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Abstract

In the current context of energy transition, CO2 capture technologies are part of the solutions to
help reduce greenhouse gas emissions and global warming. The main challenge accompanying these
technologies is their energy consumption. Therefore, this thesis investigates the technical feasibility
of integrating a high-temperature heat pump into a CO2 capture pilot project to reduce its energy
consumption.

First, a comprehensive review of heat pump technologies and their previous integrations into CO2

capture processes is presented. Then, the heat sources available from the cooling requirements of the
CO2 capture process are explored, considering two cases: a single-evaporator heat pump connected
to the process’s cooling circuit and a two-evaporator heat pump utilizing the high-temperature CO2-
water mixture exiting the stripper.

A complete theoretical model is developed, particularly for the compressor, to simulate the perfor-
mance and energy consumption of different heat pump configurations based on operating conditions.
The results show a potential reduction in energy demand, demonstrating the feasibility and benefits
of this integration. For the first case study, the optimal configuration allows a 54% reduction in en-
ergy consumption. For the second case study, two configurations achieved similar results, allowing
a reduction of 59% and 60% in initial energy consumption. The simulation results of the system’s
behavior under variable load demonstrate that, depending on the pilot’s needs, it would be appro-
priate to size the compressors for lower power than the nominal power. An additional analysis is
then conducted where the capture process itself is modified. The analysis of reducing the pressure
in the stripper shows that the best performance is obtained at a pressure of 1.25 bar, allowing a 65%
reduction compared to the initial process.
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Chapter 1
Introduction

1.1 Context

In the current global climate crisis, the urgency surrounding energy and its consumption has never
been more pronounced. With the adoption of the Paris Agreement during COP21 in 2015, the inter-
national community set forth a landmark framework with the ambitious aim of limiting the rise in
global temperatures below 2°C above pre-industrial levels, with an even more ambitious aspiration of
limiting it to 1.5°C. This agreement underscores the imperative for an immediate and comprehensive
energy transition. The energy transition, as illustrated Figure 1.1 necessitates a drastic decrease in
global greenhouse gas emissions.

Figure 1.1: Greenhouse gas emissions projection [1].

CO2 stands out as the primary contributor to the greenhouse effect on a global scale [2]. Con-
sequently, it becomes imperative to address CO2 emissions directly. Two key solutions involve tran-
sitioning to renewable energies, which entails gradually replacing fossil fuel sources with clean and
sustainable alternatives such as solar, wind, and hydroelectric power. Simultaneously, enhancing
energy efficiency aims to reduce the amount of energy consumed, thereby lowering CO2 emissions
associated with energy production and use.

The transition towards renewable energies represents a complex and gradual process rather than
an immediate shift. Figure 1.2 indicate that a significant portion, around 84%, of global CO2 emis-
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Chapitre 1: Introduction 10

sions stems from energy consumption, underscoring the pivotal role of transitioning to cleaner energy
sources. However, it is essential to acknowledge that approximately 16% of CO2 emissions originate
from industrial processes themselves. For instance, industrial activities like cement production re-
lease CO2 as an inherent byproduct, irrespective of the energy source employed, whether it be fossil
fuels or renewables.

Figure 1.2: CO2 emissions by sector [3].

This nuanced understanding highlights the multifaceted nature of emissions reduction efforts. In
the short term, carbon capture technology can plays a pivotal role in capturing emissions associ-
ated with energy consumption, providing a crucial bridge towards a cleaner energy future. More-
over, it is imperative to emphasize that carbon capture technology also holds long-term significance.
By deploying carbon capture solutions, industries can effectively mitigate emissions from inherently
carbon-intensive processes, ensuring a more sustainable pathway forward. Therefore, alongside the
adoption of renewable energies, the deployment of carbon capture technology becomes imperative.

1.2 Carbon capture, utilization and storage (CCUS)

Carbon Capture, Utilization, and Storage (CCUS) encompasses a range of technologies designed
to prevent the release of CO2 into the atmosphere. These technologies capture CO2 either from
concentrated emission sources, such as industrial facilities and power plants, or directly from the
ambient air. Once captured, it can be either used in various industrial processes or permanently stored
underground.

1.2.1 Capture technologies

When capture is conducted from concentrated sources, there are three primary capture modes [4] :

• Pre-combustion capture:
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In this mode, CO2 is captured before the combustion of fossil fuels. Typically, this occurs during
the gasification process, where the fossil fuel is converted into a syngas, containing CO2, hydrogen,
and carbon monoxide. The CO2 is then separated from the syngas before combustion.

• Post-combustion capture :
Post-combustion capture involves the removal of CO2 from flue gases emitted after the combustion
of fossil fuels. The flue gases, containing CO2, pass through a capture unit where the CO2 is
extracted, resulting in a high-purity CO2 stream. Post-combustion carbon capture (PCC) offers
several advantages that make it an attractive technology for reducing CO2 emissions from existing
power plants [5]. One of the primary benefits of PCC is its retrofitting capability, allowing it
to be implemented in existing power plants and industrial facilities without requiring significant
structural modifications. Additionally, PCC exhibits flexibility in handling flue gas streams with
varying CO2 concentrations, making it applicable to a wide range of combustion sources.

• Oxyfuel combustion :
Oxyfuel combustion entails burning fossil fuels with pure oxygen and recycled flue gas, resulting
in a flue gas stream enriched with CO2. This facilitates the subsequent capture of CO2, as the
flue gas is predominantly composed of CO2 and water vapor, with minimal nitrogen dilution. The
disadvantages of oxy-combustion include the significant material requirements due to the high
operating temperatures, a decrease in efficiency as the oxygen production process consumes a lot
of energy, and the high initial capital investment needed.

Figure 1.3: Primary carbon capture modes [6].

1.2.2 Post-combustion separation technologies

When employing post-combustion capture, there are several methods for separating CO2 from flue
gases. These methods include chemical absorption, physical adsorption, membrane separation, and
cryogenic separation [7]. Here is a summary of how each method operates.

• Chemical absorption:
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Among these various techniques, the most commonly used is the amine-based chemical absorption
method for CO2 separation. This is primarily due to its long-standing history of development and
widespread application across diverse industries like the desulfurization of petrochemical prod-
ucts. It offers high capture efficiency and adaptability to different operational conditions, with
simple integration into existing industrial infrastructure [8]. This method represented in Figure 1.4
involves using chemical solvents to capture CO2 from flue gases. The solvent selectively absorbs
CO2 molecules, separating them from other gases. The captured CO2 is then released through a
regeneration process, typically involving heating or depressurization, allowing for the reuse of the
solvent.

Figure 1.4: Chemical absorption process [9].

• Physical adsorption: Physical adsorption relies on porous solid materials, such as activated car-
bons, zeolites, or metal-organic frameworks (MOFs), to capture CO2 molecules from gas streams.
These materials have high surface areas and specific pore structures that enable them to selectively
adsorb CO2 while allowing other gases to pass through. After adsorption, the CO2 can be des-
orbed from the adsorbent material using changes in temperature or pressure, making it available
for storage or utilization.

• Membrane separation: Membrane separation technologies utilize selective permeable membranes
to separate CO2 from gas mixtures based on differences in molecular size, shape, or solubility.
Membrane separation offers advantages such as scalability, simplicity, and potentially lower op-
erating costs compared to traditional absorption or adsorption processes. However, membrane
separation may face challenges related to membrane stability, selectivity, and fouling [10].

• Cryogenic separation: Cryogenic separation involves cooling the gas mixture to very low tem-
peratures to condense and separate CO2 from other gases. Cryogenic separation is particularly
effective for high-purity CO2 streams and can achieve high levels of CO2 recovery. However, cryo-
genic separation requires significant energy inputs for refrigeration and may not be economically
viable for low CO2 concentration streams or small-scale applications [10].
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1.2.3 Utilization and Storage

Once captured, carbon dioxide (CO2) presents a lot of opportunities for utilization across various
industrial sectors [11]. For instance, CO2, combined with hydrogen, can undergo conversion into
synthetic fuels, through processes like Fischer-Tropsch synthesis. These synthetic fuels are car-
bon neutral and can serve as sustainable alternatives to fossil fuels, particularly in transportation.
Moreover, captured CO2 can be utilized as a feedstock in the production of chemicals and materials.
Through processes like carbonation or mineralization, CO2 can be chemically transformed into valu-
able compounds such as methanol, urea, or polymers. These chemicals find applications in numerous
industries, including agriculture, pharmaceuticals, and construction, contributing to the circular econ-
omy by closing the carbon loop and reducing reliance on conventional feedstocks derived from fossil
fuels.

On the storage front, geological sequestration of CO2 involves injecting captured CO2 into un-
derground geological formations, such as saline aquifers or depleted oil and gas reservoirs. Once
injected, the CO2 is securely trapped within the pore spaces of the rock formation, preventing its re-
lease into the atmosphere. Geological storage provides a long-term solution for carbon mitigation by
permanently isolating CO2 from the atmosphere [11].

After reviewing various CO2 capture technologies and more specifically the post combustion
amine-based chemical absorption process, the following section introduces the CO2 capture pilot
plant project currently undertaken by the research team led by Mr. Leonard Grégoire from the De-
partment of Chemical Engineering in the University of Liège.

1.3 Pilot plant Project

The goal of the project is to implement a smale-scale pilot for de-risking the existing but not yet
commercially available post-combustion carbon capture with amine-based chemical absorption. The
pilot project will have a capacity to capture approximately 1 tonne of CO2 per day, allowing for sub-
stantial data collection and analysis. Its operations will encompass a wide range of scientific activities,
including studying solvent degradation, dynamic behavior while varying operating conditions such as
flue gas flow rate and CO2 concentration, evaluating the overall performance of the carbon capture
process and cost estimations.

1.3.1 Amine-based CO2 capture process description

As previously introduced and developped in the preceding section, the most mature and promising
technology for CO2 capture is post-combustion capture, achieved through CO2 separation utilizing
chemical absorption with amines. The complete process is illustrated in Figure 1.5.
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Figure 1.5: Amine-based CO2 capture process diagram [12].

For a better understanding, here are the key steps :

a) The flue gases are cooled and washed in a direct contact exchanger before entering the absorber.

b) 1. The cooled and washed flue gases come into contact with the liquid amine in the absorber,
where CO2 is absorbed and the CO2-depleted gas is released to the atmosphere

2. The amine solution becomes rich in CO2 after absorbing it in the absorber.

c) The rich amine solution is pumped first to the cross heat exchanger and then finally to the
stripper

d) The rich amine solution is preheated using the hot lean amine solution exiting the desorber.

e) The preheated solution is then directed to the stripper, where CO2 is desorbed from the amine
through an increase in the solution temperature.

f) A mixture of steam and CO2 leaves the stripper. This mixture is cooled and the steam is con-
densed to be separated from the CO2, which is then compressed for storage or further use.

g) The reboiler heats the solution and maintains a high temperature in the stripper to enable the
desorption process.

1.3.2 Heat Duty

Following a detailed exploration of the CO2 capture process stages, the focus will be now shift to the
critical final phase: the reboiler. This stage presents one of the most significant challenges associated
with these technologies : energy consumption [13].
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The function of the reboiler is to heat the solvent employed in capturing CO2, thereby releasing it
in a concentrated and purified form suitable for storage or further utilization. However, this heating
process is energy-intensive, about 3 GJ/ton of CO2 captured are required [14] and the temperature
range needed for CO2 release is typically between 90°C and 130°C and depend on the pressure in the
stripper.

Technological advancements and innovations in the field demonstrate that this required amount
of energy can be reduced and has already been when compared to the initial post-combustion CO2
capture solutions. However, this reduction has its limits, as illustrated Figure 1.6."

Figure 1.6: Reduction of the process energy requirement [14].

Therefore, to optimize the energy efficiency of the CO2 capture pilot, it is relevant to explore syn-
ergies between research aimed at reducing process energy demands and leveraging established tech-
nologies with proven efficacy to provide this energy demand. Among these established technologies
lies an interesting and underestimate candidate for CO2 capture : heat pumps. With its longstanding
presence and versatility in various applications, heat pumps offer a promising avenue for enhancing
energy efficiency without compromising process performance.

1.4 Structure and objectives of the thesis

1.4.1 Objectives

The primary objective of this thesis is to explore the technical possibilities related to the integration
of a high-temperature heat pump into a CO2 capture pilot project in order to reduce its initial sig-
nificant energy consumption. The study specifically aims to assess the most effective utilization of
the process’s various heating and cooling requirements to optimize the integration of the heat pump
into the CO2 capture process. The operational parameters and configurations of the heat pump will be
then optimized to enhance its coefficient of performance (COP) and overall energy efficiency. Finally,
an initial sizing of the various components of the heat pump, with a primary focus on the required
compressors, is provided.
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1.4.2 Structure of the Thesis:

This thesis is divided into 7 chapters.

1. Introduction: This chapter provides an overview of the context and the different CO2 capture
technologies. The pilot plant project and the associated improvement opportunities are then
described, followed by the introduction of the objective of this thesis.

2. State of the Art: A comprehensive review of existing literature on heat pump technologies,
high-temperature heat pumps (HTHP), and their applications in CO2 capture processes is re-
alised. This chapter covers the basic principles, performance metrics, cycle improvements,
working fluids, and specific components of heat pumps.

3. Cases Description: This chapter a detailed description of the initial conditions, including the
selection of refrigerants and compressors, and the heat sources available. The two different
cases as well as the heat pump configurations studied in this thesis are then described in this
chapter.

4. Modeling: Explanation of the theoretical models developed for the compressor and heat pump
cycles, including the assumptions made and the equations used to simulate their performance
are provided in this chapter.

5. Results: A presentation and analysis of the simulation results of the first two cases, including
model validation, performance evaluation of different heat pump configurations, and optimiza-
tion outcomes is done. This chapter also includes the energy consumption analysis for full or
partial load and the compressors sizing.

6. Modification of the Process: Analysis of potential modifications to the CO2 capture process,
such as varying the stripper pressure to enhance heat pump performance and reduce overall
energy consumption.

7. Conclusions and perspectives: This final chapter presents a conclusion of this work and pro-
poses perspectives for future improvement.

This structured approach ensures a thorough investigation of the integration of high-temperature
heat pumps into CO2 capture processes.



Chapter 2
State of the art

This chapter delves into the current state of heat pump technologies, emphasizing basic principles,
performance metrics, cycle improvements, working fluids, and specific components. More attention
is then given to high-temperature heat pumps (HTHP), including an industrial overview and recent
research developments in this field. Finally, the integration of heat pumps in CO2 capture processes
is discussed, highlighting current innovations and challenges.

2.1 Heat Pumps

In the realm of heat pumps, various operation types exist, as illustrated in Figure 2.1. Firstly, there
are open cycles, such as Mechanical Vapor Compression (MVC) and Thermal Vapor Recompression
(TVR) cycles. On the other hand, there are closed cycles, among which are absorption heat pumps
which employs chemical or thermal reactions to absorb and release heat and finally the compression
heat pumps on which this thesis focuses.

Figure 2.1: Different heat pump operation types[15].

2.1.1 Basic principle

Compression heat pumps are thermodynamic systems used for heating, cooling, and hot water produc-
tion. Their operation described in Figure 2.2 relies on fundamental thermodynamic principles, lever-
aging the transfer of heat from a low-temperature environment (the "source") to a high-temperature
environment (the "sink") using external work [16]. These can be at constant temperature (Figure 2.2a)
or with a temperature glide. (Figure 2.2b).

17
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(a) Constant temperature source and sink. (b) Sources and sink with temperature glide.

Figure 2.2: Heat pump basic principle.

Intuitively, it may seem impossible to transfer heat from a cold body to a hotter body. Heat pumps
use mechanical work and two physical properties of the working fluid they use :

1. Firstly, a fluid needs energy to evaporates. This energy, called latent heat of vaporization, is
then released when it condenses, thereby releasing heat.

2. Secondly, the evaporation/condensation temperature of a refrigerant increases with pressure.
By compressing the fluid, its pressure and temperature increase. Therefore, when the refriger-
ant condenses at higher pressure, the fluid releases energy at a higher temperature, providing
heating power.

The interplay between these two processes, evaporation at low temperature and condensation at
higher temperature, forms the thermodynamic cycle that drives the heat pump. The four main steps
of the cycle are illustrated in Figure 2.3 and described hereunder :

(a) Basic cycle diagram. (b) Pressure-enthalpy diagram [17].

Figure 2.3: The four basics steps of a heat pump.
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1. Isothermal evaporation : The refrigerant, initially at low temperature and pressure, enters
the evaporator where it absorbs heat from the low-temperature environment (Q̇C). This heat
absorption causes the refrigerant to evaporate, transitioning it from liquid phase to gas phase.

2. Isentropic compression : The refrigerant gas is drawn into the compressor and compressed,
increasing its pressure and temperature. This process requires an input of energy in the form of
mechanical work (Ẇ ).

3. Isothermal condensation : The compressed refrigerant, now at high temperature and pressure,
is directed to the condenser where it releases energy into the high temperature environment
(Q̇H). This heat release causes the refrigerant to condense, transitioning it from gas to liquid.

4. Isenthalpic expansion : The high-pressure liquid refrigerant passes through the expansion
valve, undergoing rapid expansion, which results in a pressure and temperature drop. This
process prepares the refrigerant to return to the evaporator to begin the cycle anew.

2.1.2 Performances

To evaluate the maximum efficiency of a heat pump, the Carnot cycle can be used as a theoretical
model utilized to assess the highest achievable efficiency when transferring heat between two reser-
voirs at different temperatures. The Carnot cycle represented in Figure 2.4 consists of four reversible
processes : isothermal evaporation, isentropic compression, isothermal condensation, and isentropic
expansion.

Figure 2.4: Theoretical Carnot’s cycle [18].

However, this cycle is not realistic. Indeed, it involves the compression and expansion of a two-
phase mixture in an isentropic manner, which is difficult to achieve [18]. The Carnot’s cycle is
still important for determining the maximum performance that a heat pump can achieve under given
source and sink temperature conditions. The coefficient of performances (COP) of that cycle can so
be calculated with the following formula :

COPCarnot =
Tsink

Tsink − Tsource

(2.1)
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Unlike the idealized COP of the Carnot’s cycle, the COP of a real heat pump reflects its efficiency
under real-world conditions, accounting for irreversibilities (friction losses, ambient losses, ...) and
factors such as pressure drop, heat exchanger inefficiencies, fluid properties, ... The COP of the real
heat pump is strictly lower than the COP of the Carnot cycle due to these inherent limitations. In
general terms, the COP of a heat pump is defined as the ratio of the heat delivered to the sink (Q̇H)
to the work input required to achieve that heat transfer (Ẇ ). A higher COP signifies that more heat is
delivered for a given amount of input energy. Mathematically, it can be expressed as:

COPreal =
Q̇H

Ẇ
= ηcycle · COPCarnot. (2.2)

The parameter ηcycle represents the quality factor of the thermodynamic cycle [18]. This factor
indicates the extent to which the actual cycle approaches the ideal reversible Carnot cycle. A lower
ηcycle corresponds to greater irreversibilities within the system, leading to decreased cycle efficiency
and suboptimal utilization of available energy. This inefficiency highlights the potential for advance-
ments in system design and operation. In modern heat pumps, this quality factor is usually around
55% [19].

Returning to Equation 2.1, it can be observed that the smaller the difference between Tsink and
Tsource, the larger the COPCarnot. This temperature difference is called the temperature lift. Con-
versely, as the temperature lift increases, both the COPCarnot and consequently the COPreal decrease.
This effect is double because if the temperature lift increases, the cycle quality factor also ηcycle de-
creases due to higher irreversibilities.

2.1.3 Cycle improvements

As just introduced, the performance of a heat pump will significantly decrease as the temperature lift
increases. To maintain it the highest possible, certain elements can be added to the heat pump cycle to
enhance its performance. In this subsection, various cycle improvements will be explained, schema-
tized, and compared with the basic cycle using pressure-enthalpy (P-h) and temperature-entropy (T-s)
diagrams. These enhancements can then be combined to further improve the cycle, especially when
the temperature lift is too high. To facilitate comparisons, Figure 2.5a reminds the basic cycle accom-
panied by its P-h and T-s diagrams in Figure 2.5b.

(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.5: Basic cycle.
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Internal heat exchanger
The first and simplest improvement that can be made to the classic cycle of a heat pump is to add

an internal heat exchanger as illustrated in Figure 2.6a . This allows for two things: first, it ensures
sub-cooling at the condenser outlet (Figure 2.6b,point 5), which returns the working fluid colder
to the evaporator inlet, thereby increasing the quantity of energy that the same mass of refrigerant
can absorb at the evaporator [20]. The second effect is to ensure super-heating at the evaporator
outlet (Figure 2.6b,point 2), thus ensuring dry compression in the compressor. This superheating
is especially necessary in cases where the refrigerant has a saturation curve with a positive slope,
requiring more super-heating to avoid wet compression [21].

(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.6: Internal heat echanger cycle.

Two-stage with economizer
In this context, the economizer is a heat exchanger has two beneficial effect. It allows first to cool

the portion of the refrigerant that remains at high pressure (Figure 2.7a, point 5 → point 6) before it
is expanded and reaches the evaporator. Secondly, it is used to heat the portion of the refrigerant at
medium pressure before mixing it with the refrigerant exiting the low-pressure compressor Figure 2.7a
(point 8 to point 9).

This configurations has several positives effects compare to the basic one.

1. High temperature lift means high pressure ratio and therefore lower compressor efficiency. This
configuration divides the compression stage into two stages, reducing the pressure ratio for each
compressor and increasing their efficiency compared to a single compressor.

2. This injection of refrigerant between the two compressors is beneficial for the high pressure
compressor. The injected flow being colder than the flow coming from the first compressor, it
cools down the refrigerant before entering the compressor, increasing also its efficiency.

3. Additionally, as the refrigerant mass flow is divided into two parts. The low-pressure compres-
sor will have less refrigerant to compress, decreasing its electricity consumption for the same
overall heating capacity, which will also increase the performance of the heat pump.

4. Finally, subcooling at the condenser outlet is also ensured as can be seen on the Pressure-
enthalpy diagram in Figure 2.7b (point 6)
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(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.7: Two-stage with economizer cycle.

Two-stage with flash tank The flash tank is a separator, it separates the refrigerant into vapor
and liquid phases in order to inject the vapor as for the economizer cycle. This configurations present
thus the same benefit as the economizer cycle. However, it can be observed in Figure 2.8b (point 3)
that the refrigerant remains slightly superheated before entering the compressor. This superheating,
necessary to avoid wet compression, depends on the refrigerant used. Additionally, the refrigerant
in liquid phase separated by the flash tank, will have a lower enthalpy before entering the evaporator
(Figure 2.8b, point 9), thereby increasing its capacity as previously mentioned.

(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.8: Two stage with flash tank cycle.
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Single stage injection
These two configurations represented in Figure 2.9 share the same advantages as the two-stage

vapor injection configurations. However, they are used for lower pressure ratios and temperature lifts
that do not require two compressors. Vapor injection is thus done directly into the compressor, which
increases its efficiency in the same way as for the two stage configurations and the pressure-enthalpy
diagram as well as the temperature-entropy diagram are equivalent to those shown in Figure 2.7b and
Figure 2.8b.

(a) Single stage economizer. (b) Single stage flash tank.

Figure 2.9: Single stage vapor injection.

Two stage with flash tank and total de-superheating
This configuration is very similar to the simple flash tank configurations, except that in this case,

instead of mixing the saturated vapor at the outlet of the low-pressure compressor to cool the fluid, it is
the saturated vapor from the flash tank that will directly go to the inlet of the compressor (Figure 2.10a,
point 3). The same effects as those mentioned previously are present, but this time the vapor state
fluid will not be superheated (Figure 2.10b, point 3). This difference could be a problem for some
working fluids, in which case other elements such as an IHX would need to be added to avoid wet
compression.
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(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.10: Two-stage with flash tank and total de-superheating cycle.

Cascade
Cascade heat pumps refer to configurations where multiple heat pumps are connected in series.

In such setups, the heat available at the condenser of the first heat pump (blue line Figure 2.11b) is
used to supply the evaporator of the second heat pump (red line Figure 2.11b). This configuration
is employed when the temperature lift becomes too significant, resulting in significant differences in
specific volume and pressure [22]. Since the two heat pumps in series are independent, the main
advantage of this configuration is the ability to use different working fluids for each heat pump cycle,
thus optimizing each stage with the most efficient refrigerant.

(a) Cycle stages. (b) P-h (top) and T-s (bottom) diagrams.

Figure 2.11: Cascade cycle.
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Ejector - transcritical
Unlike subcritical heat pump systems which have just been explained, heat rejection in a trans-

critical cycle is a cooling process that follows a temperature glide, thereby enhancing the system’s
performance and heating capacity. However, a transcritical compression cycle exhibits lower ther-
modynamic performance compared to a subcritical cycle. This is attributed to significant expansion
losses during the isenthalpic throttling process, which occurs as the refrigerant transitions from a
supercritical to a subcritical state (Figure 2.26b ,point 3 → point 4).

(a) Cycle stages. (b) Ejector cycle P-h diagram.

Figure 2.12: Transcritical cycle with ejector [23].

An ejector can help reduce losses by recovering a portion of the expansion work loss during the
throttling process, thereby enhancing cycle efficiency [24]. This type of cycle is employed in cases of
significant temperature lift, especially when there is a considerable difference in temperature glide at
the heat sink of the heat pump, such as heating water from 20° to 90°C.

2.1.4 Working fluids - Refrigerant

Characteristics

The choice of working fluid used in a heat pump is crucial. Here are the important characteristics that
it must meet :

• High volumetric heat capacity: A high volumetric heat capacity allows the fluid to absorb
and release a large amount of heat per unit of volume. A smaller volumetric flow rate is thus
necessary to achieve the same power and the compressor work is lower.

• High critical temperature: The further the heat pump cycle is from the critical temperature,
the less refrigerant flow is required at the condenser for a given inlet and outlet temperature.
Therefore, it is preferable for the critical temperature to be as high as possible in order to reduce
the compressor’s workload.

• Low normal boiling temperature: If the normal boiling temperature is low, it expands the op-
erating range of the refrigerant. Indeed, if this temperature is above the temperature at the
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evaporator, it means that the pressure at the evaporator must be below atmospheric pressure,
which is preferable to avoid in a heat pump circuit [22].

• Low specific volume: The lower the specific volume of the refrigerant, the smaller the compo-
nents of the heat pump will be, reducing the costs associated with setting up the cycle.

• Toxicity and flammability:

Heat pumps are not devoid of the risk of leaks, whether during construction or during operation,
it is imperative to be aware of the toxic or flammable properties of the fluid used. It is for this
purpose that The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) created a reference table, represented in Figure 2.13, to facilitate safety measures.

Figure 2.13: Standard 34 tables [25].

• Availability: It must be available on the market and at low price

• Environmental requirements As discussed in the introduction, it is essential to minimize pollu-
tants as much as possible. Old refrigerants with high ozone depletion potential (ODP) or those
with high global warming potential (GWP) are now gradually being replaced with synthetic
refrigerants that are more environmentally friendly as well as natural working fluids.

Types of refrigerant

Chlorofluorocarbons (CFCs) are chemical compounds that were once widely used as refrigerants.
However, their use has been banned due to their contribution to ozone depletion and huge global
warming potential. Hydrochlorofluorocarbons (HCFCs) are less harmful alternatives to CFCs, but
they are also gradually being phased out due to their very high GWP by the following refrigerants
[26], [27], [28],[29]:

1) Hydrofluorocarbons (HFCs):

– Fluorinated organic compounds containing hydrogen and carbon atoms.

– Non-halogenated refrigerants, meaning they do not contribute to ozone depletion, but they
have a high global warming potential (GWP)
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– Widely used for a long time but is gradually phasing out and being replaced by alternatives
with much lower Global Warming Potential (GWP)

2) Hydrofluoroolefins (HFOs):

– Class of organic compounds derived from hydrocarbons by substituting hydrogen functional
groups with fluorine atoms.

– They have been developed as alternatives to HFCs due to their reduced GWP and lesser
impact on climate change.

– Exhibit similar thermodynamic properties to HFCs and are widely used in modern refrigera-
tion and air conditioning applications.

3) Hydrochlorofluoroolefins (HCFOs):

– Category of organic compounds containing chlorine, fluorine, hydrogen, and oxygen.

– Exhibit similar thermodynamic properties to HFCs but have lower GWPs.

4) Hydrocarbons (HCs):

– Organic compounds consisting solely of carbon and hydrogen atoms.

– They are used as refrigerants due to their low environmental impact, as they contain no
chlorine or fluorine and have a low GWP but they are flammable.

5) Natural Refrigerants:

– Natural refrigerants are substances that occur naturally in the environment and are used as
refrigerants.

– They include gases such as carbon dioxide (CO2) and ammonia (NH3), which are environ-
mentally friendly due to their low GWP and ODP.

However per- and polyfluoroalkyl substances (PFAS) pose a contemporary threat to humanity,
as highlighted by recent research [30]. PFAS are categorized as "persistent chemicals" due to their
inherent chemical stability, resulting in their widespread presence as environmental pollutants [31].
Despite being produced for over 70 years, public awareness of PFAS remains relatively recent. The
latest proposal from the European Chemicals Agency (ECHA) regarding PFAS regulation suggests
that many current alternative refrigerants HFC/HFO could face prohibition [32].

2.1.5 Compressor

The essential component that makes the heat pump cycle possible is the compressor. It increases
the pressure, the temperature, and thus the enthalpy of the working fluid. The multiple types of
compressors available are represented in Figure 2.14, so it is important to choose the most suitable
one for each situation.

First, the dynamic compressor, also known as a flow compressor or centrifugal compressor. This
type of compressor increases the kinetic energy of the fluid which is then converted into pressure.
They are often used in applications requiring high volumetric flow rate with a compact design and
quiet operation, but may require sophisticated control mechanisms to maintain constant pressure.
Among them are ejectors, axial compressors, and radial compressors.
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Secondly, the reciprocating compressor compresses gas using pistons that move back and forth
inside cylinders. Gas is drawn in during the intake stroke, compressed during the compression stroke,
and expelled during the exhaust stroke, creating a continuous flow of compressed gas.

Finally the rotating compressor uses rotating elements, such as screws, vanes, or impellers, to
compress gas. As the rotating elements spin, they draw in gas and then compress it before expelling
it at a higher pressure. This process is continuous, allowing for a steady flow of compressed gas.

Figure 2.14: Compressors types [18].

In general, a compressor is chosen for a heat pump based on its operating range, i.e., its heating
capacity (and therefore its volumetric flow rate). Figure 2.15 illustrates the operating ranges of the
different types of compressors

Figure 2.15: Compressors operating range [18].
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2.1.6 Other components

Expansion valve

After transferring its accumulated energy in the condenser, the working fluid must be brought back
to low pressure before entering the evaporator to restart the cycle. Recovering the energy it contains
at high pressure by bringing it back to low pressure is technically feasible but remains complicated.
As introduced at the beginning of this section, recovering energy from a two-phase expansion remains
difficult and costly. Additionally, the available energy is relatively low. For these reasons, throttling
valves are predominantly installed in heat pump cycles, involving irreversibilities.

Heat exchangers

Among the various types of heat exchangers, the most well-known and commonly used are the
shell and tube, coaxial, plate, and spiral plate heat exchangers. Figure 2.16 summarize their differ-
ent characteristics. These can be used as internal heat exchangers, economizers, condensers, and
evaporators. Modeling and further details regarding their performance will be elaborated in Chapter
3

Figure 2.16: Heat exchangers operating range [18].

2.2 High Temperature Heat Pump

The heat requirements of the CO2 capture process correspond to what are called high-temperature
heat pumps and refers to heat pumps with a sink temperature above 100°C in this study. The solutions
that are already commercialized will be highlighted, whether it be their configurations, refrigerants,
or the compressor used. Furthermore, the various research projects that have already been conducted
will be grouped together, including both simulations and experiments.

2.2.1 Industry overview

The interest for high-temperature heat pumps is undergoing substantial expansion. Indeed, a wide
array of potential uses across diverse sectors exist [33]. As a result, several companies have al-
ready developed and commercialized various high-temperature heat pumps, as shown in Figure 2.17
. Details regarding the refrigerant, compressor, and configuration used are specified, as well as the
different temperatures of the heat sources, sinks, temperature lift and COP. Configurations vary, rang-
ing from simple models using a single compressor to enhanced versions of the cycle described in the
previous section.
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Figure 2.17: Industrial overview [15].
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2.2.2 HTHP research project

In addition to these commercially available heat pumps, many research projects are underway and
are included in Figure 2.18. Some of these research projects use even more advanced heat pump
configurations, combining multiple possible enhancements to optimize the COP in the case of high
temperature lift.

Figure 2.18: Research project overview.
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2.2.3 Configurations comparison

Some research compare differents configurations for different temperature lifts to find the best com-
binaison. First, [34] delves into the energy efficiency of five distinct system configurations designed
for high-temperature heat pumps, employing low Global Warming Potential (GWP) alternatives to
HFC-245fa. They investigates both single-stage and two-stage cycles, with and without internal
heat exchangers (IHX) positioned differently, while considering the optimal intermediate pressure
for each setup. For applications necessitating moderate to high temperatures and low temperature
lifts, a single-stage cycle incorporating IHX demonstrates notable COP enhancement. In scenarios
requiring higher temperature lifts, a two-stage cycle featuring IHX emerges as the configuration with
the most favorable energy performance.

[35] compare the theoretical performance of one and two-stage heat pump cycles with internal
heat exchanger, economizer, flash tank and cascade configuration at different temperature levels. They
conclude by recommending the incorporation of an internal heat exchanger to ensure dry compression,
along with a two-stage configuration for high temperature lift and a cascade heat pump for temperature
lifts exceeding 70K.

Another study evaluates the efficiency of a vapor-injection scroll compressor (SCVI) versus a
two-stage scroll compressor (TSSC) under high pressure ratios with R290 refrigerant [36]. Semi-
empirical models, fine-tuned with experimental data, are applied. The findings indicate that the SCVI
is more efficient for pressure ratios below 5, whereas the TSSC excels at higher ratios, achieving a
lower discharge temperature. The TSSC’s heating capacity can be enhanced by 7% compared to the
SCVI by adjusting the swept volume of the high-pressure compressor, with minimal effect on COP
and discharge temperature.

Furthermore [37] compare eight innovative cycle designs alongside nine refrigerants with low
global warming potential (GWP) across energetic, economic, and environmental criteria. The aim
is to identify the most suitable combination for various high-temperature, high-pressure (HTHP) ap-
plications. Initially, a range of single-stage and two-stage compression cycles are proposed, each
incorporating different elements such as ejectors, economizers, parallel compressors, flash tanks, and
additional evaporators and condensers. Additionally, all configurations feature an internal heat ex-
changer (IHX). The results indicate that a two-stage with flash tank/IHX, a two stage with economiz-
er/IHX and a two cascade/IHX becomes the most appropriates configurations for high temperature
lifts (60 K and above). In contrast, single-stage cycles with economizer, parallel compression and
IHX are suitable for low temperature lifts (50 K and below).

Moreover, [38] conducted a study on six different cycles, among which the two-stage flash tank
and the two-stage flash tank with complete desuperheating stood out. These two configurations
demonstrated significantly higher COP and exergetic efficiency, as well as a shorter payback pe-
riod. Finally, a three-stage compression cycle is investigated by [39], comparing single, double, and
triple-stage heat pumps. Their findings reveal a non-linear but significant enhancement in both COP
and exergetic efficiency.

2.2.4 Refrigerants

To easily visualize the different refrigerants that meet the important characteristics mentioned in the
previous section, the Annex 58’s team, part of the IEA’s HPTTCP (Heat Pumping Technologies Tech-
nology Collaboration Programme) [21], has grouped them into two tables. The first table Figure 2.19
summarizes the various important characteristics, and the second, Figure 2.20, illustrates the possibil-
ities of using each fluid based on the required source and sink temperatures, assuming a temperature
difference of 15K between the critical temperature and the condensation temperature, in order to avoid
entering the transcritical region.
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Figure 2.19: Available and suitable refrigerant [21].

Figure 2.20: Temperature range [21].

Although these refrigerants are all available and suitable for high-temperature heat pumps, they
each possess unique characteristics. Therefore, it is important to study which refrigerants are best
suited, which ones yield the highest COP based on the chosen heat pump configuration, the best
efficiency, and the highest volumetric heating capacity. Hence, numerous studies have been under-
taken, employing either theoretical simulations or experimental approaches, to compare these various
working fluids.

Initially, the thermodynamic attributes of the low GWP refrigerants R-1234ze(E) and R-1234ze(Z)
were comprehensively assessed by [40]. Through a combination of thermodynamic analysis, numeri-
cal simulations, and experimental validation, the study revealed that the theoretical coefficients of per-
formance (COP) reach their maximum values when the condensation temperature is approximately
20 K below the critical temperatures for each refrigerant.

Following that, [41] delved into simulating a high-temperature heat pump (HTHP) cascade system
employing internal heat exchangers (IHXs) and utilizing low GWP refrigerants in both the high-stage
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(HS) and low-stage (LS) cycles. The HS cycle featured R-1233zd(E), R-1336mzz(Z), R-1224yd(Z),
and pentane, while the LS cycle included R-1234yf, R-1234ze(E), butane, isobutane, and propane.
Their findings revealed that butane and isobutane emerged as the most favorable LS working fluids in
terms of coefficient of performance (COP). Moreover, the highest system performance was achieved
with pentane and HFO-1336mzz(Z) in the HS cycle. Comparatively, a marginal COP enhancement
was observed using R-1233zd(E) and R-1224yd(Z) when compared to third-generation refrigerants
such as R-245fa and R-134a.

[42] theoretically investigates the environmentally friendly R-1336mzz(Z) and R-1234ze(Z), as
well as the R-1233zd(E) and R-1224yd(Z), comparing their coefficient of performance (COP) and
volumetric heating capacity (VHC) with the HFC refrigerants R-365mfc and R-245fa at various con-
densation temperatures and temperature lifts. The theoritical simulation shows that a trade-off be-
tween performance (COP) and volumetric heating capacity (VHC) must be done and it is confirmed
by [43]. R-1336mzz(Z) was found to be the next drop-in replacement for R-365mfc. The performance
figures of R-1224yd(Z), R-1234ze(Z), and R-1233zd(E) were closer to those of R-245fa.

They proceeded with experimental testing of R-1233zd(E) and R-1336mzz(Z) [44]. Performance
data were gathered across temperature lifts of 30, 50, and 70 K (40 to 80°C for the heat source,
80 to 150°C for the heat sink). Findings revealed that for a evaporation temperature of 60°C and
condensation temperature of 110°C, the COP for R-1233zd(E) stood at 2.8 for the basic cycle and
increased to 3.1 with IHX integration. Meanwhile, R-1336mzz(Z) yielded COP values of 2.4 and 3.0,
respectively. As temperatures rose, the differences in COP between R-1336mzz(Z) and R-1233zd(E)
fell within the measurement uncertainty. Furthermore, R-1336mzz(Z) demonstrated the potential for
higher condensing temperatures due to its elevated critical temperature.

[45] add the hydrocarbons R-600, R-600a, R-601 and R-601a to the theoretical analysis and com-
parison. Among them, R600 and R-1233zd(E) showed the highest potential for immediate future
implementation in HTHPs. R-1233zd(E) exhibits a high COP and favorable low auto-ignition tem-
perature (A1 ASHRAE classification).

[46] confirmed the previous results and add an analysis of Total Equivalent Warming Impact
(TEWI) to assess the environmental impact of each refrigerant. The TEWI analysis reveals a sub-
stantial reduction in equivalent CO2 emissions for each low GWP alternative. Among them, R-
1233zd(E) exhibits the most significant reduction in all simulation cases, followed by R-1224yd(Z)
and R-1336mzz(Z).

[47] proposed to include R-718 in the comparison. They first evaluated it theoretically against hy-
drocarbons (R-600 and R-601), HFOs (R-1234ze(Z), R-1336mzz(Z)), and HFCs (R-245fa). Simula-
tions revealed that R-718 exhibited the best system performance and Carnot efficiency. Subsequently,
the experimental comparison between R-718 and R-1336mzz(Z)/R-600/R-245fa demonstrated that
R-718 had unique advantages in HTHP applications. The only issue lies in its high normal boil-
ing temperature, requiring a decrease below atmospheric pressure if the source temperature is below
100°C.

More recently, [48] revisited the working fluids included in the ANSI/ASHRAE Standard 34 since
2015, such as R-1130(E), R-1336mzz(Z), R-1336mzz(E), R-1233zd(E), R-1224yd(Z), R-13I1, and
R-1132a. Additionally, they examined other molecules identified in recent studies but not yet added
to that standard, including R-1123, R-1243zf, R-1225ye(Z), R-1132(E), R-1252ye, R-1261ze, and
R-1141. The thermodynamic characteristics of R-1233zd(E) and R-1224yd(Z) were thoroughly in-
vestigated, confirming their suitability for high-temperature heat pump (HTHP) and Organic Rankine
Cycle (ORC) systems through experimental validation. R-1336mzz(Z), R-1336mzz(E), and R-1132a
were also identified as promising candidates for HTHP applications.
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2.3 Heat pumps and CO2 capture

As introduced in chapter 1, one of the main drawbacks of the post-combustion CO2 capture process
based on absorption/desorption using amine is the high heating demand at the regeneration column.
Heat pumps are a proven and accessible technology but only a few research have integrated a heat
pump into the CO2 capture process. This is due to the relatively high temperature (90°C-130°C) re-
quired for the stripper. However, high-temperature heat pumps are currently in full development, as
explained previously. Additionally, the CO2 capture process by post-combustion using amines has
several cooling demands that could be used as a heat source for a heat pump circuit. Therefore, in-
tegrating high temperature heat pump to this carbon capture process is becoming increasly attractive.
Here is a summary of the previous study on this topic.

Initially, [49] focused on optimizing heat supply for the capture process in terms of cost-effectiveness.
They evaluated five distinct heat supply options using an energy market scenario tool alongside vari-
ations in specific heat demand (reboiler duty). Among these options were three standalone choices
(natural gas combined cycle, natural gas boiler, and biomass boiler) and two options involving ex-
cess heat with heat pump (utilization of current excess heat and optimal utilization of excess heat,
Figure 2.21). The most favorable alternatives were those leveraging excess heat in conjunction with
a heat pump. Given the typically high process integration potential within the process industry and
anticipating substantial future CO2 charges, these options hold potential for profitability.

Figure 2.21: Use of excess heat from steam cracker plant with heat pump [49].

Several years later, [50] explored the possibility of integrating a heat pump directly into the pro-
cess through pinch analysis. They concluded that the most effective approach would be to integrate
a heat pump across the pinch point. However, they deemed this challenging, if not impossible, as
high-temperature heat pumps were not yet widely popular, and the heat demand of the regenerator
exceeded what heat pumps could provide at that time. At the same time, seven configurations of heat
pumps integrated with the CCS plant were meticulously evaluated and compared by [51] against the
base case of steam utilization from the power plant. The proposed heat pump design represented
Figure 2.22 harnesses the various cooling demands of the system to provide heat to the evaporator
of the heat pump. Additionally, the study explored the use of expanders to recover expansion losses.
Furthermore, a cascade heat pump configuration was devised, enabling the utilization of water in the
top cycle. Another innovative concept involved the development of a dual-evaporator heat pump, en-
abling solvent regeneration, CO2 liquefaction, and process cooling within a single unit. Incorporating
heat pump cooling and heating capacities into efficiency calculations revealed a remarkable efficiency
improvement of up to 13,6%.
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Figure 2.22: Integrated heat pump design [51].

More recently [52] opted to merge a high-temperature heat pump (HTHP) with direct air capture
(DAC) of CO2, which entails a similar absorption-desorption process and also entails significant heat
demand at the reboiler. They proposed three distinct thermal integration strategies that combine an
HTHP with solid adsorbent-based DAC. Among these strategies, the deeply integrated DAC-HTHP
system (I-DAC) illustred Figure 2.23 harnesses low-grade adsorption heat and waste heat to provide
direct heating and cooling energy to the DAC system. This innovative approach yields a remark-
able 69,5% reduction in energy consumption compared to traditional DAC systems operating under
identical conditions.

Figure 2.23: Integrated DAC-HTHP system (I-DAC) [52].
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In addition [53] delved into an in-depth examination of the process itself, focusing on solely
recovering heat within it. They developed several theoretical models and compared them to determine
the most suitable heat sources and heat sinks, along with achievable energy savings, operational costs,
and investments. Four stationary models with different heat sources were compared. The first model
utilized only cooling at the condenser, the second relied solely on the necessary cooling of the amine
at the absorber inlet, the third employed two heat pumps, respectively at the condenser and absorber
inlet Figure 2.24, and finally, the fourth model connected a single heat pump to the process cooling
circuit Figure 2.25. Interestingly, while the fourth solution has the greatest energy savings, it was the
third model that present the lowest operational and investment costs.

Figure 2.24: Two heat pump model [52].

Figure 2.25: Cooling system connected to the heat pump model[52].
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Finally [54] try to integrate a heat pump system aimed at electrifying an amine CO2 capture unit
for a biogas upgrading process employing aqueous monoethanolamine. They uses a two stage evap-
orator heat pump using the cooling demand of the process, as can be seen Figure 2.26. The study
analyses the overall energy consumption across a spectrum of stripper pressures ranging from 0.313
to 1.813 bara. Indeed, as the pressure decreases, the required high temperature in the stripper de-
creases but the heating power increase. It is therefore crucial to found the optimal conditions. The
most optimal heat pump scenario entailed a vacuum-operated stripper operating at 0.513 bara, yield-
ing a remarkable 68% reduction in overall energy consumption compared to a conventional amine
scrubbing unit.

(a) Heating demand (red) and cooling demand (blue). (b) Two-stage evaporator HTHP.

Figure 2.26: HTHP integration [54].



Chapter 3
Cases Description

3.1 Initial Conditions

The simulations in this work are conducted using Aspen Plus software [55], in steady-state conditions
corresponding to the nominal conditions of the CO2 capture process. These simulations allow to
determine two crucial parameters:

1. The required reboiler power, which is 36,728 kW.

2. The operating temperature of the stripper, set at 125°C.

3.1.1 Condensation temperature

The amine used in the capture process is corrosive, which prevents the direct implementation of the
heat pump condenser in the stripper. Therefore, it is necessary to use an intermediate working fluid to
transfer the heat from the condenser to the stripper. Regardless of the working fluid used, to maintain
the stripper at 125°C, it needs to be heated to 135°C to avoid requiring an excessively high flow rate.
Consequently, assuming an approach temperature of 5K, the condensation temperature of the heat
pump is set at 140°C.

3.1.2 Choice of refrigerant

The refrigerant used in the heat pump will be R-1233zd(E). This choice is motivated by the following
advantages highlighted in chapter 2:

• Low Global Warming Potential (GWP) and ozone depletion potential (ODP).

• High Critical Temperature of 166°C.

• High volumetric heating capacity.

• High COP.

• No flammability (A1 category Figure 2.13)

This last characteristic is one of the conditions imposed by the safety requirements of the carbon
capture pilot plant project.

39
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3.1.3 Choice of compressor

The reboiler power lies within the operational range of scroll compressors (Figure 2.15). As they are
known for their high efficiency, offer high reliability and require minimal maintenance, this type of
compressor is chosen.

3.2 Available heat

Once the initial conditions are defined, it is important to clearly understand the potential heat sources
that can be used at the evaporator of the heat pump. Figure 3.1 represents the cooling power required
by the carbon capture process, as well as the available flow rates and temperatures.

Figure 3.1: Heating and cooling demand of the process.

To begin with, regarding the flue gas, it is cooled by a direct contact cooler (DCC). The water
that has been in direct contact with the flue gas must then be cooled from 42,7°C to 35°C, requiring
a cooling power of 17,959 kW. Once the flue gas are rid of CO2, they must be cooled and washed
again in the washer (WASH) with a power of 17,433 kW. The water that has been in contact with
the flue gas needs to be cooled from 47,5°C to 37,5°C. The lean amine mixture, although it has
already transferred some of its heat to the rich amine mixture in the "CROSS HX" heat exchanger,
still needs to be cooled from 48,5 to 40°C, requiring a power of 5,406 kW. Finally, the CO2, desorbed
in the stripper, is evacuated from the stripper mixed with water vapor. In order to separate the two
substances, the mixture must be cooled from 103,8°C to 40°C in the condenser (CD) to condense all
the water and allow the separation of the vapor CO2 from the liquid water in the separator.
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Lead by the literature and these various heat sources, this thesis will initially investigate two
different case :

The first involves collecting the different cooling waters into a single circuit and then using it in
the evaporator of the heat pump. It is the most practical solution to implement for a pilot installation.

The second will investigates a two-evaporator heat pump at different pressure and temperature to
uses the high temperature of the CO2-water mixture exiting the stripper. This solution could improve
the performance of the heat pump but increases the complexity of the process.

3.3 Case 1 : Single evaporator

To facilitate understanding the description of this first case, Figure 3.2 illustrates the integration of
the heat pump into the cooling circuit, replacing the reboiler in the CO2 capture process.

Figure 3.2: Heat pump single evaporator integration to the cooling circuit.

3.3.1 Preliminary study

As already discussed, the temperature of the cold source will influence the pressure required at the
evaporator and therefore the operating conditions of the heat pump. These operating conditions will
be essential in the selection of the refrigerant and the configurations of the heat pump studied in this
work. It is therefore crucial to determine the temperature of the mixture once they are combined.

Firstly, The use of indirect contact heat exchangers results in a temperature difference. Indeed,
due to the imperfect efficiency of these exchangers, the hot fluid exits at a higher temperature than the
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cold fluid. The temperature difference between these these two fluid is the approach temperature is
set to 5K.

Secondly, it is important to determine whether all cooling waters should be used or only selected
ones among them. Since they do not all have the same temperature, the warmer ones will be prior-
itized, while the cooler ones will be used only if necessary. Using the thermodynamic function, the
temperature and the pressure of each cooling water, each enthalpy (h) of each flow before mixing can
be found :

hCD = h(T = 98.8 ◦C;P = Patm),

hABS = h(T = 43.5 ◦C;P = Patm),

hDCC = h(T = 42.5 ◦C;P = Patm),

hWASH = h(T = 37 ◦C;P = Patm),

Then, with mass and energy balance, the enthalpy and therefore the temperature of the mixture
can be found :

Ṁtotal =
∑

(Ṁ) (3.1)

htotal =

∑
(Ṁ · h)
Ṁtotal

⇒ Ttotal = T (htotal;Patm) (3.2)

As the evaporator is also a indirect heat exchanger, the available temperatures are further reduced
by another 5K. Here is a summary of the temperature truly exploitable and the flow rate of each
mixture :

CD : Ṁtotal = 0.05 kg/s and Ttotal = 93.8 ◦C

CD + ABS : Ṁtotal = 0, 20 kg/s and Ttotal = 52.79 ◦C

CD + ABS + WASH : Ṁtotal = 0, 62 kg/s and Ttotal = 42, 54 ◦C

CD + ABS + WASH + DCC : Ṁtotal = 1, 18 kg/s and Ttotal = 37, 89 ◦C

The aim of this preliminary study is to determine the temperature at which the working fluid
would evaporate, and therefore to establish the pressure level at the evaporator. A basic cycle of a
heat pump working with the R-1233zd(E) has been implemented on the Engineering Equation Solver
(EES) software [56] to quantify the heat requirements Q̇ev at the evaporator and to determine which
mixture will allow the highest evaporation temperature. As a reminder, for an ideal heat pump without
losses, it follows :

Q̇cd = Q̇ev + Ẇcp. (3.3)

This means that for a constant power at the condenser, if the power required by the compressor
decreases, the amount of heat required at the evaporator increases. This compressor power being
proportional to the pressure ratio [22], if the pressure, and thus the temperature at the evaporator,
increases, the amount of heat required at the same evaporator also increases. It implies that a com-
promise between the evaporator pressure in function of the available heat is required.
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Figure 3.3 represents, on one hand, the amount of heat available for each mixture as a function
of the chosen evaporation temperature and on the other hand, the amount of heat required at the heat
pump evaporator for this same chosen evaporation temperature.
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Figure 3.3: Evaporator heat duty in function of the evaporation temperature.

The maximal evaporation temperature correspond to the first intersection between the heat re-
quirements and the available heating quantity. This temperature corresponds to the use of the cooling
water from the condenser, the heat exchanger cooling the lean amine mixture before it enters the ab-
sorber, and the cooling water from the second washing section (CD + ABS + WASH). As this is a
preliminary study without consideration of a specific and optimized heat pump model, the evaporation
temperature is rounded to 35°C and will be revised after the optimization of the heat pump.

3.3.2 Optimization

The preliminary study identified the operating conditions for the heat pump. These conditions are
summarized below :

• Refrigerant : R-1233zd(E).

• Nominal heating power : Qcd = 36,728kW.

• Condensation temperature/pressure : Tcd = 140°C / Pcd = 22,92 bar.

• Evaporation temperature/pressure : Tev = 35°C / Pev = 1,83 bar.

• Temperature lift : 105°C

• Pressure ratio : rp = 12,52.

The temperature lift and the pressure ratio are huge. As explained in chapter 2, such a temperature
difference and pressure ratio implies a two-stage cycle with two compressors to conserve good per-
formance. Based on the literature reviewed chapter 2, four advanced heat pump configurations will
be considered and compared to the basic configuration with no amelioration :
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1. Two-stage (TS) with flash tank (FT) and IHX (Figure 3.4a).

2. Two stage (TS) with economizer (ECO) (Figure 3.4b).

3. Two stage (TS) with flash tank (FT), total desuperheating and two IHX (Figure 3.4c).

4. Cascade with two internal IHX (Figure 3.4d).

(a) Flash tank + IHX. (b) Economizer + IHX.

(c) Flash tank with total desuperheating + IHX. (d) Cascade + IHX.

Figure 3.4: Studied configurations, case 1.
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3.4 Case 2 : Two evaporator

As for the first case, a representation of the integration of the heat pump is illustrated in Figure 3.5 to
facilitate understanding of the heat pump integration.

Figure 3.5: Heat pump with two evaporators integration.

In this case study, the high temperature of the mixture exiting from the stripper is harnessed.
To do so, the condensation process has to be separated (Figure 3.6). The mixture will exit the first
condenser at an intermediate temperature Tint exceeding 40°C, this higher temperature allows for an
higher pressure within the evaporator. Depending on the power available when cooling down the fluid
from 103°C to Tint, the entirety or a portion of the refrigerant will not need to be expanded to lower
pressure, thereby limiting the irreversibilities occurring within the expansion valve and reducing the
power required by the low-pressure compressor, which will need to compress less fluid.

Figure 3.6: Condenser process separation.
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3.4.1 Preliminary study

The first step for this case is to verify that the high temperature of the mixture at the stripper outlet is
not misleading. Just because the fluid is at a high temperature when entering the condenser does not
mean that this temperature will be usable. It will depend on the amount of energy required to lower
the temperature of the mixture of one degree, which can be qualitatively observed using a T-Q̇ curves
(Figure 3.7), calculated using AspenPlus [55]. This figure represent the temperature profile of the
mixture in relation to the cooling power at the condenser. The small negative slope of the curves at
high temperature indicates that a lot of power is needed to cool down the fluid by one degree at high
temperature, confirm that the high temperature of the mixture can be used.
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Figure 3.7: T-Q̇ curve of the condenser hot stream.

However, it is still necessary to determine to what extent this temperature can be used, therefore, it
is important to find the ideal intermediate temperature Tint. To achieve this, a heat pump cycle using
two evaporators was implemented. This cycle (Figure 3.8) was simplified with a basic scheme without
cycle improvements, as it is only used to evaluate the intermediate temperature that will provide the
best COP.

Figure 3.8: Basic two-evaporator heat
pump cycle.

Figure 3.9: Medium pressure evaporator’s evapo-
ration temperature influence on the COP.

This allows us to determine the operating conditions and requirements of the necessary heat pump.
As in the first case, the approach temperature at the two evaporators is 5K. However, it is assume
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that they are directly connected to the cooling demand of the process as illustrated in Figure 3.5.
Therefore, there is no intermediate cooling water and no additional 5K temperature difference, which
increase the available temperature. The low pressure evaporator is fixed to the pressure corresponding
to an evaporation temperature of 35°C, as for the case 1.

The evaporation temperature of the medium pressure evaporator was gradually increased. Fixing
the corresponding cooling duty of the condenser as the heating power avalaible at the evaporator, it
was possible to evaluate which of these temperatures allowed for the best COP. The various points
have been plotted Figure 3.9, where the peak of the curve is easily noticeable and corresponds to an
evaporation temperature of 71°C. This evaporation temperature correspond to a intermediate temper-
ature Tint = 71 + 5 = 76°C.

The initial condensation process is therefore separated into two condensers (Figure 3.10). The first
is the heat pump’s evaporator and cools the mixture from 103.8°C to the intermediate temperature of
76°C, representing a cooling power of 10.930 kW. This cooling demand is therefore the available
heating source of the medium pressure evaporator of the heat pump. The second condenser cools the
mixture from 76°C to the desired temperature of 40°C.
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Figure 3.10: Condensation process separation.

In this simplified model, The remaining required power for the low pressure evaporator is 7,440
kW, this quantity will be re-evaluated after the best configurations and optimized cycle will be found,
in order to determine if the washer can effectively be used to meet this demand.
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3.4.2 Optimization

Similarly to the first case, this preliminary study identified the operating conditions for the heat pump.
These conditions are summarized below :

• Refrigerant : R-1233zd(E).

• Nominal heating power : Qcd = 36,728kW.

• Condensation temperature/pressure : Tcd = 140°C / Pcd = 22,92 bar.

• Middle pressure evaporator temperature/pressure : Tev = 71°C / Pev = 5,246 bar

• Heating power avalaible at medium pressure : Q̇ev,1 = 10,930 kW

• Low pressure evaporator temperature/pressure : Tev = 35°C / Pev = 1,83 bar.

• Middle to high temperature lift/pressure ratio : Tlift,H = 69°C / rp,H = 4,369.

• Low to middle temperature lift/pressure ratio : Tlift,L = 36°C / rp,L= 2,867.

• Total pressure ratio : rp = 12,52.

These operating conditions show a low temperature lift and a low pressure ratio for the part of the
cycle comprising the low-pressure evaporator. The literature tells us in chapter 2 that for this value of
pressure ratio, a simple internal heat exchanger is recommended to increase performance. However,
the operating conditions for the high-pressure part of the cycle, comprising the medium-pressure
evaporator and the condenser, allow several improvements to be envisaged. The temperature lift is
69°C, which is still high, and the pressure ratio of 4,369 means that several compressors can be used
in series with a flash tank or economiser. The configurations studied for this second case are therefore
all using an internal heat exchanger for the low pressure part, and the improvements compared for the
high pressure part are the following :

1. No improvement

2. Two stage (TS) with flash tank (FT)

3. Two stage (TS) with flash tank (FT) and total desuperheating

4. Two stage (TS) with economizer (ECO)
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(a) No improvement. (b) TS with ECO.

(c) TS with FT. (d) TS with FT and total desuperheating.

Figure 3.11: Studied configurations, case 2.
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Nevertheless, [36] shown that a configuration using a single compressor with vapor injection
offers better performance than a configuration with two compressors at a pressure ratio smaller than
5. Therefore, two configurations using a flash tank and an economizer but with a single stage and a
vapor injection compressor are added :

(a) SS with VI and ECO. (b) SS with VI and FT.

Figure 3.12: Configurations with vapor injection compressor, case 2.



Chapter 4
Modeling

This chapter presents the models of the various components used in heat pump configurations. The
general assumptions made for these models are as follows: there are no ambient losses, except for the
compressor, and there are no pressure drop. These assumptions simplify the analysis while allowing
for a focus on comparing the performance of each configuration. The modeling and simulations will
be done using the Engineering Equation Solver (EES) software [56].

4.1 Compressor

The compressor is the essential component of the heat pump cycle. Indeed, its performance (i.e., its
efficiency) will largely influence the cycle’s performance. Therefore, properly modeling this element
is particularly important to assess a relevant analysis. This modeling is developed, explained and
justify in this section.

4.1.1 Compressor without injection

To analyze the performance of the heat pump on full and partial load conditions, it is essential to
develop an accurate model of the compressor. This model should include various potential losses,
such as leakage losses, ambient losses, heat transfer during suction and discharge, and the electrome-
chanical losses of the compressor. The model is based on the one proposed by [57] for a hermetic
scroll compressor as well as the leakage losses model by [58]. This model, represented Figure 4.1, is
divided into several steps.

1. Suction pressure drop : su → su,1

2. Isobaric heating-up : su,1 → su,2

3. Internal leakages : su,2 → su,3

4. Isentropic compression : su,3 → in

5. Constant volume compression : ad → ex,2

6. Isobaric cooling down : ex,2 → ex,1

7. Discharge pressure drop : ex,1 → ex

51
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Figure 4.1: Hermetic scroll compressor diagram.

Suction/Discharge pressure drop

In this study, pressure drops at the suction and discharge are neglected. This decision is based on
several factors. Firstly, preliminary analysis conducted by [57]. found that these pressure losses were
very low, approaching zero. Secondly, it is common practice in scientific and technical literature to
discard these pressure losses in similar scenarios due to their minimal impact on the overall outcomes
[59],[60],[61].

Isobaric heating-up

The employed model facilitates the regrouping of various heat transfers encountered within a com-
pressor. These heat transfers are represented by a hypothetical envelope with a temperature Twall. The
equations governing the suction heat transfer with a constant wall temperature are:

Q̇su = Ṁ · (hsu,2 − hsu,1). (4.1)

With
Q̇su = ϵsuĊsu · (Twall − Tsu,1). (4.2)

And ϵ is found with the ϵ-NTU method :

ϵ = 1− exp(−NTUsu), (4.3)
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with
NTUsu =

AUsu

Ċsu

=
AUsu

ṁ · cpsu
. (4.4)

Internal leakages losses

Internal leakage represents a source of performance degradation in compressors. It occurs whenever
there is a gap between the high pressure regions and the low pressure regions.The leakage flow rate
is determined by referencing the isentropic flow through a simple convergent nozzle and the fictitious
leakage area Aleak , which is a parameter of the model, is treated as the nozzle throat [62]. The
pressure at the nozzle inlet is calculated with :

Pcrit, leak = max (Psu, 3, Pcrit, leak) . (4.5)

Where Pcrit,leak is introduced to consider the possible choked flow that could occur in the nozzle
throat. This critical pressure Pcrit, leak is computed by considering the refrigerant vapor as a perfect
gas:

Pcrit, leak = Pex, 2 ·

[(
2

γ + 1

) γ
γ−1

]
(4.6)

The equations of continuity and conservation of enthalpy between the nozzle supply and throat are
combined to express the leakage mass flow rate:

ṁleak =
Aleak

vthr, leak
·
√

2(hex, 2 − hthr, leak) (4.7)

The specific enthalpy hthr, leak and the specific volume vthr, leak at the throat are computed assuming
that the expansion from Pex, 2 to Pthr, leak is isentropic. The internal mass flow rate of the compressor
is calculated with:

ṁin =
V̇s,cp

vsu,3
, (4.8)

where V̇s,cp is the compressor displacement volume. In this model, the process is assumed to be
isobaric but not adiabatic, mass and energy balance yields to

ṁ+ ṁleak = ṁin (4.9)

ṁ · hsu,2 + ṁleak · hex,2 = ṁin · hsu,3. (4.10)

The effects of internal leakage on compressor performance are quantified by the volumetric effi-
ciency, denoted by

ηvol =
ṁ

ṁTheoretical

. (4.11)

Where ηv represents the ratio of the actual mass of refrigerant in the first compression pocket to
the mass that would enter the pocket from the suction reservoir in the absence of internal leakage.
The re-expansion and re-compression associated with the leakage process also further diminish the
compressor’s isentropic efficiency.
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Isentropic and isochoric compression

One of the particularities of the scroll compressor is its fixed geometry and associated internal volume
ratio. It is defined during design and is calculated as the ratio between the initial volume Vi and the
final volume Vf within the compression chamber . This internal volume ratio rv,in, combined with
the specific operating conditions of the refrigerant fluid, determines the internal pressure ratio of
the compressor. If the internal and external pressure ratios are equal, compression occurs without
additional losses and the compressor is adapted Figure 4.2a. However, when the external pressure
ratio differs from the fixed internal pressure ratio, it indicates that the compressor is not suited to
these specific conditions. This generate power losses in the form of heat and can occur in two cases :

1. Over-compression (P2>Pad) where the external pressure exceeds the adapted internal pressure
Figure 4.2b.

2. Under-compression (P2<Pad) where the external pressure is lower than the adapted internal
pressure Figure 4.2c.

(a) Adapted compression. (b) Over-compression. (c) Under-compression.

Figure 4.2: Influence of internal volume ratio on the compression process.

The compression process is therefore divided into two parts: firstly, an adiabatic reversible com-
pression, hence isentropic and requiring the following work :

win,1 = (had − hsu,3). (4.12)

With,
had = h(ssu,3; vad). (4.13)

And
vad =

vsu,3
rv,in

. (4.14)

Secondly, an isochoric compression, correspondings to the opening of the compression chamber to
the discharge plenum [57] and requiring the following work:

win,2 = vad · (Pex,2 − Pad). (4.15)

With,
Pad = P (ssu,3; vad). (4.16)
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Finally, the total internal power of the compressor is :

Ẇin = ṁin · (win,1 + win,2). (4.17)

Compressor real electrical power

The actual electrical power of a hermetic compressor is generally formulated by the followings equa-
tions :

Ẇreal = Ẇin + Ẇloss (4.18)

= Ẇin + Ẇloss,0 + α · Ẇin. (4.19)

Where, Ẇin is the internal power, Ẇloss,0 represents the total power losses, which can be divided
into two parts. Firstly, the constant electro-mechanical losses Ẇloss,0 and secondly the electromechan-
ical losses proportionnal to the internal compressor power α · Ẇin [22]. For an hermetic compressor,
these losses are directly injected as heat to the wall [57].

Discharge cooling down

As for the suction heating up, the refrigerant transfer heat to the fictitious wall at the discharge. The
calculation procedure is therefore the same as for the isobaric suction heating up.

Power balance

Finally, conducting a steady-state power balance on the uniform temperature fictitious wall yields :

Wloss +Qex −Qsu −Qamb = 0 (4.20)

This allows to find the temperature of the fictitious wall Twall

Isentropic efficiency

Once all the compressor losses are modeled, its isentropic efficiency can be calculated :

ηis =
Ẇis

Ẇreal

(4.21)

=
ṁ · (hex,s − hsu)

Ẇreal

(4.22)

4.1.2 Compressor with vapor injection

The model used for a compressor with vapor injection is build upon the one developed in the previous
section. Vapor injection is integrated using the models established by [63] and [64]. The various steps
are represented Figure 4.3 and are as follows:

1. Suction pressure drop : su → su,1
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2. Isobaric heating-up : su,1 → su,2

3. Internal leakages : su,2 → su,3

4. Isentropic compression : su,3 → inj,1

5. Isobaric injection : inj,1 → in,2

6. Second isentropic compression : inj,2 → ad

7. Constant volume compression : ad → ex,2

8. Isobaric cooling down : ex,2 → ex,1

9. Discharge pressure drop : ex,1 → ex

Figure 4.3: Vapor injection compressor diagram.

The heating at the suction, cooling at the discharge, leakage flux, as well as pressure drops at the
inlet and outlet, have already been developed for the model without injection. Only the steps specific
to vapor injection will be addressed in this subsection.

First isentropic compression

The first step involves isentropic compression up to an assumed appropriate pressure. Neither under-
compression nor over-compression occurs. The intermediate pressure is assumed to be equal to the
absolute pressure of the vapor injected into the compressor. The work corresponding to this process
is as follow :

win,1 = (hinj,1 − hsu,3). (4.23)
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With,
hinj,1 = h(ssu,3; vinj,1). (4.24)

And
vinj,1 =

vsu,3
rv,in,1

. (4.25)

Injection process

The injection process is assumed to be instantaneous and isobaric, where the injection flow and the
flow from the first isentropic compression are mixed. This increases the flow rate within the compres-
sor and reduces the refrigerant temperature. With mass and energy balance, it comes :

ṁin · hinj,1 + ṁinj · hinj = (ṁin + ṁinj) · hinj,2 (4.26)

Second isentropic compression and isochoric compression

This part is the same as for the compressor without injection. First an isentropic compression requiring
the following work :

win,3 = (had − hinj,2). (4.27)

With,
had = h(sinj,2; vad). (4.28)

And
vad =

vinj,2
rv,in,2

. (4.29)

Secondly, an isochoric compression :

win,4 = vad · (Pex,2 − Pad). (4.30)

With,
Pad = P (sinj,2; vad). (4.31)

Finally, the total internal power of the compressor is :

Ẇin,total = Ẇin,1 + Ẇin,2 = ṁin · win,1 + (ṁin + ṁinj) · (win,3 + win,4). (4.32)

And the corresponding real electrical power :

Ẇreal = Ẇin + Ẇloss (4.33)

= Ẇin + Ẇloss,0 + α · Ẇin. (4.34)
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Isentropic efficiency

The isentropic efficiency is calculated using Equation 4.21 but the isentropic power has to take into
account the injected mass flow :

Ẇis = ṁ · (hin,1,is − hsu,3) + (ṁ+ ṁinj) · (hex,is − hin,2) (4.35)

4.1.3 Asumptions

Since the heat pump model is purely theoretical, some parameters had to be estimated and assumed
in order to create a realistic model despite the absence of experimental data.

First, the nominal rotational speed of each comppressor is assumed to be 3000 rpm.

Secondly, the heat transfer coefficients AUsu, AUex, and AUamb has to be estimated based on pre-
vious research [57], [59], [60], [61],[65],[66]. Despite little differences in each study, the values
obtained are never very far apart. The values assume for this thesis are as follows:

AUsu = 50WK−1, AUex = 35WK−1 and AUamb = 10WK−1

Moreover, the constant electromechanical losses of the compressor Ẇloss,0 and the coefficient α mod-
eling the losses proportional to the internal power of the compressor also had to be estimated. Using
the availables studies [[57]], [59], [60], [61], [67],[68],[69], the most common values and the ones
chosen for this study are :

Ẇloss,0 = 0, 05 · Ẇnominal and α = 0, 4 (4.36)

Finally, as explained in chapter 2, a key feature of scroll compressors is the internal volume ratio de-
termined during design. This parameter significantly influences compressor performance, and setting
it arbitrarily could bias the results. Therefore, the value of this parameter will be varied from 2 to 5,
which are the respectively the minimal and maximal values for scroll compressors on the market.

4.2 Heat exchangers

4.2.1 Condenser/evaporator

Figure 4.4: Condenser. Figure 4.5: Evaporator.

A subcooling of 5K is fixed for the condenser and a superheating of 5K is fixed at the evaporator.
The amount of heat transferred respectively at the condenser and at the evaporator are given by the
equations :

Q̇cd = ṁcd · (hsu,cd − hex,cd). (4.37)

And
Q̇ev = ṁev · (hex,ev − hsu,ev). (4.38)
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4.2.2 Internal Heat echanger

Figure 4.6: Internal heat exchanger.

The efficiency of the internal heat exchangers is not fixed to a unique value in this model but is
adjusted so that the compressor outlet temperature does not exceed 156°C, thus providing a 10°C
margin before reaching the fluid’s critical temperature of 166°C. However, the maximum efficiency
of the heat exchangers is limited to 0,9 to avoid excessively large heat exchangers. The amount of
heat transfered is therefore calculated with :

Q̇IHX = ϵIHX · ṁ · cpmin · (Tsu,cold − Tsu,hot) (4.39)

Q̇IHX = ṁ · (hsu,hot − hex,hot) (4.40)

Q̇IHX = ṁ · (hex,cold − hsu,cold). (4.41)

With cpmin the lower specific heat capacity between the hot and the cold flow.

4.2.3 Economizer

Figure 4.7: Economizer.

For the economizer heat exchanger, two variables need to be specified. The first is the efficiency
ϵECO, which is set at 0,9 to achieve significant heat transfer while keeping the exchanger relatively
small. The second variable in this model is the outlet temperature of the cold fluid, which will be
set to achieve a superheat of 1K. This ensures that the injected vapor will be slightly superheated,
preventing wet compression. The quantity of heat transfered is calculated with

Q̇ECO = ϵECO · Ċmin · (Tsu,cold − Tsu,hot) (4.42)

Q̇ECO = ṁ · (hsu,hot − hex,hot) (4.43)

Q̇ECO = ṁ · (hex,cold − hsu,cold). (4.44)

Where ,

Ċmin = min(Ċhot; Ċcold) and

{
Ċhot = ṁhot · cphot
Ċcold = ṁcold · cpcold

(4.45)
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4.2.4 Cascade condenser/evaporator

Figure 4.8: Cascade heat exchanger.

The difference between the condensation temperature of the low pressure cycle and the evaporation
temperature of the high pressure cycle (i.e. the approach temperature) assumed to be 5K:

Tev,HP = Tcd,LP − 5 (4.46)

Moreover, the high pressure cycle evaporator overheating as well as the low pressure cycle condenser
subcooling are fixed to 0K. Indeed, the superheating and subcooling will be ensured by the internal
heat exchangers present in both low-pressure and high-pressure cycles. The quantity of heat trasnfered
is calculated with the same equation as for the other condenser and evaporator :

Q̇ = ṁcold · (hex,cold − hsu,cold) (4.47)

Q̇ = ṁhot · (hsu,hot − hex,hot) (4.48)

4.3 Specific components

4.3.1 Flash tank

(a) Vapor injection. (b) Total de-superheating.

Figure 4.9: Flash tank

Mass and energy balance are used to calculate mass flow rates :

ṁsu,cold + ṁsu,hot = ṁvapor + ṁliquid. (4.49)

ṁsu,cold · hsu,cold + ṁsu,hot · hsu,hot = ṁvapor · hvapor + ṁliquid · hliquid. (4.50)

Obviously, when the heat pump is in vapor injection configuration (Figure 4.9a), both hsu,hot and
ṁsu,hot are zero.
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4.3.2 Mixer

Figure 4.10: Mixer.

This process is assumed to be instantaneous and isobaric. The mass flow rates and the enthalpy are
calculated using mass and energy balance :

ṁsu,HP = ṁex,LP + ṁvapor, (4.51)
ṁsu,HP · hsu,HP = ṁex,LP · hex,LP + ṁvapor · hvapor. (4.52)

4.3.3 Expansion valve

Figure 4.11: Expansion valve.

The expansion is assumed to be isenthalpic.

hsu,exp = hex,exp (4.53)

4.4 Performances

The coefficient of performance (COP) will be calculated for each cycle using the following formulas
:

• Single stage configurations :

COP =
Q̇cd

Ẇreal

(4.54)

• Two-stage configurations :

COP =
Q̇cd

Ẇreal,LP + Ẇreal,HP

(4.55)

The volumetric heating capacity (VHC) of the fluid will also be evaluated :
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• Single stage configurations :

V HC =
Q̇cd

ṁ·vsu
ηvol

(4.56)

• Two-stage configurations :

V HC =
Q̇cd

(
ṁLP ·vsu,LP

ηvol,LP
+

ṁHP ·vsu,HP

ηvol,HP
)

(4.57)



Chapter 5
Results

5.1 Model validation

The models developed in the previous section depend on several parameters and assumptions. Since
these parameters and assumptions are mostly approximations or results from various studies, it is
crucial to verify whether the compressor and heat pump models are realistic and align with what has
been previously established in the literature. Given that this study focuses on a purely theoretical
and general model, a traditional model validation is not performed. However, the results obtained are
compared qualitatively to assess their relevance.

5.1.1 Compressor models

The isentropic and volumetric efficiencies of a compressor are among its most critical characteristics.
Their variations directly impact compressor performance, the required electrical power, and thus the
overall performance of the heat pump. It is therefore crucial to verify that the compressor models,
whether with or without injection, are relevant.
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(a) Results from the model.
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(b) Experimental results [60].

Figure 5.1: Isentropic and volumetric efficiency without vapor injection.
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First, the compressor model without injection is compared to the experimental results obtained
during the characterization of a scroll compressor [60]. In this initial comparison, the internal vol-
ume ratio is arbitrarily fixed to rv,in = 3. The results obtained from the model (Figure 5.1a) show
that both curves, for isentropic and volumetric efficiencies, are very similar to the experimental re-
sults(Figure 5.1b) and for scroll compressor in general. Indeed, scroll compressors exhibit higher
efficiency when operating near their optimal internal volume ratio and this efficiency can decline
rapidly if the compressor operates under pressure or temperature conditions that deviate from its de-
sign specifications. This particularity of the scroll compressor is well represented in both Figure 5.1a
and Figure 5.1b.

For the compressor with vapor injection, the results obtained experimentaly by [70] are used to
compare the variation of the volumetric and isentropic efficiency. As for the compressor without
injection, the internal volume ratio is fixed to rv,in = 3.
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(a) Results from the model. (b) Experimental results [70].

Figure 5.2: Isentropic and volumetric efficiency with vapor injection.

Both Figure 5.2a and Figure 5.2b show that volumetric efficiency remains relatively stable as the
pressure ratio increases, although the experimental data presents a slight decrease at higher pressure
ratios. However, there is a notable difference in the trend of isentropic efficiency. The model shows
a rapid decline after the initial peak, while the experimental data indicates a more gradual decrease
which is not surprising as the vapor injection compressor are specifically design for high pressure
ratio. These results from the model suggest that it accurately captures the stability of volumetric
efficiency but may underestimate the consistency of isentropic efficiency at higher pressure ratio for
scroll injection compressor.

Despite the differences observed between the model predictions and experimental data, both mod-
els provide valuable qualitative results. Given the primary qualitative nature of the comparisons, these
models are sufficiently reliable to be used for this thesis.

5.1.2 Heat pump cycles

The compressor is one of the main components of a heat pump, but the other components are also
important. Therefore, it is crucial to ensure that the different configurations models are coherent and
relevant.

Configurations without vapor injection compressor :



Chapitre 5: Results 65

A recent study [37] will be used for comparison purposes. They investigates several configurations
of heat pumps and compare their theorical performances based on the temperature lift. To obtain a
relevant comparison, the model was subjected to the same operating conditions as the experimentally
tested cycles. Although these conditions are not the ones in which the heat pump modeled in this work
will operate, they allow us to visualize the behavior of the model based on the variation of several
parameters. The simulation conditions are as follows:

• Refrigerant : R245fa

• Internal volume ratio : 2,45

• Condensation temperature : 130°C

• Temperature lift : [30;80]

Given that these illustrations are solely for the purpose of qualitatively comparing the model
developed in this work, it is important to note that the curves are similar. Indeed, in all the figures, the
performance of each cycle tends to decrease proportionally with the temperature lift.
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Figure 5.3: Single stage with IHX.
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Figure 5.4: FT with IHX and desuperheating.

It is interesting to highlight the more pronounced gap between the curves Figure 5.3 and Fig-
ure 5.4. The model tends to overestimate the performance of the cycles compared to the reference.
However, as shown Figure 5.3, the reference achieved a very low COP of 1 for a temperature lift of
80°C. This low performance can be attributed to the formula they used to calculate the volumetric ef-
ficiency, which more significantly reduces the compressor’s volumetric efficiency with high pressure
ratio.

The results obtained from the model for the economizer (Figure 5.5 and cascade (Figure 5.6)
cycles appear to be closer to those found in the literature. However, it is important to note that the
cascade cycle was simulated using the same fluid for both the high and low-pressure sections due to
a lack of information on the second refrigerant used by the reference. This can possibly explain the
lower performances at high temperature lift.
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Figure 5.5: Economizer with IHX.
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Figure 5.6: Cascade with two IHX.

Configurations with vapor injection compressor :

Although the vapor injection compressor heat pump model is based on the same model as the one
without injection, it relies on additional assumptions that need to be verified for relevance. To do this,
the results of an semi-empirical model study using a economizer will be used as a reference [36].
As for the configurations without vapor injection compressor, the model was subjected to the same
operating conditions as the experimentally tested cycles. The simulation conditions are as follows:

• Refrigerant : R290

• Configuration : Single stage vapor injection compressor with economizer and IHX.

• Internal volume ratio for the VI compressor : 2,98

• Condensation temperature : 50°C and 80°C

• Evaporation temperature : [-30;20]

With the condensation temperature fixed, the only way to vary the temperature lift and pressure
ratio is by adjusting the evaporation temperature. This temperature will be increased from -30°C to
20°C, and the corresponding coefficient of performance for each conditions is calculated. The results
obtained by the model are illustrated with the experimental results Figure 5.7.
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Figure 5.7: Theoretical model comparison to the semi-empirical model reference [36].
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Two observations can be made. First, the evolution of the coefficient of performance (COP) with
respect to the evaporation temperature is consistent with the experimental results. However, when an-
alyzing a specific operating condition, a significant difference between the actual COP calculated with
the semi-empirical model and the COP obtained from the theoretical model is clearly visible. This
overestimation of the performances can be explained by the assumptions made in the model. Indeed,
heat losses to the surroundings and pressure drops through the pipes and heat exchangers used in the
various configurations are neglected. Additionally, vapor injection and mass flow of injection into the
compressor is assumed to be instantaneous and isobaric. While these assumptions are relevant, they
do not perfectly represent the actual process [71].

It is evident that the developed models, whether for compressors or heat pump configurations, are
not perfect and remain theoretical estimations of reality. Nevertheless, none of them show too sig-
nificant difference or inconsistent variations compared to real-world data, making them sufficiently
reliable for further analysis.

5.2 Case 1 : Single evaporator connected to the cooling circuit

Here is a summary of the operating conditions for the heat pump :

• Refrigerant : R-1233zd(E)

• Nominal heating power : Q̇cd = 36,728kW

• Condensation temperature/pressure : Tcd = 140°C / Pcd = 22,92 bar

• Evaporation temperature/pressure : Tev = 35°C / Pev = 1,83 bar

• Pressure ratio : rp = 12,52

5.2.1 Intermediate pressure

To make the variation of the internal volume ratio relevant for the two-stage configurations, the initial
assumption of setting the intermediate pressure as the geometric mean of the low and high pressures
was modified because the external volume ratios of the two compressors were not equal, and adjusting
each internal volume to optimize the efficiency of each compressor made the process too complicated.
Therefore, the intermediate pressure is set so that the external volume ratios of the two compressors
are equal. It allows the internal volume ratio of each compressor to become a single unique parameter
in the model, so that its variation affects both compressors in the same way. The COP of the different
two-stage cycles for these two intermediate pressure values were compared, with the same arbitrarely
fixed values of the internal volume ratio rv,in = 2,5 and the results shown in Figure 5.8 demonstrate
that this new method of determining the intermediate pressure not only simplifies the comparison
but also slightly improves the performance of each cycle. The new intermediate pressure calculation
method is thus preferred to the old one.
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Figure 5.8: Intermediate pressure performance comparison.

5.2.2 Performances

Once the intermediate pressure is fixed, the comparison of the COPs of the different configurations
while varying the internal volume ratio can be done and the results are illustrated in Figure 5.9.
It demonstrates the low coefficient of performance of the single-stage configuration, particularly, it
shows a COP of 1,267 for an internal volume ratios of 2. This can be attributed to the significant
difference between the internal and external volume ratios, which implies a lot of under-compression
and therefore reduces the isentropic efficiency of the compressor. Additionally, the compressor’s vol-
umetric efficiency is significantly reduced due to the particularly high pressure ratio. These combined
effects result in a substantial decrease in the cycle’s performance. Given that the performance with
small internal volume ratio are close to the one that could give a simple electrical heater (COP of 1),
it would not be pertinent and practical to use a compressor with a small internal volume ratio for this
configurations of the heat pump.
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Figure 5.9: Influence of the rv,in and the configurations on the COP.
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Then, it can be seen from this figure that the configuration with the best COP, regardless of the
internal volume ratio, is the one using the flash tank + IHX. It performs slightly better than the config-
uration with the flash tank with full desuperheating, which itself slightly outperforms the economizer
+ IHX configuration. The cascade configuration shows a lower COP compared to the other two-stage
configurations, which may be surprising. Typically, this configuration is recommended for high pres-
sure ratios like those present in the operating conditions of the studied heat pump. These bad results
are not surprising as the refrigerant used for the low pressure and high pressure cycle is the same
one. Therefore, it does no take advantage of the main benefit of the cascade configuration, which is
to optimize each cycle with the refrigerant that offers the best performance.

The use of the same refrigerant for both cycles is not a trivial choice. Indeed, the conditions
imposed by the pilot project only allow the use of refrigerants classified in the ASHRAE [25] A1
category. The three refrigerants belonging to this category that have at the same time a low ODP
and GWP, and a sufficiently high critical temperature to bu used in the low pressure cycle are the R-
1336mzz(Z), R-1336mzz(E), and R-1224yd(E). Unfortunately, the refrigerant R-1336mzz(E) is not
listed in EES. Therefore, an analysis of the performance of the cascade configuration with only the
R-1336mzz(Z) and R-1224yd(E) in the low pressure cycle was conducted.
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Figure 5.10: Performances comparison with different refrigerants.

The results illustrated in Figure 5.10 clarify the choice of using R-1233zd(E) for both cycles.
Indeed, it can be observed from Figure 5.10a that only the refrigerant R-1336mzz(Z) offers a better
COP, increasing it by 1,2% for an internal volume ratio of 4,5. This increase could be interesting if R-
1336mzz(Z) did not have such a large specific volume. Observing Figure 5.10b, it is evident that the
configuration using only R-1233zd(E) has a volumetric heating capacity significantly (approximately
30%) higher than the other two refrigerants. This property can significantly reduces the size of the
various components of the heat pump and thus significantly reduces its cost. The small COP increase
when using the R-1336mzz(Z) refrigerant is therefore not sufficiently interesting and the best option
is to use R-1233zd(E) for both the low and high-pressure cycles.

5.2.3 Evaporator available heating power

In Chapter3, a basic cycle of heat pump was used to fixe the operating conditions and specifically the
evaporation temperature of the heat pump to 35°C. However, with the optimization of the heat pump,
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the two-stage with flash tank configuration exhibits a higher COP, necessitating greater heating power
at the evaporator. This required heating power at the evaporator is 22.533 kW and can no longer be
met if the evaporation temperature remains at 35°C. Therefore, a new analysis of the evaporator’s
heating requirements as a function of the evaporation temperature must be realised.
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Figure 5.11: Evaporator heat duty in function of the evaporation temperature.

The results, illustrated in Figure 5.11, show that the highest evaporator temperature that can be
used to meet the heating power required at the evaporator is 33,83°C which can be rounded to 33°C.

This new evaporator temperature leads to a small decrease of the performances that are illustrated
in Figure 5.12. The configuration using two compressors and a flash tank with IHX remains the best
and presents a maximal COP of 2,18 with an internal volume ratio of 3,7.
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Figure 5.12: New performances of the different configurations while varying the internal volume
ratio.
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5.2.4 Compressor sizing

With the optimal configuration for Case 1 using a single evaporator identified, the sizing of each
compressor can now be performed :

Low pressure compressor :

• Nominal power at 3000rpm : WLP = 6, 926 kW

• Displacement volume : VLP = 3, 915 · 10−4 m3

• Internal volume ratio : rv,in = 3, 7

• Supply/exhaust pressure : 1,711 bar / 7,057 bar

High pressure compressor :

• Nominal power at 3000rpm : WHP = 9, 910 kW

• Displacement volume : VHP = 1, 756 · 10−4 m3

• Internal volume ratio : rv,in = 3, 7

• Supply/exhaust pressure : 7,057 bar / 22,920 bar

5.3 Case 2 : Two evaporators

As for the first case, here is a reminder of the operating conditions for the heat pump :

• Refrigerant : R-1233zd(E).

• Nominal heating power : Q̇cd = 36,728kW.

• Condensation temperature/pressure : Tcd = 140°C / Pcd = 22,920 bar.

• Middle pressure evaporator temperature/pressure : Tev = 71°C / Pev = 5,246 bar

• Heating power avalaible at medium pressure : Q̇ev,1 = 10,930 kW

• Low pressure evaporator temperature/pressure : Tev = 35°C / Pev = 1,83 bar.

• Middle to high pressure ratio : rp = 4,369.

• Low to middle pressure ratio : rp = 2,867.

• Total pressure ratio : rp = 12,52.

As prevously introduced in Chapter 3, all the configurations studied in this case use an internal
heat exchanger for the low pressure part of the cycle and the internal volume ratio of the compressor
is fixed to his optimal value of rv,in = 2,8. The comparison in this case is therefore focused on the
different configurations use for the high pressure part of the cycle. The chosen method to calculate
the intermediate pressure is the one already developed for the first case, this pressure is set to have the
external volume ratio of each compressors equal and allows the variation of the internal volume ratio
to affect the compressors in the same way.
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5.3.1 Performances

The values of the COP while varying the internal volume ratio of the high pressure compressors are il-
lustrated in Figure 5.13. The first observation is that using two compressors for the high-pressure part
of the heat pump achieves its best performance at smaller internal volume ratios. This type of configu-
ration is designed for high pressure ratios, therefore, smaller pressure ratio leads to overcompression,
which decreases the isentropic efficiency of the compressors and, consequently, the performance of
the heat pump. On the other hand, the configurations using a single compressor shows the opposite
behavior. Indeed, smaller pressure ratio reduces undercompression in the compressor, thereby in-
creasing its isentropic efficiency and the performance of the heat pump. Moreover, it can be noted
the remarkable 21% increases of the performances of the single stage configuration when using vapor
injection compressor.
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Figure 5.13: Influence of rv,in and configurations on the COP.

5.3.2 Evaporator available heating power

In this case, the evaporator is directly connected to the washer, it is important to verify that it could
provide the heating power required for an evaporation temperature of 35°C. Using the best results,
this required heating power is Q̇ev = 13,110 kW and the total power available at the washer is Q̇washer

17,433 kW. However this is the power if the water is cooled down from 47,5°C to 37,5°. As already
explained, each heat exchanger has a temperature approach of 5K, so the real power available at the
washer if the evaporator temperature is 35°C is the power available if the water is cool down from
47,5°C to 40°C :

Q̇washer = 7, 5 · 1, 754kW = 13, 074kW < 13, 110kW = Q̇ev (5.1)

As the heating requirement can not be satisfied, the same analysis of the evaporator heating require-
ments as a function of the evaporation temperature did for the first case must be realised. The results
are illustrated in Figure 5.14 and shows that the intersection of the two lines is just below 35°C. The
new evaporation temperature is therefore fixed to 34°C
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Figure 5.14: Evaporator heat duty in function of the evaporation temperature.

The new results, calculated with this evaporation temperature of 34°C are illustrated in Fig-
ure 5.15. As the temperature lift and pressure ratio slightly increases with the new evaporation
temperature, the COP of the best configurations is therefore slightly reduce to 2,47 for the config-
urations using a flash tank with two compressors and to 2,52 for the configuration using a flash tank
with one vapor injection compressor.
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Figure 5.15: Influence of rv,in and configurations on the COP.

5.3.3 Compressor sizing

With the optimal configuration for Case 2 using two evaporators being identified, the sizing of each
compressor can now be performed :
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1) Two-stage with flash tank and vapor injection compressor

Low pressure compressor :

• Nominal power at 3000rpm : WLP = 3, 692 kW

• Displacement volume : VLP = 2, 569 · 10−4 m3

• Internal volume ratio : rv,in = 2, 8

• Supply/exhaust pressure : 1,770 bar / 5,246 bar

Vapor injection compressor :

• Nominal power at 3000rpm : Winj = 10, 860 kW

• Displacement volume for the first isentropic compression : Vinj,1 = 1, 69 · 10−4 m3

• Displacement volume for the second isentropic compression : Vinj,2 = 1, 136 · 10−4 m3

• Internal volume ratio : rv,in = 5

• Supply/exhaust pressure : 5,246 bar / 22,920 bar

2) Three stages with flash tank

Low pressure compressor :

• Nominal power at 3000rpm : WLP = 3, 933 kW

• Displacement volume : VLP = 2, 737 · 10−4 m3

• Internal volume ratio : rv,in = 2, 8.

• Supply/exhaust pressure : 1,770 bar / 5,246 bar

Medium pressure compressor :

• Nominal power at 3000rpm : WMP = 4, 959 kW

• Displacement volume : VMP = 1, 717 · 10−4 m3

• Internal volume ratio : rv,in = 2, 2

• Supply/exhaust pressure : 5,246 bar / 11,469 bar

High pressure compressor :

• Nominal power at 3000rpm : WHP = 5, 952 kW

• Displacement volume : VHP = 1, 104 · 10−4 m3

• Internal volume ratio : rv,in = 2, 2

• Supply/exhaust pressure : 11,469 bar / 22,920 bar
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5.4 Energy consumptions

5.4.1 Energy saving

The goal of this thesis being to find the optimal configurations to minimize the energy consumption
of the carbon capture pilot plant, Table 5.1 summarizes the COP and energy consumption for each
case and optimal configurations. The results show a significant reduction in energy consumption
at the reboiler, reaching up to 60.6% for the second case with a two-stage flash tank with vapor
injection compressor and internal heat exchanger configurations. As discussed in Chapitre 1, this
energy consumption is one of the main obstacles to the industrial development of post-combustion
capture processes using amines such as the one studied in this work. These results are therefore
encouraging and may increase interest in this technology of CO2 capture process.

Case 1 Case 2

Optimal configuration Two-stage FT with
IHX

Two stage FT with
VI compressor and
IHX

Three stage FT with
IHX

COP 2,18 2,52 2,47

Total power [kW] 16,836 14,552 14,843

Energy consumption
[GJ/ton CO2]

1,662 1,427 1,456

Energy saving [%] 54,1 60,3 59,5

Table 5.1: Summary of performances and energy consumptions for each case and configurations.

5.4.2 Load variation

One of the objectives of the CO2 capture pilot project will be to analyze the process performance,
particularly when its capacity decreases or increases. This means that the power required at the
reboiler will not be fixed to the nominal value but will vary depending on the experiments conducted
on the pilot. Therefore, an analysis of performance at partial load or increased load is necessary for
each case. Although the utilization plan for the capture pilot plant is not yet well defined, an estimate
of the variations in the amount of CO2 captured suggests that the power required at the reboiler would
range from a minimum of 10 kW to a maximum of 70 kW.

The most commonly used methods to vary the power of a heat pump are varying the rotational
speed, changing the displacement volume, using a bypass, or simply turning the heat pump on and
off [22]. For scroll compressors and for a load reduction ratio below 5, the use of a variable-speed
compressor is preferred over other techniques [72] [73][74]. Under these conditions, it is the variation
in the compressor’s rotational speed that will vary the heat pump’s power.

To perform a valuable load variation performance analysis, each compressor is sized for the nom-
inal power, therefore the displacement volume, the leakage Area and the internal volume ratio of each
compressor are fixed. The analysis is done for the best configurations of each cases and the results
are represented in Figure 5.16.



Chapitre 5: Results 76

10 20 30 40 50 60 70
Qcd [kW]

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

2.6

2.7
CO

P 
[-]

Case 1
Case 2, two-stage VI compressor
Case 2, three stage
Qcd, nominal

Figure 5.16: COP variation with the load for the different configurations.

The three curves show good performance when the power required at the reboiler increases be-
cause the volumetric efficiency of each compressor increases. Indeed, the increase of the rotational
speed of each compressor reduces leakage losses. However, it is important to note that friction losses
increase as the compressor’s rotational speed increases. Since these losses are not accounted for in
the models, the increase in COP may be slightly overestimated. Nevertheless, the decreases of the ro-
tational speed has the exact opposite effect on the performances. Indeed, the rotational speed of each
compressor for a heat duty of Q̇cd = 10 kW become too small and the increases of leakages losses
has a bigger effect on the COP, as illustrated on the left in Figure 5.16. Additionally scroll compres-
sor rotational speeds typically range between 1000 and 10000 rpm. In this analysis, the rotational
speed for the minimal and maximal reboiler heat duty corresponds respectively to 950 and 5500 rpm,
regardless of the configurations.

This analysis indicates that the compressors are at the lower limit of the operational range for
scroll compressors with a reboiler power of 10 kW and also exhibits poor performance at this power
level. If this power level is frequently required in the capture pilot’s utilization plan, it would be
relevant to size the compressor for a lower power than the nominal power. This would, on one hand,
increase the rotational speed corresponding to 10 kW and move it away from the lower limit of scroll
compressors, and on the other hand, improve the performance of the heat pump when operating at
this low power level.



Chapter 6
Case 3 : Modification of the process

The primary objective of this thesis was to optimize the integration of a heat pump into the CO2

capture process without modifying the operating conditions (with 2 bar at the stripper). Now that
this objective has been achieved, this chapter will present an analysis of modifications to the process
itself. Indeed, decreasing the pressure in the stripper leads to a reduction in the temperature required
for CO2 desorption. This temperature reduction would decrease the temperature lift of the heat pump
as well as the pressure ratio, thereby improving the heat pump’s performance and especially its COP.
However, this required temperature decrease is accompanied by an increase in the reboiler’s power
demand.

To illustrate this phenomenon, the temperature at the base of the stripper and the reboiler heat duty
were calculated for stripper pressures of 1.75, 1.5, 1.25, 1, 0.75, and 0.5 bar. The results, represented
in Figure 6.1, do not allow for determining the optimal pressure directly. To do this, this chapter will
consider each stripper pressure, analyze which heat pump configurations would yield the best results
and COP, and finally compare the results and the total energy consumption of the compressor for each
considered pressure.
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Figure 6.1: Stripper pressure influence on the stripper temperature and reboiler heat duty.
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6.1 Operating conditions

Although most of the flow rates, temperatures, and pressures remain identical in the part of the process
including the absorber, the direct contact cooler and the washer, the reduction in stripper temperature
and the increase in reboiler heat duty nevertheless impact the flow rate and temperature of the mixture
exiting the stripper, which consists of CO2 and water vapor. This, in turn, alters the amount of
recoverable heat at the condenser at the stripper outlet. As shown in Figure 6.2, these temperatures
and heating/cooling power must be determined to establish the operating conditions of the heat pump
for each pressure.

Figure 6.2: Unknowns new operating conditions.

The first part of this study showed that using the high temperature avalaible at the outlet of the
stripper by dividing the condensation process into two stages with a heat pump featuring two evapo-
rators at different pressures (case 2) resulted in better performance compared to a heat pump simply
connected to the cooling circuit using a single evaporator (case 1). Therefore, only the configuration
with two evaporators will be used to determine the optimal stripper pressure.



Chapitre 6: Case 3 : Modification of the process 79

(a) Two evaporators configuration. (b) Condenser separation.

Figure 6.3: Two evaporators heat pump specifications.

Figure 6.3 serves as a reminder. To use this configuration, the condenser at the stripper outlet
must be separated into two stages, and the intermediate temperature that offers the highest COP must
be determined for each set of operating conditions corresponding to each pressure. However since
the procedure has already been detailed in Chapter 3, it will not be reiterated for each pressure in this
chapter and the operating conditions are therefore summarized in Table 6.1.

Stripper pressure [bar] 1,75 1,5 1,25 1 0,75 0,5
Heat duty / Q̇cd [kW] 37,445 38,712 41,462 46,084 63,487 100

Condensation temperature [°C] 135 130 125 120 110 100

Condensation pressure [bar] 20,92 19.06 17,34 15.73 12.86 10.39

Intermediate power available [kW] 11,28 12,37 14,273 19,074 30,9 59,23

Intermediate evaporator temperature [°C] 69,4 67.8 66,7 66,5 65,7 64,9

Intermediate evaporator pressure [bar] 5,032 4,82 4,68 4,66 4,54 4,467

Low evaporator temperature [°C] 35 35 35 35 35 35

Low evaporator pressure [bar] 1,83 1,83 1,83 1,83 1,83 1,83

Low to medium pressure ratio 2,75 2,637 2,561 2.548 2,481 2,441

Medium to high pressure ratio 4,158 3,952 3,701 3,377 2,836 2,33

Total pressure ratio 11,43 10,42 9,47 8,6 7,03 5,68

Table 6.1: Heat pump operating conditions for each stripper’s pressure.
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6.2 Simulation and results

6.2.1 Heat pump configurations

In order to analyze the performance corresponding to each set of operating conditions as effectively as
possible, the results from the previous chapter are used. Specifically, to avoid redundancy and facil-
itate the interpretation of the results, only the configurations that demonstrated the highest COP will
be employed and analyzed in this chapter. Therefore, the configuration employing two compressors
and a flash tank (FT) for the high pressure part of the cycle, as well as the configuration using one
compressor featuring vapor injection and a flash tank for the high pressure cycle, are illustrated as a
reminder in Figure 6.4. As for the first and second case, the intermediate pressure for the two-stage
configurations is fixed to obtain the same external ratio for each compressors in order to make the
variation of the internal volume ratio relevant.

(a) TS with FT. (b) SS with FT.

Figure 6.4: Best configurations used in this chapter.
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6.2.2 Two-stage FT

Figure 6.5 shows the evolution of the COP for the configuration using two compressors and a flash
tank in the high-pressure part of the cycle as a function of the internal volume ratio of each compressor
and for each pressure level in the stripper studied except 0.5 bar. Indeed, the required heat duty at
the reboiler for this pressure became too significant, making the calculated values for the heat pump
irrelevant. In order to not make the analysis and visualization of the important results harder, the
results obtained for this pressure are not represented in this chapter.

As expected, it shows that the COP increases as the pressure in the stripper decreases. Moreover,
it can be observed that the internal volume ratio of the two compressors has an increasing influence
due to the decrease in the pressure ratio from medium to high pressure which significantly deteriorates
the performance of the two-compressor cycle. This cycle is recommended for high pressure ratios and
exhibits therefore substantial overcompression in each compressor.
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Figure 6.5: Effect of the stripper pressure and rv,in on the COP for the three stages configurations.

6.2.3 Single stage FT with vapor injection compressor

As with the previous configuration, the performance and consequently the COP of the heat pump
also increase. However, this increase is more pronounced; since this configuration uses only one
compressor, it is better suited to the lower pressure ratios compared to the previous configuration.
Nevertheless, the influence of the internal volume ratio can still be observed. Indeed, as the pressure
decreases, the pressure ratio decreases, and the optimal internal volume ratio also decreases, shifting
this optimum to the left in Figure 6.6.
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Figure 6.6: Effect of the stripper pressure and rv,in on the COP for the VI configuration.

6.2.4 Compressor total power

Although the performance of each configuration improves with decreasing pressure, this does not
mean that their total electrical consumption decreases because of the increase of the heat duty required
at the stripper. To assess whether lowering the pressure in the stripper reduces the energy required for
the CO2 capture process, the total electrical consumption of the compressors for each configuration
is calculated using the internal volume ratio that maximizes the COP for each pressure studied.
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Figure 6.7: Stripper pressure effect on the compressor required power.

The lowest electrical consumption in Figure 6.7 corresponds to the single-stage configuration at a
pressure of 1.25 bar in the stripper, which correspond to a condensation temperature of 125°C and an
electrical power of 13,577 kW.
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6.2.5 Evaporator available heating power

As for the second case, the evaporator is directly connected to the washer, it is important to verify that
it could provide the heating power required. For the highest COP of 2,54 obtained the vapor injcetion
and flash tank configuration, this required heating power is Q̇ev = 15,206 kW and the total power
avalaible at the washer is Q̇washer 17,433 kW. However, this is the power if the water is cooled down
from 47,5°C to 37,5° which represent a cooling power of 1,754 kW/K. So the real power available at
the washer if the evaporator temperature is 35°C is the power available if the water is cool down to
47,5°C to 40°C :

Q̇washer = 7, 5°C · 1, 754kW = 13, 074kW < 15, 206kW = Q̇ev (6.1)

As the heating requirement can not be satisfied, the same analysis of the evaporator heating require-
ments as a function of the evaporation temperature did for the two first cases must be realised. The
results are illustrated in Figure 6.8 and shows that the intersection of the two lines is just below 34°C.
The new evaporation temperature is therefore fixed to 33°C
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Figure 6.8: Evaporator heat duty in function of the evaporation temperature.

This new evaporation slightly decreases the performances of the cycles but not in a significant
way. Indeed, the maximum COP recalculated is now 3,007 which represent a decrease of 1,54%
compared to the previous value.

6.2.6 Compressor sizing

Finally, with the optimal pressure in the stripper, the corresponding condensation temperature and
the corresponding optimal configurations being identified, the sizing of each compressor can now be
performed :
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Low pressure compressor :

• Power : WLP = 3, 633 kW.

• Displacement volume : VLP = 2, 904 · 10−4 m3.

• Internal volume ratio : rv,in = 2, 5.

• Supply/exhaust pressure : 1,711 bar / 4,688 bar.

Vapor injection compressor :

• Power : Winj = 10, 175kW.

• Displacement volume for the first isentropic compression : Vinj,1 = 2, 080 · 10−4 m3.

• Displacement volume for the second isentropic compression : Vinj,2 = 1, 381 · 10−4 m3.

• Internal volume ratio : rv,in = 4, 1.

• Supply/exhaust pressure : 4,688 bar / 17,350 bar.

6.2.7 Conclusion

The aim of this chapter was to analyze the performance and energy consumption of the heat pump
when the pressure maintained in the CO2 capture process stripper was reduced. This reduction in
pressure is interesting because it lowers the temperature required for CO2 desorption, but it also
increases the heat duty required for this desorption, which is less favorable. The results of this analysis
show that it is indeed beneficial to lower the stripper pressure to 1.25 bar. Finally, a comparison of the
required power and thus the energy consumption for each case studied in this thesis is illustrated in
Table 6.2. It can be observed that the last case studied presents the lowest energy consumption, with
a reduction of 62.4% compared to the process without heat pumps.

Case 1 Case 2 Case 3

Optimal config-
uration

Two-stage FT
with IHX

Two stage FT
with VI compres-
sor and IHX

Three stage FT
with IHX

Two stage FT
with VI compres-
sor and IHX

Total power
[kW] 16,836 14,552 14,843 13,788

Energy con-
sumption [GJ/-
ton CO2]

1,662 1,427 1,456 1,352

Energy saving
[%] 54,1 60,3 59,5 62,4

Table 6.2: Summary of performances and energy consumptions for each case and configurations.



Chapter 7
Conclusions and perspectives

This study aimed to explore the technical possibilities of reducing the energy consumption of the CO2

capture pilot plant by integrating a high-temperature heat pump in the process. This integration has
been thoroughly investigated through numerical modeling and simulations on EES and AspenPlus
software. After introducing the main challenge of the post combustion amine based carbon capture
process in Chapter 1 and a comprehensive review on heat pump technologies and its previous inte-
gration to the CO2 capture process in Chapter 2. The study first explored the heat sources available
from the cooling requirements of the CO2 capture process in Chapter 3. Two cases were considered:
a single evaporator heat pump connected to the cooling circuit of the process and a two-evaporator
heat pump utilizing the high-temperature of the mixture exiting the stripper. For each cases, the heat
pump cycles were optimized to provide the best performances.

The results of the simulations using the refrigerant R-1233zd(E) in Chapter 5 demonstrated sig-
nificant potential for energy savings. Indeed, for the first case, the two-stage configurations using a
flash tank and an internal heat exchanger reachs a maximal COP of 2,18 and reduced the initial energy
consumption of the process by 54,1%. For the second case study, two configurations achieved similar
results: The three-stage configuration with an internal heat exchanger for the low-pressure side and a
flash tank for the high-pressure side achieved a COP of 2,47, reducing the initial energy consumption
by 59,5%. The two-stage configuration using an internal heat exchanger for the low-pressure side but
with a single vapor injection compressor for the high-pressure side achieved a of 2,52, reducing the
initial energy consumption by 60,3%. For the best configurations of the two first cases, simulation
results of the system’s behavior under variable load demonstrate that, depending on the pilot’s needs,
it would be appropriate to size the compressors for lower power than the nominal power.

Subsequently, the study delves into modifications of the carbon capture process itself to enhance
the energy performance of the second case in Chapter 6. Specifically, an analysis of the impact of
reducing the pressure in the stripper was conducted. The results of this analysis demonstrate that
the energy consumption of the heat pump can be further decreased by lowering the pressure in the
stripper. The best results were obtained at a pressure of 1,25 bar, using a two-stage heat pump con-
figuration with an internal heat exchanger for the low-pressure side and a vapor injection compressor
for the high-pressure side, achieving a 62,4% reduction in initial energy consumption.

85



Chapitre 7: Conclusions and perspectives 86

It is important to remain critical of these results. Indeed, the simulations are based on purely theo-
retical models, and the assumptions used in Chapter 4 may have influenced the outcomes. Moreover,
the behavior of scroll compressors at high temperatures is not yet well understood experimentally,
adding another layer of uncertainty. Additionally, ambient losses, pressure drops and friction losses
were neglected, which which can affect the accuracy of the results. These limitations highlight the
need for caution when interpreting the findings.

Nevertheless, the main drawback of CO2 capture processes being their high energy consumption,
the results of this work demonstrate that integrating a high-temperature heat pump can significantly
reduce this energy demand, which is highly encouraging. To further validate these findings, exper-
imental testing on the pilot plant project is necessary. Such testing would provide a clearer under-
standing of the real-world energy savings and offer insights into the behavior of scroll compressors at
high temperatures. Additionally, these experiments could reveal how the integration of the heat pump
impacts the overall capture process. This, in turn, could enhance the feasibility and attractiveness of
CO2 capture technologies, potentially driving further advancements and optimizations in the field.
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