagrams,

Figure 4-10 does not include all possible matches between the process streams (e.g., streams

splits, etc.). Also for clarity, only two storage levels (three storage tanks) and two hot and two

cold process streams are presented, but the superstructure and its associated mathematical

model are suitable for any arbitrary number of process streams and storage levels.
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Figure 4-10. Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Multi-Period Processes with FTVM Heat Storage Tanks
(MP-ST-ABC)
Source: Own diagram
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Similar as with MP-ST-ORC, only the equations from MP-ABC that have been modified to
describe the interaction between the process streams and the storage system are provided. In
MP-ST-ABC, intra-process energy exchange and between the process streams and the storage
system takes place in the inner stages of the superstructure. Hot process streams can then reject
heat to the ABC-Generators located between the cold utility and the last intra-process stage.
This energy drives the refrigeration cycle, as described for HEN-ABC and MP-ABC. The
cooling effect generated in the refrigeration cycle can then be used to cool the hot process
streams through heat exchange in the ABC-Evaporators, located after the cold utility stage, at
the cold end of the superstructure. The temperatures inside the refrigeration cycle remain
constant during all periods of operation but the temperatures of the process streams in each
location of the superstructure as well as the duties of heat exchangers (intra-process or between
the process streams and the refrigeration cycle) change depending on the operating conditions.
As for the storage system, energy absorbed from the hot process streams in one period can be
used to heat the cold process streams in another period through the mechanism explained in

section 4.2.3.1. Appendix C provides the full mathematical description of the model.

Equations (4-144) to (4-147) provide the new energy balances for the process streams and
stages due to the integration of the storage system. These equations are analogue to those
presented for MP-ST-ORC.

Z Z qijkp + z z qlsltcopclv + qlpce + qlp + qzlzl))cc = Fi,p (Til;g - Ti?;t (4-144)
JECP kEST KEST lveELV
N .

Z Z Tijiep + z z Ao + 4y = Fip (T = Ty (4-145)
i€EHP keST keST lveLV

Z dijkp t Z @i = Fip(tikp — tig+r1p) (4-146)
jECP WELV

toh

Z Gijjep + Z G = Fp(tikp ~ tikrip) (4-147)
iEHP lveLv

The objective function for MP-ST-ABC, TAC as defined in equations (4-148) to (4-151), is
equal to the sum of the annual operating costs the annualized capital costs of all its constituent
subsystems including the storage. Also, similarly to HEN-ABC and MP-ABC, pump capital
cost, pumping costs and ABC-Condenser and ABC-Absorber fixed costs are not considered.

min TAC = TACHEN + TACABC + TACStO (4'148)
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4.2.3.4 Combined Model (MP-ST-WHR)
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(4-150)

(4-151)

Figure 4-11 presents a schematic representation of the superstructure for the process integration
of ORCs and ABCs into HENs in multi-period processes with FTVM heat storage (MP-ST-

WHR). As with previous diagrams, Figure 4-11 does not include all possible matches between

the process streams (e.g., streams splits, etc.). Also for clarity, only two storage levels (three

storage tanks) and two hot and two cold process streams are presented, but the superstructure

and its associated mathematical model are suitable for any arbitrary number of process streams

and storage levels. The superstructure is a combination of MP-ST-ORC and MP-ST-ABC.
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In MP-ST-WHR the intra-process energy exchange takes place in the inner stages of the
superstructure, where also the process streams can exchange energy with the storage system.
The energy exchange between the process streams and the working fluid circulating through
the ORC occurs in a dedicated ORC stage located directly after the last intra-process stage. The
energy provided to the working fluid in this stage by the hot process streams drives the power
cycle as described in HEN-ORC, MP-ORC and MP-ST-ORC. The hot process streams can then
supply energy to the refrigeration cycle at the ABC-Generators located between the cold
utilities and the ORC stage. This energy drives the refrigeration cycle as explained in HEN-
ABC, MP-ABC and MP-ST-ABC. The refrigeration effect generated in the cycle is then used
to cool the hot process streams in the ABC-Evaporators located in the cold end of the
superstructure after the cold utility. Hot utilities at the hot end of the superstructure provide the
remaining energy required by the cold process streams to achieve their target temperatures.
Similar to MP-ST-ORC and MP-ST-ABC, energy absorbed in the storage system from the hot
process streams in one period can be used to heat the cold process streams in another period
through the mechanism explained in section 4.2.3.1. Equations (4-152) to (4-155) provide the
new overall energy balances for the process streams and the energy balances for each on the
intra-process stages in the superstructure. An explicit presentation of all the equations in MP-
ST-WHR is available in Appendix C.

eva b bcec _ i
Z Z Qijpep + Z Z Gicpiw + iy + iy +aly +aip™ = Fip(Tip = THY)  (a-152)
JECP kKEST kKEST lveELV

DD et ) D @i S+ a = Fyp (T T (2-153)
IEHP keST KEST lveELV
Z Tijiep + Z Gikpiv = Fip(tikp — tike1p) (4-154)
jEcP WELV

stoh  _
Z Qijkp T z Bjepv = FjpGkp ~ Likt1p) (4-155)
IEHP lveLV

As for MP-ST-WHR objective function, the Total Annualized Cost (TAC) is defined as the
sum of the TACs of all subsystems including the storage. Equations (4-156) to (4-160) present
the TAC of MP-ST-WHR.

mln TAC = TACHEN + TACORC + TACABC + TACStO (4'156)
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4.3 Mathematical Considerations and Models Limitations

As mentioned in section 2.4.2 the MINLP SYNHEAT model for the synthesis of HENS is an
NP-Hard problem in the strong sense (Furman and Sahinidis 2001), that is, no known algorithm
exists that can provide an exact solution (deterministic) to the problem in a computationally
efficient way. All the models developed in this chapter are an extension of the SYNHEAT
model and therefore they are also NP-Hard problems. That being said, a number of strategies
have been developed to facilitate the generation of good local solutions for SYNHEAT and
they can be adapted to solve the models developed in this chapter. The possible strategies
include the linearization of non-linear terms in the formulation (Beck and Hofmann 2018a), the
sequential solution of an MILP version (removing non-linear terms in the objective function)
and then a NLP version of the problem with binary variables fixed to the results of the previous
MILP problem in order to generate an initial feasible solution (Escobar and Trierweiler 2013)
and heuristic rules for the initialization of the MINLP problem (Yee and Grossmann 1990).
These procedures seek to transform the MINLP into an MILP that can be then solved to global
optimality without requiring initial values (simplification) or to generate good starting points

for the MINLP in order to facilitate the generation of good local solutions (initialization).

Even after using simplification and initialization strategies, MP methods for the synthesis of
HENSs (simultaneous or sequential) are rarely applied to problems with more than 30 streams
for continuous processes, which is a relatively low number for industrial applications. For
discontinuous processes the maximum number of streams that the MP formulations can handle
is notably lower. Approximations with relatively large optimality gaps'? (10% or more) help to
decrease the computational effort (and time) required to obtain local solutions but in general
the application of MP methods to large scale real-life industrial problems is impractical (Chen
et al. 2015b).

Another mathematical limitation of the SYNHEAT model, and therefore the extensions
presented in this chapter, is the approximation of the LMTD for the calculation of heat transfer
areas of heat exchangers. The LMTD as defined in equation (4-161), is a discontinuous function
which creates numerical problems for most of the available commercial solvers when the

approach temperatures at both ends of a given heat exchanger are equal (division by zero). In

12 Optimality gap is defined as the difference between the best known upper and lower bounds of an optimization
problem. In percentage form (relative gap) represents the ratio between the difference of the upper and lower
bounds and the upper bound (in case of minimization).
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order to solve this, approximations to the LMTD such as the Paterson (Paterson 1984) and Chen
(Chen 1987) approximations are used.

Equations (4-162) and (4-163) present the Paterson and Chen approximations, respectively. In
most of the reviewed literature as well as in this work, the Chen approximation is used to
calculate the LMTD. Figure 4-12 presents a comparison between different approximations to
the LMTD, including the approximation using the aritmetich mean of the approach
temperatures. From the diagram is clear that the simple arithmetic mean between ATyt Ena
and AT;o14—Egna 1S @ bad approximation of the LMTD. Paterson’s provide more accurate results
and a small overestimation of the LMTD (underestimating the heat transfer area) and Chen’s a
simpler formulation and a small underestimation of the LMTD (overestimating the heat transfer
area). For conservative estimations of TAC, Chen’s is prefered as it underestimates the LMTD,

overestimating the calculated heat transfer area (and therefore TAC).

LMTD (ATHot—End: ATCold—End )
ATHot—End' _ATCold—End
AT,
— In Hot—End
( TCold—End)
AThot—gna = ATcoia—End » Uf ATHot—-Ena = ATcold—End

yif ATxot-gna # ATcola—Ena (4-161)

LMTD (ATHot—End: ATCold—End )

1 2 1 (4-162)
= g (ATHot—End + ATCold—End) + § (ATHot—End AT(Jold—End)2
LMTD (ATyot—gnar ATcota—Ena ) )
ATyot-gna + ATcola—Ena\ \3 (4-163)
= <ATHot—End AT¢ota—End ( - 2 2 = >

Other mathematical or structural limitations inherited from the SYNHEAT model and
applicable to the nine superstructures developed in this work include the isothermal mixing
assumption and the disregard of configurations with stream splits going through multiple heat

exchangers (Yee and Grossmann 1990).
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Figure 4-12. Approximations to the logarithmic mean temperature difference. ATy o¢—gng = 10°C(Fixed).
Source: Own diagram based on Verheyen and Zhang (2006)

Finally, some model limitations are not a product of the computational effort required or
numerical complications but are the product of the design of the superstructures. The main
structural limitation of the nine superstructures presented in this work is that they only allow
heat exchange between the process streams and the WHR technologies on dedicated stages
located at the cold end of the superstructure, before and/or after the cold utility stage. This
limitation simplifies the mathematical formulation and decreases the computational effort
required to solve the MINLP models in comparison with superstructures allowing heat transfer
between process streams and WHR technologies in any stage, at the cost of neglecting possible
configurations that could be beneficial to the system performance. Without the use of
linearization or simplification techniques, superstructures allowing the integration of WHR
technologies in any stage, in particular for multi-period processes, are impractical, due to the

sheer number of variables involved, as well as the complexity of the mathematical formulations.

Other structural limitations are the interactions between the WHR technologies and between
the WHR technologies and the storage system. For the continuous models as well as the models
for multi-period processes without heat storage, alternative superstructures could be proposed
that consider the interaction between the ORC and the ABC. Examples include the use of the

heat rejected from the ORC-Condenser to drive the ABC-Generators or the use of the
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refrigeration effect of the ABC to decrease the condensation temperature at the ORC, etc.
Additionally, more complex configurations for the ORC (with regeneration, recuperation,
multiple pressure levels, etc.) and ABC (double effect, triple effect, etc.) could be included in
future studies. The direct interaction between the storage system and the WHR technologies is
also not considered in this work, but could be an area of future research. Some works
considering the integration of ORCs into industrial processes (without considering the HEN
synthesis) have already proposed the use of storage tanks between the process streams and the
ORCs in order to limit/damp the fluctuation of its operational parameters (Pili et al. 2017;

Pantaleo et al. 2017; Lecompte 2017; Jiménez-Arreola et al. 2018).
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5  Applications of the Framework

In this chapter, the superstructures developed for the process integration of ORCs, ABCs or
both into HENSs in continuous and multi-period processes, with and without FTVVM heat storage,
are applied to three case studies from the literature. The objective of this chapter is to illustrate
the use of the methodology and to discuss possible issues and limitations of the methodology

when applied to real industrial cases.

Due to the nature of the MINLP problems in this work, global optimality cannot be guaranteed
unless all the possible solutions to the problem are evaluated. This process is resource intensive
requiring a large CPU time and memory and therefore unfit to be used on complex problems
with a high number of decision variables. Therefore, the results provided in this chapter have
to be considered as local optima. For all models and case studies, a maximum CPU time of
3600 s and a minimum optimality gap of 10% was set. The only exception is the prescreening
algorithm (see section 5.1.1) used to find the appropriated working fluid and ORC operating
temperatures for the case studies, where a optimality gap of 5% was implemented. The
optimization is terminated if either of the conditions is fulfilled. If the model does not reach a
solution within the accepted tolerance in the maximum time, the best available solution is

provided, together with its relative gap to the best known lower bound (best possible solution).

In this work, for all the developed models and case studies, pinch limits to the utility
consumptions are used as constraints. That means that the systems generate electricity or
cooling without increasing the utility consumption of the system, in practice generating useful
work or cooling from waste heat. The results of the optimization problems are presented using
summary tables, while only grid diagrams corresponding to the combined models (HEN-WHR,
MP-WHR and MP-ST-WHR) are presented in the main body of the dissertation. For additional
diagrams please see Appendix D. A complete list of all modeling assumptions is founded in
Section 1.3. All models were implemented in GAMS (version 25.1.1) using the global solver
BARON to solve the MINLP. The optimizations were performed on a Windows machine with
an Intel(R) Core(TM) i7-6600U 2.60 GHz CPU and 12 GB RAM.
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5.1 Case Study 1 (Continuous Process)

Table 5-1 presents the information of the process streams for Case Study 1. The problem is an
adaptation from a case study published by Hellwig (1998) and it has 8 hot streams and 5 cold
streams. The problem is based on selected streams from two different process lines in a refinery
(Ripke et al. 1994). Table 5-2 provides design parameters of the system, namely information

on the economics of the equipment units and processes for Case Studies 1 and 2.

Table 5-1. Stream data Case Study 1. 8H5C.
Stream Tn(°C) ToU(°C) F (kw/°C) AH (kW)
H1 138.0 134.7 767.6 -2533.1
H2 135.0 134.3 2397.1 -1678.0
H3 134.7 32.0 14.3 -1 468.6
H4 134.3 32.0 9.5 -971.9
H5 107.0 106.9 5160.0 -516.0
H6 92.0 91.9 16 550.0 -1 655.0
H7 91.9 28.0 13.1 -837.1
H8 106.9 30.0 4.1 -315.3
C1 15.0 142.0 11.6 1473.2
Cc2 184.0 186.0 19995 3999.0
C3 15.0 100.0 10.4 884.0
C4 115.0 117.0 1363.5 2727.0
C5 143.0 145.0 1651.0 3302.0
HU 255.0 255.0 - -
cuv2 10.0/30.0 10.0/30.0 - -

D The cold utility temperature is set to 10.0°C for the stand-alone HEN and HEN-ORC. For models involving
absorption chillers (HEN-ABC and HEN-WHR) this temperature is set to 30.0°C.
2 Film coefficients for all streams are h = 1.0 kW/m2°C

Source: Own table with data from Hellwig (1998)

Table 5-2. Design parameters for Case Study 1 and 2
Parameter General Heat Exchanger Turbine Pump
AF (ah) 0.23 - - -
Hy (h/a) 8 000 - - -
Chu(€/kWh) 0.01 - - -
Ccu(€/kWh) 0.001 - - -
ecost/gPrice(€/kWh) 0.2 - - -
Eff. SHEX (SSHEX) 0.7
Ciix (€) - 2 500.0 4 000.0 1200.0
Cvar (E/m?P; €/kWP )V - 1650.0 2000.0 750.0
B - 0.65 0.65 0.65
Isentropic Eff. () - - 0.8 0.65

D Generic units are used for the variable cost coefficients, to generate cost calculations in Euros (€). For heat

exchangers €/m?? and for turbines and pumps €/kW? are used.
Source: Own table

Using AT, = 15.0 °C for the minimum approach temperatures between process streams, the

pinch analysis of the system provides minimum utility targets of 7 521.4 kW (hot utility) and
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5109.2 kW (cold utility) with a pinch temperature of 130.5 °C, as seen in Figure 5-1. Excess
heat is available for heat recovery on the heat surplus region below the pinch at a high
temperature as indicated by the high pinch temperature of 130.5 °C, and therefore the
integration of an ORC can be an option. Also depending on the available temperature of the
cold utility, the integration of an ABC to supply cooling from the waste heat can be explored.
Additionally, from the shape of the Grand Composite Curve (GCC) around the pinch area, the
use of a heat pump may be beneficial. This option was already explored by Ripke et al. (1994)
in their work as well as possible process modifications to decrease the utility consumption of
the process. In this work these options are not studied and the focus is set on the integration of
ORCs and ABCs. In the following sections, the process integration of ORCs, ABCs and both,
into HENSs in continuous processes is analyzed with help of the mathematical models developed
in section 4.2.1 (HEN-ORC, HEN-ABC and HEN-WHR).

a) Composite Curves b) Grand Composite Curve
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Figure 5-1. Pinch analysis for Case Study 1 (4T,,;, = 15.0 °C).
Source: Own diagram

First, the stand-alone HEN minimizing the TAC of the system is generated using SYNHEAT.
For comparison purposes two HEN designs are presented. “HEN Design 1” (HEN1) has
available a cold utility with a temperature of T2%t= T/* = 10°C. On the other hand, “HEN
Design 2” (HEN2) has available a cold utility with a temperature of T2%¢= T" = 30°C. In both
cases the cold utility cost are set to Ccu=0.001 €/kWh as presented in Table 5-2. The additional
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cooling below 45°C (T + AT,,;,) required to reach its hot process streams targets (T°“*), will
be provided by a vapor compression refrigeration system (VCR). The following assumptions

are used in the calculations involving VCR systems*®:

- The capital cost of the VCR system is neglected in the calculations of the TAC of HEN2
(TAC2), as it is considered low in comparison with its operative costs. These neglected
capital costs include the costs associated with the areas of the additional heat exchangers
required by the VCR system to supply cooling to the hot process streams (i.e. between
the VCR Evaporators and the process streams and between the VCR Condenser and the
cold utility). The calculated TAC2 is considered a lower limit to the real TAC of a
system involving HEN plus VCR system.

- As a simplification, the areas of the additional heat exchangers required by the VCR
system are also not included in the total heat transfer areas calculated for HEN2 as
presented in Table 5-3. Even then, the areas of HEN1 and HEN2 are not equal, as the
cold utility temperature available in HEN2 is higher than in HEN1 and therefore larger
heat exchanger areas are required in the cold utility heat exchangers. Additionally, the
number of heat exchangers between the 2 designs also can vary.

- The VCR system generates cooling at 10°C (temperature of the available cold utility in
HEN1) using the available cold utility at HEN2 at 30°C as heat source.

- The operative cost of the VCR system is equal to the cost of the electricity required to
drive the VCR system with an assumed COP of 7.08. This assumed COP is equal to
50% of the ideal COP (COPigea = 14.16) of a VCR operating between 30°C (temperature
of the available cold utility in HENZ2) and 10°C (temperature of the available cold utility
in HEN1).

For SYNHEAT, the number of stages was arbitrarily set to 3. The effect of a different number
of stages is explored in Section 5.4. In total, the model consists of 530 equations with 705
variables (133 integer variables). The results of the optimization problem are summarized in
Table 5-3. In the case of HENL all the cooling requirements are satisfied by the cold utility at
10°C. In the case of HEN2, 4 820.6 kW of cooling are provided by the cold utility at 30°C and
288.6 kW are provided by the VCR system at 10°C, but the sum of both consumptions is equal
to the cold utility target as defined by PA and therefore equal to the cold utility consumption of

13 VCR assumptions are not presented in Section 1.3 as they are not part of the models developed in this
dissertation, but are used in the calculation of the reference HENs (HEN1 and HEN2) which are only presented
for comparison purposes.
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HENL1 (5 109.2 kW). The TAC calculated for HEN2 (TAC2) underestimates the real cost of
HENZ2 as does not include capital cost for the VCR. Even then, the calculated TAC2 can be
considered a lower limit to the real TAC of a system involving HEN plus VCR system. Another
observation from Table 5-3, is that the OPEX for the HEN is significantly higher than the
CAPEX (almost 10 times higher) and therefore investments decreasing the operational costs of
the system should be prioritized.

Table 5-3. Results of stand-alone Heat Exchanger Network for Case Study 1
HEN1 HEN2
T¥= T (°C) 10°C 30°C
Hot Utility Consumption (kW) 7521.4 75214
Cold Utility Consumption (kW) 5109.2 4 820.6
VCR Cooling Duty (kW) - 288.6
Operative Expenditure /OPEX (€/a) 642 585.6 705 503.1
Hot Utility Expenditure (€/a) 601 712.0 601 712.0
Cold Utility Expenditure (€/a) 40 873.6 38 564.6
VCR Operative Expenditure (€/a) - 65 226.5
Capital Expenditure /CAPEX (€/a) 73677.8 85 798.3
Total Annualized Cost (TAC) 716 263.4 791 301.4
Area (m?) 757.5 909.4
Number of Units 14 16
Termination Criteria Tolerance Tolerance
CPU Time (s) 2.2 7.7
Source: Own table

5.1.1 Process Integration of Organic Rankine Cycle

HEN-ORC is used to study the process integration of ORCs into HENS in continuous processes.
As presented in section 2.3.5.1., the selection of the appropriated working fluid and the optimal
operating temperatures for the ORC are key elements of the process integration of ORC into
HENSs. In this work, a prescreening algorithm for selecting the working fluid of the ORC and
the evaporation and condensation temperatures of the ORC was implemented. This iterative
algorithm is based on the work of Chen et al. (2016) and it is presented in Figure 5-2. In this
case the HEN-ORC model was solved iteratively for different working fluids and operating
temperatures with the net power as the objective function and with constraints limiting the
utility consumption of HEN-ORC to the pinch targets for the standalone HEN. This process
finds the working fluid and operating temperatures with the best performance when the ORC is
powered exclusively by waste heat. Finally, HEN-ORC was optimized with TAC as the
objective function and the working fluid and operating temperatures for the ORC found in the

prescreening step.
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Figure 5-2. Prescreening algorithm for the selection of the ORC working fluid and operating temperatures
Source: Own diagram based on Chen et al. (2016)

The prescreening algorithm was implemented using MATLAB R2018a for the iteration loop,
and GAMS (version 25.1.1) and the global solver BARON with an optimality gap of 5% were
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used to solve the MINLP. A AT,,;, = 15.0 °C was used for all matches, including those
between the working fluid and the process streams or utilities. In total, the HEN-ORC consists
of 616 equations with 678 variables (147 integer variables), with two additional equations

establishing the upper limits to the utility consumption (pinch targets).

For Case Study 1, results for the prescreening process are summarized in Table 5-4. Six typical
working fluids used in ORC applications according to Thurairaja et al. (2019) were tested. The
evaporation and condensation temperatures for all working fluids were tested in the intervals

T, € [80.05120.0]°C and Tw; € [25.0;60.0]°C. This selection is based on the GCC in

Figure 5-1 and heuristic considerations. The evaporation temperature should be below the pinch
temperature (130.5 °C) to avoid cross-pinch heat transfer but it should be hot enough to drive
the ORC. On the other hand, the condensation temperature should be as low as possible but
high enough to be able to be cooled by the cold utility. Additionally, higher condensation
temperatures allow the cold process streams to be heated by the working fluid at the exit of the

turbine, decreasing the hot utility consumption of the system.

Table 5-4. Results of working fluids prescreening for Case Study 1
Working Fluid n-butane n-pentane n-hexane R113 R123 R600a
Tosan (°C) 87.41 86.18 85.75 85.76 86.54 88.01
Pepap (kPa) 1189.28 480.04 168.34 304.47 575.21 158251
T2U. (°C) 25.00 25.00 25.00 25.00 25.00 25.00
P.ona (kPa) 244.46 76.51 20.27 44.18 91.31 351.48
Net Power (kW) 282.49 276.62 281.73 284.88 284.76 282.51

Source: Own table

According to the results of the prescreening in Table 5-4, the working fluid with the highest net
power generated is R113 with 284.88 kW. The operating conditions for the ORC are, in this
case, an evaporation temperature of 85.76°C (304.47 kPa) and a condensation temperature of
25.0°C (44.18 kPa). The optimal temperatures for the evaporation and condensation for all
fluids are similar. As for the condensation temperature (25°C), it corresponds to the lowest
condensation temperature considered, which is to be expected, as the ORC efficiency increases
with low condensation temperatures. As for the evaporation temperature (87.76°C), it
corresponds roughly to the temperature of stream H6 as presented in Table 5-1. This is to be
expected as stream H6 has by far the highest energy surplus of the streams located under the
pinch, as presented in Table 5-1 and illustrated in the GCC of Figure 5-1. Using R113 as
working fluid with the operating temperatures found in the prescreening, HEN-ORC was solved
with TAC as the objective function. In total, HEN-ORC consists of 895 equations with 918
variables (147 integer variables) plus two additional equations to set the upper limits to the
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utility consumption. Results for HEN-ORC for Case Study 1 are summarized in Table 5-5 and
the grid diagram for the generated configuration is presented in Appendix D.

Table 5-5. Results of HEN-ORC for Case Study 1
Operating Conditions ORC
Working Fluid R113
Peyap (kPa) 304.47
P.ona (kPa) 44.18
Thay (°C) 25.15
Téy (°0) 85.76
Tin . (°0) 51.18
T2W. (°C) 25.00
Results
Hot Utility Consumption (kW) 7521.4
Cold Utility Consumption (kW) 4824.3
Wher (kW) 284.9
Wiwrp (RW) 287.8
Woump (kW) 2.9
OPEX (€/a) 640 307.1
CAPEX (€/a) 116 455.2
Electricity Sales (€/a) -455 813.5
TAC (€/a) 300 948.8
Area (m?) 1000.9
Number of Units 20
Norc 11.6%
Termination Criteria Tolerance
Optimality Gap (%) /CPU Time (s) 393.9
Source: Own table

Compared with HEN1, as presented in Table 5-3 (HEN with cold utility available at 10°C,
without need of VCR) , the results for HEN-ORC show a reduction of 58.0% in the TAC of the
system (300 948.8 €/a instead of 716 263.4 €/a), without increasing its utility consumption. This
means that the electricity is generated from waste heat that would otherwise be rejected. The
integration of the ORC has a significant impact on the economics of the design and it is highly
beneficial to the performance of the system. The number of units and required heat transfer area
in HEN-ORC (20 units and 1 000.9 m2) are significantly higher than for the stand-alone HEN1
(14 units and 757.5 m2), but the increased capital costs due to the additional heat exchangers,
turbines and pumps, are compensated by the revenues from the electricity sales. An additional
benefit is the decrease in the cold utility consumption as the new system rejects 4 824.3 kW
instead of 5 109.2 kW to the cold utility.
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5.1.2 Process Integration of Absorption Chillers

The process integration of ABCs into HENS in continuous process is studied using HEN-ABC.
LiBr/H20 is used exclusively as the refrigerant couple for the developed models and its
properties are calculated using appropriated empirical correlations. The cold utility temperature
available in this case is 30.0°C, as indicated in Table 5-1. The refrigeration temperature to be
generated by the ABC (T..) is set to 10.0°C, and the minimum temperature difference for all
matches in the system is set to AT,,;, = 15.0°C. HEN-ABC is designed to be implemented in

situations where a cooling temperature below the available cold utility temperature is required.

In total, HEN-ABC consists of 621 equations with 796 variables (149 integer variables) plus
two additional equations to set the upper limits to the utility consumption to the pinch targets.
Results for HEN-ABC for Case Study 1 are summarized in Table 5-6 and the grid diagram is
presented in Appendix D.

Table 5-6. Results of HEN-ABC for Case Study 1
Operating Conditions ABC
Trer (°C) 10.0
Results
Hot Utility Consumption (kW) 7521.4
Cold Utility Consumption (kW) 5109.2
Cooling Generated (kW) 401.9
OPEX (€/a) 642 585.6
CAPEX (€/a) 931955
TAC (€/a) 735781.1
Area (m?) 903.3
Number of Units 19
Termination Criteria Tolerance
Optimality Gap (%) /CPU Time (s) 15
Source: Own table

Compared with HENZ as presented in Table 5-3 (HEN with cold utility available at 30°C and
therefore requiring a VCR system for additional refrigeration), the TAC of HEN-ABC is 7.0 %
lower (735 781.1 €/a instead of 791 301.4 €/a) due to the replacement of electricity with waste
heat as driving force for the refrigeration cycle. The calculated savings would be higher if the
capital costs of the VCR were also considered. The main difference between HEN-ABC and
the stand-alone HENZ is that HEN-ABC is capable of generating 401.9 kW of cooling at 10°C
from the waste heat, to be reused in the system when cooling below the cold utility temperature
of 30.0°C is required.
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5.1.3 Process Integration of Waste Heat Recovery Technologies (Combined Model)

The process integration of ORCs and ABCs into HENSs in continuous process is studied using
HEN-WHR. The conditions are similar to those of HEN-ORC and HEN-ABC. AT,,,;,, = 15.0°C
is used for all matches in the system. For HEN-WHR the cold utility temperature is set as
30.0°C, like in HEN-ABC. Similar to HEN-ORC, the working fluid for the ORC is R113 with
evaporation temperature of 85.76°C (304.47 kPa) and condensation temperature of 45°C (91.64
kPa). The condensation temperature is 45°C instead of 25°C, as in HEN-ORC, because it is the
lowest condensation temperature that can be achieved with the available cold utility for the

given AT .

In total, the model consists of 986 equations with 1 129 variables (163 integer variables) plus
two additional equations establishing the upper limits to the utility consumption. Results for
HEN-WHR for Case Study 1 are summarized in Table 5-7. Figure 5-3 illustrates the grid
diagram for the optimal design and Table 5-8 presents information about the individual heat

exchangers that where calculated using HEN-WHR.

Table 5-7. Results of HEN-WHR for Case Study 1
Operating Conditions WHR
Trer (°C) 10,0
Working Fluid R113
Pepap (kPa) 304.47
P.ona (kPa) 91.64
T (°C) 45.16
Tovan (°C) 85.76
T 4 (°0) 63.19
T2, (°C) 45.00
Results
Hot Utility Consumption (kW) 7521.4
Cold Utility Consumption (kW) 4 953.0
Cooling Generated (kW) 288.6
Whee (kW) 156.3
Wiy (kW) 158.7
Woump (kW) 2.4
OPEX (€/a) 641 335.7
CAPEX (€/a) 127 654.3
Electricity Sales (€/a) -250 014.9
TAC (€/a) 518 975.1
Area (m?) 1127.4
Number of Units 25
rIOT‘C 80%
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 18.2%

Source: Own table
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Table 5-8. Heat exchanger information for HEN-WHR in Case Study 1
Type of Heat Exchanger Match Area (m?) Heat Exchanger Duty (kW)

Intra-Process (i,j,k) 1,11 13.2 133.1
2,31 8.3 178.0
1,42 238.4 2399.9
4,12 43.1 401.6
8,3,2 6.5 62.2
2,4,3 33.2 327.1
4,33 71.0 567.4
7,13 92.4 718.0
7,33 9.8 76.4
Hot Utility (j) 1 3.6 220.4
2 114.3 3999.0
5 59.5 3302.0
Cold Utility (i) 3 39.8 642.6
6 53.4 1655.0
8 11.8 194.6
ORC Evaporator (i) 2 23.6 794.0
3 27.3 369.6
5 27.2 516.0
ORC Cold Utility 221.7 17933
ABC- Generator (i) 2 22.7 378.9
ABC-Evaporator (i) 3 13.3 185.8
7 4.2 40.6
8 4.6 62.2
ABC-Condenser 19.9 306.1
ABC-Absorber 30.0 361.4

Source: Own table

Compared with HEN2 (HEN including refrigeration costs if provided by a VCR), as presented
in Table 5-3, HEN-WHR has a decrease of 34.4 % in TAC (518 975.1 €/a instead of 791 301.4
€/a) and generates 288.6 kW of cooling at 10.0°C and 156.3 kW of electric power from waste
heat. The results show clearly the benefits of the integration of ORCs and ABCs into the system.
Comparing HEN-WHR with HEN-ORC, the generated electricity decreases, as only 156.3 kW
instead of 284.9 kW of power are generated. The 45% drop in power generated is due to two
main factors: 1) some waste heat is used to generate cooling instead of electricity due to the
integration of the ABC and 2) the increase in the working fluid condensation temperature, from
25.0° in HEN-ORC to 45.0°C in HEN-WHR, which decreases the efficiency of the ORC cycle
by 31% (8.0% instead of 11.6%). As for the comparison between HEN-WHR and HEN-ABC,
HEN-WHR generates less cooling at 10°C (288.6 kW instead of 401.9 kW) but the generated
electricity by the ORC largely improves the economics of the design (TAC 518 975.1 €/a
instead of 735 791.1 €/a)
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5.2 Case Study 2 (Semi-Continuous Process)

Table 5-9 presents the information of the process streams for Case Study 2. The problem is an
adaptation of Case Study 1 and was first used by Hellwig (1998) to illustrate the use of the
OMNIUM method for the design of HENs for non-continuous operations. According to
Hellwig, process streams H5 to H8 and C3 to C5 operate discontinuously, only from 6:00 to
22:00 daily, while the rest of the streams have a continuous operation. The design parameters
are the same as in Case Study 1, as presented in Table 5-2, and AT,,;, = 15.0°C is used for all
matches in the system. From a practical point on view, the process can be divided in 2 clear
periods of operation: From 22:00 to 6:00 and from 6:00 to 22:00. However, in this work 3
periods of operations are used, the same number as in the original data as presented by Hellwig
(1998). The 3 periods of operation are: From 0:00 to 6:00, from 6:00 to 22:00 and from 22:00

to 24:00, to then restart the cycle again, as represented in the event diagram in Figure 5-4.

Table 5-9. Stream data Case Study 2. 8H5C Discontinuous
Stream T (°C) ToU(°C) F (kw/°C) tstart (N) tena (N) At (h)

H1 138.0 134.7 767.6 0 24 24
H2 135.0 134.3 2397.1 0 24 24
H3 134.7 32.0 14.3 0 24 24
H4 134.3 32.0 9.5 0 24 24
H5 107.0 106.9 5160.0 6 22 16
H6 92.0 91.9 16 550.0 6 22 16
H7 91.9 28.0 13.1 6 22 16
H8 106.9 30.0 4.1 6 22 16
C1 15.0 142.0 11.6 0 24 24
c2 184.0 186.0 19995 0 24 24
C3 15.0 100.0 104 6 22 16
C4 115.0 117.0 13635 6 22 16
C5 143.0 145.0 1651.0 6 22 16
HU 255.0 255.0 -

cuv2 10.0/30.0 10.0/30.0 -

D The cold utility temperature is set to 10.0°C for the stand-alone hen and HEN-ORC. For models involving
absorption chillers (MP-ABC and MP-WHR) this temperature is set to 30.0°C.
2 Film coefficients for all streams are h = 1.0 kW/m2°C
Source: Own table

Figure 5-5 presents the GCCs for the different periods. As the periods are independent of each
other (no heat storage considered), the “Time Slide Model” (TSM) is used to calculate the utility
targets in each period. In the TSM, each period is treated as an independent problem and the
utility targets for each period are calculated using the “Problem Table Algorithm” (PTA). Using
PTA and considering the duration of the periods, the utility targets are presented in Table 5-10.
Per cycle, the hot utility target is 154 097.6 kwWh and the cold utility target is 123 468.8 kwh.
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These values are used as limits for the utility consumption in the different models used in this

case study.

H1
H2
H3
H4
H5

H8
C1
C2
C3r
C4 r b
C5r

Time (h)

Figure 5-4. Event diagram of Case Study 2

Source: Own diagram
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Table 5-10. Energy targets Case Study 2 according to TSM
Hot Utility Target Cold Utility Target
Heat Flow (kW) Heat Load (kWh) Heat Flow (kW) Heat Load (kWh)
Period 1 4219.4 25316.4 5395.2 323712
Period 2 7521.4 120 342.4 5109.2 81747.2
Period 3 4219.4 8438.8 5395.2 10 790.4
Total Per Cycle 154 097.6 Total Per Cycle 124 908.8
Source: Own table

As before, the stand-alone HEN minimizing the TAC of the system is generated. In this case,
the multi-period stage-wise superstructure for the synthesis of HENs developed by Verheyen
and Zhang (2006) using the “Maximum Area” approach, is implemented. As with Case Study
1 two HEN designs are presented for comparison purposes. “HEN Design 1” (HEN1) has
available a cold utility with a temperature of T2%= T/* = 10°C. On the other hand, “HEN
Design 2” (HEN2) has available a cold utility with a temperature of T3%¢= Ti* = 30°C. The
additional cooling below 45°C (T"+ AT,,;,) required to reach its hot process streams targets
(T2%%), will be provided by a vapor compression refrigeration system (VCR). The modeling
assumption for the VCR are the same as with Case Study 1 as presented in Section 5.1. These
assumptions include a COP = 7.08 for the VCR and the no consideration of the capital costs
and heat transfer areas associated with the VCR. As with the continuous case, the number of
stages was arbitrary set to 3. In total, the model consists of 2 386 equations with 2 099 variables
(173 integer variables). The results of the optimization problem are summarized in Table 5-11.

Table 5-11. Results of stand-alone Heat Exchanger Network for Case Study 2

HEN1 HEN2
TW =TI (°C) 10°C 30°C
Average Hot Utility Consumption (kW) 6 420.7 6 420.7
Hot Utility Consumption per Cycle (kWh) 154 097.6 154 097.6
Average Cold Utility Consumption (kW) 5204.5 4 950.2
Cold Utility Consumption per Cycle (kwh) 124 908.8 118 804.2
Average VCR Cooling Duty (kW) - 254.4
VCR Cooling Duty per Cycle (kwh) - 6 104.6
Operative Expenditure /OPEX (€/a) 555 294.9 610 742.4
Hot Utility Expenditure (€/a) 513 658.7 513 658.7
Cold Utility Expenditure (€/a) 41 636.3 396014
VCR Operative Expenditure (€/a) - 57 482.3
Capital Expenditure /CAPEX (€/a) 75981.1 88 683.3
Total Annualized Cost (TAC) 631 276.1 699 425.6
Area (m?) 760.2 908.5
Number of Units 15 17
Termination Criteria Tolerance Tolerance
CPU Time (s) 9.3 24.2

Source: Own table
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Compared with the results of HEN1 in the continuous case presented in Table 5-3, the TAC of
the multi-period HEN is 11.9% lower (631 276.1 €/a instead of 716 263.4 €/a) due to the
decrease in the average hot and cold utility consumptions in the system. A slight increase in the
CAPEX (75 981.1 €/a instead of 73 677.8 €/a) is caused by the increase in the number of heat
transfer units required in the multi-period case (15 instead of 14). HEN2 (HEN with cold utility
available at 30°C and therefore requiring a VCR system for additional refrigeration) behave
similarly to HENZ1, with an overall reduction of 11.6 % in the TAC of the multi-period case in
comparison with the continuous operation (699 425.6 €/a instead of 791 301.4 €/a) and an
slightly increase in the CAPEX (88 683.3 €/a instead of 85 798.3 €/a). In all periods of
operation, there is a surplus of energy below the pinch at a high pinch temperature and therefore
the integration of ORCs can be beneficial to the system. In the following sections, the process
integration of ORCs, ABCs and both, into HENs in multi-period processes without FTVM heat
storage (semi-continuous processes) is analyzed with help of the mathematical models
developed in section 4.2.2 (MP-ORC, MP-ABC and MP-WHR).

5.2.1 Process Integration of Organic Rankine Cycle

As with the continuous case, the prescreening algorithm presented in section 5.1.1 is used to
determine the operating conditions of the ORC as well as the appropriate working fluid for the
system. The objective function is the average net power generated during a cycle. In Case Study
2, the pinch temperatures for all periods are the same (130.5 °C) and equal to the pinch
temperature in Case Study 1, therefore the same temperature intervals for the evaporation and
condensation temperatures as in Case Study 1 are tested; that is, the evaporation and
condensation temperatures for all working fluids are tested in the intervals T, €
[80.0;120.0]°C and T2%, € [25.0; 60.0]°C. As upper limits for the utility consumption for
the prescreening algorithm, the pinch targets per cycle as presented in Table 5-10 are used. In
cases where the pinch temperature differs in each period, it is recommended to test Tgys,, up
until the maximum pinch temperature among all periods. Table 5-12 presents the results of the
prescreening algorithm for Case Study 2 using the same working fluids tested in Case Study 1.

Table 5-12 Results of working fluids prescreening for Case Study 2
Working Fluid n-butane n-pentane  n-hexane R113 R123 R600a
Tovan (°C) 91.92 91.90 91.92 91.08 91.61 90.96
Peyap (kPa) 1304.69 550.48 199.46 348.28 649.03 1676.52
T4, (°C) 25.00 25.00 25.00 25.00 25.00 25.00
P.ona (kPa) 244.46 76.51 20.27 44.18 91.31 351.48
Average Net Power (kW) 362.77 367.29 371.16 373.33 375.40 355.11

Source: Own table
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Different than in Case Study 1, the best working fluid for Case Study 2 is R123 instead of R113.
Again, the best condensation temperature for all working fluids, 25.0°C (91.31 kPa for R123),
is the lowest temperature evaluated and the calculated evaporation temperatures are similar
among all the working fluids. For R123 in Case Study 2, the evaporation temperature 91.61 °C
(649.03 kPa), is higher than the evaporation temperature calculated for R113 in Case Study 1.
This is explained by the shape of the GCC in periods 1 and 3 in Figure 5-5, where higher
temperatures are available for the waste heat recovery under the pinch in comparison with
period 2, which is equivalent to the GCC for Case Study 1, as presented in Figure 5-1. Using
R123 as working fluid with the operating temperatures found in the prescreening, MP-ORC is
solved with TAC as the objective function. In total, MP-ORC consists of 2 713 equations with
2 402 variables (187 integer variables) plus two additional equations to set the upper limits to
the utility consumption. Results for MP-ORC for Case Study 2 are summarized in Table 5-13
and the grid diagram for the generated configuration is presented in Appendix D.

Table 5-13. Results of MP-ORC for Case Study 2
Operating Conditions ORC
Working Fluid R123
Peyap (kPa) 649.03
P.ona (kPa) 91.31
Thap (°C) 25.40
Tovan (°C) 91.61
T . (°0) 45.07
T2 (°C) 25.00
Results
Average Hot Utility Consumption (kW) 6 420.7
Hot Utility Consumption per Cycle (kWh) 154 097.6
Average Cold Utility Consumption (kW) 4 830.0
Cold Utility Consumption per Cycle (kwh) 115919.3
Wer (RW) 374.6
Wiwrp (RW) 382.9
Wyump (kW) 8.2
Wier (KWh) 8991.1
Werp (KWH) 9188.6
Woump (KWh) 197.5
OPEX (€/a) 552 318.4
CAPEX (€/a) 141 928.6
Electricity Sales (€/a) -599 409.6
TAC (€/a) 94 817.4
Area (m?) 1226.6
Number of Units 22
rIOT‘C 123
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 80.5

Source: Own table
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Compared with the stand-alone multi-period HEN1 in Table 5-11, the integration of ORCs
again decreases the TAC of the system by generating electricity from waste heat. The effect of
the ORC integration is even larger than in the continuous case presented in Case Study 1, as an
85.0% drop in the TAC of the system (from 631 276.1 €/a to 94 817.4 €/a) is achieved (only a
58.0% drop in TAC in HEN-ORC in Case Study 1). The reason for this improvement is, as
mentioned before, the availability of high temperature waste heat in periods 1 and 3. This waste
heat at high temperature, increases the evaporation temperature of the system as compared with
the continuous case (91.61 °C instead of 85.76°C) , increasing the ORC efficiency (o, =12.3%
instead of 11.6%). Additionally, the amount of waste heat available in Case Study 2 is slightly
higher than the waste heat available in Case Study 1, as visible from the cold utility targets (5
204.5 kW in average in Case Study 2 instead of 5 019.2 kW in Case Study 1).

5.2.2 Process Integration of Absorption Chillers

As in Case Study 1, the cold utility temperature available in this case is 30.0 °C, as indicated in
Table 5-9. The refrigeration temperature to be generated by the ABC (T,) is set to 10.0 °C
and AT,,;, = 15.0 °C for all matches. In total, the model consists of 2 747 equations with 2 390
variables (189 integer variables) with two additional equations establishing the upper limits to
the utility consumption. Results for MP-ABC for Case Study 2 are summarized in Table 5-14

and the grid diagrams for the generated configurations are presented in Appendix D.

Table 5-14. Results of MP-ABC for Case Study 2
Operating Conditions ABC
Trer (°C) 10.0
Results
Average Hot Utility Consumption (kW) 6 420.7
Hot Utility Consumption per Cycle (kWh) 154 097.6
Average Cold Utility Consumption (kW) 5204.5
Cold Utility Consumption per Cycle (kwh) 124 908.8
Average Cooling Generated (kW) 333.9
Cooling Generated (kWh) 8014.1
OPEX (€/a) 555 294.9
CAPEX (€/a) 100 768.4
TAC (€/a) 656 063.3
Area (m?) 1014.0
Number of Units 20
Termination Criteria Tolerance
Optimality Gap (%) /CPU Time (s) 2 680.1

Source: Own table



Applications of the Framework 133

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR
system for additional refrigeration), as presented in Table 5-11, MP-ABC has at least a
reduction of 6.2% in the TAC of the system (656 063.3 €/a instead of 699 425.6 €/a) due to the
replacement of electricity by waste heat as driving force for the refrigeration cycle. The

calculated savings would be higher if the capital costs of the VCR were also considered.

MP-ABC is able to generate in average 333.9 kW of cooling at 10°C from waste heat, which
otherwise would have to be provided by the VCR system using electricity. Compared with the
continuous case in Case Study 1, MP-ABC has a lower TAC, mainly due to the lower OPEX
(555 294.9 €/a instead of 642 585.6 €/a in HEN-ABC) as the utility consumption in the multi-

period case is lower than in the continuous case.
5.2.3 Process Integration of Waste Heat Recovery Technologies (Combined Model)

The conditions for MP-WHR are similar to those of MP-ORC and MP-ABC. AT,,,;, = 15.0 °C
is used for all matches in the system. The cold utility temperature is set as 30.0 °C, like in MP-
ABC. The working fluid for the ORC is R123 with evaporation temperature of 91.61°C (649.03
kPa) and condensation temperature of 45°C (181.69 kPa). The condensation temperature, 45.0
°C, is the lowest temperature that can be achieved with the available cold utility. The model
consists of 3 089 equations with 2 653 variables (163 integer variables), with two additional
equations for the upper limits to the utility consumption. Results for MP-WHR for Case Study
2 are summarized in Table 5-15. Table 5-16 and Table 5-17 present detailed information about

the design and Figure 5-6 illustrates the grid diagram for the configuration.

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR
system for additional refrigeration), as presented in Table 5-11, MP-WHR has a decrease of
53.4% in TAC (325 784.8 €/a instead of 699 425.6 €/a) and generates in average 240.7 kW of
electric power and 254.4 kW of cooling at 10.0°C from waste heat. The results show clearly
the benefits of the integration of ORCs and ABCs into the system. As expected, the heat
exchanger duties as well as the energy generated and consumed by turbines and pumps, varies
depending on the period of operation, with 12 out of 27 heat exchanger units in the system

operating only during period 2.

Comparing MP-WHR with MP-ORC, the electricity generated decreases by 35.7 %, as only
240.7 KW instead of 374.6 kW of power are generated. Similar to HEN-WHR, the drop in
power generated by MP-WHR is produced by two main factors: 1) some waste heat is used to

generated cooling instead of electricity due to the integration of the ABC and 2) the increase in
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the working fluid condensation temperature, from 25° in MP-ORC to 45°C in MP-WHR, which
decreases the efficiency of the ORC cycle in 28.2% (8.8% instead of 12.3%). As for the
comparison between MP-WHR and MP-ABC, MP-WHR generates less cooling at 10°C (in
average 254.4 kW instead of 333.9 kW) but the generated electricity largely improves the
economics of the design (TAC 325 784.8 €/a instead of 656 063.3€/a).

Table 5-15. Results of MP-WHR for Case Study 2
Operating Conditions WHR
Trer (°C) 10.0
Working Fluid R123
Peyap (kPa) 649.03
P.ona (kPa) 181.69
Thap (°C) 45.38
Tony (°C) 91.61
Tin 2 (°0) 59.70
T2, (°C) 45.00
Results
Average Hot Utility Consumption (kW) 6 420.7
Hot Utility Consumption per Cycle (kWh) 154 097.6
Average Cold Utility Consumption (kW) 4 830.0
Cold Utility Consumption per Cycle (kwWh) 1191354
Average Cooling Generated (kW) 254.4
Cooling Generated (kWh) 6 104.6
Wier (kW) 240.7
Wiwrp (RW) 248.8
Wyump (kW) 7.1
Wier (KWh) 5776.6
Wiwrp (RWH) 5946.2
Woump (KWh) 169.7
OPEX (€/a) 553 370.5
CAPEX (€/a) 157 517.7
Electricity Sales (€/a) -385103.4
TAC (€/a) 325784.8
Area (m?) 1453.3
Number of Units 27
Norc 8.8
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 43.6

Source: Own table
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Figure 5-6.
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Table 5-16. Heat exchanger information for MP-WHR in Case Study 2
Heat Exchanger Duty (kW)
Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3

Intra-Process (i,j,k) 1,11 24.4 260.6 311.2 260.6
14,1 102.4 - 1049.0 -

4,31 10.6 - 178.0 -

4,12 26.2 274.2 223.6 274.2

8,3,2 6.5 - 62.2 -

2,43 176.3 - 1678.0 -

4,13 71.0 694.8 567.4 694.8

7,13 19.4 - 150.7 -

7,3,3 82.8 - 643.8 -

Hot Utility (j) 1 3.6 220.4 220.4 220.4
2 52.9 3999.0 3999.0 3999.0

5 14.3 - 3302.0 -

Cold Utility (i) 3 40.1 652.8 652.8 652.8
6 53.4 - 1655.0 -

8 11.8 - 194.6 -

ORC Evaporator (i) 1 69.6 22724 11728 22724
2 52.9 1678.0 - 1678.0

3 14.3 375.3 234.8 375.3

5 311 - 516.0 -

ORC Condenser (j) 1 1.3 23.2 - 23.2
ORC Cold Utility 364.5 3920.6 1753.8 3920.6
ABC- Generator (i) 3 31.2 254.1 394.6 254.1
ABC-Evaporator (i) 3 13.3 185.8 185.8 185.8
7 4.2 - 40.6 -

8 4.6 - 62.2 -

ABC-Condenser 19.9 197.1 306.1 197.1
ABC-Absorber 34.8 242.8 377.1 242.8

Source: Own table

Table 5-17. Turbine and pump information for MP-WHR in Case Study 2

Duty (kW)
Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3
Turbine 3934 3934 175.0 3934
Pump 11.2 11.2 5.0 11.2

Source: Own table

5.3 Case Study 3 (Batch Process)

Table 5-18 presents the information of the process streams for Case Study 3. The problem is an
adaptation from a problem first used by Chaturvedi et al. (2016) to illustrate a methodology for
batch heat integration with direct storage of product streams. In total 3 hot streams and 2 cold
streams are part of the process, which is characterized by four different periods of operation, as

represented in the event diagram of Figure 5-7. Design parameters for the system, including
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economic parameters for the cost calculations of heat exchangers, turbines pumps and storage

tanks, are presented in Table 5-19.

Table 5-18. Stream data Case Study 3. 3H2C

Stream T (°C) Tout (°C) F (KW/°C) tyart () tend () At (h)
H1 170.0 60.0 4.00 0 10 10
H2 190.0 20.0 3.00 0 8 8
H3 130.0 100.0 1.67 5 8 3
c1 80.0 140.0 8.00 0 8 8
c2 10.0 135.0 10.00 25 5 25
HU 200.0 200.0 - - - -
cu? 5.0/20.0 5.0/20.0 - - - -

D The cold utility temperature is set to 5.0°C for the stand-alone HEN and MP-ST-ORC. For models
involving absorption chillers (MP-ST-ABC and MP-ST-WHR) this temperature is set to 20.0°C.
2 Film coefficients for all streams are h = 1.0 kW/m2°C
Source: Own table

For the Pinch Analysis, AT,,,;,, = 10.0°C is used for all matches in the system. The cold utility
temperature is set to 20.0 °C for the models involving absorption chillers (MP-ST-ABC and
MP-ST-WHR) and 5.0 °C for the rest (stand-alone HEN and MP-ST-ORC). Energy targets are
obtained using both, the Time Slice Model (TSM), for the case when no heat storage is
available, and the Time Average Model (TAM), for the case when heat storage is allowed. In
TAM, the energy targets are calculated as if the process were a continuous process, where the
heat flows of the streams are the weighted averages (time averages) of the heat flows of the

streams over the duration of the batch cycle. Table 5-20 presents the calculated energy targets.

Table 5-19. Design parameters for Case Study 3
Parameter General Heat Exchanger  Storage Tanks Turbine Pump

AF (ah) 0.23 - - - -
Hy (h/a) 8 000 - - - -
Chu(€/kWh) 0.05 - - - -
Ccu(€/kWh) 0.01 - - - -
ecost/ePrice(€/kWh) 0.2 - - - -
Eff. SHEX (SSHEX) 0.7

Ciix (€) - 1 600.0 0.0 4 000.0 1200.0
Cvar (E/m?P; €/m®P; €/kWP )V - 210.0 2500.0 2 000.0 750.0
B - 0.95 0.95 0.95 0.95
Isentropic Eff. () - - - 0.8 0.65
cpst (kIkgeC) 4.2 - - - -
pse (kKg/m?) 885.2 - - - -

L Generic units are used for the variable cost coefficients, to generate cost calculations in Euros (€). For heat
exchangers €/m? for storage tanks €/ m*P | and for turbines and pumps €/kwP are used.
Source: Own table
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Figure 5-7. Event diagram Case Study 3
Source: Own diagram
Table 5-20. Energy targets Case Study 3 according to TAM and TSM
TAM TSM
Hot Utility Target (kWh) 0 1 950.0
Cold Utility Target (kwh) 1655.3 3615.3
Source: Own table

From the GCCs for the different periods of operation presented in Figure 5-8, it is clear that the
use of heat storage is key for the efficient design of the HEN, as three of the periods have a
significant heat surplus and only one of the periods has external heating needs. As illustrated in
the time-averaged GGC in Figure 5-9 and the TAM targets in Table 5-20, heat storage could
allow the system to operate without hot utility consumption. The pinch temperature of the time-
averaged process streams is 185.0 °C, which indicates the availability of high temperature
excess energy, but the shape of the GGCs (V-shape between 85.0 °C and 165.0 °C) also
indicates that most of this excess energy can be recovered internally in the system through heat

exchange with the help of the heat storage system.
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Figure 5-8. Grand Composite Curves for the different periods of operation in Case Study 3 (AT, = 10°C)
Source: Own diagram

A stand-alone HEN using heat storage and based on the modified Beck’s model as presented in
section 4.2.3.1 is generated. The number of energy levels for the storage system is set to 1 (two
storage tanks). Again, two HEN designs are presented for comparison purposes. “HEN Design
1” (HEN1) has available a cold utility with a temperature of T.3%t= T" = 5°C. On the other
hand, “HEN Design 2” (HEN2) has available a cold utility with a temperature of T.9¥t= T =
20°C. The additional cooling below 30°C (T:*+ AT,,;,,) required to reach its hot process streams
targets (T°**), will be provided by a vapor compression refrigeration system (VCR). The
modeling assumptions for the VCR are similar to those used in Case Study 1 and Case Study 2
as presented in Sections 5.1 and 5.2. These assumptions include a COP = 9.27 calculated as the
50% of the ideal COP (COPiqea = 18.54) of a VCR operating between 20°C (temperature of the
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available cold utility in HEN2) and 5°C (temperature of the available cold utility in HEN1). No
capital costs or heat transfer areas associated with the VCR system are considered.

a) Composite Curves

b) Grand Composite Curve
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Figure 5-9. Pinch analysis of the time-averaged process streams in Case Study 3 (AT;,;, = 10.0°C)
(AT = 10.0°0)
Source: Own diagram

The number of stages was arbitrarily set to 3. In total, the model consists of 1 085 equations
with 865 variables (53 integer variables). The results of the optimization problem are
summarized in Table 5-21.

One important conclusion from Table 5-21 is that only one energy level (two storage tanks) is
enough to reach the TAM targets. This is not always the case and in general increasing the
number of energy levels improves the energy recovery on the system, while simultaneously

increasing the capital costs.
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Table 5-21. Results of stand-alone Heat Exchanger Network with Heat Storage for Case Study 3
HEN1 HEN2
Tout=Tin (°C) 5°C 20°C
Average Hot Utility Consumption (kW) 0.0 0.0
Hot Utility Consumption per Cycle (kWh) 0.0 0.0
Average Cold Utility Consumption (kW) 166.5 142.5
Cold Utility Consumption per Cycle (kwh) 1665.3 1425.3
Average VCR Cooling Duty (kW) - 24.0
VCR Cooling Duty per Cycle (kWh) - 240.0
Operative Expenditure /OPEX (€/a) 133224 15544.8
Hot Utility Expenditure (€/a) 0.0 0.0
Cold Utility Expenditure (€/a) 133224 11 402.4
VCR Operative Expenditure (€/a) - 4142.4
Capital Expenditure /CAPEX (€/a) 31 239.9 374475
Total Annualized Cost (TAC) 44 562.3 52 992.3
Area (m?) 252.1 379.9
Storage Volume (m3) 33.9 37.1
Number of Units 11 11
Termination Criteria Time Limit Time Limit
CPU Time (s) 36.41 58.39
Source: Own table

5.3.1 Process Integration of Organic Rankine Cycle

The prescreening algorithm presented in section 5.1.1 is used to determine the operating
conditions of the ORC as well as the appropriate working fluid for the system. The time-
averaged streams used to calculate the TAM targets are used as input for the algorithm, as they
account for the existence of heat storage in the system. The objective function is the average
net power generated during a cycle. The evaporation and condensation temperatures for all
working fluids are tested in the intervals T34, € [60.0 ;175.0]°C and T2, € [20.0 ;80.0]°C.
As upper limits for the utility consumption for the prescreening algorithm, the TAM targets per
cycle as presented in Table 5-20 are used. Table 5-22 presents the results of the prescreening

algorithm for Case Study 3 using the same working fluids evaluated in Case Studies 1 and 2.

Table 5-22. Results of working fluids prescreening for Case Study 3
Working Fluid n-butane n-pentane n-hexane R113 R123 R600a
Tovan (°C) 60.00 60.00 60.00 60.00 60.00 60.00
Peyap (kKPa) 641.42 240.09 76.64 148.24 286.00 871.30
T4, (°C) 20.00 20.00 20.00 20.00 20.00 20.00
P.ona (kPa) 208.63 63.32 16.25 36.14 75.56 302.90
Average Net Power (kW) 13.97 13.32 13.84 13.65 13.86 13.66
Source: Own table

For this case, n-butane is the working fluid with the best performance. As with the previous

case studies, the best condensation temperature for all working fluids, 20.0°C (208.63 kPa), is
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the lowest temperature evaluated, and the calculated evaporation temperatures are similar
among all the working fluids. In Case Study 3, the optimal evaporation temperature, 60.00 °C
(641.42 kPa), is the same regardless of the working fluid. This result is in concordance with the
GGC for the time-averaged process streams, which indicates that most of the heat available at
temperatures higher than 85.0 °C is recovered internally through heat exchange with the help
of the heat storage system, and only the heat below 85.0 °C is available to be used by the WHR
technologies, including the ORC.

In total, the model consists of 1 562 equations with 1 236 variables (59 integer variables), plus
two additional equations to set the TAM limits to the utility consumption. Results for MP-ST-
ORC for Case Study 3 are summarized in Table 5-23 and the grid diagrams for the generated

configuration are presented in Appendix D.

Table 5-23. Results of MP-ST-ORC for Case Study 3
Operating Conditions ORC
Working Fluid n-Butane
Peyap (kPa) 641.42
P.ona (kPa) 208.63
Thap (°C) 20.36
Tovan (°C) 60.00
Tin 2 (°C) 32.35
T2UL, (°C) 20.00
Results
Average Hot Utility Consumption (kW) 0.0
Hot Utility Consumption per Cycle (kWh) 0.0
Average Cold Utility Consumption (kW) 157.8
Cold Utility Consumption per Cycle (kwh) 1575.8
Wer (kW) 9.0
I/l_/turb (kW) 9.2
Woump (KW) 0.28
Wier (KWh) 89.5
Werp (KWH) 90.3
Woump (KWh) 2.8
OPEX (€/a) 12 606.2
CAPEX (€/a) 39 631.5
Electricity Sales (€/a) -14 321.7
TAC (€/a) 37 916.0
Area (m?) 345.8
Storage VVolume (m3) 32.1
Number of Units 13
r’OT‘C 84
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 67.20

Source: Own table
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Compared with HEN1 as presented in Table 5-21 (TAC1), the results for MP-ST-ORC show a
reduction of 14.9 % in the TAC of the system (37 916.0 €/a instead of 44 562.3 €/a), without
increasing its utility consumption. The system generates in average 9.0 kW of electricity from
waste heat, which would otherwise be rejected. The low temperature at which the waste heat is
available, influences negatively the efficiency of the cycle and only 8.4% of the energy fed to
the ORC is transformed to electricity. The generated system has only two heat exchanger units
more than the stand-alone HEN (13 instead of 11) and, although the heat transfer area required
increases by 37.2 % (345.8 m2 instead of 252.1 m?), the required heat storage volume decreases
slightly by 5.3% (32.1 m? instead of 33.9 m3). In general, the integration of the ORC has again
a positive impact on the economics of the design, as the increased CAPEX (39 631.5 €/a instead
of 31 239.9 €/a) is offset by the sales from the electricity generated by the ORC (14 321.7 €/a).

5.3.2 Process Integration of Absorption Chillers

The cold utility temperature available in this case is 20.0°C, as indicated in Table 5-18. The
refrigeration temperature to be generated by the ABC (T...f) is setto 5.0°C and AT,,;;,, = 10.0°C
is used for all matches. In total, the model consists of 1 283 equations with 1 001 variables (53
integer variables) plus two equations for the TAM limits to the utility consumption. Results for
MP-ST-ABC for Case Study 3 are summarized in Table 5-24 and the grid diagrams for the

generated configuration is presented in Appendix D.

Table 5-24. Results of MP-ST-ABC for Case Study 3
Operating Conditions ABC
Tref (OC) 5
Results
Average Hot Utility Consumption (kW) 0.0
Hot Utility Consumption per Cycle (kWh) 0.0
Average Cold Utility Consumption (kW) 166.5
Cold Utility Consumption per Cycle (kwWh) 1665.3
Average Cooling Generated (kW) 30.0
Cooling Generated per Cycle (kWh) 300.0
OPEX (€/a) 133224
CAPEX (€/a) 35649.1
TAC (€/a) 48 971.4
Area (m?) 292.3
Storage VVolume (m3) 35.1
Number of Units 17
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 43.18
Source: Own table

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR
system for additional refrigeration) as presented in Table 5-21, MP-ST-ABC has a 7.6% lower
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TAC (48 971.4 €/a instead of 52 992.3 €/a) due to the replacement of electricity for waste heat
as driving force for the refrigeration cycle. The calculated savings would be higher if the capital

costs of the VCR were also considered.

The system has also an increase in the required heat transfer area (292.3 m? instead of 252.1
m?2), the number of heat transfer units (17 instead of 11) and in storage volume (35.1 m?3 instead
of 33.9 m3). Even then, MP-ST-ABC is able to generate in average 30.0 kW of cooling at 5.0
°C from waste heat, which otherwise would have to be provided by the VCR system using

electricity.
5.3.3 Process Integration of Waste Heat Recovery Technologies (Combined Model)

In this case, the conditions are similar to those of MP-ST-ORC and MP-ST-ABC. AT,,,;, =
10.0 °C is used for all matches in the system. The cold utility temperature is set to 20.0 °C, like
in MP-ST-ABC. The working fluid for the ORC is n-Butane with an evaporation temperature
of 60.0 °C (641.42 kPa) and a condensation temperature of 30.0 °C (284.81 kPa). In total, the
model consists of 1 483 equations with 1 178 variables (59 integer variables), plus two
equations for the TAM limits to the utility consumption. Results for MP-ST-WHR for Case
Study 3 are summarized in Table 5-25. Table 5-26 and Table 5-27 present detailed information

about the design and Figure 5-10 illustrates the grid diagram for the configuration.

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR
system for additional refrigeration) as presented in Table 5-21, MP-ST-WHR has a slight
decrease of 5.9 % in TAC (49 846.4 €/a instead of 52 992.3 €/a) and it is able to generate in
average 3.2 kW of electric power and 30.0 kW of cooling at 5.0°C from waste heat.

Comparing MP-ST-WHR with MP-ST-ORC, the electricity generated decreases in 64.4 % (3.2
kW instead of 9.0 kW). Similar to HEN-WHR and MP-WHR, the drop in power generated by
MP-ST-WHR is produced by the use of a part of the waste heat to drive the ABC instead of
generating electricity and the increase in the working fluid condensation temperature for the
ORC, which decreases the efficiency of the ORC cycle (6.4% instead of 8.4) and the amount
of waste heat available for the ORC. As for the comparison between MP-ST-WHR and MP-
ST-ABC, both configurations generate the same amount of cooling at 5°C (in average 30.0 kW
in both cases) but the integration of the ORC increases by 1.8% the TAC of the system (49
846.4 €/a instead of 48 971.4 €/a), as the generated electricity in MP-ST-ORC is unable to offset
the increases in the capital cost of the system due to the ORC.
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The heat exchanger information for MP-ST-WHR in Table 5-26 shows, as with Case Study 2,
that the heat exchanger duties vary depending on the period of operation, with none of the heat
exchangers operating in all the periods. A similar behavior is observed in turbines and pumps

as presented in Table 5-27, as their duties change depending on the operating period.

Table 5-25. Results of MP-ST-WHR for Case Study 3
Operating Conditions WHR
Trer (°C) 5.00
Working Fluid n-Butane
Pevap (kPa) 641.42
P.ona (kPa) 284.81
Thay (°C) 30.31
Tovan (°C) 60.00
Tin 2 (°C) 39.44
T2UL, (°C) 30.00
Results
Average Hot Utility Consumption (kW) 0.0
Hot Utility Consumption per Cycle (kWh) 0.0
Average Cold Utility Consumption (kW) 163.3
Cold Utility Consumption per Cycle (kwWh) 1633.3
Average Cooling Generated (kW) 30.0
Cooling Generated per Cycle (kWh) 300.0
Wier (kW) 3.2
I/l_/turb (kW) 33
Wyump (kW) 0.1
Wiyer (KWh) 32.0
Wiwrp (RWH) 33.2
Woump (KWh) 1.1
OPEX (€/a) 13 066.2
CAPEX (€/a) 41 906.0
Electricity Sales (€/a) -5125.7
TAC (€/a) 49 846.4
Area (m?) 386.5
Storage Volume (m3) 34.8
Number of Units 16
TIOTC 64
Termination Criteria Time Limit
Optimality Gap (%) /CPU Time (s) 82.57

Source: Own table
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Figure 5-10. Grid diagram MP-ST-WHR for Case Study 3

Source: Own diagram
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Table 5-26. Heat exchanger information for MP-ST-WHR in Case Study 3

Heat Exchanger Duty (kW)

Maximum

Type of Heat Exchanger Match Period1 Period2 Period3 Period 4
Area (m?)

Intra-Process (i,j,k) 2,1,1 10.9 163.0 135.0 163.0 -
1,12 28.8 180.0 320.0 180.0 -

2,1,2 214 137.1 - 137.1 -

2,23 47.8 - 345.0 - -

Cold Utility (i) 1 2.0 7.1 7.1 7.1 45.1
Hot Streams to Cold Sto. Streams (i,k,Iv)  1,1,1 16.0 140.0 - 134.8 320.0
2,3,1 24.3 120.7 - 159.5 -

3,2,1 4.0 - - 50.1 -

Cold Streams to Hot Sto. Streams (j,k,Iv)  1,2,1 1.2 - 25.0 - -
2,3,1 171.8 - 905.0 - -

ORC-Evaporator (i) 1 4.3 - 74.9 54.2 74.9
ORC-Cold Utility 9.9 - 70.1 50.7 70.1
ABC-Generator (i) 1 13.7 112.9 37.9 63.9 -
ABC-Evaporator (i) 2 6.6 80.3 30.0 50.5 -
ABC-Condenser 8.9 93.0 31.3 52.6 -
ABC-Absorber 15.0 109.1 36.7 61.8 -

Source: Own table

Table 5-27. Turbine and pump information for MP-ST-WHR in Case Study 3

Duty (kW)
Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 Period 4
Turbine 5.0 0.0 5.0 3.6 5.0
Pump 0.2 0.0 0.2 0.1 0.2

Source: Own table

5.4  Sensitivity Analysis

In this section, an exemplary sensitivity analysis of one of the nine developed models is
performed. The objective of this analysis is to study the effect of the variation of key design
parameters in the synthesis results. From the nine developed models, HEN-WHR, as used in
Case Study 1, is used for the sensitivity analysis because it combines good computational
performance (low optimality gaps after 3600 s of computational time) and a reasonable
complexity at is combines 3 of the 4 studied subsystems (HEN, ORC and ABC).

The sensitivity analysis is divides in three parts corresponding to a) economical paramteters, b)
key temperatures inside the subsystems (ORC and ABC) and c¢) the minimum approach

temperatures between different stream types in the system.
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5.4.1 Economical parameters

The economical parameters considered and their variation range are presented in Table 5-28.
All the selected parameters appear in the objective function for HEN-WHR as presented in
equations (4-88) to (4-91) in Section 4.2.1.3. The selected parameters do not influence the
amount of waste heat available in the system nor the performance of the ORC and ABC but
influence the TAC of the design by changing its economics (CAPEX and OPEX).

Table 5-28. Economical parameters for the sensitivity analysis of model HEN-WHR.

Parameter Symbol Unit Nominal Value  Lower Limit (%)  Upper Limit (%)
Annualization Factor AF (@b 0.23 70 130
Hours of Operation Hy (h/a) 8 000 70 100
Hot Utility Cost Chu  (E/kWh) 0.01 70 130
Cold Utility Cost Cu  (€/kWh) 0.001 70 130
Electricity Cost/Price geost/gprice  (€/kWh) 0.2 70 130
Capital cost exponent § - 0.65 70 130

Source: Own table

The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using
economical parameters are presented in Figure 5-11 and Figure 5-12. From the studied
parameters, the “Hot Utility Cost” (Chy) has the biggest impact on the TAC of the system. As
expected the “Hot Utility Cost” has a linear relation with TAC, as the hot utility consumption
of the system is fixed to its “hot utility target” as calculated with pinch analysis (See modeling
assumptions in Section 1.3). A similar linear relation can be seen for other of the studied
variables with exception of the capital cost exponent () which presents an exponential relation
with TAC. In this case, as with Case Study 1, the same capital cost exponent was used by all
components. The only variable with an inverse relation with TAC is the electricity cost, as for
the same amount of energy recovered by the ORC, increasing electricity costs decrease the TAC

of the system by decreasing its OPEX.

It is clear from Figure 5-12, that variations on the selected parametes do not influence the net
power geneted by the system (W,,.;) nor the total heat transfer area of the design. The small
discrepancites between the values reported for the Total Heat Transfer Area and W, for
different percentages of the nominal values in Figure 5-12 are explained by the numerical
precision of the solver used and the relatively large optimality gap used for the optimizations
(10 %). From the variables in Table 5-28, two (i.e.Annualization Factor and Capital Cost
Exponent) have an influence solely on the CAPEX of the system, while the other 4 variables in
Table 5-28 (hours of operation, electricity cost and hot and cold utility cost) only affect the

OPEX. None of the variables affects simultaneously both TAC componets.
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Figure 5-11. Sensitivity analysis of the Total Annualized Cost (TAC) of the system generated using HEN-WHR
for Case Study 1 (Economical Parameters).

Source: Own diagram

5.4.2 Key temperatures in the subsystems ORC and ABC

Three key temperatures in the system are used to study the behavior of the HEN-WHR model.
These temperatures are the evaporation (T54,) and condensation (T2% ) temperatures in the
ORC (as defined at the exit of the ORC-Evaporator and ORC-Condenser respectively) and the
refrigeration temperature (T,..r) as used in the evaporator in the ABC. The temperatures
considered and their variation range are presented in Table 5-29. The selected parameters do
not influence the amount of waste heat available in the system but they affect the performance
of the ORC and ABC , therefore changing the system designs and their economic performance.
For consistency, the range of variation for the ORC evaporation temperatures is the same as the
one used in the prescreening procedure as presented in Section 5.1.1 (TS, €
[80.0;120.0]°C). Condensation temperatures lower than the nominal value are not considered,
as the nominal value (T2%, = 45°C) is the lowest temperature that can be achived in the ORC
condenser using the available cold utility in HEN-WHR (T.9%= T = 30°C) with the given

minimum approach temperature (AT,,,;;, = 15.0°C).
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Source: Own diagram
Table 5-29. Key temperatures used for the sensitivity analysis of model HEN-WHR.

Parameter Symbol Unit Nominal Value Lower Limit (%) Upper Limit (%)
Evaporation Temperature (ORC) Téo °C 85.76 93.28 139.93
Condensation Temperature (ORC) ToM, °C 45.00 100 130
Refrigeration Temperature (ABC) Trer °C 10.00 70 130

Source:

Own table
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The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using the
parameters in Table 5-29 are presented in Figure 5-13 and Figure 5-14. Higher ORC
condensation temperatures (T2%,) have a negative impact on the TAC of the system as they
decrease the amount of net power generated by the ORC. This effect can be explained by a
reduction of the energy available for the ORC and a decrease in the efficiency of the ORC. The
variation of the refrigeration temperature (T;..;) have a minimal impact on the TAC of the
system by slightly increasing or decreasing the total heat transfer areas of the designs. An
interesting behaviour is obtained by increasing the ORC evaporation temperature (T55), as it
tends to increase the net power (W,,..) generated, to decrease the OPEX and to improve the
TAC of the system. This behaviour is not linear and for this particular case study (Case Study

1) and model (HEN-WHR) it can be described as a trend instead of a direct relationship.
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Figure 5-13. Sensitivity analysis of the Total Annualized Cost (TAC) of the system generated using HEN-WHR
for Case Study 1 (Key temperatures in the subsystems ORC and ABC).

Source: Own diagram

Another interesting finding is that the nominal T34, used in Case Study 1 for HEN-WHR is
not the optimal evaporation temperature, as higher temperature values have better
thermodynamical and economical performances. This is expected as the nominal evaporation
temperature used (T4, = 85.76 °C) was obtained using the preescreening algorithm with the

HEN-ORC model and W,,,; as the objective function. For HEN-WHR a new application of the
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prescreening algorithm is required in order to find its “optimal” (in relation to W,,,; ) operating
conditions. In Section 5.1 the same evaporation temperature was used for the 2 models (HEN-
ORC and HEN-WHR) in order to have a direct comparison between the systems designs. The
irregular behaviour of TAC and W, with the increasing Tgy4, highlights the need to
incorporate the operating conditions of the ORC in the optimization model. This extension is

recommended as a future area of research (Section 6.2).
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Figure 5-14. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR
for Case Study 1 (Key temperatures in the subsystems ORC and ABC).

Source: Own diagram
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5.4.3 Minimum approach temperatures

Variations in the minimum approach temperatures between the process streams including
utilites (ATHEN), the process streams (including utilites) and the ORC working fluid (AT,2R¢
and the process streams (including utilites) and the ABC working pair (AT;25¢) are also studied
as part of the sensitivity analysis. In the case studies presented in this chapter, all the minimum
approach temperatures in their respective systems were set to the same value and treated as
equal (AT, = 15.0°C for Case Study 1 and Case Study 2, and AT,,;, = 10.0°C for Case
Study 3), but in the most general case, minimum approach temperatures for each match in the
system can be defined. Table 5-30 presents the minimum approach temperatures considered
and their variation range. In this sensitivity anaylsis, the hot and cold utility are treated as part

of the process streams. AT,2RC is limited to values lower than the nominal, as the condensation

temperature of the working fluid is set to 45°C and it requires cooling from the cold utility at
30°C. A AT,2EC higher than the nominal (15°C) would therefore force the cold process streams
to provide the whole cooling requirement for the ORC, which is impractical. A similar
limitation is presented in AT,A5¢, which cannot be higher than 115% of the nominal value in

order to avoid crystallization. Higher values of ATA5¢

increase the condensation (T,,,q) and
absorption (Ty,s) temperatures of the ABC as defined in Section 4.2.1.2 and Section 1.3 (Cold
utiltiy temperate 30°C plus minimum approach temperature). For a given refrigeration
temperature (T,.;) there is a maximum condensation/absorption temperature above which

crystallization occurs and the ABC cycle is not able to generate the required cooling.

Table 5-30. Minimum approach temperatures used for the sensitivity analysis of model HEN-WHR.

- . Nominal - .
Minimum Approach Temperature Symbol  Unit Value Lower Limit (%)  Upper Limit (%)
Process Streams-Process Streams ~ ATEN °C 15.00 70 130
Process Streams-ORC ATORC °C 15.00 70 100
Process Streams-ABC ATABC °C 15.00 70 115

Source: Own table

The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using the

parameters in Table 5-30 are presented in Figure 5-15 and Figure 5-16. AT ENand ATORC

behave similarly, with higher values increasing the TAC of the system as they increase its
OPEX. This growth in the OPEX is mainly caused by a decrease in the net power generated by

the ORC as higher values of ATHEN and AT 2R decrease the amount of energy available to be

min min
used by the ORC. ATA5¢ has similar trends and higher values increase the TAC of the system

min

by increasing its OPEX due to the reduction of the net power generated by the ORC. An
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interesting behaviour takes places with AT A5¢ lower than 77.5 % of the nominal value (
ATABC = 11.625 °C) as below this minimum approach temperature, the ABC can be driven by
the hot stream H6 (T = 92°C and T°% = 91.9°C in Table 5-1) leaving additional energy
available to the ORC, which for higher values of AT 25¢ is used to drive the ABC and now can
instead be fed to the ORC to generate additional net power.
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Figure 5-15. Sensitivity Analysis of the Total Annualized Cost (TAC) of the system generated using HEN-
WHR for Case Study 1 (Minimum approach temperatures between different stream types).

Source: Own diagram

5.4.4 General comments on the sensitivity analysis

The results of the sensitivity analysis of the HEN-WHR model as used for Case Study 1 show
the effects of different parameters in the optimization procedure and its correponding system
designs. The multitute of parameters and complex interactions between them have been
evaluated in a fast and direct way with help of the mathematical model. The results of the
sensitivity analysis can only be interpreted on the context of Case Study 1 and the HEN-WHR
model and the effect of the different parameters in the behavior of the variables can differ if

different input data or models are used.

As for the sensitivity analysis of HEN-WHR using Case Study 1, the parameters “Hot Utility
Cost” (Cpy), “Hours of Operation per Year” (H,) and “ORC Condensation Temperature”
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(TS¥ ) have the biggest impact on the TAC of the system, while the “ABC Refrigeration
Temperature” (T.f) has the smallest. An important finding of the sensitivity analysis is, that
the nominal “ORC Evaporation Temperature” used (Tgpqp = 85.76 °C) is not optimal and
higher temperatures tend to generate designs with better TAC. This result highlights the need

to incorporate the operating conditions of the ORC in the optimization model.
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Figure 5-16. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR for
Case Study 1 (Minimum approach temperatures between different stream types).

Source: Own diagram
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Another interesting parameter to study is the number of intra-process stages in the
superstructure. Figure 5-17 and Figure 5-18 present the results of the sensitivity analysis of the
number of intra-process stages for HEN-WHR as used in Case Study 1. The results show that
starting on 3 stages the optimization results stay constant and additional stages do not improve
the system designs. In the case of only 2 intra-process stages a small penalty in the TAC exist
as the net power generated by the ORC is lower than with 3 or more stages. Additionally, the
number of heat transfer units in the system designs increases with increasing number of stages.
This is typical of mathematical programing techniques and it is referred to as
“Spaghettification”. Although starting from 3 stages, all the designs have similar TACs, in
practice the systems with less heat transfer units are preferable as they simplify the control and

operation the system.
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Figure 5-17. Sensitivity Analysis of the Total Annualized Cost (TAC) of the system generated using HEN-
WHR for Case Study 1 (Number of intraprocess stages in the superstructure).

Source: Own diagram

In general, the minimum number of stages required to generate a system with minimum TAC
(optimal number of stages) depends on the process streams studied and the model used. Ideally,
multiple runs of the models with different number of stages should be performed to find the

optimal number of stages. As mentioned before the results presented in this sensitivity analysis
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are only to be interpreted in the context of the input data for Case Study 1 and using the HEN-
WHR model.
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Figure 5-18. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR for
Case Study 1 (Number of intraprocess stages in the superstructure).

Source: Own diagram



158 Applications of the Framework

5.5 Critical Discussion

The application of the nine structures developed in Chapter 4 for the process integration of
organic Rankine cycles, absorption chillers or both, into heat exchanger networks for
continuous and multi-period processes with and without FTVM heat storage, was illustrated
with three case studies from the literature. For each model a local optimum is reported, which
minimizes the TAC of the system while integrating WHR technologies without increasing its
utility consumption. As a result, the generated designs produce electricity, cooling or both from
waste heat that otherwise would be rejected through the cold utility. Additionally, an exemplary
sensitivity analysis of one of the developed models (HEN-WHR) was presented, in order to

illustrate the effect of different parameters in the optimization results.

Some general comments from the results of the case studies are presented below, including the
calculation of CO; savings due to the integration of the WHR technologies into the HENS, in

comparison with the stand-alone HENS.

- As expected even with the 10% optimality gap, most of the optima generated in the case
studies do not reach the required tolerance before the time limit, and instead they generate
local solutions that cannot be proved to be less than 10% off from the global optimum. The
effect is more visible in multi-period processes were only 1 out of 6 optima reaches the
tolerance required.

- Itisimportant to emphasize that big optimality gaps do not indicate if the reported solutions
are close or far to the global optimum. They only indicate that the solver was unable to
“prove” that the reported solution is less than 10% off from the global optimum. Although
the solver BARON includes some mathematical procedures to help with the “proving
process”, in the most general case for complex MINLP a global optimum can only be
calculated if all the possible configurations are evaluated. Even in the simplest case for
continuous processes without including the utilities or the WHR technologies, the synthesis
of HENs is a combinatorial problem, that is the number of possible configurations of the
system is equal t0 (NyorNeoraNstages)!- For Case Study 1 that number is up to 120!
(6.7E198). In practice, the evaluation of all possible configurations is impossible.

- Although the solver BARON does not require initial values to perform the optimization,
good initial values help the solver to find good local optima faster. For the case studies
presented, a simple initialization procedure was used. First the models are solved without
including the capital costs in the objective functions. The binary variables from this solution

are then fixed and the resulting NLP is then optimized. The solution obtained to this NLP
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including the binary variables from the first optimization are used as initial points for the
final MINLP.

- The number of heat exchanger units when using mathematical programming approaches
tends to be high (“Spaghettification™). This can be solved by introducing a limit to the
number of units in the system. For the most general case (MP-ST-WHR superstructure),
equation (5-1) sets that limit to the number of heat exchanger units (N ;). The effects of
this limit to the number of heat exchanger units in the TAC and performace of the system

should be evaluated in case-by-case basis.

IDIDITES DI WETSWEIR

i{EHP jECP kEST {EHP jecp {EHP jecp (5-1)
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- The results obtained in the case studies can be further optimized using post-optimization
strategies. By fixing the objective value generated by the models and using it as a constraint
instead, it is possible to find other attractive system configurations. This strategy takes
advantage of the fact that the number of variables in the models is always higher than the
number of equations and therefore multiple solutions for the optimization problems exist
that generate the same objective value. For example, by fixing the objective value obtained
for TAC and using the minimum number of units or the minimum heat transfer area as
objective functions instead, it is possible to find more attractive system configurations for
real-life operation.

- In multi-period models, heat exchangers tend to operate only in some periods of operation.
The reuse of heat exchangers for different matches, that is, the reuse of heat exchanger for
different pairs of streams at different locations in the system, each period depending on their
availability has the potential to decrease the number of units required, and therefore the
capital costs of the HEN. Possible disadvantages of this method include but are not limited
to the need of cleaning procedures for the heat exchangers with their associated additional
costs. The integration of this “timesharing mechanism”, as presented by Sadeli and Chang
(2012), to the models developed in this work, constitutes an area of future research.

- Although the integration of ORCs into HEN has a positive effect on the economics of the
design in the case studies presented, the evaluation has to be done on a case-by-case basis.
For batch processes where capital costs represent a large share of the investment cost, and
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the energy costs only represent a small fraction of the TAC, the integration of ORCs could
increase the CAPEX of the system without significant gains due to electricity revenues.
For processes with cooling requirements and waste heat availability, the integration of
ABCs into the HENSs can be an interesting option. The ABCs do not change the required
cooling load, but exchange expensive low temperature cold utility or cooling generated by
VCR system with a cheaper cold utility at a higher temperature. Similar to ORCs the
economics of the design have to be evaluated in a case-by-case basis.

In their current configuration, the models integrating both ORCs and ABCs into HENs do
not use at full extend the opportunities for additional synergies between the ORC and the
ABC. Future improvements to the combined models, using the cooling generated by the
ABC to decrease the condensation temperature of the ORC, have the potential to achieve a
greater integration between the studied technologies and therefore improve the economic
performance of the designs.

It is possible to quantify, with certain assumptions, the environmental impact of the
integrated designs presented in this chapter. Table 5-31 presents the CO. savings of the
integrated designs in comparison with the stand-alone HENs (HEN1 and HENZ2). The
calculations are based on the emission factor of the German electricity mix for 2019 (0.401
kg/kWh), the electricity and cooling generated using waste heat for the different models and
the assumed COPs for the cooling below the cold utility temperature, when provided by
VCR systems as presented in each of the individual case studies (COPvcr = 7.08 for Case
Studies 1 and 2 and COPvcr = 9.27 for Case Study 3).

Table 5-31. CO,-Savings of the integrated designs in comparison with the stand-alone HENs
CO; Savings (t/a)
Electricity Cooling Total
Case Study 1 HEN-ORC 914.0 - 914.0
HEN-ABC - 182.1 182.1
HEN-WHR 501.4 130.8 632.2
Case Study 2 MP-ORC 1201.7 - 1201.7
MP-ABC - 151.3 151.3
MP-WHR 772.2 115.3 887.4
Case Study 3 MP-ST-ORC 28.9 - 28.9
MP-ST-ABC - 10.4 10.4
MP-ST-WHR 10.3 10.4 20.7
Source: Own table

Although not presented in the case studies, the models developed in this work are suitable,
to some extent, for retrofit analysis of existing HENs. Similar to the use of the SYNHEAT

model for the retrofit of HENs in continuous processes (Bjork and Nordman 2005), by
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fixing the binary variables representing the existing heat exchangers in the HEN and small
modifications in the cost and area equations (e.g., capital cost of existing heat exchangers
should be zero if their new required area is lower than their current area), it is possible to
explore other configurations for the HEN while exploring opportunities for the integration
of ORCs and ABC:s into the background processes. The use of the models in their current
configuration for retrofit is however limited, as they do not allow for exploring some retrofit
options such as the relocation of existing heat exchangers and non-isothermal mixing of
streams.

- The exemplary sensitivity analysis shows the effect of some model parameters in the
oprimization results for HEN-WHR. In the most general case, the results of the sensitivity
analysis are not transferable due to the complex interactions between the subsystems. A
case-by-case analysis of the models and input data is necessary in order to find the best

operating conditions for each particular design.

In order to evaluate the economical, technical and/or environmental performance of the
generated designs, three different parameters (one for each considered aspect) are used. To
evaluate the economic performance of the systems integrating exclusively ORC (HEN-ORC,
MP-ORC and MP-ST-ORC) the difference between the TAC of the combined designs and the
TAC of HEN1 (TAC of the stand-alone HEN if no refrigeration is required) is used. In the case
of systems involving ABCs (HEN-ABC, HEN-WHR, MP-ABC, MP-WHR, MP-ST-ABC and
MP-ST-WHR), the difference between the TAC of the combined designs and the TAC of HEN2
(TAC of the stand-alone HEN including the refrigeration costs if provided by a VCR) is used.

In order to evaluate the technical performance of the systems, an efficiency ratio between the
useful work recovered from the waste heat and the amount of waste heat available, as indicated
by the cold utility target for the process, is used. The useful work for the ORC subsystem is
defined by its net power generated and for the ABC subsystem equals to the refrigeration duty
provided to the hot process streams at the ABC-Evaporators. For multi-period processes the
average power and average refrigeration duties per cycle are used. By definition, this ratio for
stand-alone HENSs is zero, as they do not generate any useful work (electricity or cooling) from

the available waste heat. The efficiency ratio is presented in equation (5-2).
Whet + Xienp 487

Effic.Ratio =
Dienr qi "

(5-2)
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Finally, in order to evaluate the environmental performance of the designs, the CO»-savings

calculated in Table 5-31 are used.

Table 5-32. Economical, technical and environmental evaluation of the results of the case studies.
TAC Savings Efficiency Ratio  CO2 Savings (t/a)
€/a %
Case Study 1  HEN-ORC 415 314.6 58.0% 5.6% 914
HEN-ABC 55 520.3 7.0% 7.9% 182.1
HEN-WHR 272 326.3 34.4% 8.7% 632.2
Case Study 2  MP-ORC 536 458.7 85.0% 7.2% 12017
MP-ABC 43 362.3 6.2% 6.4% 151.3
MP-WHR 373 640.8 53.4% 9.5% 887.4
Case Study 3  MP-ST-ORC 6 646.3 14.9% 5.4% 28.9
MP-ST-ABC 4020.9 7.6% 18.0% 10.4
MP-ST-WHR 3145.9 5.9% 19.9% 20.7
Source: Own table

The results of the case studies as presented in Table 5-32 support the idea that combined design

approaches are able to generate economically, technically and/or environmentally attractive

system designs. For all the case studies presented, a reduction in the TAC of the systems

(economically attractive) and CO»-savings (environmentally attractive) were achieved by the

combined designs in comparison with the stand-alone HEN designs (in the case of HEN-ORC,
MP-ORC and MP-ST-ORC), or in comparison with the stand-alone HEN designs with cooling
below the cold utility temperature provided by a VCR (in the case of HEN-ABC, HEN-WHR,
MP-ABC, MP-WHR, MP-ST-ABC and MP-ST-WHR). Additionally in all combined designs,

a share of the waste heat that would be otherwise rejected to the cold utility, was transformed

into useful work (electricity or cooling). In average 9.8% of the waste heat available in the case

studies was transformed into useful work (technically attractive).
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6 Conclusions and Future Work

6.1 Conclusions

The overarching research question for this dissertation is:

“Can a combined design methodology considering simultaneously the synthesis of heat
exchanger networks and the process integration of organic Rankine cycles, absorption chillers
or both into the background processes in continuous and multi-period operation with and
without FTVM heat storage, generate system designs that are economically, technically and/or

environmentally more attractive than systems solely factoring heat exchanger networks? ”

In order to answer this question, a mathematical framework for the process integration of ORCs,
ABCs or both, into HENSs in continuous and multi-period processes with and without FTVM
heat storage was presented. As outlined in section 1.4, Chapter 2 introduced fundamental
concepts of waste heat recovery and HEN synthesis (Process Integration), Chapter 3 presented
the State-of-the-Art of the integration of ORCs and ABCs into HENs and Chapter 4 presented
the nine superstructures developed for the process integration of ORCs and ABCs into HENs
in continuous and multi-period processes with and without FTVM heat storage, including a
discussion about the mathematical considerations and limitations of the nine superstructures.
Finally, in Chapter 5, three case studies from the literature were used to illustrate the use and
possibilities of the nine individual superstructures developed in this work and an exemplary
sensitivity analysis for one of the developed superstructures was presented to highlight the
influence that key parameters in the system have in the optimization results. At the end of the
chapter, general comments about the results of the case studies and the performance of the

mathematical models were presented.

The developed superstructures with their corresponding mathematical models, have proved to
be useful for the relatively quick evaluation of combined designs integrating ORCs, ABCs, or
both, into HENS in continuous and multi-period processes with and without FTVM heat storage.
Although the specific economical, technical and/or environmental benefits from the generated
designs have to be evaluated on a case-by-case basis, depending on the process considered and
the economic and design parameters of the system, the results of this dissertation establish that
at least for some cases (as the ones presented in the case studies), a combined design
methodology considering simultaneously the synthesis of HENs and the process integration of
ORCs, ABCs and FTVM heat storage into the background processes in systems with

continuous or multi-period operation, is able to generate system designs that are economically,
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technically and environmentally more attractive than systems solely factoring the stand-alone
HEN. This allows to answer the overarching research question of this dissertation affirmatively.

6.2 Future Work

The main objective of this research was the generation of a mathematical framework for the
process integration of ORCs, ABCs or both technologies into HENS, in continuous and multi-
period processes with and without FTVM heat storage, and it was accomplished successfully.
However, the mathematical framework has a number of limitations due to the assumptions
made during the development of the superstructures and it can be improved to include more
complex configurations or other attractive WHR technologies. Possible directions for future
work, expanding upon the mathematical framework developed in this dissertation include but

are not limited to:

- Inclusion of additional WHR technologies into the mathematical framework, with special
emphasis on the process integration of heat pumps, as they have been successfully
implemented in industrial processes worldwide.

- Integration of WHR in all locations in the superstructures and not only in the dedicated-
stages.

- Linearization and simplification methodologies in order to reduce the computational
complexity of the mathematical problems and limit the size of their solution search space.

- Integration of working fluid/working pair properties in the optimization. In this work, the
operating conditions for working fluids and working pairs are decided beforehand and are
not part of the optimization problem. By fully integrating working fluid/working pairs
properties in the optimization model, it is possible to treat temperatures and pressures inside
the ORCs and ABCs as optimization variables in order to find the best operating conditions
for the systems.

- Consideration of other heat storage technologies. Mathematical formulations including
latent heat storages, as well as VTVM (Variable Temperature Variable Mass) or VTFM
(Variable Temperature Fixed Mass) storages are suggested topics for future works.

- For models including ORCs, the inclusion of other ORC configurations aside of the basic
cycle, like regenerative, recuperative or transcritical cycles.

- For models including ABCs, the consideration of multi-effect ABCs and a rigorous analysis
of the crystallization of LiBr in the refrigeration cycle.

- The consideration of transient and partial-load effects in the multi-period systems. As

presented in this work, no transient or partial load effects have been considered. Even then,
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turbine and pump efficiencies are known to be a function of the load in the system and
varying the mass flow in the cycles can have an important effect on the performance of their
components. Additionally, transient effects due to the change in operating conditions have
not been considered but they could have a considerable influence on the performance of
some system components.

For multi-period processes, the consideration of the “timesharing mechanism” as presented
by Sadeli and Chang (2012), in order to reuse heat exchangers in different matches each
period, depending on the needs of the process. This methodology has the potential to
improve the CAPEX of the systems, and therefore their TAC.

Other configurations considering more complex integrations between the different WHR
technologies used in the superstructures (ORCs and ABCs) can also be explored. Examples
of such alternative configurations include the use of the heat rejected from the ORC-
Condenser to drive the ABC-Generators, or the use of the refrigeration effect at the ABC-
Evaporator to decrease the condensation temperature at the ORC-Condenser, etc.
Similarly, alternative configurations exploring better integration opportunities between the
WHR technologies and the storage systems can also be explored. As presently constructed,
the direct interaction between the storage system and the WHR technologies was not
considered in the mathematical framework developed in this dissertation. As mentioned in
section 4.3, some works considering the integration of ORCs into industrial processes
(without considering the HEN synthesis) have already proposed the use of storage tanks
between the process streams and the ORCs in order to limit/damp the fluctuation of its
operational parameters (Pili et al. 2017; Pantaleo et al. 2017; Lecompte 2017; Jiménez-
Arreola et al. 2018), with positive results, including the decrease on the required size for
the ORC.

Adaptation of the mathematical framework for the study of retrofit problems. Although, in
their current configuration, the superstructures can be used to evaluate some retrofit options,
they do not include attractive retrofit measures, such as the relocation of existing heat
exchangers, or the non-isothermal mixing of streams.

Use of intermediate heats transfer fluids for the process integration of the WHR
technologies into the HEN. As presented by Chamorro-Romero and Radgen (2020) for the
integration of ORC into HENS in continuous processes, the use of intermediate heat transfer
fluids allows to consider system designs where the physical location of the ORC is far from
the process streams, or where a direct heat exchange between the WHR technologies and

the process streams is undesirable, due to safety and/or controllability reasons. The
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extension of the mathematical framework developed in this work to include this type of
indirect heat integration between the WHR and the process streams constitutes therefore a

future research opportunity.
6.3 Final Remarks

It is clear from the results of this dissertation, that combined design methodologies, considering
the process integration of ORCs, ABCs or both, into HENs for continuous and multi-period
processes with and without FTVM heat storage, can generate economically, technically or
environmentally attractive system designs. The simultaneous consideration of different
technologies and subsystems generate synergies that would be neglected if a traditional
hierarchical/sequential approach was applied or if only the stand-alone HEN were considered.
Additionally, compared with Pinch Analysis, the mathematical nature of the methodology
allows to calculate multiple variables/parameters of the system simultaneously while
considering the interaction between the different subsystems in a direct and flexible way. The
next steps in this area of research include but are not limited, to the consideration of other WHR
technologies that were not included in this work, as well as the consideration of linearization
and simplification strategies in order to be able to handle industrial-size problems within
reasonable computational time and with reasonable computational resources. The developed
mathematical framework, allows for the relatively quick analysis of this integrated designs,
under the limitations and assumptions used to for development of the framework. This work
does not claim to be able to generate the best possible configurations for a given system, but
allows the easy evaluation of different design options for systems integrating ORCs and ABCs

into HEN for continuous and multi-period processes with and without FTVM heat storage.
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Appendix A Modeling of Single-Effect Absorption Chiller

Appendix A describes the procedure for the mathematical modeling of single-effect absorption
chillers as used in the mathematical framework developed in Chapter 4. The objective of the
modeling is to generate fit functions for the coefficient of performance of the ABC (COP), the
ratio between the cooling demand at the ABC-Condenser and the heating demand at the ABC-
Generator (C2G), the temperature of the refrigerant solution at the entry of the ABC-Generators

(tg;n , location 3 at Figure A-1) and temperature of the strong refrigerant solution at the entry

of the ABC-Absorber (¢t , location 10 at Figure A-1). These four variables are used in the
mathematical framework developed in Chapter 4 to describe the physical behaviour of the ABC
and its interaction with the HEN. These variables are period independent and remain constant
during the whole duration of the cycle in the case of multi-period processes. The structure of
the fit functions and the mathematical definitions for COP and G2G were presented in Chapter

4. For clarity, the expressions are repeated below.

COP Z qi" = z bt (A-1)

iEHP iEHP
C2G z qabCQ abcc (A-2)
iEHP
COP = C; e2tgen + (5 C4tgen (A-3)
C2G = C5 COP + Cy (A-4)
tgén - C7(tgen)2 + C8 tgen + C9 (A_S)
abs ClO tgen + C11 (A-6)

For for given refrigeration and condensation temperatures, T,.r, and T¢ynq, and a given
effectiveness of the SHEX, &syx, @ unique set of fit functions describing the behavior of the
ABC is generated. The structure of the fit functions is based on the observation of multiple
simulations of the behaviour of the system for different sets of Ty, Tcong aNd esypx. The
structure of the fit functions guarantees a good fit with the simulation results from the detailed

simulation as presented in this appendix (R? > 0.95).
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q abcc H ﬂ q abcg

CONDENSER <®— GENERATOR

EVAPORATOR T> ABSORBER

q abce H ﬂ q abca

Figure A-1. Schematic representation of a single-effect absorption chiller

Source: Own diagram

The assumptions used for the mathematical modeling of the absorption chiller were presented
in Section 1.3 and used to define the scope of the research. For clarity, the assumptions are

repeated as following.

- Refrigerant couple is set as LiBr/H20.

- Only single-effect absorption chillers are considered.

- Refrigerant and refrigerant solution properties are taken from experimental correlations.
For the LiBr/H2O solution properties are taken from the correlations by Sun (1997).
Properties for pure H2O inside the absorption cycle are obtained from Irvine and Liley
(1984).

- Condenser and absorber temperatures are the same and they are defined by the available
cold utility and the minimum approach temperature allowed in the system.

- Evaporator (refrigeration) temperature is set in advance.

- Mixing of streams after the generators and evaporators takes place isothermally.

- Concentration of LiBr in solution remains always between 0.4 and 0.7 in mass, to avoid
crystallization.

- Refrigerant (H20) leaves condenser and evaporators at a saturated state (as liquid and
vapor respectively).

- H20 leaves the generator as a superheated steam at the generator pressure and at the
equilibrium temperature of the LiBr/H-O solution (Wonchala et al. 2014).
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- Refrigerant solution (LiBr/H20) leaves absorber and the generators at a saturated state
(as liquid and vapor respectively).

- Efficiency of “Solution Heat Exchanger” (SHEX) is set in advance.

- Area of SHEX and pumping cost of ABC are neglected in the cost calculations (Mussati
et al. 2016).

Figure A-1 presents a schematic representation of a single-effect absorption chiller. Equations
(A-7) to (A-24) describe the physical behaviour of the ABC according to the assumptions
provided previously and the numbering of the locations as illustrated in Figure A-1. The
equations are based on mass and energy balances for all the components of the ABC.

my; = my; + myg (A-7)
MmyoXws = M X (A-8)
q® = myh; + myghyg — myhy (A-9)
my =m; (A-10)
Woump = (Mzhy —mihy)/ Npumyp (A-11)
q°"e* = mzhy — myh, = mohg — mghg (A-12)
hg —h
Eher =5 o (A-13)
ms =m, + mg (A-14)
msX,,s = MgXgs (A-15)
q°°9 = myhy + mghg — mzhy (A-16)
Mg = Myg (A-17)
mgohg = myghqg (A-18)
m, = mg (A-19)
q®’¢ = myhy — mshs (A-20)
ms = Mg (A-21)
mshs = mehe (A-22)

me = m, (A-23)
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abce

q = m7h7 — m6h6 (A-24)

Any property database or empirical correlations can be used for the fluid properties required
for the modeling of the ABC (mainly enthalpies of the refrigerant and refrigerant solution) at
different locations of the superstructure, without loss of generality. In this dissertation,
empirical correlations by Sun (1997) and Irvine and Liley (1984) are used to calculate the
thermophysical properties of the LiBr/H2O solution and the refrigerant H2O respectively.

Below, the empirical correlations are presented explicitly.

- H20 (Steam Properties):
= Saturation pressure Pg,; [kPa] for 273.15K < T < 600 K

9
Aqo
In Py (T) = Z AT + —— (A-25)
T—Aq4
n=0
Table A-1. Coefficients for the calculation of the saturation pressure of H2O.
n An
0 1.04592E1
1 -4.04897E-3
2 -4.17520E-5
3 3.68510E-7
4 -1.01520E-9
5 8.65310E-13
6 9.03668E-16
7 -1.99690E-18
8 7.79287E-22
9 1.91482E-25
10 -3.96870E3
11 -3.95735E1
Source: Own table
= Saturation temperature Ty, [K]
Tsqe(P) = A+ P TC (A-26)
Table A-2. Coefficients for the calculation of the saturation temperature of HO.
P < 12330 kPa P > 12330 kPa
A 4.26776E1 -3.87592E2
B -3.89270E2 -1.25875E4
C -9.48654E1 -1.52578E1

Source: Own table
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= Specific enthalpy at saturation hg,; [k]/kg]
d 75 1
hsqt (T,) = 2.0993E3 Z ApTP + BT2 + CT® + DT? +E (A-27)
n=1
Table A-3. Coefficients for the calculation of the specific enthalpy at saturation of H,O (Part 1).
Ay
Liquid Gas
n 27315K <T < 300K 300K <T< 600K 27315K<T < 647K
1 6.24698837E2 -2.67172935E0 -4.81351884E0
2 -2.34385369E3 6.22640035E0 2.69411792E0
3 -9.50812101E3 -1.31789573E1 -7.39064542E0
4 7.16287928E4 -1.91322436E0 1.04961689E1
5 -1.63535221E5 6.87937653E1 -5.46840036E0
6 1.66531093E5 -1.24819906E2 0
7 -6.47854585E4 7.21435404E1 0
Source: Own table
Table A-4. Coefficients for the calculation of the specific enthalpy at saturation of H,O (Part 2).
Liquid Gas
27315K <T <300K 300K <T< 600K 27315K<T < 647K
B 0 0 -1.48513244E0
C 0 0 5.08441288E0
D 0 0 4.57874342E-1
E 0 8.839230108E-1 1
Source: Own table
And:
6473 —-T (A28)
T 6473
= Specific enthalpy of supersaturated vapor hgyper [k]/kg]
2
Tsqt—T
hsuper(P,T) = Z A,T"| — Aze™ 45 (A-29)
n=0
With:
AO = Bll + BlZP + B13P2 (A'30)
Al == B21 + BzzP + B23P2 (A-31)
Az = B31 + B32P + B33P2 (A-32)
As = Byy + ByyP + By3P? + By T* + BysT? (A-33)

And Bij:
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Table A-5. Coefficients for the calculation of the specific enthalpy of superheated H,O.
j=1 =2 i=3 i=4 =5
i=1 2.0412100E3 -4.0400210E1 -4.8095000E-1 - -
i=2 1.6106930E0 5.4720510E-2 7.5175370E-4 - -
i=3 3.3831170E-4 -1.9757360E-5 -2.8740900E-7 - -
i=4 1.7078200E3 -1.6994190E1 6.2746295E-2 1.0284259E-4 6.4561298E-8
Source: Own table

- LiBr/H20 (Solution Properties):

The equations are valid for 0°C < T < 180°C and 0 < X;;5, < 70%.

Dew temperature Ty, [°F]

2

5
Tdew(T' XLiBr) = z Z Aij £iBr T/
i=0

(A-34)
j=0
With X1ipr [%] and Aij:
Table A-6. Coefficients for the calculation of dew temperature of LiBr/H,O solution.
j=0 =1 j=2
i=0 -1.313448E-1 9.967944E-1 1.978788E-5
i=1 1.820914E-1 1.778069E-3 -1.779481E-5
i=2 -5.177356E-2 -2.216697E-4 2.002427E-6
i=3 2.827426E-3 5.913618E-6 -7.667546E-8
i=4 -6.380541E-5 -7.308556E-8 1.201525E-9
i=5 4.340498E-7 2.788472E-10 -6.64171E-12
Source: Own table
= Solution enthalpy hg,; [k]/kg]
5
hsot (T, X1ipr) = Z Z AijXpipy T (A-35)
i=0 j=0
With T [°C], X1ip, [%] and 4;;:
Table A-7. Coefficients for the calculation of specific enthalpy of LiBr/H,O solution.
j=0 j=1 j:2
i=0 1.134125E0 4.124891E0 5.743693E-4
i=1 -4.800450E-1 -7.643903E-2 5.870921E-5
i=2 -2.161438E-3 2.589577E-3 -7.375319E-6
i=3 2.336235E-4 -9.500522E-5 3.277592E-7
i=4 -1.188679E-5 1.708026E-6 -6.062304E-9
i=5 2.291532E-7 -1.102363E-8 3.901897E-11
Source: Own table
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= Solution density p,; [kg/m?]

4
Psot (T, Xpipr) = Z Z Ainli,iBr T/ (A-36)

i=0 j=0

With T [°C], X1ip, [%] and 4;;:

Table A-8. Coefficients for the calculation of density of LiBr/H2O solution.
j=0 j=1 j=2
i=0 9.939006E-1 -5.631094E-4 1.392527E-6
i=1 1.046888E-2 1.633541E-5 -2.801009E-7
i=2 -1.667939E-4 -1.110273E-6 1.734979E-8
i=3 5.332835E-6 2.882292E-8 -4.232988E-10
i=4 -3.440005E-8 -2.523579E-10 3.503024E-12
Source: Own table

Equations (A-7) to (A-24) and the empirical correlations in expressions (A-25) to (A-36),
provide a complete description of the physical behavior of the system. In order to generate the
fit functions for a given set of sets of T,.., (equivalent to T, in Figure A-1) , T¢,nq (quivalent
to Ts in Figure A-1) and egygpx, multiple simulations for the ABC with varying generator
temperatures, tg., (equivalent to Tg in Figure A-1) are performed. From the result of the
simulations, data fitting producers are performed in order to generate the fit coefficients, C; to
Ci1-

Figure A-2 illustrates the results of the data fitting procedure for the sets of (Ty.f, Tconas EsnEx)
used in the case studies in Chapter 5 and Table A-9 presents the coefficients C; to C;; generated

for the fit functions. For all fit functions R? > 0,95.

Table A-9. Coefficients for the fitting functions generated for the case studies.

Case Study 1-2 Case Study 3

(10°C;45°C;0.7) (5°C;30°C;0.7)
C: 7.354E-1 8.230E-1
C 2.127E-4 -1.422E-4
Cs -1.322E13 -3.147E12
Cs -3.617E-1 -5.084E-1
Cs 1.061E0 1.042E0
Cs -1.805E-6 -3.647E-6
Cs -6.746E-3 -7.080E-3
Cs 1.469E0 1.240E0
Co -2.969E0 1.421E0
Cwo 3.178E-1 3.115E-1
Cu 2.988E1 2.022E1

Source: Own table
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Figure A-2. Results for the data fitting procedures for the case studies.
Source: Own diagram
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Appendix B Thermophysical properties of ORC Working Fluids

Appendix B describes the calculation of the thermophysical properties of the working fluids
used in the case studies in Chapter 5 and presents a database of the parameters used in their
calculation. In general, the mathematical framework developed in Chapter 4 can be used for
any dry working fluid with known thermophysical properties. The properties can be extracted
directly from property databases like REFPROF or calculated using empirical correlations and
equations of state. This work uses the Peng Robinson Equations of State (PR-EQS) in order to
calculate the specific enthalpies and entropies of the dry working fluids in each point of the
ORC cycle. As for the ideal gas heat capacities, vapor pressures and latent heats of
evaporation/condensation of the working fluids, appropriated empirical correlations as
presented in the reference book “The Properties of Gas and Liquids” by Poling et al. (2001) are
used. Expressions (B-1) to (B-5) present the PR-EOS and its constituent parameters.

P = 4 av B-1
TV _b RT(VZ+2bV —b?) -1
RT.)?
a= 0.45724( ) a (B-2)
c

RT,
b =0.0778 (B-3)

P,
e e(1-(DY” 2 (B-4)

a = + K - <FC)

Kk = 0.37464 + 1.54226w — 0.26992w? (B-5)

By itself the PR-EQS is unable to calculate the specific enthalpies and entropies of real fluids.
Departure functions based on the PR-EQOS calculate the deviation of the real fluids from the

properties of an ideal gas with the same critical temperature, critical pressure and acentric

factor. Expressions (B-6) to (B-16) calculate the molar enthalpies and entropies, h [ﬁ] and

S [mojl K] of real fluids with the reference temperature and pressure, T, and P,, based on the

ideal gas properties and the departure functions. The ideal gas properties are expressed as a

function of the molar heat capacity at constant pressure, which is calculated using polynomial
empirical correlations (temperature-dependent) as presented by Poling et al. (2001). The
compressibility factor (Z) used in the calculations is defined as the real roots of the cubical
equation (B-12), with the maximum value corresponding to the gas state and the minimum

value corresponding to the liquid state.



204 Appendix B - Thermophysical properties of ORC Working Fluids

h = h’IG + hdep

T
he = f cpo(T) dT
T

0

da
T(ZZ) —
hgep = RT (Z — 1) + (dT) i <Z +(1+ \/2)B>

2v2 b Z+(1-2)B

S =816t Saep

fT (T) ar RI1 (P)
Sg=| cp — —RIn|—
S M T P,

(j—%) | <Z +(1+ «/E)B)

Sdep =R1n(Z—B)+2\/§b n Z+(1— \/E)B
0=23+(B—-1)Z?2+ (A—3B?—-2B)Z + (B® + B?> — AB)
A=
(RT)?
g_2P
RT
f= oasa L (D) e k(1= (1))
dT ’ p. \T, T,
cpo(T)

R = aO + alT + azTZ + a3T3 + a4T4

(B-6)

(B-7)

(B-8)

(B-9)

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)

(B-15)

(B-16)

The vapor pressure of the working fluids is calculated with the “Wagner Equation”(Wagner

1973) as presented in equations (B-17) and (B-18). The latent heat of evaporation/condensation

for a given fluid is calculated using the empirical equations (B-19) to (B-21), first proposed by

Watson (1943) and Chen (1965). In these equations T, represent the normal boiling point of the

fluid.
wiT + w5 + watd + w,T°
In(P) = T, — 2 3 4
T
T = T
L, (Tc _T)o.ss
AT -,
3.978T,, — 3.958 + 1.555In P,

Ab == RTb

1.07 — Ty,

(B-17)

(B-18)

(B-19)

(B-20)
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. B-21
br—TC (' )

The parameters used for the calculation of the thermophysical properties of the working fluids
evaluated in Chapter 5 are presented in Table B-1. Coefficient units are arbitrary, in such a

manner that the results of the calculations are in Sl units.

Table B-1. Parameters for the calculation of thermophysical properties of selected working fluids
Name n-butane n-pentane n-hexane R113 R123 R-600a

M [kg/mol] 58.123 72.15 87.177 187.375 152.931 58.123
Ty [K] 272.66 309.22 341.88 320.74 300.81 261.34
T, [K] 425.12 469.7 507.6 487.4 456.9 407.85
P, [Pa] 3796000 3770000 3025000 3378000 3674000 3640000
w 0.2 0.252 0.3 0.249 0.282 0.186
ao 5.547 7.554 8.831 2.133 2.996 3.351
a, 5.536 -0.368 -0.166 66.238 39.49 17.883
a, 8.057 11.846 14.302 -8.916 -2.743 5.477
as -10.571 -14.939 -18.314 6.14 -0.122 -8.099
ay 4.134 5.753 7.124 -1.683 0.572 3.243
w4 -7.01763 -7.30698 -7.53998 -7.2 -7.437 -6.89609
wo 1.6777 1.75845 1.83759 1.497 1.796 1.53762
W3 -1.9739 -2.1629 -2.5438 -2.031 -2.505 -1.72907
Wy -2.172 -2.913 -3.163 -3.249 -3.282 -2.56103

Source: Own table

Using the thermophysical properties as defined in this appendix and energy balances in each of
the ORC components, it is possible to calculate the specific work of turbines (w;,,,) and pumps
(Wpumyp) @s used in the ORC models (HEN-ORC, HEN-WHR, MP-ORC, MP-WHR, MP-ST-
ORC and MP-ST-WHR). For illustrative purposes the calculation will be performed for Case
Study 1 and HEN-ORC (Working fluid R113), but similar procedures are used for all the ORC
models and Case Studies. Figure B-1 presents the basic ORC cycle as used in this work, and
the temperature-enthalpy diagram for a generic dry fluid, as well as an enumeration of the
different positions in the cycle. Following are a calculation of the different parameters and

properties of the working fluid in each of the positions in the cycle.

e Position 1
o T, =25°C (given)
o P; =44.18 kPa (Calculated using Equation B-17)
o hy =-2.7996E+04 [J/mol] (Calculated using Equation B-6)
o s; =-93.9813 [J/mol K] (Calculated using Equation B-9)



206 Appendix B - Thermophysical properties of ORC Working Fluids

H qevap

B Evaporator B >7
/
[
| Wiur
A
— Condenser [
——1/

H qcond

a) Schematic representation of a basic ORC Cycle

T-s Diagram

E

9 -

3

©

@

o |

£

@

Specific Entropy [s]
b) T-s Diagram of a basic ORC cycle

Figure B-1. Basic ORC cycle.
Source: Own diagrams based on Hung (2001).

e Position 2s

o T,y = 25.06°C (Calculated from Equation B-9 using s, and pressure P,)

o P,s =304.47 kPa (Calculated using Equation B-17 with the evaporation
temperature T; =85.76°C, which is given)

o h,, =-2.7968E+04 [J/mol] (Calculated using Equation B-6)
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o S,¢ =57 =-93.9813 [J/mol K] (Isentropic compression)
e Position 3
o T3 =85.76°C (given)
o P; =304.47 kPa (Calculated using Equation B-17)
o hs = 7.4630E+03 [J/mol] (Calculated using Equation B-6)
o s3 = 23.6586 [J/mol K] (Calculated using Equation B-9)
e Position 4s
o T, =43.45°C (Calculated from Equation B-9 using s, and pressure P,;)
o P,, = P; =44.18 kPa (Condensation pressure)
o h, =-2.7968E+04 [J/mol] (Calculated using Equation B-6)
0S4 = S3 = 23.6586 [J/mol K] (Isentropic expansion)
e Position 5
o Ts =T, =25°C (given)
o Ps; = P; =44.18 kPa (Calculated using Equation B-17)
o hg = hy =-2.7996E+04 [J/mol] (Same temperature and pressure)
o sg =15.7846 [J/mol K] (calculated using Equation B-9)

For positions 2 and 4 the values and defintions of isentropic efficiencies for turbines and

pumps are necessary. Equations B-22 and B-23 present the definitons for the isentropic

efficiences.
h,.—h
Npump = hZZS_ h11 (B-22)
hy — hs

_ (B-23)
nturb h4s _ h3

Using the definitons and the values presented in Table 5-2 for the isentropic efficiencies of
turbines and pumps in Case Study 1 (0.8 and 0.65 respectively) it is posible to calculate h,

and h,.With these enthalpies and knowing the evaporation and condensation pressures, it is
possible to calculate the rest of the working fluid properties.

e Position 2
o T, =25.15°C (Calculated from Equation B-6)
o P, =P, =304.47 kPa
o h, =-2.7954E+04 [J/mol] (Calculated from Equation B-22)
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e Position 4
o T, =51.18°C (Calculated from Equation B-6)
o P, =P, =4418kPa
o h, = 3.3231E+03 [J/mol] (Calculated from Equation B-22)

With the enthalpies in each point of the cycle, the specific work of turbines (w;,,,) and

pumps (wWp,,mp) are calculated using equations B-24 and B-25.
Wpump = hz - hl (B'24)
Weurp = hy — h3 (B-25)
For Case Study 1 and HEN-ORC the specific work of turbines (W) and pumps (Wpymp)

are:

o Wpump =-2.7954E+04 — (-2.7996E+04) [I/mol] = 41.9544 [I/mol] = 0.2239 [kI/kg]
o Wy =3.3231E+03 — 7.4630E+03 [J/mol] = -4.1399E+03 [J/mol] = 22.0942 [kJ/kg]
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Appendix C Explicit presentation of Mathematical Models
C.1 SYNHEAT
- Sets
HP = {i:iis a hot process stream}
CP = {j:j is a cold process stream}
ST = {k: k is a stage of the superstructure, k = 1, ...., NOK
- Equations
Z Z Qi+ aft = F(T"—T™), i€HP (C-1)
JjECP kEST
z Z Qi +ajt = [T =T"), jecp (C-2)
IEHP kKEST
Z Qiji = Fi(tix — tigs1), (€HPkEST (C3)
jecp
Z qijk = P}(tj,k - tj,k+1)l ] € Cp,k € ST (C-4)
iEHP
qf"* = F(tivox+1 — TP*), i€ HP (C-5)
aj* = K(T™" = 44), jEeCP ()
T/* =t;y, i€HP (C-7)
Tjin =tjnok+1,» JECP (C-8)
tix 2 tik+r, LEHPkEST (C-9)
tj,k = tj,k+1 , ] € CP,k € ST (C'].O)
T < tinok+1, 1 €HP (C-11)
T >t,, jeECP (C-12)
qi,j,k_ in‘j‘kSO, lEHP,]ECP,kEST (C-13)
gt — Qzf* <0, i€HP (C-14)
qf* — Qz* <0, jecCP (C-15)
ATmin < dtli,j,k < ti,k — tj,k + F(l — Zi,j,k) , i € HP,] € CP,k € ST (C-16)
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ATmin < dtZi,j,k < ti,k+1 - tj,k+1 + F(l - Zi,j,k) , i € HP,] € CP,k € ST (C-17)
ATpin < dt1§* < tiyoksr — TOM + T(1 —2z™), i€HP (C-18)
ATppin < dt2§* < TP — T+ T(1—2zf*), i(€HP (C-19)
ATpin < dt1]™ < Tpp — TP + T(1—2™), jeCP (C-20)
AT < dt2]" < TR — t;, + T(1—2*), j€CP (C-21)
minTAC
( H Uy H hu )
y Ccud; + y Chuq]
iEHP jEcp
LAF CHEN(Z Z Z Zijg + Z zit + Z zjhu>
fix iEHP jECP keST iEHP JjECP (C-22)

>3 S (it + 3 (i) |
Ui jkxLMTD; j e UF“LMTDf*

iEHP jECP KEST
B
+ Z
(Uh“LMTDh“>
JECP

+AF | cHEN
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C.2 HEN-ORC
- Sets

HP = {i:iis a hot process stream}

CP = {j:j is a cold process stream}

ST = {k: k is a stage of the superstructure, k = 1, ...., NOK

- Equations

Z z Qijpe + g0 +qf* = (T —T7), i€HP (C-23)
JECP kEST

Z Z qu 4+ qcond 4+ CI F}(Tjout _ Tjin), ] € CP (C-24)
iEHP keST

z qijk = Fi(ti,k - ti,k+1) ’ [ € HP,k € ST (C-25)
jECP

Z Gijk = Fi(tjx — tjks1), JECPkEST (C-26)
iEHP

gt = Fi(tf™—=T "), i€ HP (C-27)
qf* = F(T?* —t;,), j€ECP (C-28)
a;"™ = Fi(tinok+1 — t{7¢), i €HP (C-29)

Cond Fi(tjnok+1 — ij), jE€CP (C-30)
67" = 1y Ty (CDw gy (TEH — Tidap) + Aevap), 1 € HP (c-3)
q]cond - mw rw]' (CPW(g) (Tci(r)lnd cool;fd) + Acond) ] € CP (C'32)
q*“* =m, | 1— z ij (CPW(g)( cond — Oolfztd) + Acond) (C-33)
jecp

z Tw; = 1 (C-34)
iEHP

Z Tw; <1 (C-35)
jecp

T =t;,, i€HP (C-36)
tinoxsr = 776 = T (C-37)
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TP =ty (C-38)
tjNok+1 = Tjin , JECP (C-39)
tix 2tixs1, LEHPKkEST (C-40)
tix =2 tiks1, JECPkEST (C-41)
Qiji— Q2 <0, i€HP,jeECPkeST (C-42)
gt — Qzf* <0, i€HP (C-43)
qft — Qz* <0, jecCP (C-44)
g’ — Qz;"P <0, i€HP (C-45)
q§"* — Qzf"* <0, jeCP (C-46)
goc — Q79U < 0 (C-47)
ATpin < dtl; ;g < tip — i+ [(1—2z,), i€HP,jECPkeST (C-48)
ATpin < dt2;; < tigsr — g1+ (1 —2), (€HP,j€CPkEST (C-49)
AT < dt1$* <97 —TS¥ + T(1—2zf*), i€HP (C-50)
ATppin < dt2§* < TP™ — T+ T(1—2z™), i(€HP (C-51)
ATpin < dt1]* < Tjn — TP + T(1—2z™), j€eCP (C-52)
ATpin < dt2]™ < T — ¢+ T(1—2"), jEeCP (C-53)
ATpin < dt17°® < tinogsr — Toy, + T(1—2"), i€ HP (C-54)
ATy < dt27"*P <07 =T, + T(1—2z"""), i€HP (C-55)
AT < dt15°" < THL 4 — tivok+1 + T(L— 2", jeCP (C-56)
AT < dt20°" < ToM, — T + T(1—2f"?), jecCP (C-57)
ATy < dt19% < T — TS + T(1 — z%%) (C-58)
AT i < dt29% < TSYE — TV 4+ T(1 — z%%) (C-59)

— T8, + (1 —z"")

mw Tw; CPw (Teq}tltp - Tei{ilap)
AT < dt357% < (t;’” + L0

F, (C-60)

, L€EHP
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ATmln S dtSJCOTld
< Tout _ t: _ mw TW]' pr(g) ( ggnd - TCOOL‘IL’fd
= fcond j,NOK+1 P} (C-61)
+I(1-2z°")
, JECP
VVpump =m,, * Wpump (C-62)
Wewrp = My * Weyrp (C-63)
minTAC
( _Hy epriceWturb + Hy ecosthump)
+H, Z Cuqi ' + Hy Z ChuQJhu + Hyceuq*
iEHP JECP
Z Z Z Zijk t+ Z zf + Z z™
+AF | cHEN i€EHP jECP kEST i€EHP jecp
fix evap d
ey e
iEHP JECP
(C-64)
= ZZZ( i >B+Z( ar" >ﬁ
o o cu cu
{€EHP jECP KEST UsjseLMTD, j i icap U “LMTD;
qhu B qevap B
] .
+AF | cHEN + Z (U.huLMTD-hu> + Z <Uevap ZMTDevap>
jecp J J iegp Ni i
q]qond B qacu B
+ yeond MTpeond + yacu, MTDacu
jecp N J J

+AF(CtZ"§CTb + C}?ib;mp) + AF (Cﬁz;b Wturb Bturb + ng;np%ump Bpump) )
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C.3 HEN-ABC
- Sets

HP = {i:iis a hot process stream}

CP = {j:j is a cold process stream}

ST = {k: k is a stage of the superstructure, k = 1, ...., NOK

- Equations

Z z Qijk + " + qf + gt = F(T" = TM™), i€HP
JECP keST

Z Z Qi+ q;" = KT - T"), jecp

i{EHP keST

Z qijk = Fi(tix — tixk+1), 1€ HP,k €ST

jecp

Z Qijx = Fi(tie — tixsr) J ECPk€EST

iEHP

gf* = F,(£77°9 — tgbee), ieHP

g = F(TP —t1), jecP

ngcg = Fi(ti,NOK+1 - thbcg) , LEHP
qiabce _ Fi(thbce _ Tiout)’ i€ HP

T =t,,, i€HP

tivoxs1 = t209 =t > TN e HP
T > t,, jECP

tinok+1 = Tjin , J€ECP

tix =tigs1, 1€EHP

tik = tiks, JECP

qi,j,k_'QZi,j,kSOJ iEHP,jECP,kEST

gt — Qzf* <0, i€HP

(C-65)

(C-66)

(C-67)

(C-68)

(C-69)

(C-70)

(c-71)

(C-72)

(C-73)

(C-74)

(C-75)

(C-76)

(C-77)

(C-78)

(C-79)

(C-80)
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qf* — Qz* <0, jeCP (C-81)
g9 — 0z <0, ieHP (C-82)
qibee — QzP <0, i€HP (C-83)
ATpin < dtlijp < tip—tix+ T(1—2z,), i(€HP,jECPkEST (C-84)
ATpin < dt2; i < tigrr —tigsr + (1 —2jx), (€EHP,jECPkEST (C-85)
ATy < dt1§* < t2%9 — TS 4+ T(1—2zf%), i€ HP (C-86)
ATppin < dt256% < tfP° — T 4+ T(1 —2zf%), i€ HP (C-87)
AT < dt1™ < Tih — TP + T(1—2z"™), jeCP (C-88)
ATpin < dt2]™ <TRY — ¢+ T(1—2"), jeCP (C-89)
ATpin < dt17%%9 < tinoksr — tgen + T(1—27"%9), i€ HP (C-90)
ATy < dt28°9 < ¢77%9 —tin 4+ T(1—2"9), i€ HP (C-91)
ATy < dt18P¢ < P — T, + T(1—2P°°), i€ HP (C-92)
ATy < dt28P°¢ < TP¥ —T,pr + T'(1—2P%¢), (€ HP (C-93)
ATpin < dt19P€a < tin  — Tout (C-94)
AT, = dt29b¢e (C-95)
ATy < dt19P6€ < TOHE — T (C-96)
AT,,;,, = dt2%bcc (C-97)
COP Z g’ = Z qébee (C-98)
iEHP iEHP
C2G Z q"%9 = qabee (C-99)
iEHP

z g% + 2 qabee = gabee 4 gabea (-100
iEHP iEHP

COP = C, e€2tgen 4 (C; eCatgen (C-101)
C2G = C5 COP + C; (C-102)
tgin = C7(tgen)® + Cg tgen + Co (C-103)
tabs = Cio tgen + Cix (C-104)
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minTAC
( H, Z Coudi™ + Hy Z Crud)" + HyCou(q%° + q*°%)
i€HP jECP
2, 2, D, st ) a ) o
L AF | cHEN | i€HP jECP kEST i€EHP JECP
fix b
+ Z Zlfl cg+ Z Zlgzbce
iEHP iEHP
B cu ﬁ
= Z Z Z( Z;\ﬁu ) * Z (UC”LqI\l/ITDC“> (6109
=) {EHP jECP KEST Ui Lk jeap N ¢ i
h B abcg B
+ Z <L> + Z ( i )
hu hu abcg abcg
+AF C{fer jecp UJ LMTD iEHP U LMTD
abce B abcc B
q
+ Z <UabceLMTDabce> + (UabchMTDabcc>
iEHP
B
qabca
L + yabcaj pMTDabca
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C.4 HEN-WHR
- Sets
HP = {i:iis a hot process stream}
CP = {j:j is a cold process stream}
ST = {k: k is a stage of the superstructure, k = 1, ...., NOK
- Equations
Z z qz]k + qevap + qabcg + q U4 qiabce — Fi(Tiin _ Tiout)' i € HP (C-106
JECP kEST
Z Z Qiji + a5 + g = F(T7 - T"), jECP (C-107
i€HP keST
z qi,j,k = Fi(ti,k - ti,k+1) , i € HP,k € ST (C-108
jecp
Z Qijr = Fi(tix —tix+1), JECPkEST (C-109
i€EHP
gft = Fy(t9—tfbe), i€ HP (C-110
q] =F. (TOILL' -t 1) ] = CP (C'lll
, C-112
q;"" = Fi(tinox+1 — t{™°), i €HP (
, _ -11
cond ( NOK+1 — ij), jecp (C-113
. i . C-114
qlevap =my rwi (CpW(l) (Teovlfltp Telgap) + Aevap) , i EHP (
. i . C-115
q]cond =my rw]' (CPW(g) (Tcl(r)lnd cool;fd) + Acond) ] € CP (
acu _— .5 1— T out 1 (C-116
q =my, er CpW(g)( cond ~ ond) + cond
JECP
qlabcg Fi( tlgrc _ t?bcg), i€ HP (C-117
qlabce Fi( tlglbce _ Tiout)’ i€ HP (C-118
z Tw; =1 (C-119

IEHP
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erjsl

jecp

T_in —

l

out
TP > ¢4,

tix =

ti1, i€HP
tinoksr = t9TC = 7099 > tabee > Tou e HP
jECP
tjNok+1 = Tjin , JECP
tixs1, iE€HPkEST
tixsr, JECPkEST

tix =

Qijr — Q2 <0,

cu
q; —
hu
q;  —

evap

q;

cond

q;

q;zbcg
q;
AT in
AT in
AT in
AT in
AT in
ATin
AT in

ATmin

abce __

i € HP,j € CP,k € ST

Qz;* <0, i€HP
Qz™ <0, jecCP
- Qz;"" <0, i€HP
- Qz°"* <0, jecCP
q** — Qz%"* <0
- 0z"9 <0, i€eHP
QzfP® <0, i€HP
<dtlyjx < tix—tjx+ T(1—2,,), i€HP,j€ECPkEST
<dt2ijx < tigsr—tixsr+ T(1—2z;,), (E€EHP,jECPkEST
< dt1f* <9 — T + T(1—2zf%), i€ HP
< de2f* <t — T+ T(1—z%), i€HP
<dtl™ <Tapi— TP + T(1—2z"), jeCP
<de™ <TRY — t1,+ T(1—2"), jecCP
<dt1]"™® < tinoksr — TS, + T(1—2""P), i €HP
<dt2]"? <" —Th,+ T(1—2""), i€HP
< de1f" < TR, — tiwoker + T(A1— 2", jECP

ATmin

(C-120

(C-121

(C-122

(C-123

(C-124

(C-125

(C-126

(C-127

(C-128

(C-129

(C-130

(C-131

(C-132

(C-133

(C-134

(C-135

(C-136

(C-137

(C-138

(C-139

(C-140

(C-141

(C-142

(C-143
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ATmin < dtzjcond < Té)oliltd - Tjin + F(l - chond)’ jECP (C-144
ATy < dt19% < T - — TO¥E + T(1 — z9%) (C-145
AT i < dt29% < TOWE, — T 4+ T(1 — z%%) (C-146
ATpin < dt17°9 < t07¢ —typ + T(1—27"9), i€ HP (C-147
ATpin < dt2{° < /%9 — i1, + T(1~2°), i€ HP (C-148
ATpin < dt18P¢¢ < ¢ — T, o+ T(1—2z°®), (€ HP (C-149)
ATy < dt280% < TP — Toor + T(1— 280%), i€ HP (C-150)
ATmip < dt190¢% < ¢lh — TSM (C-151
ATmin = dt2%bea (C-152
ATmin < dt1vec < Tgoeunt — TS (C-153)
AT = dt 20D (C-154)
ATpin < dt377%P |

< orc mw rwl' pr(l) (Teovlfltp - Tellclap) Tout

=\ F; - Tevap (C-155)

+ r(1—2z"")
, i€HP
ATpin < dt350m |

<Tout _ | ¢ _ mW TWj pr(g) (Tclgnd - Tcooliztd

— ‘cond j,NOK+1 F} (C-156)

d

+I(1—z°")
, JjECP
M/pump = mw * Wpump (C-157)

(C-158)

Wiurp = My, * Weyrp

COP z qiabcg — z qiabce (C-159)

iEHP iEHP

26 z qbes = gabee (C-160)
iEHP

Z qlfzbcg + Z qlqbce — qabcc + qabca (C-161)

iEHP i€EHP
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COP = C; €2 taen 4 C; Catoen (C-162)
C2G = C5 COP + C4 (C-163)
tgén = C7(tgen)2 + (g tgen T Co (C-164)
tcilrll)s = Cyo tgen T Ci1 (C-165)
minTAC
( _Hy epriceWturb + Hy ecostVVpump) )
+H, Z Ceudi™ + Hy Z Chud ™ + HyCouq+HyCoy (%0 + q*0°%)
i€HP jecp
D, 2, 2,k D At ) o
i€EHP JECP kEST i€EHP jECP
VAF CﬁgN + z Zievap + Z chond + zacu
i€HP jecp
+ Z Z?bc‘g + Z Ziabce
iEHP iEHP
Z Z z ( i)k )ﬁ N z < " )ﬁ
. .. cu cu C-166
=< {€HP jECP keST U"J'RLMTD"J"‘ i€HP Ui LMTD; ( )
B evap B
+ + uf
Uh”LMTDh“ PP LMTD;"P
iEHP l t
cond B acu B
+AF | cHEN L 4 Z + ( 1 )
UcondLMTDcond yacu] MT Dacu
jECP
abcg B abce B
. Z ( ) s Z ( qf )
abcg abcg abce abce
iEHP L M TD {EHP Ui LMTD,
qabcc B qabca B
UabchMTDabcc UabcaLMTDabca
| FAF(cfy® + cfy™) + AF (Cltzlcngturb P D™ W P pump) J
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C.5 MP-ORC
- Sets
HP = {i:iis a hot process stream}
CP = {j:j is a cold process stream}
ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}
P = {p:pis a period of operation of the system,p = 1, ...., NOP}
- Equations
z Z Qujip + Qi + a5y = Fip(Tiy —T55), i€HP,pEP (C-167)
JjECP KEST
Z Z Qujip + 4550+ afp = Fp(T5° —T/5), j€ECPpEP (C-168)
IEHP kKEST
z qi,j,k,p = l,p(tl,k,p - ti,k+1,p)l l E HP, k E ST,p E P (C'169)
jecp
unkp Fp(tikp = tiki1p), JECPkEST,p€EP (C-170)
iEHP
iy = lp(t"” T%), i€HP,peP (C-171)
ars=F,(T% —t1), jECP,peEP (C-172)
ain? = Fyp(tinosrp — t0p°), iE€HP,pEP (C-173)
455" = Fip(tinoks1p = Tjp) jECP,DEP (C-174)
450 = 1y Ty (CPwey (T8 — Téap) + Aevap), 1€ HP,p € P (c-175)
qf%nd = me TW] 14 (CpW(g)( cond — cond) + ACOTld) J € Cp’p € P (C_176)
Qgcu = mwp 1- Z "win (CPW(g)( cond — cond) + Acond) pEP (C-177)
jEcp

z Fwi,=1 (€HP,pEP (c-179)
iEHP
Z fw, <1, JjECP,pEP (C-179)
jecp
T‘” =ti1p, LEHP,pEP (C-180)



222 Appendix C - Explicit presentation of Mathematical Models

tinok+ip =ty = T, i €HP,p€EP (C-181)
T > tj1, JjECP,PEP (C-182)
tikp = tiks1p, LEHP,kEST,p€EP (C-183)
tikp = tiksr1p, JECP,kEST,p€EP (C-184)
Qijjp — 2zijx <0, i(€HP,jECP,kEST,pEP (C-185)
qip — 2z{* <0, (€EHP,p€EP (C-186)
qfy— 0z"* <0, jECP,peP (C-187)
Ay’ — 2z;"" <0, i€HP,peP (C-188)
qjo"* — 0zf°"* <0, jeCP,peP (C-189)
qgpt — Nz““ < 0,p€eP (C-190)
ATpin < dtl;gp < tigp —tixp+ (1 —2,), i€HP,jECP,k€EST,p (c-151)

EP
ATpin < dt2ijjep < tige1p = tgsrp + T(1—2;x), 1 €HP,j€CPk (c-192)

eEST,peEP
ATpin < dt15% < 7€ =TS + I'(1—z), i€ HP,p€eP (C-193)
ATpin < dt2y < T —TH + T(1—2z™), i€HP,p€eP (C-194)
ATpin < dt1]% <Tjn — T + I(1—-2*), j€ECP,peP (C-195)
ATpin < dt2]% <TPM — t;,+ T'(1—2"™), jeCP,peP (C-196)
ATmin < dt150% < tinoks1p — Tonap + T(1—2""), i€HP,p€P (C-197)
ATpin < dt20) <t =Ty + T(1—2"""), i€HP,peP (C-198)
ATy < dt155™ < Tog — tinoksrp + T(1—27°"), jECP,pEP (C-199)
ATpin < dt2§"* < T, — Tin + (1 —2/"?), jeCP,peP (C-200)
ATppin < dt1%% < T — TOUE 4+ (1 — z%¢W) (C-201)
ATy < dt2°* < TG, — T+ (1 — z%Y) (C-202)
ATmin < dt37,7

_ <tg’;c , Ty Ty prl(:l) (T3t — Ténap) ) o 208

iLp

+ r(1-z""), i€eHP,peP
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ATmm < dt3cond

; i t
mwp rw]-’p CPW( ) ( clgnd oolild i
Tcoo%d tiNoK+1p — Ig?- (C-204)
J.p
+r(1-2zf"), jeCPpeP
VVpumpp = Thwp * Wpump,p € P (0_205)
Weurby = Ty, * Weurp P € P (C-206)
9i,jkp . .

Aijr 2 , I(€EHP,jECP,kEST,p€EP 207
YK = U ikpLMTD, o (C-207)
cu dip .

A" 2 garurpge LEHPPEP (c-20)

A > Gy jECP,DEP (C-209)
J  — jgjhu hu’ ’ -

umLMTD
qevap

AP > P i€HP,p€P (C-210)

= D evap ’ )
' Us, PLMTD;,
qcond
d ].P .
A]§0n = UpondLMTD_cond' JECP,pEP (C-211)
]' ]rp
qgcu
AT = (C-212)
UZ“LMT DS
Wyump = Wpumpp'p €Pp (C-213)
turd = Weurn 0 € P (C-214)
min TAC
( DOP _epricethurbp + eCOStpVVpumpp
H
Z (ZPEP DOP > + Z Chupq;’:g + Z Ccupqic:g + Ccupqgcu
jece i€EHP
z Z z Zijk T z zi* + Z Z]h“
+AF ¢ ;JlgN iEHP jECP KEST iEHP jecp
= + Z 2" + Z zfon? 4 zocu | (C-215)
IEHP jECP
B B
DD IS TSNS
(EHP jECP kEST iEHP iecp
+AF cfEN | 5 g o
+ 2 (a7 + ) (a5m) + (aceys
iEHP jecp
+AF ( pump  .PUMP (11 max )+AF( pump Cturb( max)ﬁturb)
\ var  Wpump ba e )

ftx flx
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C.6 MP-ABC
- Sets

HP = {i:iis a hot process stream}

CP = {j:j is a cold process stream}

ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}

P = {p:pis a period of operation of the system,p = 1, ...., NOP}

- Equations

abcg cu abce _ in out
z Z Qijkp T Qip  Tip+tdip =lip (Ti,p —Tip )
JECP kEST

Z Z Qi,j k,p +q1h,; = Fj.pU}?;t_nfg , JECP,pEP

i{EHP keST

z Qijp = Fi,p(ti,k,p - ti,k+1,p); i€EHP,keST,peP

Z Qijkp = Fj,p(tj,k,p - tj,k+1,p): jJECP,keST,peP

iEHP

g = Fi,p(tfscg — tihee), ieHP,peP

4y = Fp(Tp" — 1), jECPpEP

abcg __ abcg .
Qp = Fip(tinok+1p — tip ), LEHP,pEP

abce __ abce out :
T =t;, i(€HP

b .
tiNok+1,p = tiapcg = tl-‘,‘,’ice = Ti%‘t , LEHP,peEP

T > t;,, jECP,pEP

tinok+1p = Tjp, JjECP,DEP

ti,k,p > ti,k+1,p ) i € Hp,p epP

tikp = Lik+1p jeECP,peP
Qijkp — 22j, <0, (€EHP,jECP,kEST,p€EP

i€ HP,p€EP

(C-216)

(C-217)

(C-218)

(C-219)

(C-220)

(C-221)

(C-222)

(C-223)

(C-224)

(C-225)

(C-226)

(C-227)

(C-228)

(C-229)

(C-230)
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qip— 2z{"<0, (€EHP,p€EP (C-231)
qfy— 0z"' <0, jeECP,peP (C-232)
a5y — 0z <0, i€HP,peP (C-233)
q%’ce — 0z%® <0, i€HP,peP (C-234)
ATpin < dtl;jgp < tigp —tixp+ (1 —2,), i€HP,jECP,k€EST,p (C-235)
EP
ATpin < dt2;5p < tigerp — txsrp + T(1—2), i€HP,jECPk (©-236)
EST,peEP
ATy < dt15% < t10°9 =TS + T —2{*), i€HP,p€P (C-237)
ATpin < dt2§% < 80 =TS+ I'(1—2z"), i€HP,peP (C-238)
ATpin < dt1}% <Tjn — T + I'(1—2*), jeCP,peP (C-239)
ATpin < dt2]% <TPM — t;, + T(1—2"™), jeCP,peP (C-240)
ATin < At109 < tinoxsrp — tgen + F(1—2{"), i€HP,p€P (C-241)
ATy < dt200°9 < t2°9 — i, + (1 -2"), i€HP,peP (C-242)
ATpin < dt175¢ < t20¢ —Typp + I'(1—27"°), i€ HP,p€P (C-243)
ATpin < dt2§5¢ < TO¥ —Tyop + I'(1—27"¢), i€ HP,p€P (C-244)
ATpin < dt18P¢4 < ¢l — TS, p € P (C-245)
ATpin < dt28P% ,p € P (C-246)
ATy < dt18P€¢ < TOU —TSH p e P (C-247)
ATy < dt28P,p € P (C-248)
cop Z Gy = Z aip,p EP (C-249)
iEHP iEHP
C2G Z qff,’cg =qg“,peP (C-250)
iEHP
Z qucg N Z qabee = qabee 4 qabeap g p (c-251)
iEHP iEHP
COP = C; eC2tgen + (C; eC4tgen (C-252)
C2G = C5 COP + Cy4 (C-253)
titn = C1(tgen)” + Co tgen + Co (254



226 Appendix C - Explicit presentation of Mathematical Models

tcizrll;s = (1o tgen T €11 (C-255)
qi,jkp . .
A = , LEHP,jeECP,keST,peP C-256
v Ui,j,k,p LMTDi‘j‘k,p ( )
Aip
AV >——L _—  e€eHP,peP -
v =yamrpy TP (250
ary
A>T ___ iecppep (C-258)
J — yrhu hu’ ’
U ip LM TDj’p
qbcg
A%Pc9 > Lp , i€EHP,pEP (C-259)
' UL LMTD;)
quce
b L,p .
A 2 G o LS HPPET o
ngca
b
A 2 D rpaa P € P (C-261)
ngcc
b
A% 2 e e P € P (C-262)
min TAC
Y () (Y Y )
y uj,p culi,p
pEP per DOF, jecp {EHP
D 0, 2 ik D At ) o
HEN | {€EHP jECP keST i€HP jecp
~ +AF cfi} wbeq , (C-263)
- LY g S e |
iEHP i€HP
B B
Z z Z (Apje)” + z (A5 + Z (4r)
+AF CHEN IEHP JECP KEST iEHP JECP
var B
+ Z (A(izbcg) + Z (A?bce)ﬁ + (Aabca)ﬁ + (Aabcc)[:’

\ {€EHP {EHP J
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C.7 MP-WHR
- Sets
HP = {i:iis a hot process stream}
CP = {j:j is a cold process stream}
ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}
P = {p:pis a period of operation of the system,p = 1, ...., NOP}
- Equations
ab i .
z Z Qijrp +dip " + iy + iy + a5 = Fip(Tiy = T5"), i1€HP,p
JECP kEST (C-264)
eEP
z Z Gijrp T Qg + 4jp = Fp(T5° —Tj5), JECP,peP (C-265)
IEHP kKEST
Z Giikp = Fip(tixp — tixsip), i€HPkEST,pEP (c-266)
jecp
z ijkp = Fip(Gp = tixsrp), JECPkEST,pEP (C-267)
iEHP
gt = Fip(ty9—tf%), i€ HP,p€P (C-268)
a}y = Fp(T% —tj1p), JjECP,pEP (C-269)
iy " = Fip(tinox+1p — tg;(:)' i€eHP,pEP (C-270)
455" = Fip(tinox+1p — Tjp), JECP,pEP (C-271)
qle;ap = mwp rwlp (CPW(Z) (Teovléltp eigap) + Aevap) , LEHP,peP (C-272)
q]a-;)nd = mwp wip (CPW(Q)( cond — cooliltd) + Acond) jECP,peP (C-273)
qgcu = mwp 1- Z er‘p (CpW(g) (Tcignd - Tcooliztd) + Acond) D € P (C-274)
JECP
b b .
ip = Fip(tinoxsrp — tip°), LEHP,pEP (C-275)
qipce = Fyp(t3¢ —T%Y), i€HP,peP (C-276)
Z Twip=1 [EHPpEP (C-277)

iEHP
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Z Twjp = 1, jeCP,peP (C-278)
jEcp

T =t,,, (E€EHP,pEP (C-279)
tinoksrp = tp¢ 2 tind = t00¢ > ToM, i€ HP,p € P (C-280)
T > tj1, JjECP,PEP (C-281)
tikp = tiks1p, L(EHP,KEST,pEP (C-282)
tikp = tixsip, JECPkEST,pEP (C-283)
Qijip — 2zijx <0, i(€EHP,jECP,kEST,pEP (C-284)
qip— 2z{* <0, (E€EHP,p€EP (C-285)
qs— 0z/" <0, jeCP,peP (C-286)
Ay’ — 2z;"" <0, i€HP,peP (C-287)
q;o"* — 0zf°"* <0, jeCP,peP (C-288)
qpt — Nz <0,p€eEP (C-289)
g5y — 0z <0, i€HP,peP (C-290)
qioc® — Qz*° <0, i€HP,peP (C-291)
ATpin < dtl;jxp < tigp —Gwp+ (1 —2jx), i€HP,j€ECPkEST,p (©-292)

€EP
ATmin < dt2ijkp < tiksrp — Gprip + T(1—2ij), (€ HP,jECPk (©-293)
€ST,pEP

ATy < dE15% <109 — TS + I'(1—2), i€HP,p€eP (C-294)
ATpin < dt25% < ¢80 —TH+ I'(1—2z"), i€HP,peP (C-295)
ATpin < dt1]% <Tjn — T + I(1-2*), j€ECP,peP (C-296)
ATpin < dt2]% <TPM — t;,,+ IT'(1—2"™), jeCP,peP (C-297)
ATmin < dt150% < tinoks1p — Tonap + T(1—2{"""), i€HP,p€P (C-298)
ATmin < dt20)" <7 =Ty + T(1—2"""), i€HP,peP (C-299)
AT i < dtlﬁ‘;,”d <Tm ., — tinok+1p T r(1- Zf"”d), jECP,pEP (C-300)
ATpin < dt2§5"* < T, — Tin + (1 —2/°"?), je€CP,peP (C-301)

ATpin < dt19% < T — TS¥ + T'(1 — z%%) (C-302)
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ATy < dt2° < TG, — T + (1 — z%Y) (C-303)
ATy < dt135°9 < 7€ —tyen + I(1—2/"Y), i€ HP,peP (C-304)
ATy < dt200°9 < t2%9 — i, + I(1—-2{"), i€HP,peP (C-305)
ATpin < dt180°¢ < 20 —Tyop + I'(1—27"°), i€ HP,p€P (C-306)
ATpin < dt205°¢ < T —Tyep + (1 —27"°), i€ HP,p€P (C-307)
ATpin < dt15P* <t — TS, pEP (C-308)
ATy < dt28P% p e P (C-309)
ATpin < dt18PC < TPHE—TS*,p e P (C-310)
ATy < dt28P,p € P (C-311)

ATmin < dt37,7

m Tw;, CD (Teov%tp - Teilrﬂlap)
< (t;f;;c +—p TP WI(:” — T (C-312)
Lp

+ r(1—2z""), i€eHP,peP

ATpin < dt3597°
y in _ gout
< 798, — [ tyworsnp — 2z Do (Teona — Tétna ) (C-313)
< , , 2
1P

+r(1-2z°"), jeCP,peP

Wturbp = mwp * Weyrp P € P (C-315)
b b
cop Z Uip = Z Gip P EP (C-316)
iEHP iEHP
b
cat Z Gp =~ =5 P EP (C-317)
iEHP
b
Z qucg 1+ z qggce — ngcc + ngca’p =2 (C-318)
iEHP iEHP
COP = C, e“2tgen 4 (C; eC4tgen (C-319)
C2G = C5 COP + C; (C-320)
: 2

titn = C(tgen) + Cg tgen + Co (C-321)

taps = C10 tgen + C11 (C-322)
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4i,jkp . .

A > , LEHP,jeCP,keST,peP C-323
VK= Uk pLMTDy g (€329
cu > qlc‘g 1

Ai _W, lEHP,pEP (C'324)

ay
h ].P :

AjuZW, ]ECP,pEP (C-325)

evap

Y i P — i€ HP,p€EP (C-326)

= D evap ’ ’
: US P LMTDY,
qqond
Acomd > /P jeECP,pEP (C-327)
J = rrcond cond’ ’
US4 LMTDSS
qgcu
Aacu > -
= USULMTDE™ e
q_abcg

A9 > i i€HP,pEP (C-329)
i = ;;abcg abcg’ ’

UL ““LMTD],
quce

Agbee > 4 , i€HP,p€EP C-330
' UL LMTD{)e P (¢330

ngca
b
AT 2 e e P EP (C-331)
ngcc
b
AT 2 e rpgree P EF (©332)
Vl/zﬂ}fn’;) > VVpumpp:p EP (C-333)

Wiiry 2 Weurp D € P (C-334)
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min TAC
(

| +AF

Y Z DOP,
Y Zpep DOPp + Z Chuq]p + Z Ccu%p + Ccuqacu

+AF cHEN

_eprice Wturb D + ecostvvpump 14

pep jecp iEHP
cu hu
i{EHP jECP kEST iEHP jecp
eva
VAF CﬁgN + z 7" + Z chond + zacu
iEHP jecp

\ + Z Zlqbcg + Z Zlqbce | (C-335)

IEHP IEHP

2, 2, () D,y + ) (4"
lEHP JECP kEST i€EHP jECP
+ Z (Aevap) + z (Acond) + (Aacu)[:’ |

IEHP JECP

Z (Aabcg) + Z (Aabce) + (Aabca)ﬁ + (AabCC)ﬁ

iEHP lEHP
pump . pump Wmax ) + AF( pump Cﬁg;b(Wtuax)ﬁth)J

Cflx Cvar ump

—_—
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C.8 MP-ST-ORC
- Sets

HP = {i:iis a hot process stream}

CP = {j:j is a cold process stream}

ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}
P = {p:pis a period of operation of the system,p = 1, ...., NOP}

LV = {lv:lvis a storage level, lv =1, ...., NOLV}

- Equations

stoc evap cu __ in out
Z Z qi,jkp + Z Z qi,k,p,lv + ql',p + Qi,p - Fi,p (Ti,p - Ti,p ’

JECP keST kEeST lveLV
€ HP,p € P

stoh cond hu _ out __ min
Z Z ijjep + Z Z Gicpw + dip + 4y = Fip(T5" = T13),

i€EHP keST KEST leLV
ECP,peP

i

J

z Qijkp T Z aGirow = Fip(tikp — tiks1p), [ EHP,kEST,p€EP

jecp WELV

Z%MM+Zq%h=5M%WWMm)jEWkEWmEP

iEHP lveLv

afy = Fip(t5y°-T"), i€HP,peP

4y = Fp(Tp" — 1), jECPpEP

evap __

TGp = Fi,p(ti,N0K+1,p - t{?;C), iEHP,peEP

q}?;nd = F}"p(tj,NOK+1.p - T]”;), JECP,pEP

evap

Qip = mwp rwi,p (CpW(l) (Te(;}fztp - Tei{;lap) + Aevap) , LEHP,peP

cond .

djp = mwp ij’p (CPW(Q) (Tci(r)lnd - cool;fd) + Acond) ’ JECP,pEP

CISC” = mwp 1= Z Twjp (pr(g)( cignd - Tgoifitd) + Awnd)'p €p
jecp

z rWi‘pzl, i€EHP,peEP

IEHP

(C-336)

(C-337)

(C-338)

(C-339)

(C-340)
(C-341)
(C-342)
(C-343)
(C-344)

(C-345)

(C-346)

(C-347)
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Z Twjp = 1, jeCP,peP (C-348)
jEcp

T =t,,, (E€EHP,pEP (C-349)
tivok+ip =ty = T, 1 €HP,p€EP (C-350)
T > tj1p JjECP,PEP (C-351)
tikp = tiks1p, LEHPKEST,pEP (C-352)
tikp = tiksip, JECPKEST,pEP (C-353)
Qijrp— 22,k <0, (€HP,jECP,kEST,pEP (C-354)
qip— 2z{"' <0, (E€EHP,p€EP (C-355)
qs— 0z/" <0, jeCP,peP (C-356)
Ay’ — 2z;" <0, i€HP,peP (C-357)
qjo"* — 0zf"* <0, jeCP,peP (C-358)
qpt — Nz <0,p€eEP (C-359)
ATpin < dtli,jg,,; < tigp—Gup+ (1 —2zjx), i€HP,j€ECPkESTDp (C-360)
AT < dt2;, j,k,gTs ti,k;,p —tixs1p+ (1 —2,), i€HP,jECPkK (c-361)

edSl,p €

ATpin < dt15% < 7€ =TS + I'(1—z*), i€ HP,p€P (C-362)
ATy < dt28y < T =T+ T'(1—2"), i€HP,p€EP (C-363)
ATpin < dt1}% <Tjn — T4 + I'(1—2*), jeCP,peP (C-364)
ATpin < dt2]% <TPM — t;,+ T'(1—2"™), jeCP,peP (C-365)
ATmin < dt150% < tinoks1p — Tonap + T(1—2"""), i€HP,p€P (C-366)
AT < dt20)F <t =Ty + T(1—2""), i€HP,peP (C-367)
AT i < dtlﬁ‘;,”d <Tm - tinok+1p T r(1- zjco"d), jECP,pEP (C-368)
ATpin < dt2§5"* < T, — Tin + (1 —2/"?), jeCP,peP (C-369)
ATpin < dt19% < T — TOUE + (1 — z%W) (C-370)

AT pin < dt29% < TOUE — TN 4 (1 — z%%) (C-371)
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ATmin < dt377

My T, CPw (Teov%tp - Teitrzlap)
< (tggc o ;)p — Téott (C-372)
+ I(1-2z""), i€eHP,peP
ATpin < 3797 _
out me er’p pr(g) ( clgnd - TCooli’fd (0_373)
< Teona — | tjnok+1p —
Fip
+I(1-2z°"), jeCPpeP
VVpumpp = mwp * Wpump, P € P (C-374)
Wturbp = mwp * Weyrp P € P (C-375)
4i,jkp . .
A: . > , LEHP,jeECP,keST,peP C-376
Lk Ui,j,k,p LMTDi,j,k,p ( )
cu
Af* > __Tiw___ i€ HP,p€EP (C-377)
i = ’ ’
Uf;‘LMTng
ary
hu 5P i
Aj ZW’ jECP,peEP (C-378)
qgvap
AP > P i€EHP,pEP (C-379)
= D evap ’ ’
¢ Ui'p LMTDi,p
qqond
d P i
A 2 eonap yyppeonas 1 €CPPEP (C-380)
Jj.p Jj.p
qgcu
AaC‘LL > -

— UgMLMTDg* (©-380)
Woump = Woump P € P (C-382)
Weurs 2 Weurb, 0 € P (C-383)
qgﬁgrh — qg'iliChaTC — Z z qis’%’);’lv , i € HP, k (S ST,p € P, lv eLV (C-384)

i€EHP KEST
qlc)'higrc — qg'iﬁfharh — Z Z q;ﬁgg’lv, _] € CP,k (S ST,p € P, lv € LV (C-385)
JECP kKEST
p p
Q= Qo + Z qsid" DOP, — z qdscharh pop,,p € P,lv € LV (C-386)
p=1 p=1

p p
QS = Qe + Z q5c DOP, — Z qdischare poPp,,p € P,lv € LV (C-387)
p=1 p=1
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max{Qy 1} — min{Qp;,} = (5" — t5°) cpoe Miy",p € P, lv € LV (C-388)
max{Qg,;,} — min{Q5 1} = (tiy" — t55°) cpse M, p € P,lv € LV (C-389)
MSth
Y —ysth e Ly (C-390)
Pst
MStC
Po_ystelyely (C-391)
Pst
t599¢ = 79t = t5 " lw e LV (C-392)
tstoc — tstoh — tstc l LV
NoK+1,lv = UNok+1,w = iy » LV € (C-393)
tidy = tii, k € ST, lv € LV (C-394)
il > e, k € ST, lv € LV (C-395)
QNorw = Qygpgre v E LV (C-396)
Qnopiv = Quoggre Vv € LV (C-397)
Q5w = Qpiv+1, ¥V I < NOLV (C-398)
Mt = Mt v lv < NOLV (C-399)
tite = 5t v lv < NOLV (C-400)
qsharh < yheT9e e Iy € LV (C-401)
e <w (1 -y ), pEeP,lveELV (C-402)
aGipw — 225105 <0, i€HP,keST,p€EPIvELV (C-403)
opw — 2270, <0, jeCP,keST,peP,lveLV (C-404)
ATpin < dt15505 < tigp — tigiv + T(1—25105), i€ HP,k€ST,peP,lv (C-405)
ELV
ATmin = dtzigco,; = ti,k+1,p - tliiolc,p,lv + F(l - Zis,li?l%)' LEHP, k€ ST,p (C-406)
eEP,lvelLV
ATpin < dU1fi < Gup —tippy + T(1=2kn), jECPkESTpeP v
€LV
ATpin < dt2508 < b1y — i + T(1—2505), jECPk €ST,p (C-408)
EP,lvELV
stoc qis,i?rf.lv .
A3 > i€EHP,keST,peP,lvelV (C-409)

iL,k,lv = yystoc stoc’
Ul-'k,p LM TDL-, k.p
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qsﬁ)hl
stoh KD,V .
Ak 2 USEoR | T DSEok” JECP,keST,peP,lvelV (C-410)
jkp ijk,p
min TAC
DOP —€price Wturbp + ecostpvvpumpp )
)
(Zpep DOP> + Z Chupq]p Z Ccupqic,g + CcuPQScu
jEcp i{EHP
2,0, Q. mwt ) At ) "
iEHP jECP kEST iEHP jecp
+AF cl1EN + Z 7" + Z Z]-Cond + za¢
iEHP jecp
DI
LEHP KEST lveLV JECP keST lvELV (C-4ll)

+AF <
\

FAF ciEN |

FAF (B g chim (yymax

Z Z Z (Ai,j,k)ﬁ + Z (AP + Z (A]}-”‘)

/iEHP JECP kEST iEHP jecp \

|
£ (A Y () 4 acenp

i€HP jecp

> z(flfﬁé’fv) IR

iEHP keST lvELV JECP kKeST lveLV

) AF (B 4t Wi

stoh
.k, v

var

esip Y (v’

lveLV

ump

sto

stc
Cf ix

Rk )E)

2,

sto sto
> +AF(C ixr T Coar
lveLVv

)

J
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C.9 MP-ST-ABC
- Sets
HP = {i:iis a hot process stream}
CP = {j:j is a cold process stream}
ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}
P = {p:pis a period of operation of the system,p = 1, ...., NOP}
LV = {lv:lvis a storage level, lv =1, ...., NOLV}
- Equations
stoc abce cu abcc
Z Z Qijip T Z Z Tikpw T 9ip T dip + ip (C-412)
JECP keST kK€eST l'vELV
=F,(T —T%"), i€HP,peP
ikp stoh o+ @M =F (T?* —T/"), jECP,p€EP  (C-413
ql,],k,p q],k,p,lv qu Jp\‘jp jp)? ] P ( )
IEHP kKEST k€eST lveLV
Z Qijkp T Z aisw = Fip(tikp — tiks1p) (EHP,kEST,pEP (C-414)
jecp WELV
z Qijip T z qu,{‘{{,‘w =Fip(tikp — tik+1p) JECP,KEST,pEP (C-415)
iEHP lveLv
g = i,p(tlff:jcg — tibe), ieHP,peP (C-416)
ajp = Fp(T5" —t1), jECPpEP (C-417)
b b . -
qu,lng = Fi,p(ti,N0K+1,P - tl(?pcg ) l E Hp,p E P (C 418)
qggce — Fi,p(tggce _ Tl_'ozl)tt , i€EHP,pEP (C-419)
Til:’,} =t,, LEHP (C-420)
tiNok+1,p = tgzl:cg = tggce >Tg", i{EHP,pEP (C-421)
T = t,, jECP,pEP (C-422)
tinoksrp = Tin, jECP,pEP (C-423)
(C-424)

ti,k,p = ti,k+1,p B i € HP,p EP
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tikp = tik+1p JECP,pPEP (C-425)
Qijrp— 22ijx <0, i(€HP,jECP,kEST,pEP (C-426)
qip— 2z{* <0, [(€EHP,p€EP (C-427)
qfy— 0z"' <0, jeECP,peP (C-428)
i, — 0z}"9 <0, i€HP,peP (C-429)
qioce — Qz*® <0, i€HP,peP (C-430)
ATpin < dtl;jxp < tigp —Gwp + (1 —2zjx), i€HP,j€ECPkEST,p (C-431)
EP
ATpin < dt2;jxp < tigsrp — Gprrp + T(1—25x), 1 €HP,jECPk (C-432)
EST,pEP
ATy < dt15% <709 — TS + I'(1—2z), i€HP,p€EP (C-433)
ATpin < dt2§% < ¢80 —TH 4+ I'(1—2z"), i€HP,peP (C-434)
ATpin < dt1]s <Tjn — T + I(1-2*), j€ECP,peP (C-435)
ATpin < dt2]% <TRY — t;+ F(1—2z™), jeCP,peP (C-436)
ATy < dt135°9 < tinoxsrp — tgen + T(1—2"9), i€ HP,peP (C-437)
ATy < dt207°9 <t — i, + I'(1-2{"%), i€HP,peP (C-438)
ATpin < dt170¢ < t20¢ —Typp + I'(1—27"°), i€ HP,p€P (C-439)
ATpin < dt25¢ < TOH —Tyep + (1 —27%¢), i€ HP,p€P (C-440)
ATpin < dt18P° < tfh — TS, p € P (C-441)
AT pin < dtngca ,DEP (C-442)
AT < dt18P€¢ < TOUL —TSM,p € P (C-443)
AT pin < dtngcc,p EP (C-444)
cop z Gy = Z 9. pEP (C-445)
i€EHP i€EHP
€26 Z qfy0 = qi,p € P (C-446)
i€EHP

z quz:cg n z qggce = q@bec 4 qgbea p € p c.aa7)
iEHP iEHP

COP = C; e“2tgen + C; eC4taen (C-448)
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C2G = C5 COP + C; (C-449)
. 2
tgén = C7(tgen) + Cg tgen T Co (C-450)
tuhs = Cio tgen + Ciq (C-451)
qi,jkp , .
Aiirx = , LEHP,jeCP,keST,peP C-452
bk = s LMTDy (C-452)
dip
L,p .
AfuZW, lEHP,pEP (C-453)
ay
h ],P .
AjuZW; JECP,peEP (C-454)
gbcg
AT > LP i€ HP,pEP (C-455)
i = ,;abcg abcg’ ’
UL LMTD];
quce
b i,p .
APPE = Uee LMD i€ HP,p € P (C-456)
ngca
b
A%l > U{,“’C“LMTD{,"’C“’ pEP (C-457)
ngcc
b
AP = U LT DS pEP (C-458)
qgﬁgrh — qg’l'ii‘]CharC — Z Z qii?;llv, i € HP,k € ST,p eEPIlvelLV (C-459)
iEHP KEST
gehare = qdischarh z z gt ,, jECP,kEST,peP,lveLV (C-460)
JECP kEST
P P
Qi = Qo grgre + Z apiy " DOP, — Z qdécharh pop,,p € P,lv € LV (C-461)
p=1 p=1
p p
Q5w = Qfpoyore + Z q5ec DOP, — Z qiischare pOP,,p € P,lv € LV (C-462)
p:]_ p:l
max{Q} ;,} — min{Q} ;,} = (7" — t55°) cpse Mi3", p € P, lv € LV (C-463)
max{Qy ,} — min{Q5 ;,} = (t" — ti5°) cpse My, p € P,lv € LV (C-464)
sth
Lyt e LV (C-465)
Pst
MStC
Yo_—ystewely (C-466)

Pst
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ti = =t lw e LV (C-467)
stoc _ +Stoh __ ¢Stc
tnok+1,lv = tNOK+1,lw = tiw LV ELV (C-468)
thgy = tiiiw k € ST,lv € LV (C-469)
tioh = it k € ST, lv e LV (C-470)
Qnorw = Qygrgre IV € LV (C-471)
Qo = Quvgpery v € LV (C-472)
Q5w = Qp w1,V lv < NOLV (C-473)
M€ = M, v lv < NOLV (C-474)
tisf = tiyhy, Vv < NOLV (C-475)
qsharh <y yheT9e e p,lv € LV (C-476)
qShare <w (1 -y "), p e P,lv €LV (C-477)
AGrsw — 22555, <0, i€HPkeST,peP,lveLV (C-478)
Gion, — 2270, <0, jecP,keST,peP,lvelLV (C-479)
BTy < AULESGS Sty = 6 + T(1- ), i€HPkESTpEPw
ELV
ATmin = dtzfﬁg; < ti,k+1,p - tlig-olc,p,lv + r(l - Zisiltc,ol%)' [ €HP, k€ ST'p (C-481)
eEP,lveLV
AT < dt1S50 <ty — 800, + T(1—2719L), j€CP,keST,peP,lv (a8
ELV
ATmin < dt2500 < tjrpap — i + T(1—2535), jECPk €ST,p (C-483)
eEP,lvelLV
A rpi
t ik,plv .
Al = Uis,,if’chMTDf,tc,Opc' i€ HP,k e ST,p e P,lv LV (C-484)
a5 iop
J,K,P,tv .
A5 = o yrpion: ) € CPKEST,pEP v ELY (C-485)

Jkp ijk,p
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min TAC

+AF (

DOP,
23 (zp—n’ép) D mafi+ ) ceut}
DEP

VAF cfiEN + ) a0 Y e

LA el +§kam%ﬁ+§yxmﬂﬁ+mw@ﬁ+mw“f

\ iEHP kEST lvELV JECP keST lveLV

2.

lveLv

jecp iEHP

DIPIDIETEDIE SIS

iEHP jECP kEST i€HP jECP

lEHP i€EHP

stoc stoh
lklv+z Z Z jklv/

\leHP KEST lveELV JECP k€eST lveLV

z z z (Agji)’ + Z (AS)F + Z (Ajf_lu)ﬁ

i{EHP jECP KEST iEHP jECP

iEHP iEHP

h B
@ies) + > > > (axkh) )

st sto
Sfix + Cvar Z (vis™) ) + AF(cf2 + 32 (VRE)P™)
lveLv

(C-486)
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C.10 MP-ST-WHR
- Sets

HP = {i:iis a hot process stream}

CP = {j:j is a cold process stream}

ST = {k: k is a stage of the superstructure, k = 1, ...., NOK}
P = {p:pis a period of operation of the system,p = 1, ...., NOP}

LV = {lv:lv is a storage level,lv =1, ...., NOLV}

- Equations

b b i .
Z Z qi'f'kp+qzvap+ql(lpcg+qlp+qlapce :Fi,p(Tifg_Ti?;t , LEHPp

JECP kEST (C-487)
EP

Z Z Gijrp T A + 4jp = Fp(T5° —Tj5), JE€CP,peP (C-488)
iEHP KEST

Z Giikp = Fip(tixp — tixsip), i€HPkEST,pEP (c-489)
jecp

z Qijkp = Fp(tikp — tiksrp), JECPkEST,p€P (C-490)
iEHP

qlc:‘g — lp(tabcg tabce)’ l e HP,p e P (C-491)
ajp = Fip(T3 —ti1p), JECP,pEP (C-492)
iy " = Fip(tinox+1p — t?,;c), i€HP,p€EP (C-493)
455 = Fp(tinok+1p —Tjp), JECP,PEP (C-494)
iy " = Ty Ty (cpw(l) (TSt = Tépap) + levap), L€EHP,pEP (C-495)
55 =y, T (CPW(g)( cond — Teona) + ﬂcond) jECP,pEP (C-496)
qgw = mwp 1- z TWj‘p (CpW(g) (Tcignd - Tcooliltd) + Acond) D E P (C-497)

JECP
b b .
Ay’ = Fip(tivoksrp — tip ), 1EHP,p€EP (C-498)

abce _ abce out
= Fip(tip — TS

dip , L€EHP,peP (C-499)
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Z Twip = 1, i€HP,peP (C-500)
iEHP

Z fw, <1 JjECPpEP (.50
jecp

T =t,,, (E€EHP,pEP (C-502)
tinok+ip 2 top° = to9 = t3ee > T2, i€ HP,p € P (C-503)
T = tj1, JjECP,PEP (C-504)
tikp = tigr1p, LEHP,kEST,pEP (C-505)
tikp = tixrip, JECPkEST,pEP (C-506)
Qijrp— 22,jx <0, i€HP,jECP,kEST,pEP (C-507)
qip — 2z{* <0, (€EHP,p€EP (C-508)
qfs— 0z"* <0, jECP,peP (C-509)
Ay’ — 2z;"" <0, i€HP,p€eP (C-510)
q;o* — 0zf°"* <0, jeCP,peP (C-511)
gt — Nz** <0,p€eP (C-512)
g, — 0z}"9 <0, i€eHP,peP (C-513)
qi‘fgce — 0z%® <0, i€HP,p€eP (C-514)
ATpin < dtl;ixp < tigp —Giwp+ (1 —2jx), i€HP,j€ECPkEST,p (C515)

eEP
ATpmin < dt2;i1p < tigsrp — Gusrp + T(1—2zjx), i€ HP,jECPk (c-516)
€EST,pEP

ATy < dt15% < t10°9 =TS + T —2{*), i€HP,p€P (C-517)
ATpin < dt2§% < ¢80 —TH 4+ I'(1—2z"), i€HP,peP (C-518)
ATpin < dt1]% <Tjn — T + I'(1—-2*), j€ECP,peP (C-519)
ATpin < dt2]% < TS — t,,+ T(1—2"™), jeCP,peP (C-520)
ATmin < dt170" < tinoks1p — Tonap + F(1—2""), i€HP,p€P (C-521)
ATmin < dt20)" <7 =Ty + T(1—2""), i€HP,peP (C-522)

ATpin < dtlﬁ‘;”d < Téna — tinok+1p T F(l - ijnd), jJECP,peP (C-523)
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ATy < dt20" < ToM, — Tin + I'(1—2zf°"), jecP,peP
ATpin < dt19°% < T 5 — TSH + T'(1 — 2%%)

ATy < dt2% < TS — T+ T'(1 — z%%)

ATy < 109 < t07€ —tyen + T(1—2"9), i€HP,pEP
ATy < dt200°9 < t2%9 — i, + (1 —-2{"), i€HP,peP
ATpin < dt1§5¢ < 0 —Tppr + I'(1—27"°¢), i€ HP,p€P
ATpin < dt2§5¢ < TP —Tyep + (1 —27"¢), i€ HP,p€P
ATpin < dt18P¢¢ < ¢l — TS, p € P

ATy < dt28P% ,p e P

ATy < dt18P€¢ < TOU — TS p e P

ATy < dt28P,p € P

eva
ATy < dt377F

_ Tout

< evap

Fip
+ Ir(1-2z""), i€eHP,peP

: out __ in
orc mwp rwi,p pr(l) (Tevap Tevap)
tip +

d
ATy < dt355"

. in
mwp er,p pr(g) ( cond ~ TC

< Toona — | tivox+1p — F
Jp
+r(1-2z°"), jecP,peP

M/pumpp = mwp * Wpump, P € P

Wturbp = mwp * Weyrp P € P

COP z qpy" = Z qfyc,pEP

iEHP iEHP

€26 z qeles = qvec,p e p

i€EHP

D+ Y g = g +qghp e

iEHP iEHP

COP = C, e“2'gen + (5 4 tgen
C2G = C5 COP + Cg4

tin

2
gen — C7(tgen) + (g tgen t Co

(C-524)
(C-525)
(C-526)
(C-527)
(C-528)
(C-529)
(C-530)
(C-531)
(C-532)
(C-533)

(C-534)

(C-535)

(C-536)

(C-537)

(C-538)

(C-539)

(C-540)

(C-541)

(C-542)
(C-543)

(C-544)
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tubs = Cio tgen + Cig (C-545)
qi,jkp . .
A ip = , € HP,j e CP,k e ST,pe P .
At > i i€ HP,p€EP (C-547)
U; C”LMTDC“' ’
Al > L R €ECP,pEP
7 =yl ST N
evap
evap Lp .
A7 = Uf;apLMTDf;“p' iEHP,peEP (C-549)
qcond
d ].p .
A7 g g TS PP E (C-550)
qgcu
Aaccu > _
= UL MT D™ (55D
gbcg
A% > i , i€EHP,pEP (C-552)
' UL LMTD;
qabce
b i,p .
A? ce > Ui"lgceLMTDiagce , LEHP,peP (C-553)
ngca
b
AT 2 ugbca MTDgbea’ pEP (C-554)
ngcc
b
Aabce > UgbCCLMTngCC , DEP (C-555)
Wyump = Wpumpp'p €Pp (C-556)
Wiirs = Weurp P € P (C-557)
qzc)hl,grh — qgllichaTC — Z Z qis’;‘;(’)zilv, 1 E HP, k e ST,p € P, lvelLV (C-558)
iEHP KEST
qzc)‘f%grc — qglicha'rh Z Z qug;}l’lv ) ] E CP, k E ST,p E P, lv E LV (C_559)
JECP k€EST
Q1w = Qo opors + Z qsid" DOP, — Z qdscharh pop,,p € P,lv € LV (C-560)
p=
(C-561)

Qow = Qogeare T z qshere pop, — Z qlischare DOP,,p € P,lv € LV
p:
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max{Qpw} — min{Qpu} = (tis" — tiy”) cpse Miy",p € P, lv € LV

max{Qs ;,} — min{Q5,} = (65" — t5¢) cpse Mp¢,p € P, lv € LV

MSth

pl—" =Vt e LV
st

MStC

p’" =V lw e LV
st

t590¢ = ¢5%0 = ¢51h lv € LV
tlfltoolg+1,lv = tlfltooli<1+1,lv = tlsvtci lvelV
£550¢ > 306, k € ST, lv € LV

tgtoh > t5toh k€ ST, lv € LV
Qhopw = Qﬁ;start, lveLV

leop,lv = Qlcvstart’ lvelV

Q5w = Qn1py1, ¥V Iy < NOLV

Mt = Mt ¥ lv < NOLV

et = ¢5th vy < NOLV

qsharh < yheT9e e Iy € LV

e <w (1 -y ), pEeP,lveELV
aGipw — 225105 <0, i€HP,keST,p€EPIvELV
opw — 2270, <0, jeCP,keST,peP,lveLV

ATpin < dt15505 < tigp — tigiv + T(1—25105), i€ HP,k€ST,peP,lv
€LV

AT < dt2]505 < tiger1p — tiiipw + r(1-z42,), i€HPkeST,p

eEP,lvelLV

ATpin < dt15500 < tpp —tioh, + T(1—279L), jeCP,keST,peP,lv

eELV

ATmin < A2y < Grarp = i¥Tpw + (1= 2Zk),  j € CPk€ST,p

EP,lveLV

stoc

Astoc >, Tikep,v i €HP,keST,peP,lveLV

iL,k,lv = yystoc stoc’
Ul-'k,p LM TDl-, k.p

(C-562)

(C-563)

(C-564)

(C-565)

(C-566)
(C-567)
(C-568)
(C-569)
(C-570)
(C-571)
(C-572)
(C-573)
(C-574)
(C-575)
(C-576)
(C-577)

(C-578)

(C-579)

(C-580)

(C-581)

(C-582)

(C-583)
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aiep
Astor > LXPZ . jeCP,keST,pePlveELV C-584
N P N
min TAC
( DOP. _eprice Wturb,p + ecostvvpump,p )
p
Hy Z (2 DOP > + Z Chudjp + Z Ceulip + Cculp™
pep \PEP P jecp iEHP
l
2.0, ) mat ) At ) o
i€EHP jECP kEST i€EHP jecp
+ z Zevap + Z chond + Zacu
l
+AF Cfl'-éiN IEHP aijECP
Y S e
IEHP IEHP
IEEDDIDRT
LK,V '],K, v
IEHP k€ST lvelLV JECP kK€eST lveLV (C 585)
- >3, Y+ e Ty
Ajjr) + (A5F + (Aj )
{€EHP jECP kEST i€eHP jecp
+ () 1 ) (agem) o aeenyp
+AF CHEN IEHP JECP
var ,3
+ Z (A?bcg) + Z (A?bce)ﬁ + (Aabca)ﬁ + (AabCC)B
iEHP IEHP
IPIDACEEID AT
Lk,lv kv
iEHP k€eST lvelLV JECP kK€eST lveLV
pump pump (v max \AT T pump turb (yyymaxBLurb
+AF (cFam™ + b (W)™ ) + AF (™ 4t (wmax)P™ )
+AF (Z cSto 4 sto z (Vsth)ﬁsw> +AF(CS-tO + csto(vste Bsw)
fix var lv fix var\Y NOLV
\

lveLV lveLv

J
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Appendix D Additional results from Case Studies
D.1 HENI1
| k=1 | k=2 | k=3 |
| | | |
o ] L) ] ] o
H1 138 °C | | I;’\,: & ] | | .—> 134.7°C
H2  135°C ' ' ' o) ' B 1343°C
| | | VY ]
H3 1347°C : : : : .—> 32°C
H4  1343°C : : : @ : .—> 32°C
H5  107°C E E E @ E P 106.9°C
H6 92°C } } } } .—> 91.9 °C
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Figure D-1. Grid diagram HENL for Case Study 1
Source: Own diagram
Table D-1. Heat exchanger information for HEN1 in Case Study 1
Type of Heat Exchanger Match Area (m?) Heat Exchanger Duty (kW)
Intra-Process (i,j,k) 1,1,2 29.1 417.8
1,42 102.8 1049.0
2,4,3 176.4 1678.0
4,3,3 59.1 884.0
51,3 22.0 516.0
8,1,3 36.8 319.0
Hot Utility (j) 1 3.6 220.4
2 114.3 3999.0
5 59.5 3302.0
Cold Utility (i) 1 17.0 1066.2
3 50.1 1468.0
4 6.5 85.0
6 40.4 1655.0
7 39.9 835.0
Source: Own table
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Figure D-2. Grid diagram HEN2 for Case Study 1Source: Own diagram
Table D-2. Heat exchanger information for HEN2 in Case Study 1
Type of Heat Exchanger Match Area (m2) Heat Exchanger Duty (kW)
Intra-Process (i,j,k) 1,11 14.2 133.1
1,31 10.2 240.2
14,1 212.4 2159.6
24,1 60.2 567.4
4,1,2 43.2 401.6
4,13 71.0 567.4
7,1,3 19.4 150.7
7,33 82.8 643.8
Hot Utility (j) 1 3.6 220.4
2 114.3 3999.0
5 59.5 3302.0
Cold Utility (i) 2 21.3 1110.6
3 108.7 1282.2
5 13.4 516.0
6 53.5 1655.0
8 21.8 256.8
VCR (i) 3 - 185.8
7 - 40.6
8 - 62.2

Source:

Own table
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D.3 HEN-ORC
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Figure D-3. Grid diagram HEN-ORC for Case Study 1
Source: Own diagram
Table D-3. Heat exchanger information for HEN-ORC in Case Study 1
Type of Heat Exchanger Match Area (m?) Heat Exchanger Duty (kW)
Intra-Process (i,j,k) 1,11 32.9 533.6
2,31 8.3 177.4
1,4,2 202.7 1999.4
8,3,2 6.5 61.8
24,3 74.6 727.6
6,1,3 38.3 719
6,3,3 34.3 644.8
Hot Utility (j) 1 3.6 220.4
2 114.3 3999
5 59.5 3302
Cold Utility (i) 3 35.2 759.1
4 23.4 504.8
6 7.1 291
7 39.8 835
8 11.8 257.2
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Table D-3.(Continued)  Heat exchanger information for HEN-ORC in Case Study 1
Type of Heat Exchanger Match Area (m?) Heat Exchanger Duty (kW)
ORC Evaporator (i) 2 20.6 733
3 26.1 708.9
4 17.2 464.2
5 23.1 516
ORC Cold Utility 221.7 2177.2
Source: Own table
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Figure D-4. Grid diagram HEN-ABC for Case Study 1
Source: Own diagram
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Table D-4. Heat exchanger information for HEN-ABC in Case Study 1
Type of Heat Exchanger Match Area (m?) Heat Exchanger Duty (kW)
Intra-Process (i,j,k) 1,11 41.9 848.0
24,1 183.8 1678.0
43,1 35.8 565.0
4,1,2 39.1 404.0
1,43 100.7 1049.0
8,3,3 19.5 139.0
Hot Utility (j) 1 3.6 220.4
2 114.3 3999.0
5 59.5 3302.0
Cold Utility (i) 1 12.1 635.2
3 42.6 730.6
5 13.4 516.0
6 53.4 1655.0
7 37.2 612.9
ABC- Generator (i) 3 39.3 551.6
ABC-Evaporator (i) 3 13.3 185.8
7 174 222.1
ABC-Condenser 28.1 432.7
ABC-Absorber 48.2 526.9
Source: Own table
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Figure D-5. Grid diagram HEN1 for Case Study 2

Source: Own diagram
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Table D-5. Heat exchanger information for HENL1 in Case Study 2
Heat Exchanger Duty (kW)
Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3
Intra-Process (i,j,k) 3,31 27.1 0 565.0 0
11,2 50.6 1252.8 1252.8 1252.8
14,2 105.0 0 1075.6 0
2,42 177.0 0 1651.4 0
8,33 19.5 0 319.0 0
Hot Utility (j) 1 3.6 220.4 220.4 220.4
2 114.2 3999 3999 3999
5 59.5 0 3302 0
Cold Utility (i) 1 19.6 1280.2 204.6 1280.2
2 25.9 1678.0 26.6 1678.0
3 45.2 1468.0 903.0 1468.0
4 29.9 969.0 969.0 969.0
5 10.1 0 516.0 0
6 38.1 0 1655.0 0
7 34.9 0 835.0 0
Source: Own table
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Figure D-6. Grid diagram HEN2 for Case Study 2
Source: Own diagram
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Table D-6. Heat exchanger information for HEN2 in Case Study 2
Heat Exchanger Duty (kW)
Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3
Intra-Process (i,j,k) 1,11 22.6 283.8 133.1 283.0
1,41 212.8 0 2159.6 0
1,3,2 10.6 0 240.4 0
2,4,2 57.7 0 567.4 0
4,12 43.1 436.4 401.6 323.6
4,13 71.0 532.6 567.4 645.4
7,13 194 0 150.7 0
7,33 82.8 0 643.8 0
Hot Utility (j) 1 3.6 220.4 220.4 220.4
2 114.2 3999 3999 3999
5 59.5 0 3302 0
Cold Utility (i) 1 42.4 2249.2 0 2249.2
2 321 1678.0 1110.6 1678.0
3 56.4 1282.2 1282.2 1282.2
5 13.4 0 516.0 0
6 53.4 0 1655.0 0
8 13.7 0 256.8 0
VCR(i) 3 - 185.8 185.8 185.8
7 - 0 40.6 0
8 - 0 62.2 0
Source: Own table
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Figure D-7. Grid diagram MP-ORC for Case Study 2
Source: Own diagram
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Table D-7. Heat exchanger information for MP-ORC in Case Study 2
Heat Exchanger Duty (kW)
Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3
Intra-Process (i,j,k) 1,11 22.59 283.8 132.93 283.8
2,31 8.26 177.39
4,12 43.06 629.64 400.67 629.64
8,3,2 6.46 0 61.81 0
1,43 236.96 0 2400.07 0
2,4,3 34.7 0 326.93 0
4,13 33.76 339.36 398 339.36
6,1,3 17.1 0 321.2 0
6,3,3 34.32 0 644.8 0
Hot Utility (j) 1 3.61 220.4 220.4 220.4
2 114.27 3999 3999 3999
5 59.5 0 3302 0
Cold Utility (i) 3 37.77 858.49 858.49 858.49
4 11.32 0 170.33 0
6 16.82 0 389 0
7 39.85 0 835 0
8 11.76 0 257.19 0
ORC Evaporator (i) 1 61.54 2249.2 0 2249.2
2 47.19 1678 1173.68 1678
3 22.57 609.52 609.52 609.52
5 26.25 0 516 0
ORC Cold Utility 336.97 3978.66 2016.38 3978.66
Source: Own table
Table D-8. Turbine and pump information for MP-ORC in Case Study 2
Duty (kW)
Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3
Turbine 570.41 570.41 289.02 570.41
Pump 12.26 12.26 6.21 12.26

Source:

Own table



256 Appendix D - Additional results from Case Studies
D.8 MP-ABC
| k=1 : k=2 | k=3 | | |
. I/'\ | 2\ | | | | .
H1 138°C i@/‘\ —) | — . | P 134.7°C
H2 135°C T <\’/ t T T \/\ﬂ T ‘ T P 1343°C
H3 1347°C : : : : : .—:‘—> 32°C
H4 1343°C : o) : : o) : — : : B 32°C
H5 107 °C } : } } (\,/ | | P 106.9°C
He 92°C : ) : : : . : B 919°C
. I ! [ [ | | .
H7 9L1.9°C : : : — : o) : @» =
H8 106.9°C i : i & i i P 30°C
| | | | |
I ! I I
we —@— : B, : 15°Cc c
woc @ : ! : : 184°C  C2
100 °C <} t @ : t @ t 15°C C3
17°C - : @ ; @ : : 115°C  C4
uscc @ ! ! ! ! 143°C C5
| | |
Figure D-8. Grid diagram MP-ABC for Case Study 2
Source: Own diagram
Table D-9. Heat exchanger information for MP-ABC in Case Study 2
Heat Exchanger Duty (kW)
Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3
Intra-Process (i,j,k) 1,11 22.59 283.8 283.8 283.8
24,1 176.37 0 1609.59 0
3,31 27.12 0 565 0
14,2 103.99 0 1117.41 0
4,13 76.85 969 969 969
8,3,3 19.5 0 319 0
Hot Utility (j) 1 3.61 220.4 220.4 220.4
2 114.27 3999 3999 3999
5 59.5 0 3302 0
Cold Utility (i) 1 42.38 22492  1131.79 2249.2
2 27 1411.81 0 1411.81
3 56.4 1282.18 717.18 1282.18
6 53.43 0 1655 0
7 47.27 0 612.87 0

Table D-9. (Continued)

Heat exchanger information for MP-ABC in Case Study 2
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Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3
ABC- Generator (i) 2 10.44 266.19 68.41 266.19
5 46.08 0 516 0
ABC-Evaporator (i) 3 13.28 185.82 185.82 185.82
7 17.38 0 222.14 0
ACB-Condenser 28.09 197.08 432.68 197.08
ABC-Absorber 52.62 254.93 559.7 254.93
Source: Own table
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Figure D-9. Grid diagram HENL for Case Study 3
Source: Own diagram

Table D-10. Heat exchanger information for HEN1 in Case Study 3

Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3 Period 4
Intra-Process (i,j,k) 111 19.8 180.0 240.0 148.7 0.0
211 24.3 300.0 240.0 281.2 0.0

123 16.2 0.0 200.0 0.0 0.0

2,2,3 245 0.0 215.0 0.0 0.0

313 33 0.0 0.0 50.1 0.0

Cold Utility (i) 1 1.8 51.3 0.0 54.7 12.1
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Table D-10.(Continued) Heat exchanger information for HEN1 in Case Study 3

Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3 Period 4
2 11.0 210.0 55.0 228.8 0.0
Hot Streams to Cold Storage (i,k,lv) 1,1,1 45.4 140.0 0.0 146.3 320.0
121 10.4 68.7 0.0 90.3 107.9
Cold Streams to Hot Storage (j,k,Iv)  2,1,1 42.8 0.0 350.0 0.0 0.0
231 52.6 0.0 485.0 0.0 0.0

Source: Own table
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Figure D-10. Grid diagram HEN2 for Case Study 3
Source: Own diagram

Table D-11. Heat exchanger information for HEN2 in Case Study 3

Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m?) Period 1 Period 2 Period 3 Period 4
Intra-Process (i,j,k) 1,11 35.2 180.0 320.0 278.6 0.0
211 24.3 300.0 135.0 151.3 0.0

2,2,2 47.8 0.0 345.0 0.0 0.0

313 5.0 0.0 0.0 50.1 0.0

Cold Utility (i) 1 6.0 0.0 120.0 26.3 0.0
2 13.5 180.0 0.0 198.8 0.0

Hot Streams to Cold Storage (i,k,Iv) 1,1,1 32.4 140.0 0.0 0.0 320.0
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Table D-11.(Continued). Heat exchanger information for HEN2 in Case Study 3

131 27.0 120.0 0.0 135.1 120.0
2,11 18.0 0.0 0.0 129.9 0.0
Cold Streams to Hot Storage (j,k,Iv)  1,1,1 1.9 0.0 25.0 0.0 0.0
22,1 168.6 0.0 905.0 0.0 0.0
VCR(i) 2 - 30.0 30.0 30.0 0.0
Source: Own table
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Figure D-11. Grid diagram MP-ST-ORC for Case Study 3
Source: Own diagram

Table D-12. Heat exchanger information for MP-ST-ORC in Case Study 3

Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m2) Period 1 Period 2 Period 3 Period 4
Intra-Process (i,j,k) 1,11 19.8 180.0 100.0 117.4 0.0
2,11 24.3 300.0 122.0 262.4 0.0

3,12 4.2 0.0 0.0 50.1 0.0

1,13 21.2 0.0 220.0 50.1 0.0

2,2,3 64.5 0.0 399.0 0.0 0.0

Cold Utility (i) 1 0.5 13.3 13.3 13.3 13.3
2 7.0 99.1 0.0 725 0.0

Hot Streams to Cold Storage (i,k,lv) 1,1,1 25.4 140.0 0.0 152.5 320.0
22,1 21.8 110.9 0.0 175.0 0.0

Cold Streams to Hot Storage (j,k,Iv)  1,2,1 1.8 0.0 38.0 0.0 0.0
2,31 139.9 0.0 862.0 0.0 0.0

ORC-Evaporator (i) 1 59 106.7 106.7 106.7 106.7
ORC-Cold Utility 9.5 97.8 97.8 97.8 97.8

Source: Own table
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Table D-13. Turbine and pump information for MP-ST-ORC in Case Study 3

Duty (kW)

Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 Period 4
Turbine 9.23 9.23 9.23 9.23 9.23
Pump 0.28 0.28 0.28 0.28 0.28

Source: Own table
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Figure D-12. Grid diagram MP-ST-ABC for Case Study 3

Source: Own diagram

Table D-14. Heat exchanger information for MP-ST-ABC in Case Study 3

Heat Exchanger Duty (kW)

Type of Heat Exchanger Match Maximum Area (m2) Period 1 Period 2 Period 3 Period 4
Intra-Process (i,j,k) 1,11 19.8 180.0 180.0 145.7 0.0
1,2,1 14.1 0.0 140.0 0.0 0.0

2,11 24.3 300.0 300.0 279.5 0.0

1,1,2 8.4 0.0 0.0 54.8 0.0

1,2,3 9.7 0.0 120.0 0.0 0.0

2,2,3 3.3 0.0 47.0 0.0 0.0

Cold Utility (i) 2 117 1412 941  175.4 0.0
Hot Streams to Cold Storage (i,k,Iv) 1,1,1 194 140.0 0.0 119.5 243.3
1,31 11.1 120.0 0.0 120.0 196.7

32,1 2.2 0.0 0.0 36.4 0.0

Cold Streams to Hot Storage (j,k,Iv)  2,1,1 57.7 0.0 410.0 0.0 0.0
2,31 91.5 0.0 533.0 0.0 0.0

ABC-Generator (i) 2 7.3 38.8 38.8 25.1 0.0
3 0.6 0.0 0.0 13.7 0.0

ABC-Evaporator (i) 2 3.1 30.0 30.0 30.0 0.0
ABC-Condenser 3.0 31.3 31.3 31.3 0.0
ABC-Absorber 5.2 37.6 37.6 37.6 0.0

Source: Own table
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Appendix E Extended State-of-the-Art
Table E-1. Extended State-of-the-Art for the Process Integration of Organic Rankine Cycles and Absorption Chillers into Heat Exchanger Networks
Waste Heat Working
Recovery Approach Type of Process Fluid/Pair Main Contribution
Technology Properties
ORC ABC PA.- MP  Cont Discont.
SQ SM
Integration of HEN, ORC and ABC considering working fluid/pair
properties. First formulation including discontinuous processes
Chamorro-Romero (2023) * X X X X X X (Multi-period with and without FTVM Heat Storage). Multiple
storage levels (more than 2 storage tanks) possible and size and
temperatures are part of the optimization variables.
Extension of Elsido et al. (2017) and Elsido et al. (2019) for multi-
. period processes. Includes two-tank storage systems (FTVM
Elsido etal. (2021) X X X X storages) with know temperatures. First formulation for the
integration of ORCs into multi-period HENSs.
Chamorro-Romero and Radaen Extension of Chen, et-al (2014) to include indirect integration
9 X X X X between ORC and Process Streams using intermediate HTFs in
(2020) HRLs.
Similar to Dong et al. (2020) but includes also Steam Rankine
Huang et al. (2020) X X X X Cycles and Cooling Tower into the formulation.
Dong et al. (2020) X x x x Exten5|_on . of Chen,_ e?—al_ (2014) integrating working fluid
properties into the optimization.
Xu et al. (2020) % x x " Exten§|on of_ Chen, et-al (2014) fpr multi-objective optimization.
Working fluid temperature as variables.
Sun, et-al (2020b) X X X x Different arrangement for ABC and VCR than in Sun, et-al
(2020a) .
Sun, et-al (2020a) X X X X Consideration of hybrid system combining ABCs and VCRs.
i Consideration of the working pair properties and temperatures
Sun, et-al (2019) x X X X inside of the ABCs.
Extension of Elsido et al. (2017) for better computatioanl
performance. Bilevel decompostion of MINLP. Master problem
Elsido et al. (2019) X X X X (upper level) optimzes HEN structure (binary variables) using a

linearized objective function. Continuous variables are then re-
optimzed solving a NLP (lower level).
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General superstructure including most of the possible ORC

Kermani et al. (2018) X X X configurations  (multiple  pressure  levels, regeneration,
superheating, transcritical, etc.)
Consideration of multiple pressure levels for ORC expansion and
Elsido, et-al (2017) X X X use of metaheuristics for the MINLP. Extension of Chen, et-al
(2014).
MP formulation considering intermediate HTF (Water) for the
Yuetal. (2017b) X X X connection between ORC and Process Streams.
Yu et al. (2017a) X X X MP formula.tlon mclu_dlr?g 'Worklng fluid properties and
temperatures into the optimization problem.
Case Study Refinery for the integration of ORC in HEN using
Yuetal. (2016) X X X Intermediate HTF (Water). Method based on PA.
Chen, et-al (2015) X X X Extension of Chen, et-al (2014) for Transcritical Cycles.
Consideration of Latent Heat of Evaporation and thermophysical
Chen, et-al (2014) X X X properties of the working fluids. Calculated independently of the
optimization model.
Lira-Barragan, et-al (2014b) X X Ext_en5|on of Lira-Barragan, et-al (2013) to include Heat Storage
design for the Solar Energy.
Hipolito-Valencia, et-al (2014a) X X !Extensu_)n of Lira-Barragan, et-al (2014a, 2014c) for interplant
integration.
Hipolito-Valencia, et-al (2014c) X X Case Study Bioethanol Separation Plant using Hipolito-Valencia,
et-al (2013)
T — Interplant integration of ORCs into HENs. Extension of Hipolito-
Hipolito-Valencia, et-al (2014b) X X Valencia, et-al (2013)
First MP model for the simultaneous integration of ORCs and
Lira-Barragan, et-al (2014a,2014c) X X ABCs into HENs. Combination of Hipolito-Valencia, et-al (2013)
and Lira-Barragan, et-al (2013).
- . First MP formulation for the integration of ORCs into HENS.
Hipolito-Valencia, et-al (2013) X X Extension of SYNHEAT (Yee and Grossmann, 1990).
First MP formulation for the integration of ABC into HENs. ABC
Lira-Barragan, et-al (2013) X X could be driven by Process Streams or Hot Utility (including solar
energy).
Extension of Tora and El-Halwagi (2010) for multi-objective
Ponce-Ortega et al., 2011 () X optimization (NLP). No HEN synthesis.
. First dedicated study on the integration of ABCs into Industrial
Toraand El-Halwagi (2010) () X Processes using PA. HEN was not generated.
Desai and Bandyopadhyay (2009) x x . First dedicated study on the integration of ORCs into HEN using

PA.
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. Consideration of technical limitations and shapes of heat profiles
Townsend and Linnhoff (1983b) X () % % % of working fluids in Steam, ORC and Bryton cycles.
Townsend and Linnhoff (1983a) X ) X X Pinch rules for the integration of Heat Engines and Heat Pumps

into Industrial Processes.

Y Absorption chillers were not mentioned but general pinch rules for the integration of Heat Pumps were provided.
2 No HEN synthesis considered. Pinch rules for the integration of ABCs into HEN explicitly presented.

ORC: Organic Rankine Cycle; ABC: Absorption Refrigeration/Chiller; PA: Pinch Analysis; MP: Mathematical Programming; SQ: Sequential Method; SM: Simultaneous Method

Source: Own table
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Appendix F Estimations of theoretical industrial waste heat potentials (Ext.)
Table F-1. Estimations of theoretical industrial waste heat potentials (Extended)
Source Area Approach  Temperature Level Estimation (PJ/a) Type of Potential Ref.Year Comments
Papapetrou et al. EU Top-Down <100°C 4.5 Theoretical 2015 1. Based on waste heat fractions per industry, country
(2018) 100-200°C 360.0 and temperature level.
o 2. Waste heat fractions per industry and temperature
200-500°C 280.8 level taken from UK study by Hammond (2014) with
>500°C 446.4 reference years 2000-2003.

3. Data adjusted for country using energy intensities for
country and industrial sector and for energy efficiency
improvements between 2000-2003 and 2015.

Bricker et al. (2017) Germany Bottom-Up >35°C 223.0 Theoretical 2008 1. Based on German emission report data
2. Data set of 81000 emitters (127 PJ)
3. Value for the whole industrial sector was extrapolated.
Forman et al. (2015) World Top-Down <100°C 13399.0 Theoretical 2012 1. Based on world energy balance from the IEA and
100-299°C 6380.0 assumed efficiencies for typical devices, processes
>=300°C 12123.0 and energy sources in the different sectors._

2. Includes other sectors (transport, commercial,
residential, etc.)

3. Data presented is only for the industrial waste heat.

Persson et al. (2014) EU Top-Down N.A 2924.0 Theoretical 2010 1. Based on CO2 emissions of industrial sites from
European Pollutant Release and Transfer Register (E-
PRTR).

2. CO2 to Energy Consumption using characteristic
carbon dioxide emission factors reflecting average
national fuel mixes per main activity sector.

3. Energy to waste heat using recovery efficiencies per
Industrial Sector.

Pehnt et al. (2010) Germany Top-Down 60-140°C 160.0 Theoretical 2007 1. Multiple Sources /AG Energiebilanzen 2007 and
>140°C 316.0 efficiencies and energy intensities taken from studies

in US (US Department of Energy 2004) and Norway
(Enova 2009)

Source:

Own table
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Electricity: 34.236PJ
ectricity Energy Services: 52.106PJ

Primary Energy: 106.340P)J Industry: 106.340PJ
High(>=300°C): 12.123PJ
Waste Heat: 31.902PJ
Process Heat: 72.104PJ) Medium(100-299°C): 6.380PJ I
Low(<100°C): 13.399PJ
Other Losses: 22.332PJ
Figure F-1. Sankey diagram for the estimated energy flows and waste heat potential in the industrial sector worldwide for 2012.

Source: Own diagram based on Forman et al. (2016)
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Inhalt

The industrial sector accounts for almost a third of the global GHG emissions, from which around 80%
correspond to energy-related emissions. The decrease of energy consumption in the industrial sectors has
therefore a direct impact in the reduction of the global GHG emission as required by the Paris Agreement,
in order to limit the increase of the global average temperature below 2°C above pre-industrial levels.
Around 30% of the energy input into the industrial sector worldwide is released unused to the
environment as waste heat. The internal and external recovery of waste heat represents in consequence,
an attractive strategy for the reduction of the industrial energy consumption. Typically, the internal waste
heat recovery and the external waste heat recovery are treated as separated problems in the hierarchical
sequential approach for the design of industrial processes. Although a practical and successful design
strategy, this sequential approach neglects possible synergies generated by considering simultaneously

the internal and external waste heat recovery options during the process design.

In this work, a mathematical framework considering simultaneously internal (represented by the synthesis
of the heat exchanger network for the system) and external (represented by the use of waste heat
transformation technologies) waste heat recovery options is presented. The mathematical framework
focuses on two of the most mature waste heat transformation technologies, Organic Rankine Cycles
(ORCs) and Absorption Chillers (ABCs), and integrates them into Heat Exchanger Networks (HENS) in
continuous and multi-period process with and without Fixed Temperature Variable Mass (FTVM) heat
storage. The generated system designs have the potential to be economically, technically and
environmentally more attractive than systems solely factoring heat exchanger networks.

The main conclusion from this dissertation is, that combined design methodologies, considering the
process integration of ORCs, ABCs or both, into HENs in continuous and multi-period processes with
and without FTVM heat storage, can generate economically, technically or environmentally attractive

system designs.
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