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Abstract The MEPC has called for 50% decarbonization from the shipping industry from 2008 levels by the
end of 2050. In the context of this background, liquefied nature gas (LNG) is regarded as the most feasible
fuel for ships. Before LNG burning in the dual-fuel engine, LNG needs to vaporize and overheat, during
which about 860 kJ/kg cold energy would be discharged. On the other hand, about 50% of the fuel energy is
lost as heat. Therefore, the efficient utilization of LNG cold energy and waste heat is of great significance to
ship energy conservation and emission reduction. This report aims at exploring the feasibility of
decarbonation for the LNG-fueled ships. The Carbon Capture and Storage (CCS) system is used to achieve
the EEDI requirement in phase 3. Novelty, this work proposes the onboard organic Rankine cycle (ORC)
combined with CCS to pursue the zero energy increasement for CCS. The ORC-CCS simulation model is
established in Aspen HYSYS. Thermal and economic performances are studied under several different
scenarios to reflect the circumstances in practice. The analyses of CO; emission reduction of LNG-fueled
ship based on its economic feasibility are carried out. Moreover, a pilot-scale CCS is designed and
manufactured. The results of this work would provide technical reference for improving energy efficiency

and green shipping.
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Executive Summary

This project aims at improving ship energy efficiency, reducing CO, emission and fulfilling green
voyage. The details include:

® Recovering cold energy and waste heat of LNG-felled ships via Organic Rankine Cycle (ORC).
® Investigating the feasibility of onboard Carbon Capture and Storage (CCS) system.

® Analyze the configuration of the ORC-CCS for the reference ship.

® Providing support material for the EEDI revision for LNG-fueled ships.

To achieve the four objectives, we conduct a systematic literature review and the possibility of LNG
cold energy and waste heat recovery is theoretically analyzed. Based on the guideline of EEDI, the
amount of CO; reduction is determined, which provide the design instructions for the ORC-CCS system.
Furthermore, a refence ship is selected for ORC-CCS system design and modelling development from
two aspects. Firstly, the onboard CCS is designed and numerically studied from thermo-economic aspect.
Secondly, the combined ORC-CCS is simulated and analyzed from energy, exergy and economic
perspective with the variation of working parameters. At last, a pilot scale CCS system is designed and

manufactured.

The main finds of this project are as follows. The EEDI requirement for the reference ship is calculated
and the CO; reduction for meeting the EEDI phases is determined. The LNG cold energy could be
utilized for ORC power generation and CO; capture. It concludes that the LNG cold energy utilization
technologies are relatively mature, and they have been widely adopted in the onshore conditions. A
Kamsarmax vessel is taken as an example and the plasticity of the system is analyzed from three
perspectives: energy, exergy and economic via Aspen HYSYS. The CCS optimum operating parameters
are me=20000 kg/h, m.~=16000 kg/h. The amount of CO; captured at this point is 760.4 kg/h, which is
well above EEDI Stage 3 requirements. The total initial cost of CCS is 1.38 million US $. Under the
designed working conditions, the ORC system can generate enough electricity to fully meet the system's
electricity demand. The maximum power generated by the ORC is 123.7 kW and CO; capture rate also
reaches 78.64%. Meanwhile, the system exergy efficiency increases from 19.59% to 28.03%. Increasing
the exhaust gas flow rate will increase the amount of captured CO,, but there is an upper limit to the
capture amount. When the solution flow rate is 21000 kg/h and the exhaust gas flow rate is 20000 kg/h,
the maximum amount of captured CO, is 1686 kg/h. As the CO, capture amount changes slowly and
the regeneration heat changes significantly with the solution, the specific reboiler duty also increases
from 4.62GJ/tonCO; to 4.71GJ/tonCO,. The equipment capital investment is mainly from the heat
exchanger, which accounts for 48.5%.

In our research, the results are consistent and convincing. For the future research, there is a need to
investigate the details of different ship types to generate a universal guideline for EEDI revision. Also,
the dynamic simulation and experimental validation of the proposed system should be carried out. All

these point out the potential direction for the near future research.




The research deliverables also include:

We shared two presentations for the AGA 22 titled “Feasibility study on carbon capture system of
LNG-fueled ship based on comprehensive utilization of heat and cold energy” and “A way to green
voyage for LNG-fueled ships: onboard Organic Rankine Cycle combined with Carbon Capture and
Storage system”. The conference paper has been published on “22nd Annual General Assembly of the
International Association of Maritime Universities Conference, AGA IAMUC 2022”.

We have submitted two talks to AGA 23, including Paper 1 titled “A Zero Energy Increment Onboard
Carbon Capture System for LNG-fueled Ship” and Paper 2 titled “Thermo-economic analysis on
OCCS of LNG dual-fuel vessels based on the EEDI framework”.
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1. Introduction

1.1 Background

In October 2016, the Maritime Environmental Protection Committee (MEPC) of the International
Maritime Organization (IMO) adopted the resolution MEPC.280 (70), namely Sulphur Limit Order 2020.
Sulphur content in ship fuel needs to be reduced from 3.5% to less than 0.5% by January 2020 [1].
Meanwhile, the MEPC has called for 50% decarbonization from the shipping industry from 2008 levels
by the end of 2050. Although there are increasing energy conservation and emission reduction
technologies, studies that address the green and zero-carbon ships are still at the beginning stage and are
far behind other industries, such as zero-carbon buildings.

Compared with heavy oil, the Liquefied Natural Gas (LNG) can reduce SOx by 90%, NOx by 80%,
CO2 by 20%, and particulate matter by 100%[2]. With the improvement of global refuelling vessel
layout and the development of dual-fuel engines, LNG-fuelled ships have developed from small river
vessels to large ocean vessels. The number of LNG-fuelled ships in service is shown in Fig. 1-1.
According to Sharples, the number will be doubled by 2026 and will account for 32% of the total ship
demand by 2050[3].
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Fig. 1-1 LNG-fuelled ships in service (source: DNV GL)

More stringent emission regulations make the focus shift from energy efficiency improvement to CO,
reduction. In recent years, the Carbon Capture and Storage (CCS) has attracted researcher’s attention.
LNG, to some extent, could be treated as clean fuel except for the CO, emission. To overcome this
shortage, post combustion CCS for dealing with the tail gas is mostly recommended. As for the CCS,
the alcohol-amine-based absorption method has become the main decarbonization method because of
the characteristics of high absorption load, recyclable absorbent and low cost. Inspired by the cryogenic
cold energy and waste heat, the feasibility of the onboard carbon capture system (OCCS) attracts
attention. With the OCCS, the CO» contained by the exhaust gas would be captured and concentrated.
For the convenience of storage and transport, the gaseous CO; is liquified and transported to the port for
commercial utilization.

LNG-fuelled ships release a large amount of LNG cold energy and main engine waste heat at the same
time during sailing, which provides a key condition for realizing zero-consumption CO» capture and
storage. Some progress and accumulated experience have been made in the utilization of LNG cold
energy. The ORC synergistic CO, capture for LNG-fuelled ships has not yet been integrated into a
complete system. Therefore, it is essential to study the zero-emission LNG-fuelled ship based on the
ORC-CCS system.



1.2 Objectives

Low carbon shipping and improved air quality are driven by a combination of improvements in the
Energy Efficiency Design Index (EEDI) and the use of alternative fuels. This project is aimed at
improving energy efficiency, reducing CO, emission and fulfilling green voyage. Therefore, the cold
energy and waste heat of LNG-fuelled ships would be recovered with the Organic Rankine Cycle (ORC).
Additionally, the feasibility of OCCS system would be investigated.

The research questions of this project mainly include: (1) To clarify CO, emission of LNG-fuelled ships
under different operation strategies. (2) To investigate the feasibility of the onboard CCS and zero-
carbon ship. (3) Design and performance analysis of onboard ORC-CCS based on LNG cold energy
recovery. For this, detailed thermo-economic modelling would be and established, and the performance
analysis would be approached. (4) To provide support material for the EEDI revision for LNG-fuelled
ships. The innovation of energy-efficient utilization technology for ships would be promoted. Moreover,
the research results of this project would lay the foundation of convention amendment and facilitate
green voyage.

1.3 Methodology and Outputs

According to the research objectives, this project is broken down into four packages. The packages and
the methodologies are shown in Fig. 1-2.

1. CO, emission calculation Data collection/analysis CO; conversion factor
ol LNG-fuelled ship from literature formula
2. On board ORC-CCS Field research to ship CAD/SolidWorks layout
design and validation l companies and shipyards design

3. Thermo-economic HYSYS numerical Energy efficiency.

performance analysis l simulation Payback period, etc.

4. EEDI applicability and
amendment

Data comparative
analysis

New LEDI calculation

Fig. 1-2 Flow chart of the research methodologies

1.4 Report Outline

The report consists of 7 Sections.

Section 2 briefly introduces EEDI guidelines and LNG-fuelled ship energy recovery. Also, the reference
ship for latter analysis is presented. Section 3 is devoted to the literature review for LNG cold energy
utilization. Based on the afore 2 sections, Section 4 gives the detail on the design of onboard carbon
capture and storage system. The thermo-economic analyses are carried out. Later on, the design of the
onboard organic Rankine cycle combined with carbon capture and storage (ORC-CCS) system is
described in Section 5. The ORC-CCS for achieving zero energy increasement CCS is validated
theoretically. Section 6 contains the recommendations concerning application of the ORC-CCS. Section
7 details final conclusions.




2. EEDI guidelines and LNG-fuelled ship energy recovery

2.1 EEDI guidelines

The Energy Efficiency Design Index (EEDI) is a measure of the level of CO; emissions inherent in the
design and construction phase of a ship, which represents the amount of CO; emitted per ton/mile of the
ship. The EEDI is established to constitute a minimum standard of energy efficiency for new built ships
in the future. A baseline of emissions is established through statistical analysis of existing vessels of
various types and tonnages, based on which the energy efficiency of newbuilding ships could be
controlled. With respect to the EEDI, the attained EEDI and the required EEDI are generally discussed.
After the implementation of the EEDI, the attained EEDI of newly built ships of all types and different
tonnages must be smaller than the required EEDI.

The EEDI is divided into 3 stages, the specific requirements of which are as follows:

(1) Phase I: Effective from January 2015, all newbuilding ships will be required to reduce their carbon
emissions by 10% from the baseline standard.

(2) Phase II: Effective from January 2020, all newbuilding ships will be required to reduce their carbon
emissions by 20% from the baseline standard.

(3) Phase III: Effective January 2025, all newbuilding ships will be required to reduce their carbon
emissions by 30% from the baseline standard. The EEDI Phase III effective date for gas carriers, cargo
ships and LNG carriers has been brought forward from January 2025 to April 2022, and the EEDI
reduction rate requirement for some ship types has been increased.

Therefore, we are in Phase IIT of the EEDI. More details could be found in the MEPC.1/Circ.896 [4].
EEDI requirement is determined by the ship type and size. The required EEDI Cut-off levels, phases
and reduction rates are summarized in Table 2-1. In our work, the Bulk carrier is focused.

Table 2-1 Required EEDI Cut-off levels, phases and reduction rates

Ship Tvpe Size Phase 1 Phase 2 Phase 3
i iz
P YP 2015.1.1-2019.12.31 2020.1.1-2024.12.31 2025.1.1~
20000 DWT and above 10 20 30
Bulk Carriers
10000-20000DWT 0-10% 0-20* 0-30*
10000DWT and above 10 20 30
Gas Tankers
2000-10000DWT 0-10* 0-20* 0-30*
20000DWT and above 10 20 30
Tankers
4000-20000DWT 0-10* 0-20* 0-30*
15000DWT and above 10 20 30
Container ships
10000-15000DWT 0-10* 0-20* 0-30*

The Required EEDI for Bulk carrier is calculated with the reduction factor X in different phases, as
shown in Eq. (2-1).
Requireed EEDI = (1- X/100)x RLV (2-1)

Where, RLV indicates Reference Line Value, RLV for bulk carriers are as shown in Table 2-2.



Table 2-2 RLV for bulk carriers
Vessel type DWT RLYV calculation formula
<279000¢t 961.79x DWT 4

Bulk carriers
>279000t 961.79%x 27900074

The Required EEDI for bulk carriers are shown under different phases in Fig. 2-1.
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Fig. 2-1 Required EEDI for bulk carriers under different phases

The Attained EEDI for the ship is a measure of the level of energy efficiency of a ship and is calculated
as follows:

nME

(Hf,)(z PMI:'(I) . C.‘-'Ml:‘(r’) . SFCME(!')) + (PAI:' ) C1-'AE . SFCAE) +
j=1 i=1

noowpr el et (2_2)
{(Hf, : PPT[(:) _Z.feff(f) 'PAEeff(f))CFAE 'SFCAE} _(Z.fan(,) 'P«//’(,) 'CFME 'SFCME)
=1 i=1 i=1

Attained EEDI = —=! i — - v |
fi- fo+ f, - Capacity- f, -V, - f,

Where, ME and AE denote main and auxiliary machines respectively; i stands for number of engines; P
stands for power which measures in k}¥; Crstands for carbon conversion factor, it is a dimensionless
factor that converts fuel consumption into CO, emissions based on its carbon content, and which
measures in -COy/t-Fuel; f stands for fuel consumption parameter, it refers to the approved unit fuel
consumption of a diesel or steam turbine, measured in g/kWh; f'is the various correction factors related
to the ship type, all taken as 1 in this paper; Capacity stands for the deadweight tonnage of the vessel,
measured in ¢; V. refers to the speed of a ship in deep water under assumed windless and wave-free
meteorological conditions, measured in knot; the PTI section calculates the CO, emissions from shaft
motor assisted propulsion ; the EFF section is a calculation of the CO, emission reductions resulting
from the adoption of innovative energy efficiency technologies. To obtain the specific values of the
EEDI, the reference ship should be introduced.

2.2 Reference ship

Unlike conventional ships, the LNG-fuelled ship carrying the dual-fuel (DF) engine, which can switch
between oil and gas modes. A large amount of waste heat produced by the DF engine is released into
the environment. The energy balance of a typical four-stroke turbocharged DF engine is shown in Fig.
2-2, which demonstrates that about 50% of the fuel energy is lost as heat. Therefore, the efficient
utilization of waste heat is of great significance to ship energy conservation and emission reduction.
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Engine exhaust gas 25.7%

Air cooler 11.9%
Jacket water 5.9%

Others 1.4% Lubricant 4.2%

Fig. 2-2 The energy balance of a dual-fuel engine

This paper selects a typical Kamsarmax ship with a dual-fuel main engine (Wiértsild 12V50DF) as the
reference ship, which are demonstrated in Fig. 2-3 and Fig. 2-4. The detailed parameters of the reference
ship are shown in Table 2-3. LNG fuel is stored in tanks at a pressure of 100 kPa and a cryogenic
temperature of -162°C, the engine requires natural gas to have inlet temperature of 60°C and a pressure
of 600kPa. The composition of exhaust gas is 75wt% N, 16.6wt% O, 4wt% H>O and 4.4wt% CO,. The
parameters of LNG to engine and exhaust gas from engine are shown in Table 2-4 and Table 2-5.

WIDE KAMSARMAX

Fig. 2-3 The references ship-Kamsarmax ship

Table 1-3 Main specifications of reference ship

Parameter Value Parameter Value
Type Bulk LNG tank 600 m?
Ship length overall 229 m Heavy oil tank 1800 m?
Ship beam 32m Marine diesel oil tank 400 m?
Deadweight 81190 DWT Main engine type Wirtsild 12V50DF
Reference speed 14 knots MCR rating of main engine 9930 kW

Fig. 2-4 The dual fuel engine Wirtsild 12V50DF




Table 2-4 LNG data for Wirtsila 12V50DF engine

Engine load 100% 75% 50%
Mass flow rate (kgh™) 2196 1728 1260
Cold energy released (kW) 602.4 474 345.6
Available cold energy per kg CO, (kWhkg™) 0.18 0.19 0.20

Table 2-5 Exhaust gas data for Wirtsild 12V50DF engine

Engine load 100% 75% 50%
Mass flow rate (kgh™) 68400 52560 41040
CO; concentration (%) 4.8 4.6 42
CO; production (kgh™) 3283.2 2417.8 1723.7
Inlet temperature (°C) 383 303 285
Outlet temperature (°C) 120 120 120
Heat in exhaust gas (kW) 3106.3 2679.8 1886.6
Available heat per kg CO, (kWhkg™) 0.95 1.11 1.09

2.3 EEDI for the reference ship

This study uses ¥ to reflect the captured CO; via the OCCS. Thus, y could be calculated from Eq. (2-
3). The proposed factor  provides suitable criteria for OCCS design. The required EEDI, attained EEDI
and the CO; captured by OCCS are summarized in Table 2-6.

Required EEDI (gCO, [ton.nm) = Attained EEDI —% (2-3)
Table 2-6 Attained EEDI and required EEDI for the reference ship.
Phase 0 Phase 1 Phase 2 Phase 3
Attained EEDI (gCOx(tn-m)™") 3.61
Required EEDI (gCOx(tn-m)™) 4.38 3.94 3.51 3.07
¥ (kgh™) --- --- 113.7 613.8
2.4 Summary

In this chapter, the EEDI guidelines are briefly introduced. Additionally, a typical Kamsarmax ship with
a dual-fuel main engine is selected as the reference ship. The EEDI requirement for the reference ship
is calculated and the CO; reduction for meeting the EEDI phases is determined. Also, the reference ship
would provide the critical boundary conditions for the design of the onboard carbon capture system.




3. LNG cold energy utilization and CQO; capture

3.1 LNG cold energy releasing characteristics

Natural gas (NG), as the intermediate substitute between traditional and renewable energy, plays an
increasingly important role in economy development [5][6]. Liquid natural gas (LNG) is an effective
way in the global energy market due to easy transportation and high energy density [7]. According to
the International Gas Union, global LNG trade reached 482 billion cubic meters in 2018, with an annual
growth rate of 13% [8]. The NG uneven distribution facilitates LNG transportation by sea [9]. Fig. 3-1
shows the global distribution of the major liquification and regasification stations in the world, as well
as LNG maritime transportation routes [10].

Fig. 3-1 Map of worldwide distribution of LNG plants and maritime trade routes [11]

Before LNG could be utilized by the end-users, it requires to be vaporized in the regasification stations
by the heat sources, such as seawater and air [12]. If so, most high-grade cold energy of LNG would be
wasted. During the regasification process, approximately 830 klJ/kg cold energy would be released when
LNG temperature rises from -162 °C to 25 °C [13, 14]. Since the temperature of the cryogenic fluids is
far lower than the normal temperature, it is considered as high quality “cold energy”. The LNG
vaporization process is divided into three temperature ranges: the liquid area, the two-phase are and the
vapor area. The LNG would first undergo a steep heating process, in which the LNG is gradually heated
to the bubble point temperature. Then, the LNG enters the phase transition process, where LNG absorbs
a great deal of latent heat and vaporizes to NG. Finally, NG enters the superheated vapor area, and it is
heated to the user's required temperature.

The vaporization pressures have a great influence on the regasification characteristics of LNG. When
the pressure is low, the dew point temperature of LNG is also low, and there is still a lot of cold energy
after the complete vaporization into NG. As the pressure increases, the dew point temperature gradually
increases, releasing a large amount of cold energy before the LNG vaporizes. Therefore, the influence
of regasification pressure should be fully considered in the design of system parameters, and the
reasonable segmentation utilization of LNG cold energy should be carried out according to different
conditions. Fig. 3-2 shows the temperature entropy diagram (#-s) of LNG vaporization process under
different pressures. The cold energy releasing characteristics are demonstrated in Fig. 3-3.
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Fig. 3-3 LNG cold energy releasing characteristics

As for power generation utilizing cold energy, the physical exergy of LNG is mainly recovered. The chemical
reaction exergy and diffusion exergy are not included. The physical exergy mainly includes thermal exergy
and pressure exergy. Therefore, according to the utilization of physical exergy, there are two types of power
generation: thermal exergy power generation and pressure exergy power generation. At ambient temperature
To, the available thermal exergy and pressure exergy are expressed as:

Thermal exergy,
T

8
c=c,(T—T) +Ty [ 7=
ex, =c,(T—Tp) +Tp LT 1)

=c,(T—T) + ¢, ToIn(T,/T)

Pressure exergy,
P
1)
r, ~ToR [ 55 = TR (o) (3-2)
B

When the regasification pressure is lower than 6.68MPa, LNG is under the subcritical evaporation.
When the LNG regasification pressure is 0.6MPa, the thermal exergy between the two-phase region
accounts for 78.9%, while that in the vapor-phase region only accounts for 3.6%. Therefore, the thermal
exergy recovery should focus on the liquid-phase region and the two-phase region when LNG is
subcritical regasification.

Table 3-1 LNG thermal exergy distribution in different regions under 0.6 MPa[15]

Parameters Liquid region = Liquid-vapor region Vapor region Total
Temperature (°C) -161.8~-133.6 -133.6~-54.9 -54.9~5.0 -161.8~5.0

Thermal exergy (kJ/kg) 125.3 564.6 25.8 715.8

Proportion (%) 17.5 78.9 3.6 100.0

3.2 LNG cold energy utilization




The LNG is stored at a low temperature of -162°C and needs to be regasified before entering the DF
engine, which will release about 830 kJ/kg cold energy [16]. Recovering LNG cold energy is of great
significance to improve energy utilization efficiency. Many LNG cold energy recovery methods have
been developed over the past decades, such as power generation[17, 18], cold storage [19], and air
separation [20]. In recent years, the utilization of LNG cold energy for CO, capture [21], seawater
desalination [22], and light hydrocarbon separation [23] has gradually become the mainstream trend. A
comprehensive review of LNG cold energy recovery could be found in He et al.’s work [24], which
provides the suggestions and directions for the high-efficient LNG cold energy recovery. Considering
the large temperature range, many researchers suggest to reduce the irreversible loss through energy
cascade utilization [25]. Fig. 3-4 illustrates the methods of utilizing LNG cold energy within different
temperature zones. Among various utilization methods, the Organic Rankine Cycle (ORC) for power
generation occupies the widest operating temperature range.
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Fig. 3-4 LNG cold energy utilization methods within different temperature zones

3.3 ORC based on LNG cold energy recovery

The organic Rankine cycle (ORC) has sparked interest in waste heat utilization since the 19" century
[26]. Besides solar energy [27], geothermal energy [28], ocean thermal energy [29] and other low-grade
heat sources, the application of ORC has penetrated the cryogenic field. The cryogenic cold energy
released during the regasification process is recommended as an optimum heat sink for ORCs. LNG
cold energy has been extensively used in power generation from the past to the present. Moreover, the
practical feasibility is validated since the ORC converts high-grade LNG cold energy into high-grade
electricity [30-32]. The investigations of the ORC topics focus on the structure [33], working medium
[34], and operation strategy [35]. Choi et al. [36] compared five structures of ORC systems recovering
LNG cold energy. It should be noticed that when construct the ORC system, the ORC system structure
needs to be combined with the LNG cold energy release principle. If LNG is used as the cold source in
a single-stage Rankine cycle power generation system, the heat transfer temperature difference will be
large. The multi-stage ORC is an important direction for performance improvement. The use of multi-
stage condensation in the thermal cycle can improve the heat transfer characteristics between the LNG



and the working medium and improve the efficiency of the power generation system. Bao et al. [37]
proposed a two-stage ORC system using propane as the working medium. Compared with the traditional
ORC systems, the net power output, energy efficiency, and exergy efficiency of the system were
increased by 45.27%, 42.91%, and 52.31%, respectively. Xue et al. [38] presented a two-stage ORC, by
which the low-grade heat of exhaust flue gas combined cycle power generating unit, as well as the
cryogenic energy of LNG could be effectively recovered and utilized. Jamali and Yari [39] simulated
the performance of a novel ORC designed between LNG and concentrated photovoltaics, which could
generate 24.4 MW of power and supply 223 kg/s of cooling water. In the work of Joy and Chowdhury
[40], a cascaded three-stage ORC with ethane, propane and ethane as working fluids was established,
which could produce an additional power of 100 kW when using the cryogenic heat sink. Tian et al. [41]
constructed a two-stage parallel ORC for a LNG-fueled ship to utilize cryogenic cold energy. In their
study, the working medium mass fraction and the pinch point temperature difference were investigated.
He et al. [42] provided theoretical principles for cryogenic ORC working fluids selection. In the work
of Choi et al. [43], R290 was suggested as the optimum working fluid to achieve maximum power.
Mosaffa and Farshi [44] explored the enhancement of the cryogenic ORC performance by adding solar
energy utilization. The results indicated that the system generated 95.67 MJ/(m*year) of power with an
energy efficiency of 3.28%. Recently, the combined cryogenic ORC with carbon dioxide capture [45],
light hydrocarbon separation [46], and data center cooling [47] have been proposed to explore more
possibilities.

With regards to the design of ORC architectures, multi-stage ORC systems have been proposed based
on energy cascade utilization. Besides the basic ORC (bORC), the two-stage ORC including series two-
stage ORC (stORC) and parallel two-stage ORC (ptORC) are widely used. As early as in the year of
2015, Lecompte et al. [48] presented a review work focused on the ORC architectures for waste heat
recovery. Some barriers to the ORC development were pointed out. Recently, Marandi et al. [49]
proposed a ptORC for stack waste heat recovery from fuel cell, the energy and exergy efficiencies for
the overall system were observed to be 58.15% and 36.64%, respectively. Li et al. [50] compared the
thermal-economic performances of the bORC and the stORC. They found the only advantages of stORC
in the net power output and the exergy efficiency, but no benefits in the energy efficiency. Meanwhile,
the economic advantages of the bORC were proved. Surendran and Seshadri [51] investigated the
thermal performances of the stORC, ptORC, and pre-heated bORC. Compared with the pre-heated
bORC, the stORC delivered 8.5% increase in the output power, while the output power of ptORC
decreased by 0.3%. The research results of Braimakis et al. [52] showed that the double-stage ORC had
higher exergy efficiency by up to 50.5% compared to the bORC. Even though some performance
indicators could be improved via increasing ORC stages, the system complexity and the investment are
still the challenges for the manufacturers.

From an engineering practice point of view, improving the energy efficiency of the bORC is more
favored. As for the bORC, the recuperative ORC (rORC) via adding a recuperator or regenerator is
regarded as the most promising method [53-55]. The schematics of the ORC with recuperator and
regenerator are illustrated in Fig. 3-5 and Fig. 3-6, respectively. In these two cases, the working medium
is preheated before entering the evaporator, but the working principles are different. In the rORC with a
recuperator, the working medium is preheated by the remaining heat at the expander outlet [56]. In the
rORC with a regenerator, the working medium is heated by the superheated vapor extracted from the
intermediate expansion stage [57]. After that, the subcooled liquid and vapor streams are mixed in the
heater. Mosaffa et al. [58] carried out thermo-economic analysis for the rORCs for recovering liquid
natural gas (LNG) cold energy and geothermal energy. They suggested that the rORC with a recuperator
achieving the maximum exergy efficiency of 39.93% was preferable compared to the other architectures.




Mehrpooya et al. [59] performed the thermo-economic analysis for a recuperative two-stage ORC driven
by solar energy and LNG cold energy, which led to 35.66% increase in energy efficiency compared with
the bORC. In the work of Imran et al. [60], the thermal efficiency and specific investment cost of the
bORC, single-stage rORC, and double-stage rORC were optimized. However, the results demonstrated
that the single-stage and double-stage recuperator ORCs could slightly increase the thermal efficiency
of 1.01% and 1.45%, respectively. Meanwhile, the specific cost was increased to 187 $/kW and 297
$/kW, respectively. Therefore, it is necessary to comprehensively evaluate the performances of the
single-stage tORC.
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Fig. 3-6 Schematic of the regenerator ORC

To improve the energy efficiency, several researchers have carried out studies on the ORC based on ship
waste heat recovery (WHR). Choi and Kim [61] studied a two-stage ORC suitable for recovery of engine
exhaust gas (EEG) waste heat of 6800TEU container ships, and the propulsion efficiency of the engine
was increased by 2.824%. Lee and Choi [62] compared three ORCs with different structures to recover
LNG cold energy and waste heat from the floating power platform. The results showed that the two-
stage ORC with seawater and EEG as heat sources had the largest output power. Soffiato et al. [63]
utilized jacket cooling water (JCW), air cooler, and lubricating oil as heat sources and obtained a two-
stage ORC suitable for LNG carriers by optimizing the system structure. Sung and Kim [64] established
a two-stage ORC for the cold energy and waste heat of the LNG dual-fuelled ship, using EEG and JCW
as heat sources. The results demonstrated that the net power output was increased by 906.4kW by using
preheater and regenerator, which was 5.17% higher than that of the original system. Tian et al. [65]
proposed a series and parallel combined ORC based on LNG cold energy and waste heat of DF engine




with JCW and EEG as parallel heat sources. The output power range was 199.97~218.51kW, the energy
efficiency range was 13.64%~15.62%, and the exergy efficiency range was 25.29%~27.3%. Sun et al.
[66] established a three-stage ORC power generation system model based on a 100,000-load LNG-
fuelled ship. The results showed that the maximum power generation was 457.41kW/kgLNG. The
maximum thermal efficiency and exergy efficiency of the system were 35.56% and 48.06%, respectively.

3.4 CO; capture with LNG cold energy recovery

Meanwhile, the LNG cold energy used for CO, capture has been widely investigated because of the
huge potential of carbon capture in energy and commercial value [67]. Zhao et al. [68] proposed a novel
combined system with a twin-stage ORC power generation and CO, capture using LNG cold energy and
waste heat from the magnesite processing industry. Their system could reach the exergy efficiency of
0.57 and provide 119.42 kW electric power and liquid CO; of 0.75 t/ton LNG. Goémez et al. [69]
proposed an innovative power plant with LNG exergy utilization and the capture of CO, proceeding
from the flue gases. As a result, a high efficiency exceeding 65% was achieved, with almost zero
greenhouse gas emission. Mehrpooya et al. [70] developed an integrated coal gasification process with
a novel double-column cryogenic air separation unit based on the LNG cold energy recovery. The outlet
LNG stream from air separation unit was utilized as cold source of the condenser in the trans-critical
CO: power cycle. The results demonstrated that 99.83% of CO, with 99.80% purity was captured and
the required power was around 0.10 kWh/kg CO,. Aghaie et al. [71] introduced an integrated system
combining biomass gasification, chemical looping hydrogen production, CO, capture, solid oxide fuel
cell system, and a steam power cycle, which generated the system net efficiency of 55.8% with 100%
CO; capture. Based on the LNG cold energy and waste heat from solid oxide fuel cell, Liu et al. [72]
proposed a combined system. The results illustrated that the net power generation efficiency was about
79.81% and the CO; capture rate was 79.2 kg/h under the given conditions. A zero-CO; emission high-
efficiency power cycle using LNG cold energy was designed and analysed by Liu et al [73]. Wang et al.
[74] used LNG cold energy to capture CO; in the flue gas of the magnesite processing industry, and the
results showed that the utilization rate of LNG cold energy and CO, capture amount reached 20.81%
and 0.29ttLNG, respectively. Pan et al. [75] established a combined system of Kalina and ORC for CO,
capture with the capture amount of 0.6t/tLNG. Xu and Lin[76] carried out a similar study. Bao et al. [77]
used LNG cold energy to capture CO, after combustion of the natural gas power plant. The system
efficiency was increased by 2.51%, and the efficiency loss was reduced to 7.9%. However, the
application of LNG cold energy to liquefy CO- in maritime technology is still in its early stage. Feenstra
et al. [78] studied the feasibility of onboard CCS. The analysis results showed that the cost of liquefied
CO; using LNG cold energy was 233~323€/t.

The research on the alcohol-amine-based absorption OSSC has been widely studied. Seo et al. [79]
developed several CO; liquification processes and evaluated the availability of the ship-based CCS from
a life cycle cost perspective. Feenstra et al. [ 78] investigated the feasibility of ship-based CCS on a cargo
ship. 30 wt% aqueous monoethanolamine (MEA) and 30 wt% aqueous piperazine (PZ) were used as
solvents. The carbon capture cost was in the range of 98 to 389 €/tCO,. Fang et al. [80] proposed an
optimal sizing model to determine the capacity of the shipboard CCS. They pointed out that a 6MW
OCCS could reducel24 tons CO,, which was 55.8% of the total shipping GHG emission. Long et al.
[81] developed a system using MEA/PZ and MDEA/PZ as solvents for CO; capture, compression and
liquefaction onboard a 3000 kW diesel engine. The results demonstrated that CO, removal could be up
to 1348 kg/h under the optimum configuration. Ros et al. [82] designed a ship-based CCS considering
solvent selection, heat integration and ship movement. The techno-economic analyses showed that the
cost of CO; capture for the Sleipnir varied within 119-133 €/tCO,. Einbu et al. [83] alleged that the




waste heat recovered from the engine exhaust gas was not sufficient for the demand of an absorption-
based CCS operating 50% capture rate with 30 wt% MEA as solvent. From the literature review, even
though the waste heat from the exhaust gas has been widely applied in OCCS, the utilization of
cryogenic cold energy released by the LNG regasification process is seldomly reported.

3.5 Summary

In this chapter, the LNG cold energy releasing characteristics are firstly presented. Then, the literature
review for LNG cold energy utilization has been addressed. In particular, the LNG cold energy could be
utilized for ORC power generation and CO; capture. It concludes that the LNG cold energy utilization
technologies are relatively mature, and they have been widely adopted in the onshore conditions. The
application scenarios include the LNG receiving station, LNG power plant, etc. However, as for the
onboard LNG cold energy utilization, few works are reported. Therefore, the onboard ORC and CO,
capture system for achieving green voyage.



4. Onboard Carbon Capture and Storage system

4.1 Design of Onboard Carbon Capture and Storage system for LNG fuelled ship

The OCCS aims at capturing CO; from the engine exhaust gas of the LNG-fueled ship. The captured
CO; is compressed and liquified before being stored in the tank. The liquified CO, would be further
transported to a chemical plant for utilization or to an underground injection site for permanent storage.
The content of CO; in the exhaust gas of diesel or LNG is usually no more than 5 vol%. Therefore, CO,
separation from the exhaust gas and concentration improvement is the first step for further treatment.
CO, separation and capture need significant energy input. Ideally, the waste heat from the ship engine
exhaust gas should be considered. The electricity consumed by the compressor comes from the ship as
well. Compared with the waste heat, the applicable cold energy is much smaller. Therefore, the capacity
of OCCS is limited by the cold source conditions. As for the CO; liquification process, the cryogenic
temperature is required. Considering the temperature range, the LNG cold energy is used for the
concentrated CO; cooling and liquification. The supplementary cold energy is provided by the seawater.
Fig. 4-1 illustrates the block diagram of the overall concept design of the OCCS. The Inputs and outputs
for each block of OCCS are summarized in Table 4-1.
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Fig. 4-1 The block diagram of the overall concept design of the OCCS.

Table 4-1 Inputs and outputs for each block of OCCS

Block Inputs Outputs
Main Engine Fuel type (LNG or MDO) Fuel consumption (kgh™)
Engine load (kW) Flue gas temperature (°C)
Flue mass flow rate (kgh™)
CO; content (Wt%)
Waste heat Flue gas inlet temperature (°C) Heat recovery amount (kW)
recovery (WHR)  Flue mass flow rate (kgh™) Flue gas outlet temperature (°C)

CO; capture

Cooling

Heat capacity demand from CO, capture
(kW)
Solvent concentration (wt%)

Solvent temperature (°C)

Seawater temperature difference (°C)

Seawater mass flow rate (kgh™)

Solvent mass flow rate (kgh™)
Solvent supplement (kgh™)
Regenerate heat amount (kW)
Cooling capacity (kW)
Cooling capacity (kW)

Pump power consumption (kW)




Solvent temperature difference (°C)
Solvent mass flow rate (kgh™")

CO; temperature difference (°C)
CO; mass flow rate (kgh™)

Compression CO; mass flow rate (kgh™) Compressor power consumption
Pressure difference (kPa) (kW)

Liquification LNG pressure (kPa) Cold energy recovery amount
LNG temperature difference (°C) (kW)

LNG mass flow rate (kgh™)

The OCCS enriches the CO; in the flue gas emitted from the main engine by means of an alcohol-amine
solution. The waste heat from the exhaust gas and the cold energy released during the LNG regasification
process are used for the solution regeneration and CO; liquification. After liquefaction the stored CO,
will be sent for industrial use or permanently sequestered underground. The overall design schematic of
the OCCS is shown in Fig. 4-2.
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Fig. 4-2 Simulated process flow diagram of OCCS
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* In this diagram, exh stands for exhaust gas; M stands for freshly prepared alcoholic amine solution; RM stands for rich liquor;
PM stands for lean liquor; SW stands for seawater; W stands for water; C stands for COz; L stands for LNG; MIX stands for
solution mixers; P stands for pump; Abs stands for absorption tower; HEX stands for heat exchangers; Com stands for
compressor; Sep stands for separator; T stands for tank; Qe is the energy required to condense water vapour.

The entire simulation process consists of three subsystems:

(1) COx; capture subsystem: The flue gas from the main engine is cooled and part of it enters the bottom
of the absorption tower, where the absorbent poor liquid comes into full contact with it by means of a
spray. After exiting the absorption tower, the lean liquor absorbs the CO, and becomes rich liquor, then
the treated flue gas is discharged into the atmosphere.

(2) Purification of CO; and regeneration of the solution subsystem: The cold rich liquid discharged
from the absorber tower passes through the internal heat exchanger to exchange heat with the hot poor
liquid discharged from the bottom of the distillation tower, which is transformed into hot rich liquid and
then enters the upper part of the distillation tower for the regeneration of the solution and the purification
of carbon dioxide, which is discharged from the top of the distillation tower.

(3) Liquefaction of CO; subsystem: In order to facilitate transportation and storage, the purified CO,
needs to be liquefied. The CO, discharged from the distillation tower is compressed to 1500 kPa in two
stages by a seawater heat exchanger and a compressor, then it passes through a component separator to




separate the excess impurities, and finally passes through a heat exchanger and LNG for heat exchange,

using the cold energy released by LNG vaporization to liquefy the carbon dioxide.

4.2 OCCS modelling development

Aspen HYSYS V12 software is utilized to simulate the carbon capture process. The Acid Gas thermal

property package and Peng-Robinson equation are applied for equilibrium calculation and kinetic

reactions. The process flow process (PDF) diagram of OCCS is shown in Fig. 4-3. The main parameters

are shown in Table 4-2.

To simplify the calculation, the assumptions are made: (1) The adiabatic

efficiency of compressor is 85%; (2) The heat loss in the whole system is neglected; (3) the extraction
gas through pre-treatment process contains no high heavy hydrocarbon and saturated water.
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Fig. 4-3 The OCCS simulation flow diagram in HYSY'S

Table 4-2 Design and operating parameters for the OCCS

Main equipment

Value

Absorber

Stripper

Internal heat
exchanger
Pumps
Compressor

HEX

Cooler

float valve tower; trays number :10; diameter: 1.372m; tray space:
0.6096m; weir height: 0.05m; calculation method: Murphree’s efficiency;
lean solvent flow rate: 16000kgh™'; inlet temperature: 30°C; inlet pressure:
450kPa; upper pressure: 190kPa; lower pressure: 200kPa

float valve tower; trays number :10; diameter: 1.5m; tray space: 0.6096m;
weir height: 0.05m; calculation method: Murphree’s efficiency; lean
solvent inlet temperature: 80°C; inlet pressure: 300kPa; upper pressure:
150kPa; lower pressure: 200kPa; reflux ratio: 10

shell-tube type

lean pump: from 190 to 300kPa and isentropic efficiency of 75%

rich pump: from 200 to 450kPa and isentropic efficiency of 75%

from 150 to 1500kPa, isentropic efficiency of 75%, outlet temperature is
cooled to 60°C

shell-tube type; HEX1 hot side: from 60 to 30°C and pressure drop is OkPa;
HEX2 outlet temperature 60°C and pressure drop is OkPa

shell-tube type; coolant: water

The compositions of the exhaust gas obtained from the main engine are presented in Table 4-3.
Considering the energy balance, only part of the exhaust gas passed through the OCCS, while the rest
was discharged to the environment.

Table 4-3 Composition of the exhaust gas




Component Mass fraction (%)

Nitrogen 75.0
Oxygen 16.6
Water 4.0
Carbon dioxide 4.4

The exhaust gas from the main engine passes through the absorption column and only CO; is absorbed.
The treated gas is vented to the air, and the solvent becomes rich solvent. The rich solvent is pumped to
the stripper column for regeneration. Before the stripper column, the rich solvent recovers heat from the
lean solvent, which returns from the bottom of the re-boiler. After which, the working medium is
supplemented to the original composition. The lean solvent is returned to the absorption column. The
CO; is discharged in the gaseous state from the column upper. For the convenience of storage and
transportation, the separated CO; is liquified. Instead of using the complex multi-stage compression
process, the cryogenic cold energy released by the LNG regasification process is utilized. The CO,
storage pressure influences the density and boiling point, which would affect the energy supplied to the
OCCS.

The methyldiethanolamine (MDEA) is regarded as the ideal solvent for CCS because of its high CO,
solubility, acceptable reaction kinetics and friendly cost. After the 1980s, MDEA was widely used in
CO; absorption process. German BASF company added different activators (such as piperazine,
butylamine, imidazole or methyl imidazole, etc.) to the MDEA solvent and successfully developed
activation methods for MDEA. MDEA acts as both an electrolyte and a mixed solvent system, so both
chemical absorption and physical absorption occur at the same time. MDEA does not react with CO,
directly but catalyzes the hydrolysis of CO,. In this study, to improve reaction rate and reduce column
height, the MDEA with PZ as the activator is used as the working medium for CO, capture. The activated
solvent is with the solubility of 22 wt% MDEA and 8 wt% PZ.

The activated solution is with the highest solubility of 22 wt% MDEA and 8 wt% PZ. The equilibrium
and kinetics-controlled reactions of the MEDA-PZ-CO,-H,O mixture have been well investigated. The
stoichiometry of the MEDA with PZ as the activator is showed:

2H,0 <" H,0" +OH" 4-1)

CO, +2H,0 «<>* H,0" + HCO, 4-2)
HCO, + H,0 &% H,0" +CO,> (4-3)

PZH' + H,0 <" PZ+H,0" (4-4)
PZ+CO, + H,0 <" PZCOO™ +H,0" (4-5)
HPZCOO™ + H,0 <" PZCOO™ + H,0" (4-6)
PZCOO™ +CO, + H,0 < PZ(COO™),+H,0 4-7
MEDA+ H,0 <" MEDAH" +OH" (4-8)

The equilibrium constants (X;) for reactions in MEDA were calculated from the reference state Gibbs
free energies of the participating components by Eq. (15).

-RTInK, = AG, (4-9)
Where, R is the universal vapor constant, 7 is the temperature, AG is the Gibbs energy change for the
reaction process i.

The kinetics-controlled reactions are determined by the power law equation:
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r, = qun exp(——q)H (x,‘yi) (4-10)
RT i

Where, 7, it the reaction rate for the reaction process g, &, is the pre-exponential factor, 7" is the system
temperature, x; and y; are the molar fraction and the activity coefficient of the component 7, and ¢, is the
component i stoichiometric in the reaction process ¢.

The carbon capture rate that can be achieved by OCCS is an important measure of OCCS capacity.
However, the regenerative heat consumption is also an important indicator of the system. Therefore, the
regenerative heat consumption required to capture a unit mass flow of CO, is called specific heat
consumption denoted by ¢, as follows:

360,

mCOZ ,ca

@4-11)

Where, Qi stands for the regeneration heat required for distillation column, measured in kW; MCo,ca

stands for the mass flow rate of captured CO,, measured in kg/h.
Furthermore, the thermodynamic performance of the whole system will be measured by the energy
efficiency and exergy efficiency. The specific definitions are shown below:
W

n, = W_m (4-12)
Where, 7. is the total energy efficiency of OCCS; Wi is the net gain work of OCCS, measured in kW;
W s the total input energy in the system, measured in kW.
The equation for the work of each parameter point is as follows:

W =mh (4-13)
Where, m is mass flow rate corresponding to each parameter point; / is specific enthalpy. Table 4-4.
shows the energy calculation formula for equipment.

Table 4-4 Energy calculation formula for equipment

Equipment Energy payment (kW) Energy income (kW)
HEX-1 My (hyyr = Ngyy)) Myy (M —hyyy)
HEX-2 Mgy (hgyys = hgyy) My (hey —hes)
HEX-3 Mgy (Mgyrs = hgys) Mes(hes —heg)
HEX-4 my, (h,—h;)) My (hey —heg)
HEX-5 My oy = Ppyy) Migsss (Pras = Pirags)

P-1 my,, (M —hy,y) my,, (M5 —hy,)/195%
P-2 My My = Prrga) My (Bays = Prpy2 ) 195%
Com-1 me,(hey —hey) me,(hey —hey) 195%
Com-2 me,(hes—he,) me,(hos —hey) 195%
Dist Meihey + My hpyy + O = My Ot in

*This system assumes an energy efficiency of 95% for the pump and compressor; value of Q... (energy required for water vapour condensation reflux)
and Q. in (regenerative heat consumption) is given by Aspen HYSYS V12.

The following is definition of exergy efficiency:




T =5 (4-14)

x, pay
Where, 7., is the total exergy efficiency of OCCS; E.x is exergy of income, measured in kW; Elpay is
exergy of payment, measured in kW.
Furthermore, this paper adds a chemical exergy part to the whole exergy analysis which make it more
rational and precise. Exergy (Ex) is made up of physical exergy (Ex,») and chemical exergy (Eyci). As
follows:
E =F

x,ph + Ex,ch (4_15)
The physical exergy of liquid each parameter point in the system is defined as:
E y=my (4-16)
Where, m is mass flow rate corresponding to each parameter point; y is specific physical exergy, which
is defined as:
y=(h=h)=T,-(s=5,) (4-17)
Where, & and s respectively represent the specific enthalpy and specific entropy of each flow unit in the
system under given actual working conditions; /4y and s respectively represent the specific enthalpy and
specific entropy of each flow unit in the system under ambient conditions; 7y is the reference state
temperature, 7,=298K.
The chemical exergy of liquid each parameter point in the system is defined as:
Et,ch =n-: (P (4'1 8)

Where, n is the mole flow rate corresponding to each parameter point; ¢ is specific chemical exergy,
which is defined as:

¢=le.6‘ch, +RT;)ZX‘ lnxi (4_19)

Where, x; is mole fraction of component i; &, is standard chemical exergy of component #; R is the

universal gas constant.
Heat exergy of distillation column is defined as:

I
Eo=0-(1-1) (4-20)

Where, Q is the energy of the heat flow absorbed or released during the reaction in the distillation column;
Ty is the reference state temperature, 75=298K, T represents the temperature under ambient conditions.
Table 4-5. shows exergy calculation formula for equipment.

Table 4-5 Exergy calculation formula for equipment

Equipment Exergy payment (kW) Exergy income (kW)
HEX-1 My Wiis =) MW = W)
HEX-2 Moy Wers =Ves) Msys(Wswa =Vsws)
HEX-3 MesWes =Ves) MgysWsiwe =Vsws)
HEX-4 My (W =¥1s) My Wes =Wer)
HEX-5 Mpsss W eris =Y pus2) Mars W rags =Y rara)

P-1 My, (s —hyyy)195% My, (W —Wart)
P-2 Mpyry (Ppygs = Prpgr ) 195% Mot (W rars —Wrnr1)




Com-1 Mg (hey —hey) 195% Mey(Wer =Ver)
Com-2 Mey(hes —hey ) 195% Meys(Wes =VWes)
(Mey - Wer + Mpyy Wy = Migagy Wrag1)
Dist E, —E., a¥a 12YaNR 42751 1"V R
+(nCl Doy Ty Pt ~ M ‘¢RM1)

mexhl : l//exhl + nexhl ! wexh4
Abs Mo W iy =W )
FTMys Wra T s Pus

The thermodynamic analysis of the system alone is unable to fully verify its feasibility, Further
consideration needs to be given to economic factors such as the initial investment cost and operation
and maintenance costs of the equipment in the system. Therefore, the economic analysis contributes to
understand the feasibility of the proposed onboard carbon capture system. Based on the thermodynamic
analysis of the system, an economic evaluation was carried out and listed the initial investment cost
functions of the main components of the system.

The total investment cost rate of the system includes the initial investment cost rate Zc;x and the

operation and maintenance cost rate Z o for each component.

Cmml = Z k (ZC[ + ZOM )k (4_2 1)
Where, the initial investment cost rate Zczx and the operation and maintenance cost rate Zoux of the
component & can be defined as:
Z.-¢
ZC[,/( + Z()M,k = N.k3600 ’

Where, Z; is the initial investment cost of component £, ¢ is the maintenance factor for system operation,

(4-22)

taken as 1.06, N is the annual operating time of the system, taken as 7300 hours here, and CRF is the
capital recovery factor, which can be defined as:
o i(l+0)”

CRF =
A+i) -1

(4-23)

Where, 7 denotes the system life cycle, taken 20 years, and i denotes the annual interest rate, taken as
0.14.
The investment cost functions of system components are given in Table 4-6.

Table 4-6 Investment cost functions of system components

Component Investment cost function
A
Heat exchanger Z iy =130 (=HEL)078

8 X 0,003
71.1-m I

Compressor Com ZV—%.VP. n(r,)

WPum} 0.26 1_’7pum; 0.5
Pump Z punp = 800'(710' ) '(7}) =)
ump
Z, =7 +7Z

Dist vessel tray

Absorption tower & =1780-1°V . " *[2.86 +1.694 - F,, (10.01—7.408 - In(P) +1.395 - In’ P)]

Z,, =(193.04+22.72-d +60.38-d*)- F,, N, - f,

vessel

Distillation column

Separator Zg,, =309.14- (4, )"

In the table above, 7, is the pressure radio; #; is the isentropic efficiency; / is the length or height of the
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column; d is the diameter of the column; F,is the material factor; Fiu is the Bare-Module factor; Ny is
the actual number trays and f; is the quantity factor. In this system, the material of column and tray is
stainless steel, hence the values of Fys and Fzy are taken as 4.0 and 2.0 respectively. If the actual number
of column trays is greater than 20, then the value of f; is taken as 1.0.

4.3 Results and discussion

Fig. 4-4 shows the effect of lean liquor temperature (7,) at the inlet of the absorber tower on CO;
capture (mco,) and specific heat consumption (¢) under the condition of exhaust gas mass flow rate of

22,000 kg/h and lean liquor mass flow rate of 18000 kg/h at the inlet. As the temperature of the lean
liquor increases from 20°C to 60°C, the amount of CO; captured gradually decreases, this is because as
the temperature increases, the solubility of CO; in the lean liquor decreases, which leads to a reduction
in the heat of regeneration required and a decrease in specific heat consumption from 5.34 GJ/tCO; to
5.24 GJACO:s. In this paper, the greatest reduction in specific heat consumption, but the least reduction
in CO; capture, occurs at 35°C to 40°C, so a background working condition of 40°C is selected.
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Fig. 4-4 Effect of lean liquor temperature on CO; capture

Fig. 4-5 shows the effect of exhaust gas mass flow rate (m..;) and lean liquor mass flow rate (m,.) at the
inlet of the absorption tower on the amount of CO; captured (mcoz). In order to visualise the carbon
capture capacity of the OCCS system, the lower limit value of CO, emission for the second and third
stages of the EEDI (113.7 kg/h and 613.8 kg/h) are indicated in the graph. It is easy to see that when the
two masses are controlled at 40°C, the CO; capture increases significantly with the increase in mass
flow rate of exhaust gas and lean liquor, but the rate of increase slows down after a certain point. In
summary, OCCS systems can meet EEDI Stage III requirements when the solution mass flow rate is
greater than 13000 kg/h. Optimum operating condition can be positioned at 20000 kg/h.

Fig. 4-6 and Fig. 4-7 show the regenerative heat consumption (Qe,ix) and specific heat consumption (¢)
of OCCS, respectively. It can be observed that as the mass flow rate of the exhaust gas increases, the
amount of CO; absorbed increases, but the heat of regeneration required by the distillation column also
increases. At the same time, the heat of regeneration increases with increasing mass flow rate of the
solution when the mass flow rate of the exhaust gas is constant. As for the dramatic reduction in specific
heat consumption, although both regeneration heat consumption and CO; capture increase as the exhaust
gas mass flow rate increases, the rate of increase in regeneration heat consumption is much less than the
rate of increase in CO; volume.
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Fig. 4-5 Effect of mass flow rate of exhaust gas and lean liquor on the amount of CO; captured
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Fig. 4-7 Specific heat consumption

Fig. 4-8 shows the energy efficiency (17.,) and exergy efficiency (7.) ofthe entire system respectively.
The energy efficiency and exergy efficiency of the system increases with increasing mass flow rate of
lean liquor at the optimum operating parameters of the exhaust gas mass flow rate (m.,=20000 kg/h). It
is clear that the energy efficiency of the system increases slowly as the mass flow rate of the lean liquor
increases. As for exergy efficiency, it is stable between 44.70% and 54.66%. The maximum value occurs
at the solution of 16000 kg/h. In summary, the optimum operating parameters for the working mass at
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optimum operating conditions are m.x~=20000 kg/h, m~=16000 kg/h. The amount of CO; captured at
this point is 760.4 kg/h, which is well above EEDI Stage 3 requirements.
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Fig. 4-8 Energy efficiency and exergy

Fig. 4-9 shows percentage of exergy income of main components in the system under the optimum
operating condition. It is clear that the absorption and distillation towers account for the largest share of
exergy income, which is due to their internal chemical reactions, chemical exergy is generally an order
of magnitude larger than physical exergy.

According to the formula, the initial investment cost of the main equipment in the system is shown in
Table 4-7. The total initial cost is 1.38 million US §.

1, ~40°C, T,,=40°C
1,,=20000kg/h
Il Heat exchangers
I Compressors
I Pumps 12.7%
I Distillation column 5.5%
[ Absorber tower y

Fig. 4-9 Account for exergy income of main equipment

Table 4-7 The initial investment cost of the main equipment

Component Initial investment cost (US $)
Heat exchangers 121741.25
Compressors 731.78
Pump 442.02
Distillation column 293458.28
Absorption tower 959190.03
Separator 1982.61

The CO; captured is generally used for industrial purposes and the current price of liquid carbon dioxide
is US$17.3/t, which is expressed as LCP. So, the annual revenue (AR) of the system can be expressed
as:
o 1300 meq, -LCP
- 1000

Therefore, the payback period (PBP) of the system is defined as:

(4-24)



_ Zk,/vlal X4
ATI

Based on the above formula, the annual revenue under the operation of the system is US$96,030.92 and

the various costs are US$137,545.96. For this Kamsarmax model, it would take approximately 14.34

PBP

(4-25)

years to recover its investment cost.
4.4 Summary

In this chapter, a shipboard carbon capture system for LNG-fuelled vessels based on the integrated use
of cold and heat energy is designed, guided by the EEDI Stage 3 requirements. The waste heat from
exhaust gas as a source for the solution regeneration is harvested. Meanwhile, the CO is liquified with
the cold energy released by LNG vaporisation. A Kamsarmax vessel is taken as an example and the
plasticity of the system is analysed from three perspectives: energy, exergy and economic via Aspen
HYSYS. The CCS optimum operating parameters are #.;=20000 kg/h, m.~=16000 kg/h. The amount
of CO; captured at this point is 760.4 kg/h, which is well above EEDI Stage 3 requirements. The total
initial cost of CCS is 1.38 million US $. Considering the captured CO> profits, the CCS would take
approximately 14.34 years to recover its investment cost. The results show that there is still space for
optimisation in terms of energy use. The next stage will be the thermodynamic optimisation,
environmental impact analysis and economic analysis of the OCCS system.




5. Onboard Organic Rankine Cycle combined with Carbon Capture and

Storage system

Based on the results in the last chapter, it is clearly demonstrated that the LNG cold energy is over
sufficient for CO; liquification under the context of meeting the EEDI requirement of phase 3. That is,
there is still a large mount of LNG cold energy is wasted onboard. Therefore, to further use the LNG
cold energy, the ORC-CCS system is proposed and investigated. The ORC could convert the waste heat
and LNG cold energy into power, which would supply the energy required by the power facilities, such
as compressor and pump. Thus, in this chapter, we will to find out whether the power supply by the
ORC would balance the additional power required by the OCCS, namely, a zero-energy increase OCCS.

5.1 ORC-CCS design

The energy flow and CO; path of the LNG-fuelled ship with ORC-CCS is demonstrated in Fig. 5-1. The
CCS technologies include pre-combustion carbon capture, oxy-fuel combustion carbon capture,
absorption technique, and cryogenic liquification. Considering the onboard limitation, the absorption
technique and cryogenic liquification would be promising selections for CCS.

DF Main Engine | Auxiliary Engine Fuel Boiler LNG tank Carbon Storage Options
*shaft power *exhaust gas " *0il and gas reservior
*exhaust gas *accommodation seam *unminabel coal beds
*0il fi ;1 ) *machiner “heating *BOGislip *d i ife
*0il fu achinery 58 a 2
otifuch i iner) *heat loss deep saline aquifer
LNG fuel G electricity load *CQ- mineralization :

A

@ O

I CO,
*exhaust gas
*i:«:k:: cugul?ng water ° oy ° ° Carbon Capture Options
"‘l‘:‘esh ot h *living cold *power generation
*boiler b *cold chain logistics | *CO» reduction
“«CS *CCS *pre-combustion carbon capture
C02~ *oxy-fuel combustion carbon capture
>y ot i
‘WHR LNG Cold Energy | Renewable Energy . . pt!m' tec}m!q”e
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*eryogenic liquification

‘ 0 CO, generation ° CO; reduction Q
Fig. 5-1 The energy flow and CO; path of the LNG-fuelled ship with onboard ORC-CCS

A zero EI-OCCS for an 80000 DWT LNG-fuelled bulk carrier is proposed by integrating ORC and
onboard carbon capture unit. For the ORC, the LNG cold energy and jacket cooling water are used as
the cold source and the heat source, respectively. For the carbon capture unit, the chemical absorption
method is adopted for CO; capture from the flue gas. Noticeable, the exhaust gas firstly provides thermal
energy for CO, desorption before entering the absorber. Afterwards, the concentrated COs is liquified
with the low-grade LNG cold energy. The system makes full use of the ship's waste heat and cold energy
without the supplement electricity.

Fig. 5-2 is a simplified diagram of the proposed system installed in the reference ship. The proposed
process consists of three parts: ORC process, CO; capture process and CO, liquefaction process.
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Fig. 5-2 Simplified scheme of zero EI-OCCS system.

5.1.1 ORC process

In the ORC process, LNG is used as the cooling source and stored in the compartment at a temperature
of approximately -162 °C. The pressurized LNG is discharged from the compartment and supplied to
the condenser (H-7) at a pressure of 600kPa. The propane is selected as the ORC working medium,
which absorbs the cold energy released by the LNG gasification at atmospheric pressure and condenses
to a saturated state. To maximize the power generation of the ORC, the cold energy from the phase
change section is fully utilized, raising the LNG temperature to -75 °C. However, at this point, not all
the cold energy has been used up, which does not meet the temperature requirement for NG entering the
main engine combustion. Therefore, the excess cold energy is used to liquefy CO», while the temperature
of NG is raised to 35 °C, and then transported to the main engine for power generation. Afterwards, the
saturated propane is pressurized by the working pump (P-6) and supplied to the evaporator (H-6), where
the pressure is set to 2 MPa to obtain sufficient output power. The exhaust gas, which has provided heat
from the reboiler, passes through the evaporator and exchanges heat with propane, reducing the
temperature from 120 °C to 50 °C, and then enters the absorber for CO, capture. Meanwhile, the jacket
cooling water also decreases from 96 °C to 80 °C, and then returns to the cooling loop to prevent the
main engine from overheating. However, the minimum temperature of the jacket cooling water should
not be lower than 70 °C, otherwise the fuel in the main engine will become too cold, affecting normal
operation. At the same time, the propane vapor that is heated in the propane evaporator enters the turbine
(T) to generate power, which provides electricity to satisfy the electrical demand of all equipment in the
system.

5.1.2 CO; capture process

During the CO; absorption and desorption process, the partially cooled exhaust gas enters the absorber
(ABS) at a temperature of 50 °C and reacts with the MEA lean solution. The CO; in the exhaust gas is
absorbed by the MEA lean solution in the column. As a result, the treated gas (which contains almost
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no CO,) is directly discharged into the atmosphere, while the MEA-rich solution discharged from the
bottom of the absorber is transported to the stripper (STR) by pump (P-1). The MEA-rich solution is
then heated by hot MEA-lean solution coming out from the bottom of the stripper. The recuperator (H-
1) makes the MEA-rich solution temperature to around 80 °C to reduce the load of the reboiler.
Subsequently, the cooled MEA lean solution is replenished with MEA and water to compensate for the
solution loss. The cooled MEA lean solution then passes through the seawater heat exchanger (H-2) to
decrease its temperature to around 50 °C, which is suitable for absorption. The cooled MEA-lean
solution re-enters the absorber to react with the exhaust gas. Then, the preheated MEA-rich solution
enters the stripper to desorb CO,. To integrate ship waste heat, the exhaust gas from the main engine is
fed into the reboiler to provide heat for CO; regeneration. In the reboiler, the temperature of the exhaust
gas drops to 120 °C while the MEA solution absorbs heat to desorb CO,, carrying away a large amount
of water vapor and a small amount of MEA solute. Therefore, to obtain pure CO», the mixed gas leaving
the tower's upper part needs to be separated using a phase separator (S-1) to remove the water, which is
then entirely refluxed to the stripper. The extracted CO, from the separator is then subjected to
compression and liquefaction.

5.2.3. CO:; liquefaction process

During the CO, compression and liquefaction process, a two-stage compression method with inter-stage
cooling is employed to prevent high exhaust temperature that may damage the equipment. Firstly, CO,
is pressurized to 500 kPa by a low-pressure compressor (C-1), and then its temperature is reduced to
40 °C by a seawater heat exchanger (H-3). The CO; then enters a separator (S-2) to remove excess water.
Afterwards, it is compressed to 1500 kPa by a high-pressure compressor (C-2). The cooling and
separation steps are repeated until the CO, purity reaches 100%. Next, the temperature of the CO, is
reduced to -30 °C in a condenser (H-5) utilizing excess cold energy from natural gas. As shown by the
CO; phase diagram, the CO; is in a liquid state at this temperature and pressure. Finally, the liquid CO,
is stored into tanks for further process.

5.2 ORC-CCS modelling development

5.2.1. Simulation basis

Aspen HYSYS V12 is utilized to simulate the zero EI-OCCS process. The Acid Gas thermal property
package and Peng-Robinson equation are applied for equilibrium calculation and kinetic reactions. The
main parameters are shown in Table .The assumptions of the proposed system are made: (1) steady-state
and adiabatic condition for all equipment. (no heat exchange with the environment). (2) The exhaust gas
composition on a mass basis is of 73.1% nitrogen, 11.2% oxygen, 5% water and 10.7% carbon dioxide.
(3) The LNG reference composition is assumed as 100% methane. (4) In the two-stage compression
process, the cooling temperature of desorbed CO; is 40 °C. (5) The maximum amount of regeneration
heat that the main engine can provide is 3106.3 kW.

Table 5-1 Parameters assumed for system.

Parameter Value
Jacket cooling water inlet temperature 96 °C
Propane liquid quality at the propane pump inlet 1
ORC process L . .
Propane liquid quality at the vaporizer outlet 0
Turbine isentropic efficiency 85%
CO» canture process MEA mass concentration 30%
u .
2 cap P MEA and exhaust gas inlet temperature 50°C
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Absorber and stripper packing type Mellapak 500Y
Absorber and stripper stage number 10

. Desorbed gas temperature after each heat exchanger 40 °C
CO; compression and .
liquefacti Seawater inlet temperature 30°C
iquefaction process .
q P Seawater inlet pressure 200kPa

5.2.2. Modeling
The work produced by the turbine is defined as:

W, =nmy (hT,in - hT,nut) (5-1)
Where, rmir is the mass flow rate of the propane through the turbine; /7o, and Az, are the specific
enthalpies of propane at the inlet and outlet of the turbine.

The electricity demand of the zero-EI OCCS is:
VVd@mund = ZWP + ZWC (5-2)

Where, Wp and W are the work consumed bu the pumps and compressors.

To define the amount of captured CO; , fco, is used to present the carbon capture rate of the system:

mCO .cap
fcoz =—= (5-3)
mL’OZ,th
Where, the 7ico; cqp and rico, exn are the mass of captured CO, and exhaust gas contained CO, ,

respectively.

The specific reboiler duty can be defined as:

&= Qreg (5_4)

mCUZ‘L‘up
Where, Q. is the regenerative heat consumed by the stripper.

To determine the profits of the liquefied CO, , the heat duty of H-3 and H-4 can be regarded as the
produced energy because the seawater is free, and the electrical demand of seawater pumps can be
supplied by the ORC. Therefore, the energy efficiency of the zero-EI OCCS is defined as:

WT + QLNG,C()Z + QH*} + QH74

Moy = (5-5)
o Q,-eg + Qjcw + Qexh + QLNG,rm W tenana

Where, Orng,cos is the cold energy of LNG liquefied CO; in H-5; Oy is the heat supplied by exhaust
gas to the reboiler; Oy, is the heat of the jacket cooling water in H-6; Q. is the heat of the exhaust gas
in H-6; Orne.or 1s the cold energy of LNG in H-7 that is fully utilized before it enters the main engine
for combustion.

Exergy analysis defines the max useful work obtained from the system by calculating the irreversibility
in the process. Since the process has little variation in height and velocity, the potential exergy and
kinetic exergy can be neglected. Thus, the total exergy is presented as:

E = m(eph +e,) (5-6)
Where, e, is the physical exergy; e is the chemical exergy of the fluid [84].
During chemical reaction and heat or mass transfer, the exergy destruction occurs due to increased
entropy. The exergy destruction of the equipment in system are given by:

E,=E,, ~F (5-7)

income
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The exergy destruction ratio of the equipment is expressed as:

EDi
' (5-8)

D.sys

(D[:E

Where, Ep, is the i component exergy destruction and Ep s is the system exergy destruction.

Based on above, the system exergy efficiency is defined as:

Eyco +W, +E

Jew,out
W ionana + Ee + E. +E _ +FE

exh,in Jjew,in LNG,in

+ ENGpuz + Erg

Mex,sys =

(5-9)

Where, E,. is the exergy flow rate of replenished water and MEA; Ejeyin and Ejewou are the exergy flow
rate of inlet and outlet jacket cooling water; Ex,i» and Exc,o. are the exergy flow rate of inlet and outlet
natural gas; E is the exergy flow rate of treated gas; Eou, is the exergy flow rate of inlet exhaust gas
in ORC process; E1co, is the exergy flow rate of the liquefied CO,.

For large-scale systems, economic analysis is essential in the process of designing and implementing
solutions, because some designs may not be practical and economic benefits may not meet expectations.
Therefore, a comprehensive economic analysis of the system should be carried out during simulation to
minimize unnecessary losses. To analyse the economic benefits of the system, the calculation of costs
should start with the total cost, which consists of total investment costs and total operating costs. Using
some evaluation indicators, the economic efficiency of the system can be measured.

Total investment cost (TIC)

Total investment costs include the cost of purchasing equipment and the cost of initial materials. This
paper adopts a modular cost calculation method to calculate the equipment cost of the system. The
calculation method is as follows:

lgC,, =K, +K,lg¥ + K (IgY)’ (5-10)
Where, Cpg is the purchase equipment cost; Y is the capacity or size parameter of the equipment.
After calculating Cpg, the bare module cost can be calculated as follow:

Cove =Cor* four (5-11)
Where, Cp) is the bare module cost; fzu is the bare module factor.
Jos =B +By - fy - fp (5-12)
Where, f is the factor of materials; f» is the factor of pressure.
lg f. =C +C,lgP+C,(IgP) (5-13)

Where, P is the pressure of the equipment in bar.

Furthermore, to consider the inflation effect on equipment costs, the Chemical Engineering Plant Cost
Index (CEPCI) is adopted. The purchase cost of each equipment in the year 2020 can be estimated by:

o CEPCl,,,

BM ,2020 BM 2001 CEPC[ZOOI

Where, CEPCIzozo is 596.2 and the CEPC]zo(n is 394.3.
After calculating all needed data, the total capital investment can be calculated by:
TIC =) Cy, +C, (5-15)
Where, Cris the initial cost of all working fluid in system.
Total operating cost
The total operating cost (TOC) consists of the fixed operating cost (FOC) and the variable operating

(5-14)

cost (VOC). The fixed operating cost includes the costs of maintenance, labour, local taxes and insurance,
administration, laboratory, supervision, etc. For ORC, it was assumed as 1.65% of TCI, while for the
capture and compression units, it was considered as 3% of the TCI. The variable operating cost is the



annual sum of utility and make-up stream costs. The total electricity consumption is equal to the
electricity produced in the ORC minus the sum of the electricity consumed by compressors, pumps and
blower.

TOC = FOC +VOC (5-16)
Economic indices
The total annual cost (TAC) is the bases for economic analysis and can be given by:

TAC =TIC,,, +TOC (5-17)
TIC,,, =TIC-CRF (5-18)
ii+1)"
CRF =——— -
(i+1)" -1 (5-19)

Where, 7 is plant lifetime (25 years) and i is the interest rate (10%).
One of the most important indices in the analysis of the CCS is the CO; capture cost (CCC), and with
this index, the data obtained from different works can be compared with each other. This index can be
expressed as the total annual cost divided by the total mass flow rate of captured COx:

TAC

cce= (5-20)

Mo, cap

5.3 Results and discussion

Fig 5-3 shows the variation in CO, capture amount of the system with changes in the mass flow rate of
exhaust gas and MEA solution. When the mass flow rate of exhaust gas increases, the CO; capture
amount also increases. It is worth noting that when the mass flow rate of solution are 13000 kg/h and
15000 kg/h, the CO; capture amount does not vary much with the exhaust gas flow rate. This is because
the amount of CO, that the solution can absorb is limited, and under these two operating conditions, the
CO:2z load of the solution at a fixed flow rate has already approached the limit. When the solution flow
rate is increased, the CO, capture amount increases significantly and gradually levels off as the solution
approaches saturation. When the solution flow rate is 21000 kg/h and the exhaust gas flow rate is 20000
kg/h, the maximum amount of captured CO, is 1686 kg/h.
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Fig. 5-3 Effect of various me; and mg, on the mass flow rate of captured COs.

Fi 5-4 presents the relationship between solution flow rate and specific reboiler duty, CO, capture rate,
and the system energy efficiency. As illustrated in the figure, an increase in solution flow rate leads to
a continuous rise in specific heat consumption, increasing from 4.62GJ/tonCO> to 4.71GJ/tonCO; , and
the trend accelerates gradually. This is due to the significant changes in regeneration heat with the
variation of solution flow rate. Additionally, Fig shows that the CO; capture amount experiences a
slower increase as the solution flow rate grows, which results in the accelerated increase of specific
reboiler duty. Furthermore, since the solution's CO; load is limited, the CO; capture rate gradually




increases from 51.31% to 78.64%. Increasing solution flow rate will greatly increase the system's heat
load. The energy efficiency of the system decreases from 11.51% to 11.36%. As the CO; capture rate
increases, the system energy efficiency and specific reboiler duty both trend towards unfavorable
conditions.
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Fig. 5-4 Effect of various m,, on: CO; capture rate, te specific reboiler duty and the system energy
efficiency.

It is evident from Fig 5-5 that at any solution flow rate, the electrical energy output by the turbine can
exceed the electricity demand of the system, reaching a maximum value of 123.7 kW at a solution flow
rate of 21000 kg/h. At the same time, the regeneration heat also reaches its maximum value of 2204 kW.
Therefore, under these boundary conditions, it is possible to achieve zero energy increment of the system.
At the highest system load, the CO; capture rate of 78.64% is an acceptable result. At the same time, the
system exergy efficiency increases from 19.59% to 28.03% as the solution flow rate increases. This is
because when the exhaust gas flow rate is fixed, the increase in solution flow rate leads to an increase
in CO; capture amount and a decrease in the flow rate of the treated gas. In addition, the output power
of the turbine also increases, leading to an increase in system exergy efficiency.
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Fig demonstrates the exergy destruction ratio of each equipment. The exergy destruction proportion of
absorber and stripper is the largest, accounting for 39.9% and 43.3% respectively, due to the chemical
reactions inside the column. Besides, because LNG and CO; both undergo phase changes in H-7 and
the working temperature difference is large, the exergy destruction ratio of H-7 accounts for 9.4%. All
the pumps have very little destructions, which is due to the small variation in temperature difference.




Fig. 5-6 The exergy destruction of main equipment.

Fig. 5-7 illustrates main equipment capital investment percentage in EI-OCCS system. Noticeably, the

equipment capital investment is mainly from the heat exchanger, which accounts for 48.5%. This is

because this system has many heat

exchangers and the temperature difference in heat transfer is so large,

which means high cost. Turbine capital investment is the second highest in system, with 20.7%.
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Fig. 5-7 The total investment cost percentage of main equipment

Fig 5-8 presents the relationship between the CO, capture cost and the exhaust gas flow rate. As the flue

gas flow rate increases, it can be seen that the CO» capture cost decreases significantly. This is because
under the condition that the solution flow rate is fixed, an increase in flue gas flow rate will increase the

amount of captured CO,, but the tre
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5.4 Summary

In this section, a zero energy increment OCCS for LNG-fueled bulk carrier with an ORC that integrates
waste heat and cold energy for electrical power supplement. The system is analyzed in the study from
energy, exergy and economic standpoint. The main conclusion drawn from the study are as follows:
under the designed working conditions, the ORC system can generate enough electricity to fully meet
the system's electricity demand. The maximum power generated by the ORC is 123.7 kW and CO,
capture rate also reaches 78.64%. Meanwhile, the system exergy efficiency increases from 19.59% to
28.03%. Increasing the exhaust gas flow rate will increase the amount of captured CO, , but there is an
upper limit to the capture amount. When the solution flow rate is 21000 kg/h and the exhaust gas flow
rate is 20000 kg/h, the maximum amount of captured CO; is 1686 kg/h. The system energy efficiency
increases with the increase of exhaust gas flow rate and decreases with the increase of solution flow rate.
As the CO; capture amount changes slowly and the regeneration heat changes significantly with the
solution, the specific reboiler duty also increases from 4.62GJ/tonCO; to 4.71GJ/tonCO». The equipment
capital investment is mainly from the heat exchanger, which accounts for 48.5%.



6. A Pilot-Scale CCS Experimental Setup Design

6.1 Pilot-Scale CCS capacity description

For further investigate the performance of the carbon capture system, a pilot-scale experimental setup
is designed. The designed CCS aims at capturingl0 kg/h CO,. For the engineering application, the
commonly used 30% MEA solution is used for CO; enrichment. Considering the safety and environment
requirement on campus, the liquid nitrogen (LN2) is used to simulate LNG to provide the cryogenic
temperature for CO; liquification. The waste heat from exhaust gas is simulated by the vapor generation
system.

6.2 Working principle of CCS experimental setup

The diagram of the working principle of the CCS experimental setup is demonstrated in Fig. 6-1. The
key parameters such as temperature, pressure and flow rate are marked as well.
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Fig. 6-1 The diagram of the working principle of the CCS experimental setup

The CO» volume content in the exhaust gas is about 4%. To simulate the exhaust gas, the experimental
setup is designed with blower. Either the air or the nitrogen is used to simulate the exhaust gas. The CO,
content and flow rate could be adjusted by the flow control volume. After the mixer, the exhaust gas is
heated to about 40 °C to guarantee the optimal absorption temperature. The MEA solution is sprayed on
the top of the absorber to capture the CO,. The structured packing material is filled in the absorber to
slow down the solution flow speed and increase the contact area between the solution and the exhaust
gas. After absorption, the gas with very low CO; content is vented to the air. The cooler and separator
are installed to prevent the solution droplets carried away by the gas. Before the rich MEA is pumped
to the desorber, a regenerator is used to recover the heat and the rich MEA is heated to 80 °C. The
desorption temperature is 110 °C. The heat is generated by the vapor generation system. The CO; is
released from the top of the desorber. The vapor solution is cooled down and returned to the desorber.
After the dryer, the CO; is pressurized by the compressor to 1 MPa for liquification. The pressure is

AMU




determined by the CO2 three-phase diagram, as shown in Fig. 6-2. The high temperature and pressure
CO; is firstly cooled down by the cooler. Afterwards, cooled CO, with the high pressure is liquified by
the LN2 in the CO; condenser. The liquified COs is storage in the tank. The coolers used in the system
is connected to the shell tube where the river water works as the cold source.
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Fig. 6-2 Three-phase diagram of COz

6.3 Pilot-Scale CCS design

CO; condenser

The mass flow rate of the captured CO2 is 10 kg/h. The enthalpy of the CO, at 1IMPa and 30°C is 501.6
kJ/kg, while that at 1IMPa and -50°C is 92.7 kJ/kg. Therefore, the heat capacity of the CO, condenser is
determined as:

Oco, =mAh=10/3600*(501.6-92.7)=1.13 kW )

The rated heat transfer is determined as 3kW.
The cold nitrogen side: pressure 0.1MPa, inlet temperature -150°C, outlet temperature -70°C, the
specific heat is taken as 1kJ/kgK, the mass flow rate can be:

m=Q0cp, / cAt=1.13/((150-70) )*3600=50.9 kg / h )

Even though the heat transfer efficiency is considered, the laboratory liquid nitrogen tank can meet the
flow and temperature range.
If nitrogen temperature regulation is considered, the cold nitrogen temperature rises from -160 to -90, and
the heat required is:

Q:cmAt=1*50.9/3600*(160—90):0.99 kw 2)
At this time, the nitrogen flow rate that meets the cooling capacity is 203.4kg /h (the limit of the liquid
nitrogen tank), so the electric heating of the nitrogen circuit can be set to 2 kW.
The cold nitrogen pressure is of little significance to the experiment, so it is not necessary to set up a
pressurized pump.
The designed parameters are demonstrated in Fig. 6-3.
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Fig. 6-3 The design of CO; condenser
Cooler 4
CO side:
The mass flow rate of CO; is 10kg/h, the pressure is 1MPa, the inlet temperature is 200°C, the outlet
temperature is 30°C, the specific heat is 0.96k]J /kgK, the heat exchange amount can be:
Oc, :cht:10/3600*0.96*(200—30):0.45 kw 2)

Water side:
The specific heat of water is 4.2 kJ/kgK, the inlet and outlet temperature of water is 23 and 25° C, respectively.
According to the heat exchange demand, the water flow rate is determined as follows:

m=Qc, /cAt= 0.45/(4.2*2) =0.054 kg /s=0.19m’ / h 2)

The design of Cooler 4 is shown in Fig. 6-4.
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Fig. 6-4 The design of Cooler 4

Compressor
Discharge pressure <=2Mpa, the vapor volume is 8m3/h, the intake and output temperature is 50°C and 200°C,
respectively.
Heater
According to the open literature, the regeneration energy in the process of CO» desorption, which includes
sensible heat, latent heat and reaction heat, is 2.5~4GJ/tCO», and the power of electric heating is determined
as follows:
P=4%1000%10/3600=11.1 kW 2)

According to the solubility of 30%MEA to CO; is 0.2mol CO»/mol MEA, the mass flow rate of MEA solution
is calculated as:

m= (10 / 0.044) /0.2%¥61.1/1000%3.3=227.7 kg / h 2)

The density of MEA solution is about 950kg/m?, and the volume flow rate is 239.7L/h, which determines the
flow rate of lean and rich liquid pumps.

Regenerator

The specific heat of MEA solution is about 3.77 kJ/kgK. If the rich MEA solution inlet and outlet temperature
is set at 50 and 80°C, and the lean MEA solution inlet and outlet temperature is set 100 and 60°C, the LMTD
of the regenerator is about 3.15°C. Based on the MEA flow rate, the heat capacity of the regenerator is:

0, =cmAt =3.77*227.7/3600%35=8.3 kW (2)

The design of Regenerator is shown in Fig. 6-5.
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Fig. 6-6 The design of Cooler 1

Cooler 1

MEA side:
The specific heat of MEA solution is about 3.77 kJ/kgK, and the inlet and outlet temperatures are 60 and 40°

C, respectively. According to the MEA flow rate, the heat exchange is determined to be:

Oc, =cmAt =3.77*%227.7/3600%20=4.8 kW 2)
Water side:
The specific heat of water is 4.2 kJ/kgK, and the inlet and outlet temperature of water is 23 and 25° C,
respectively. According to the heat exchange demand, the water flow rate is determined as follows:

IAMU




m=Qc, /cAt=48/(42%2)=0.57 kg/5=2.06 m’ / h @)

Thus, the water pump configuration would be determined.
The design of Cooler 1 is shown in Fig. 6-6.

Cooler 2
The load of this cooler is mainly caused by the condensation of water vapor brought out of the flue gas, which
cannot be accurately calculated, and is estimated at 1 kW.
The pump flow rate is:
m:ch/cAtzl/(4.2*2):0.119kg/s:0.43m3/h 2)

The design of Cooler 2 is shown in Fig. 6-7.
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Fig. 6-7 The design of Cooler 2

Cooler 3
The heat load of the heat exchanger includes water vapor condensation and CO» cooling, and the heat load
of water vapor condensation accounts for the absolute value. However, the amount of water vapor cannot be
accurately determined, so the load of the heat exchanger is determined by the cold and heat balance of the
system.

Oc, = Qreg =0c,—0c, —0c, = Qcp, =34 kW 2)
Water side:

The specific heat of water is 4.2 kJ/kgK, the inlet and outlet temperature of water is 23 and 25°C, and the
water flow rate is determined according to the heat exchange demand:

m:Qc3/cAt:4.7/(4.2*2):0.56 kg/s=2.01m’/h 2)
The design of Cooler 3 is shown in Fig. 6-8.
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Inlet gas heater
According to the lower limit of 5% CO; content, it is determined that the intake flow rate is 141kg /h, the

intake temperature rises 30°C, the specific heat of the gas c=1 kJ/kgK, and the heat exchange can be:

O =cmAt =1%141/3600*30=1.2 kW 2)
River heat exchanger
The total heat transfer is the sum of 4 coolers, which is about 9.5kW. The selection is plate heat exchanger.
The inlet and outlet temperature of water is 20 and 22°C, respectively. The river water flow can be:

m=0/cAt=9.5/(42%2)=1.16 kg/s=420m" / h )
—
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Fig. 6-9 The design of River heat exchanger




The steam coil in desorption tower

The total heat load is 12kW. According to the open literature, when the temperature difference between the
submerged steam coil and the solution temperature is 30°C, the heat transfer coefficient is 500~1200 W/m?K.
In our work, it is conservatively estimated to be 500 W/m?K. The steam inlet and outlet temperature is 150 °C
and 120°C, and the solution temperature is 110°C, so the heat transfer temperature difference is 25°C. It can
be obtained that the heat transfer area of the steam coil:

A:Q/UAI:IZOOO/(SOO*%)=O.96 m’ 2)
Select a steam coil with the pipe diameter of 10mm, from which the coil length is:
L=A4/(3.14%0.01)=0.96/(3.14*0.01) =30m 2)

According to the coil diameter of 200mm, the number of coil coils can be obtained as 48 turns, and the coil
placement height is estimated to be at least 0.6m.

Absorber

The total height of the tower is 4 m, and the design of the tower is 3 sections, each section is 1m long and
150mm in diameter. See Fig. 6-10 for specific dimensions.

At the lower part of the tower, the working medium is N, and CO; mixture. The working medium flow rate
30m*h and the CO, mass fraction range is 5%~30%.

The upper part of the tower is sprayed with the lean MEA solution to absorb CO». The reaction temperature
is 40°C, and the CO, removal rate is required to be above 95%. The maximum spray flow is 200 kg/h. The
upper part of the tower contains condenser and steam reflux. Packing: stainless steel regular packing.
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Fig. 6-10 The design of absorber

Desorber

The total height of the tower is 4m, and the design of the tower is 3 sections. Each section is 1m long and
150mm in diameter. See Fig. 6-11 for specific dimensions.

In the middle of the tower, the working medium is the rich MEA solution with the temperature of 80°C. The
maximum flow rate is 200kg/h. The bottom of the tower is heated by a built-in steam coil and the diameter
of the built-in coil section is 300mm, and the desorption temperature in the tower is 110°C. The upper part
of the tower contains condenser and steam reflux. Packing: stainless steel regular packing.

Steam coil size: pipe diameter 10mm, pipe length 30m, heat exchange area is not less than 1m?. The ring
diameter is 200mm with at least 50 turns.
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Water expansion tank

The technical requirements of water expansion tank are summarized in Table 6-1.

Table 6-1 Parameters of water expansion tank

specifications 3L
Expansion tank Connecting diameter DN32
Quantity 1

Pumps
The parameters of the pumps are shown in Table 6-2.

Table 6-2 Parameters of MEA pump and water pump

Flow rate 170 L/h
Power 0.37 kW
Maximum discharge 0.7MPa
pressure
MEA pump Steady state accuracy +1%
(Hydraulic diaphragm Measurement accuracy +1%
metering pump) Design and manufacture GB/T7782-2008
standard
Control system back full support
Alarm mode Pressure/electrolyte type
Quantity 5
Diameter inlet and outlet thread G1
Water pump Flow rate 5 m*h
Pressure head 49m
Quantity 2

6.4 Pilot-Scale CCS test facilities

The test facilities are summarized in Table 6-3 to Table 6-5.

Table 6-3 Summary of CCS test facilities-thermal couples

Specification Type T
Insulation Teflon
. o Accuracy 0.1%
Thermal couple (High precision) Wire gauge 0813 mm
Nominal 1.7¥3.0
Quantity 200 m

Table 6-4 Summary of CCS test facilities-pressure sensors

Specification Hersman plus 3
. Hersman
heat sinks
Pressure
Accuracy 0.25% 0.25%
sensor

Connection Mode Customized G3/4 Customized G3/4 Customized G3/4
external thread external thread external thread

Hersman

0.25%




Measuring range 0-2.5 MPa 0-0.4MPa 0-0.4MPa
(absolute) (absolute) (absolute)
Output signal 4~20mA 4~20mA 4~20mA
Quantity 1 1 1
Table 6-5 Summary of CCS test facilities-flow meter
Specification  IKFD- IKFD- IKFD- BTLD- BTLD-
MC- BC- BC- 1001613111EH2MBZ 5011611111EH2MBZ
100SLM  500SLM  2500SLM
Accuracy 0.1% 0.1% 0.1% 0.2% 0.2%
Working 10 MPa 10 MPa 10 MPa 2.5MPa 2.5MPa
pressure
Flow  Connection G3/8 G1/2 G1/2 DNI10 Flange DN20 Flange
meter Mode Internal  Internal Internal
thread thread thread
Output 4~20 4~20 4~20 mA 4~20 mA 4~20 mA
signal mA mA
Flow range 0- 0- 0- 0.028~4.239m*h 0.113~16.9646m*h
100SLM  500SLM  2500SLM
Quantity 2 1 1 3 5

6.5 Pilot-Scale CCS setup

The designed Polit-scale CCS system view is demonstrated in Fig. 6-12. The manufactured picture is
shown in Fig. 6-13. The frame demission is 2548mm (length) X 1650mm (width) X 4200mm (height).

The total weight is estimated as 1.5 ton.
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Fig. 6-12 The 3D diagram of CCS system



Fig. 6-13 The manufactured CCS system




7. Conclusion and recommendations

In this work, the possible way to green voyage is explored based on the onboard Carbon Capture and
Storage (CCS) system. The Energy Efficiency Design Index (EEDI) is considered and works as the
guideline for fulfilling green voyage. A typical Kamsarmax ship with LNG-fuelled engine is selected as
the reference ship. Firstly, the CCS system is designed and simulated to meet the EEDI requirement in
phase 3. Secondly, to further improve energy utilization, a combined Organic Rankine Cycle (ORC) and
CCS is designed, modelled and analysed. Thirdly, a pilot-scale CCS for experimental study is designed
and manufactured. The main conclusions are summarized as following:

(1) The LNG cold energy could be utilized for organic Rankine cycle (ORC) power generation and CO,
capture. The relative technologies have been widely adopted in the onshore conditions. The onboard
ORC and CCS is few reported. The LNG cold energy and waste heat could be recovered for improving
ship energy efficiency.

(2) A Kamsarmax ship is taken as an example and the plasticity of the CCS system is analysed from
three perspectives: energy, exergy and economic via Aspen HYSYS. The CCS optimum operating
parameters are me;=20000 kg/h, m;,=16000 kg/h. The amount of CO, captured at this point is 760.4
kg/h, which is well above EEDI Stage 3 requirements. The total initial cost of CCS is 1.38 million US
$. Considering the captured CO; profits, the CCS would take approximately 14.34 years to recover its
investment cost.

(3) The designed zero energy increment OCCS for LNG-fueled bulk carrier is with an ORC. Under the
designed working conditions, the ORC system can generate enough electricity to fully meet the system's
electricity demand. The maximum power generated by the ORC is 123.7 kW and CO; capture rate also
reaches 78.64%. Meanwhile, the system exergy efficiency increases from 19.59% to 28.03%. When the
solution flow rate is 21000 kg/h and the exhaust gas flow rate is 20000 kg/h, the maximum amount of
captured CO; is 1686 kg/h. The system energy efficiency increases with the increase of exhaust gas flow
rate and decreases with the increase of solution flow rate. As the CO, capture amount changes slowly
and the regeneration heat changes significantly with the solution, the specific reboiler duty also increases
from 4.62GJ/tonCO; to 4.71GJ/tonCO». The equipment capital investment is mainly from the heat
exchanger, which accounts for 48.5%.

(4) A pilot-scale CCS experimental system aims at capturing10 kg/h CO, is designed and manufactured.
The detailed design process is presented. The experimental system is module design, which would
provide useful information and suggestion for onboard system installation.

However, there are still some limitations of this work. Limited by the time, only the theoretical analysis
and model simulation are carried out for the proposed system. Even the experimental setup has been
manufactured, the tests have not conducted, which would be finished at the end of 2023. Besides, the
future research direction could be:

(1) More ship types should be investigated and compared. Hopefully, the general guidelines for EEDI
calculations for the ship with onboard CCS system should be obtained.

(2) The dynamic working conditions should be studied. Since the ship is sailing on the sea, the boundary
conditions of the ORC-CCS system vary a lot. The system performances are challenged by the ship
voyage safety. More rigid control is required to suit the working conditions.
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