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CHP Combined Heat and Power
cop Coefficient of Performance
CSP Concentrating Solar Power
EER Energy Efficiency Ratio
EG Exhaust Gas
EGR Exhaust Gas Receiver
GHG Green House Gas
HFO Heavy Fuel QOil
HTF Heat Transfer Fluid
ICE Internal Combustion Engine
IEE Isobaric Expansion Engine
IMO International Maritime Organisation
KC Kalina Cycle
LTES Latent Thermal Energy Storage
NPV Net Present Value
O&M Operation and Maintenance
OFC Organic Flash Cycle
OFRC Organic Flash Regenerative Cycle
ORC Organic Rankine Cycle
PGU Power Generation Unit
PTG Power Turbine and Generator
SCP Specific Cooling Power
SDWP Specific Daily Water Production
SFOC Specific Fuel Oil Consumption
SMCR Specified Maximum Continuous Rating
SRC Steam Rankine Cycle
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STES Sensible Thermal Energy Storage
STG Steam Turbine and Generator
ST-PT Steam Turbine — Power Turbine (combined system)
TCS Thermochemical Energy Storage
TEG Thermoelectric Generation
TES Thermal Energy Storage
TRL Technology Readiness Level
VLCC Very Large Crude Carrier
WHR Waste Heat Recovery
WHRS Waste Heat Recovery System
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Executive Summary

The ZHENIT project aims to exploit waste heat recovery potential on-board vessels using energy
management methods, clean energy solutions and low-emissions ship services. The targets of the
project are new technologies development, on-board validation, a regulatory framework analysis and a
replication roadmap at regulatory and economic level. Various waste heat recovery technologies will be
paired synergistically, and the experience gained with this project in holistically integrating and
managing different ‘ready-to-go” WH-to-X systems, hybrid propulsion technologies, and energy

management methods could be leveraged for future application in near zero waste-heat vessels.

Various technological options for the recovery of marine engine waste heat are currently or potentially
available. However their temperature ranges of application, capacities, costs, efficiencies and overall
levels of technological maturity vary greatly. The purpose of this report is (a) to give an overview of the
state of the art of on-board waste heat recovery technologies for the shipping industry, (b) for each
technology provide an overview of the basic operating principle, its techno-economic performance and
review the potential for on-board integration, and (c) provide algorithmic models to support the techno-
economic assessment of the energy system investigated in ZHENIT. The technologies are categorised
into either developmental technologies investigated in ZHENIT, or other consolidated and
developmental waste heat recovery technologies. Each technology is contained within its own sub-
section which is organised as follows: an overview of the technology basic working principle, the
different architectures for the practical implementation of the technology, a discussion surrounding the
specific application to marine energy systems, the techno-economic performance, and finally the

algorithmic model for techno-economic assessment.

All of the waste heat recovery technologies either convert the excess heat from the engine into electrical
power (waste heat-to-power), cooling power (waste heat-to-cold), mechanical power, or upgrade the
excess thermal energy to generate added value for some on board demand such as steam or desalinated

water.

The main technologies investigated in the context of the ZHENIT project are: organic Rankine cycles,
thermal energy storage, sorption desalination and refrigeration and isobaric expansion engines. All of
these technologies make use of thermal energy, which in on-board applications can be expected to be
in the form of exhaust flue gas from ship diesel engines and the engine cooling fluids (jacket water,

lubricants).
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Organic Rankine cycles are waste heat-to-power thermodynamic cycles for power generation that can
make use of thermal energy to evaporate a working fluid / refrigerant with a relatively low boiling point

and run it through an expander to produce useful work.

Thermal energy storage enable the storage of waste heat from the afore-mentioned heat sources and
is particularly suited to the intermittent nature of vessels’ engine operation which is the main influencing

factor on the availability of hot exhaust gas and cooling fluids.

Sorption technologies leverage carefully considered thermo-chemical adsorption reactions to generate
both desalinated water from sea-water and a cooling/refrigeration effect, powered by on-board waste

heat.

Isobaric engines are an uncommon type of heat-engine, which are aimed, on-board, at converting
excess waste heat to mechanical work, which, as with the Organic Rankine Cycle, can be used to produce
electrical power, drive a compressor, etc... In the context of the ZHENIT project, isobaric engines are

aimed at fuel pumping in the on-board fuel-injection systems.

Six other technologies are investigated in the other consolidated and developmental waste heat
recovery technologies section. It emerges from this section that the main currently implemented waste
heat recovery is turbocompounding, which can recover between 3% and 10% of the fuel energy as
electrical power depending on the level of complexity of the system. Other waste heat recovery
methods with technological maturity levels varying from wide spread in the non-marine industry (such
as steam Rankine cycles and absorption refrigeration) to very low maturity levels (thermo-electric

generation and unconventional power cycles such as Kalina or organic flash cycles) are investigated in

this section.
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1 Introduction

Much of the energy input (fuel) used in industrial thermal processes, heating systems and transport
does not result in useful work and is lost to the environment as converted as waste heat. Such energy
inefficiencies are certainly an issue for marine applications. In a large-bore, two-stroke internal
combustion diesel engine typically found in large modern-day vessels, as much as 50% of the input fuel
is lost as thermal energy through various cooling fluid streams and through exhaust gases [1]. These
types of engines consitute 96% of the propulsion methods for all civilian ships above 100 tons [2]. As a
direct consequence of this high amount of released waste heat, the shipping industry is responsible for
approximately 3% of total worldwide GHG emissions, with global trade through shipping expected to
grow further [3]. These factors have pushed the International Maritime Organisation (IMO) to aim
towards halving shipping-related emissions by 2050 through its Initial Strategy adopted in 2018 [4], in
direct support of the United Nation’s Sustainable Goal 13 (‘Take urgent action to combat climate change

and its impacts’) [5].

Various strategies can improve the energy efficiency and lower GHG emission of ships [6]. Some of these
approaches include using alternative fuels to the traditional sulfur-heavy fuel, such as LNG, hydrogen,
ammonia and advanced bio-fuels, alternative means of propulsion such as modern sails, on-board
carbon capture and storage to directly impact carbon emissions, inclusion of renewable energy
generation technologies such as solar PV or solar hybrid systems, or even improving existing internal-

combustion engine (ICE) technology.

Since roughly 50% of fuel input is lost as waste heat, waste heat recovery (WHR) could be an effective
way to both improve vessel energy efficiency and lower GHG emissions. While some WHR methods are
generally in place aboard vessels such as waste heat boilers, steam turbine cycles or turbocharging,
there exist a number of potential technologies that could improve the energy efficiency of vessels
beyond what is currently achieved. Current estimates show that total engine efficiency could be raised

from 50% to 60%, and 4% to 16% fuel efficiency improvement is attainable [1,2].
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2 On-board WHR technologies in ZHENIT

2.1 Organic Rankine Cycles
2.1.1 Introduction

The Rankine cycle is a thermodynamic cycle that converts thermal energy from a heat source into useful
mechanical work through an expander/turbine train, generally to produce electricity. In its most basic
configuration, a Rankine cycle is composed of an evaporator, an expander connected to a power
generation unit, a condenser and a pump in a closed fluid loop. The traditional working fluid is water in
so-called Steam Rankine Cycles (SRC). Steam turbine systems have been used for over a century in
maritime applications [2]. However, the performance of on-board SRCs is limited by the temperature of
the available waste heat combined with the high evaporation temperature of water [7], which for SRCs
should ideally be above 350°C to produce high pressure steam; at lower temperatures, the equipment

required is bulky, inefficient and expensive.

Organic Rankine cycles (ORC) leverage more effectively the lower temperature waste heat on-board
ships by using organic fluids with low boiling points as the working fluid. ORCs are typically designed for
biomass combined heat and power plants, waste heat recovery, low temperature geothermal sources,
or solar applications [8]. Various different working fluids are available to best tailor the ORC to the
available heat sources. Various ORC configurations exist to make best use of the available heat
sources/sinks. Configuration and working fluid selection are two of the main factors which determine
the performance of the ORC in the context of the application. Net power output of current commercial
ORCs ranges from 10 kW, to 10 MW, [9]. Commercially available ORC systems, nowadays, range from a
few kWe up to 2.2 Mwe.

2.1.2 Technology overview
2.1.2.1 Thermodynamic cycle and basic operation

A fluid in an ideal organic Rankine cycle undergoes four thermodynamic processes. Adiabatic pumping
- the pressure of a working fluid in the liquid phase is increased to the maximum cycle pressure in a
pump. The required electrical power input should be negligible compared to the expander work output.
Isobaric heating —the saturated liquid is heated by the heat source in the evaporator, brought to the
boiling point and fully evaporated into vapour, and often superheated. In the ideal cycle, the pressure
stays the same during this process. Isentropic expansion: the superheated vapour stream is expanded
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isentropically in a turbine / expander train to produce useful mechanical work and low pressure vapour
at the turbine outlet. Expanders are selected either from turbines or positive displacement engines.
Isobaric cooling: the low pressure vapour flow is cooled and condensed back to the liquid phase. Some
thermal energy is extracted from the process at this stage, which can be useful depending on the
integration of the Rankine cycle in the broader energy system [10]. Figure 1 shows the basic schematic

layout of the ORC.

180 - TS diagram

(b)

140

@) —==

120

100

g 1
|
I —_
[ —
[ ! ] £, 80
-
: Y Qou 60
: : <3—— Cooling water
1

' o 0 ;
0 /

i 3 20l . | | |
W 1 1.2 14 1.6 1.8
P s [kJ/kg/K]

Boiler

——— e —

Pump

Figure 1 Rankine cycle (a) Basic system configuration [11] and (b) thermodynamic cycles in a T-s diagram with
RE347mcc as working fluid [12]

2.1.2.2 Performance metrics

The performance of an ORC relates to the amount of useful work produced in relation to the thermal
energy input to evaporate the working fluid and the electrical energy input to drive pumps and
auxiliaries. The main technical performance indicators of ORCs are the net useful work output W, and
the cycle thermal efficiency n.,. The net useful work produced by the cycle is the difference between

the useful work produced at the expander W,,,, and the work absorbed by the pump W, (equation
(1)

Wnet = Wexp - Wpump (1)
The cycle thermal efficiency is the ratio between net useful work output W,,,, produced by the cycle

and the provided thermal energy Q;,, (equation (2)).
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Wnet _ Wexp -W
Qin Qin
Cycle thermal efficiency is generally proportional to the heat source temperature and the size of the

pumy @)

N =

system. Larger ORCs tend to be more efficient [9]. Another metric is the heat recovery effectiveness €
which quantifies the actual amount of energy extracted from the heat source @, compared to the
maximum extractable amount Q,,4, €quivalent to the amount of energy removed from the heat source

until it is cooled to ambient temperature T, (equation (3)):

Qin — Twh,in - Twh,out (3)

€ =
Qmax Twh,in - Tamb

With T\pin the inlet waste heat stream temperature, and Type the outlet waste heat stream
temperature. The performance of the ORC depends mainly on the choice of the working fluid, in
particular with respect to the heat source, and the cycle architecture. These two design choices are

reviewed in the following section.

2.1.3 Architecture and implementation
21311 General ORC configuration

The basic cycle configuration was presented in the overview of the technology, The following section
discusses some more advanced cycle architectures developed to improve overall performance and
which tend to be encountered in practice. The gaseous fluid at the turbine outlet needs to be cooled
down to low-pressure saturated liquid temperature, and the liquid fluid at the pump outlet requires
heating to the high pressure saturated vapour temperature. A common modification to the basic cycle
is to recover the heat from the turbine outlet and transfer it to the fluid at the pump outlet via a heat
exchanger called a recuperator (also regenerator) to form a so-called recuperated or regenerated cycle.
Figure 2a schematically presents the layout of a typical regenerated cycle, and Figure 2b the associated

T-s diagram.
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Figure 2 (a) Typical layout and (b) T-s diagram of the regenerated/recuperated ORC process [13]

Turbine bleeding uses part of the hot working fluid to preheat the stream ahead of the evaporator,
resulting in an overall increase to efficiency. The working fluid is divided into different pressure levels
and processed in two different expanders. Figure 3 shows the typical layout and T-s diagram of the

regenerated cycle.
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Figure 3 (a) Typical layout and (b) T-s diagram of the bleeder regenerated ORC process [13]

In dual loop or cascaded cycles, two ORCs operating with different working fluids leverage waste thermal
energy from different temperature heat sources. This cycle is useful to combine multiple waste heat
streams at different temperature levels, a likely scenario in marine energy systems. Figure 4 shows an

example layout of a dual loop cycle.
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Figure 4 Dual-loop ORC for using multiple waste heat streams [3]

2.1.3.1.2 ORC configurations for marine applications

While the previous section discussed the more general configuration of ORCs, the following section
explores the configurations specifically suited to on-board applications. Song et al [14] studied two
different configurations that are directly connected to the main engine of a ship (Figure 5a). The first
consists of two separate simple ORCs which recover heat from two sources: the exhaust gas and the
jacket cooling water. The system was constructed by Tsinghua University and Hangzhou Chinen Steam
Turbine Power Co., Ltd. This configuration is complicated, due to the existence of two separate ORC
systems, and also requires a lot of space. Thus, in the above study, a modification to the configuration
was investigated, consisting of a single ORC, in which the jacket cooling water was used for preheating

the working fluid of the cycle and the exhaust gas for driving its evaporation (Figure 5b).
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Figure 5 (a) Two separate ORCs driven by exhaust gas and jacket cooling water, (b) ORC configuration with
preheater and evaporator [12]
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Another configuration was analysed by Lion [15] and is depicted in Figure 6. The configuration is based
on a parallel ORC architecture in which heat is received from the exhaust gas of the engine as well as
the scavenge air cooler (SAC). The working fluid is pumped at cycle’s high pressure and then split into
two paths. One part of the working fluid is heated in the first stage of the scavenge air cooler while the

other one is heated by the exhaust gas. The two streams are mixed before entering the ORC expander.
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Figure 6 Parallel ORC architecture [15]

A recuperative ORC configuration to recover heat from exhaust gases including an intermediate heat
transfer oil circuit was analysed by Casisi [16], shown in Figure 7. Four working fluids are examined:
Benzene, Cyclohexane, MDM and Toluene. The net ORC power ouput, for engine loads varying from

25% to 100%, ranged from 288 to 684 kWe.

This project has received funding from the European Union’s Horizon Europe research and innovation 23| 140
programme under grant agreement No 101056801. Views and opinions expressed are however those of

the author(s) only and do not necessarily reflect those of the European Union or the European Climate,

Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting

authority can be held responsible for them.



/'_,.\ Zero waste Heat vessel towards relevant
2y

- Energy savings also thanks to IT technologies
A

@
Zhenlt D 1.1 | WHR for Maritime applications catalogue

Funded by the
European Union

VAP

A
VAP-OUT
TN CONDENSER
& {COLD-IN}<-

PUMP

Figure 7 Recuperative ORC configuration [16]

A directly heated recuperative ORC (i.e. without an intermediate heat transfer oil circuit) in which
preheating was carried out with the jacket cooling water and evaporation with the exhaust gases was
studied by Liu [17], with the process shown schematically in Figure 8. The net power output is
approximately 60.5 kW, and natural hydrocarbons were selected as working fluids, due to their ability

to work efficiently at high temperatures.
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Figure 8 Directly heated recuperative ORC [17]
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Mohammed et al [18] investigated an ORC to utilize multiple heat sources from a bulk carrier vessel,
shown in Figure 9. The working fluid (R134a or R245fa) is heated in four stages: in the first one, the fluid
passes through the lubrication oil heat exchanger and then goes into the jacket cooling water heat
exchanger, with inlet temperatures of 65°C and 89°C. Subsequently, in the third stage the working fluid
is heated by the scavenge air which exits the compressor of the turbocharger and has an approximate
temperature of 140°C. Finally, the working fluid is heated by the exhaust gas before entering the
expander. The evaporation pressure of the cycle was varied from 50 to 75 bar to maximise its thermal

efficiency.
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Figure 9 ORC with multiple heat sources [18]

2.1.4 Applications and uses

The principal manufacturers of ORCs as power generation systems are Ormat, Turboden and GE [19,20].
The main applications for ORCs are biomass combined heat and power plants, geothermal, solar and
industrial waste heat recovery. Analysis of the waste heat source on ships point towards heat sources
in the temperature range 90 — 300°C, in particular the waste heat from engine exhaust gases at 190-
300 °C which constitutes 80% of the waste energy (generally after being cooled in a first stage inside
the engine turbochargers), and a further 10% in jacket cooling fluids. ORCs with low boiling point
working fluids have therefore good potential aboard large marine vessels and have been highlighted in

a number of WHR technological reviews [1] .
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Leontaritis et al. [21] designed a 5 kW, experimental small-subscale ORC prototype running with R134a
targeted towards maritime applications, specifcially for exploiting waste heat from jacket cooling water
of auxiliary diesel engines at 82°C and mass flow rate of approximately 1.5 kg/s. The ORC evaporation
pressure of the working fluid reaches the 25 bar. The prototype was tested in a laboratory (Figure 10),
with a boiler emulating the heat source characteristics. A compact version of this prototype was

designed and experimentally tested for long operation, see Figure 11 [22].

Figure 10 Experimental ORC prototype for naval applications [21]
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Figure 11 Experimental ORC prototype [22]

Some ORCs built for naval applications can currently be found on the market. Alfa Laval offer the ‘E-
Power Pack’ (Figure 12) which are modular, stackable ORC units with rated electrical power output 100
kW, to 200 kW.. The product description claims that waste heat sources categorised into jacket water
temperatures (75°C to 109°C), saturated steam temperatures (120°C to 180°C), thermal oil (120°C to
180°C) and the engine exhaust gas temperatures (up to 550°C) can power the cycle. The above unit’s
weight is either 2300 kg or 4500 kg, depending on the electric output and the maximum module
dimensions are 1130mm x 1394mm x 1982mmOrcan-Energy offer a similar product, called ‘Efficiency
Pack’ (Figure 12), with electrical power generaion ranging from 1 kWe to 400 kWe, which uses thermal
power inputs of 25 kW to 4,000 kW, respectively. The fluid heat source range from 80 °C to 140°C and

gaseous heat source temperatures are above 150°C.
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Figure 12 ORC modules for naval applications, left: Alfa Laval ‘E-Power Pack’, [23], right: Orcan-Energy ePM
050.100 ‘Efficiency Pack’ [24]

14m

In partnership with Mitsubishi Heavy Industries [25], Caltenix Technologies developed the
HydrocurrentTM Organic Rankine Cycle Module 125EJW (Engine Jacket Water), an ORC designed to use
marine engine jacket water at 80-85°C as the heat source with R245fa as designed working fluid and
deliver a gross power output of 125 kW. [26]. The entire device measures 0.250m x 0.137m x 0.230m
i.e. 7.9 m® and weighs 3,738 kg. The process layout is shown in Figure 13. The condenser and
evaporators are designed as brazed plate heat exchangers, with sea water being used as the heat sink
for condensation. The expander/turbine train is an IPM Carefree Integrated Power Module (IPM), which
consists in a radial turbine directly integrated with a generator in a single unit. The pump is 3-phase, 2-
pole and is rated 7.5 kWe, which with the 125 kW, gross power output of the generator results in a net

power generation of 119 kW, at design conditions [27].
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Figure 13 Process layout for the HydrocurrentTM Organic Rankine Cycle Module 125EJW

Below, some commercial ORC products are discussed. These products are not designed for ships, but
could be adjusted to exploit the waste heat from marine diesel engines. Enogia [28] offers a variety of
products of ORC with nominal capacity from 10-180 kW.. The products are: ENO-10LT, ENO-20LT, ENO-
40LT, ENO-100LT and ENO-180LT. They are designed to use exhaust gas and water up to 120°C.
Dimensions of the bigger ORC product ENO-180LT (shown in Figure 14) are 2.3m x 2m x 2.6m (11.96 m3
volume) and its weight is 7,500kg. The designed working fluid is R1233zd(E) and the expected lifetime
is about 20 years. Heat exhangers are brazed plate type, the expander is a kinetic turbine, and the pump

is of multi-stage magnetic coupling type, shown in [28].
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Figure 14 Enogia ENO-180LT [26]

Moreover, Enerbasque [29] has made a product called HRU-25, which is an ORC designed to convert
waste heat at the range of 85+95 °C with a maximum electric power 25 kW, that is suitable for waste
heat recovery from jacket cooling water from a ship’s main engine. The unit’s maximum efficiency is
7.8% with 33 m3/h hot water flow whereas the total thermal power absorbed by the systemis 275 kWth.
The heat exchangers are shell and tube type, but the configuration can also be fitted with plate types.
The dimensions of the ORC are 3.15m x 2.38m x 1.75m (13.12 m3) and weighs about 2,100 kg. A general

overview of the HRU-25 can be seen in Figure 15.
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Figure 15 Enerbasque HRU-25 [27]

Lastly, the MT1 by Rank [30] is an ORC which is fitted to a container, generates electricity up to 20 kW,
and exploits heat sources at temperatures 150°C (see Figure 16). The heat exchangers are plate type,
the dimensions are 3.35m x 1.55m x 2.2m (11.42 m3) and the weight is 5,500kg. Lastly, in this unit the
heat produced in the condenser can be used at temperatures up to 50 °C and is available to several

application up to 150 kWth.

Figure 16 Rank MT1 [28]
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Table 1 shows the a summary of techno-ecnonomic parameters for on-board ORCs driven by engine

waste heat. The basis for most of these results are simulations, as examples of practical applications of

on-board ORCs are sparse. The technical performance parameters are those described earlier in section

2.1.2.2, while economic performance is measured by specific cost, relating to the ORC plant capacity.
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Table 1 Techno-economic parameters of on-board maritime ORC applications
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Based on literature articles, commercial product information, and reports, the main techno-economic
parameters of some selected ORCs are presented in Table 1. A first observation that can be made is the

wide range of temperatures of the available heat sources. Exhaust gases, cooling fluids (charge air or
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jacket water) and lubricating oils are all waste heat carriers inside naval energy systems, and due to the
range of potential working fluids could all be leveraged to power an ORC. Exhaust gases constitute the
majority of the waste heat (roughly 80%), however their temperatures vary substantially depending on
the existence of already in-place WHR methods (turbochargers etc.) and the variation in engine load
from the different engine operation speeds. The variation in engine also affects the mass flow rate of
the exhaust gases [16], which potentially complicates the design of the primary heat source heat
exchanger at the evaporator stage. More advanced ORC cycles such as dual loop ORCs can harvest
multiple waste heat streams at once, and these cycles exhibit high efficiency. Cycle efficiency of various
ORC cycles designed for marine energy systems as a function of system net power output can be seen

in Figure 17. Overall efficiencies can be expected in the range 5% to 25%.
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Figure 17 Thermal efficiency of on-board ORC cycles as a function of net power output
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The economics of the generalised ORC are well studied in the literature through many studies and years
of industrial and commercial implementation [19,37]. However, only in a small number of studies have
the economics of ORCs for naval applications been analysed. The calculated specific cost of maritime
ORCs at design conditions from three different studies [16,34,35] is shown in Figure 18 along with the
calculated specific cost of ORCs for heat recovery in non-naval applications, taken from the review by
Lemmens [37]. In two of these studies based on modelling work, cost functions from Turton et al. [38]
are adjusted and used to calculate ORC economic performance. In the third, cost of components and

balance of the system were taken from Aspen Tasc (r) and from manufacturer information.

In Shu et al.’s study [34], payback periods between 4 and 8 years were calculated depending on the
working fluid. They estimated that the expander would represent the highest share in total cost (44%
to 52% of total capital cost, depending on the fluid), followed by the evaporator (21% to 22%), the pump
(13% to 19%) and the condenser (12% to 17%). In Yang’s study [35], in the best cases, payback periods
around 5.8 years were calculated, with specific cost of ORC around ~4,500 €/kWe. In Casisi’s study [16],
the cost of individual components were obtained from manufacturer information, and summed along
with a balance of system costs, and a 20% markup. The system cost was ~10°€ for a 520 kW. power
output (design conditions at 100% engine load), which resulted in a specific cost of 2,214 €/kW. and a

payback period of 5-6 years depending on the underlying assumptions.
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Figure 18 Specific cost of ORC modules and projects, and of ORC for naval applications. Economic data for ORC
for heat recovery from [37], data for naval ORCs from [16,34,35]
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2.1.6 Modelling organic Rankine cycles

The amount of energy absorbed by the ORC, Fygc(t), is expressed as a linear function (or piecewise
linear function) of the net power drawn from the ORC, Pygc(t), using the performance indicator nggc

(equation (4))

1
Fore(t) = 7 Porc(t)dorc (D) (4)

ORC

Where ngrc is the thermal efficiency of the ORC.

The power drawn from the ORC is constrained in Equation (5) using a rated design for ORC Dggc, With
upper and lower bounds indicated with variables k3 grc and k4 orc- Xorc (t) is a binary decision variable

which indicates whether the ORC is included or excluded in the energy system.

k3 .0rcDorcXorc(t) < Porc(t) < k4 orcDorcXorc(t) (5)

2.2 Sorption Refrigeration & Desalination
2.2.1 Introduction

Sorption is a reversible thermochemical or thermophysical reaction used as the basis for certain
technologies to produce cold power, clean water, or both simultaneously in hybrid systems, among
other thermal effects. The working principle of sorption is the ability of a porous material to capture
water vapour or some other gas and crystalise it onto its surface. Sorption refrigeration leverages the
low evaporation temperature at low partial pressure of a refrigerant. Heat can be removed from a heat
transfer fluid to evaporate this refrigerant and bring the heat transfer fluid down to low temperatures
(-2°Cto 5°C), which is the intended cooling effect of the cycle. The temperature of the generated cold
stream therefore depends on the evaporation temperature at low partial pressure of the refrigerant.
During sorption desalination, sea water is consecutively evaporated, adsorbed then desorbed into and
from a sorbent material, and condensed back into clean desalinated water. In such sorption systems,
sea water is used as the refrigerant. Thermal energy is required to regenerate the adsorbent material
and desorb the water for condensation. Sorption refrigeration and desalination makes use of the two
above technologies in a single hybrid system. The minimum temperature of the generated cold stream

is limited by the evaporation temperature of sea water at low partial pressure, such that the cold stream
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in these hybrid systems is intended for air conditioning and chilling rather than actual refrigeration as

suggested by the name.

2.2.2 Technology overview
2.2.2.1 Basic cycle configuration

An adsorption refrigeration & desalination process contains three essential components (Figure 19). A
low pressure and low temperature liquid sorbate (water) is turned to vapour in an evaporator by
extracting heat from the surroundings, provided by a chilled water flow (which is cooled as a result).
The refrigerant in the vapour state is flown into an adsorber bed where the sorption process takes place.
In refrigeration systems, the choice of sorbate affects the temperature at which evaporation occurs and
therefore the type of cooling effect obtained from the sorption cycle [39]. Water and ammonia are good
candidates for refrigeration as evaporation can occur down to 0 °C and -60 °C respectively. In any
adsorption system where desalination occurs, water is always the refrigerant. The water is later
removed from the sorbent material (the device is refered to as a desorber during this mode of
operation). In practice, adsorption and desorption cannot be carried out simultaneously; therefore in
order to generate cooling continously, two adsorbers need to be operated asynchronously in a so-called
two-bed system such as shown in the schematic example. The desorbed water is transported in the
vapour state into a condenser through natural convection where it is condensed using cooling water

(CW) into a two-phase liquid/vapour state.

ater out

Pump

Figure 19 Schematic representation of the hybrid refrigeration/desalination cycle, using a two-adsorber bed
system for continuous operation [40]
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2.2.2.2 Performance metrics

The typical performance metric for refrigeration systems is the thermal coefficient of performance
(COP). In traditional vapour compression systems, this metric would be the ratio of cooling effect to
work provided to the compressor. In a sorption refrigeration system, the COP becomes the ratio of
cooling effect to heat provided (equation (6)):

Qcooling

COP = (6)

Qheat source

Where Qcooting [KI] is the cooling effect obtained at the evaporator, and Qpeqt source [kJ] the thermal
energy provided to regenerate the sorbent. Two other frequently used metrics are Energy Efficiency
Ratio (EER) and Specific Cooling Power (SCP). EER is the ratio of cooling energy over electricity required

to operate the cycle (i.e. auxiliaries like such as pumps, valves etc..) (equation (7)):

EER = Pcooﬂ (7)

E aux

SCP [kW/kg] is the specific cooling power i.e. the amount of cooling power per unit mass of sorbent
(equation (8)):

Qcooling

SCP = (8)

Msorp Tcycle

Where mg,,, [kg] is th sorbent mass and 7¢y¢e [s] is the cycle time. SCP can be also weighted to the
volume of the adsorption machine. In the case of the hybrid cooling/desalination adsorption system,
the desalination performance of the system is measured with the Specific Daily Water Production
(SDWP) [m?/(kgsoro day)], expressed as (equation (9)) [41]:

Tcycle

Qcond
SDWP = N, f dt (9)
cyele 0 Pw hfg (Tcond)msorb

Where Ny [1/day] is the number of cycles per day, calculared as Neye=86400 [s/day]/Teycle, hsg (T)
[kJ/kg] is the latent heat of vaporisation of water at temperature T, mq,;p [kg] is the mass of adsorbent,

pw [kg/m3] is the water density and Qzong [KW] is the heat transfer rate at the condenser..
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2.2.3 Architecture and implementation
2.2.3.1 Standard systems

The adsorption and cooling desalination technology can be implemented employing different
approaches and exploiting different architectures. The most common one is based on the two-beds
architecture, as represented in Figure 20, where two adsorbent beds are operated in counter-phase, to
continuously produce cooling and desalinated water. This architecture can be improved further, using

heat recovery process between the beds, to increase the thermodynamic efficiency of the process.

Cooling water in Cooling water out
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A u
Water vapor §

[== Hot water in

Cooling water in =

Water production phase Vapor capture phase
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o
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Figure 20 Standard two-beds adsorption cooling and desalination architecture [42]

Among the possible improvements of the technology architecture, one of the most commonly
investigated is the four-beds one, as represented in Figure 21. This configuration allows to exploit most
of the enthalpy of the driving heating source, by operating two adsorbers in series, even employing

different adsorbent materials, thus exchanging a larger amount of water per cycle.
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Figure 21 Four-beds adsorption cooling and desalination architecture [42]

The research and development surrounding hybrid sorption refrigeration and desalination systems is
primarily driven by the need to displace the more traditional vapour compression system which tend to
use environmentally damaging refrigerants (such as R22) and need to be phased out, and the on-board
need for fresh water. However, compressor driven systems offer unique advantages such as their fast
and precise response to varying loads, to which sorption systems tend to respond discontinuously. On
the other hand, sorption systems require less moving parts, less electrical energy (only needed to drive
auxiliaries), and use thermal energy as the main energy input which is abundant on diesel engine
propulsed ships [6]. Thus, several of the envisioned architectures on ships couple sorption cycles to
existing compression vapour cycles to leverage the benefits of both technologies, at the cost of
increased space and weight occupied by the system and the additional penalty on fuel consumption.
The following section reviews some of the system architectures proposed to integrate sorption

refrigeration to vessel energy systems.

2.2.3.2 Cascade systems

The layout of the cascade system, studied by Palomba et al. [43], is shown in Figure 22. An adsorption
chiller in a basic configuration acts as a topping cycle by using hot engine exhaust gases as the heat
source for desorption, and sea-water as the cooling/condensing fluid, to produce chilled water. This

cold stream is then used to cool the condenser of a traditional vapour-compression refrigeration system
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which operates as a bottoming cycle. The cooling effect produced in the vapour-compression cycle’s

evaporator is sent to the ship’s cooling load (cold storage for fish in this case study).
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Figure 22 A sorption refrigeration system as a topping cycle using exhaust waste heat, with a compression

vapour cycle operating as a bottoming cycle in a cascade layout. Numbers on the diagram refer to 1: engine and

exhaust heat, 2: sorption chiller, 3: condenser heat exchanger using seawater, 4: vapour compression chiller, 5:

cold storage [43]

2.2.3.3 Series hybrid system

The configuration employing a series connection between sorption and compression machine, Figure

23, is more relevant whenever both cooling and refrigeration loads are simultaneously present on-

board. In those cases, the adsorption machine can be used either to cover the base load or to provide

a cooling effect along with the compression machine. Usually it allows to achieve higher flexibility in

operation thanks to the possibility of modulating the operation fo the compression machine, thus

reducing the electricity consumption as much as possible.
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Figure 23 Cooling hybrid configuration with series connection between sorption and compression system. 1—
engine; 2—sorption chiller; 3—seawater condensing heat exchanger for sorption chiller; 4—vapour compression
chiller; 5—seawater condensing heat exchanger for compression chiller; 6—brine heat exchanger for
compression chiller; 7—brine heat exchanger for sorption chiller; 8-=9—three way valves for series operation;
10—cold room [43]

2.2.4 Applications and uses

Adsorption cooling and desalination technology is still in a developmental stage. In the literature there
are some relevant studies reporting about the realization and testing of lab-scale installation for the
validation of the technology. For instance, Sztekler et al. [44] developed an experimental laboratory-
scale prototype of a combined chilling-desalination adsorption device, with roughly 1.1 kW cooling
capacity, using a three-bed configuration, employing silica gel as adsorbent material, which is the most
commonly employed due to the low cost and achievable good performance. Through a series of studies
they presented the performance of the device, which can be seen in Figure 24, with various operating

conditions, demonstrating the possibility of achieving COP up to 0.6 and SCP higher than 150 W/kg.
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Figure 24 Experimental prototype of a three-bed hybrid chilling (1.1 kW) and desalination adsorption device,
front view (top picture) and back view (bottom picture) [44]

One of the first large-scale prototypes was presented by Thu et al. [45], employing four-beds
configuration with silica gel as adsorbent and implementing an internal heat recovery strategy to
maximize the overall efficiency. Figure 25 represents the installation of the system at lab-scale. The
prototype was operated under different conditions, varying the driving temperature in order to
demonstrate the feasibility of operation at temperatures as low as 70 °C. The results confirmed the
possibility of achieving SDWP ranging from 4.27 m3/(tonne day) at 50 °C driving temperature up to
13.46 m3/(tonne day) at 85 °C. Those results were only achieved when the new control strategy was
applied. More recently, other adsorbent materials were proposed, such as innovate composites based
on silica gel and ionic liquids, which could dramatically reduce the driving temperature of the process
down to 50 °C [46,47]. Further investigations will be needed at large scale, to validate the applicability

of such a class of materials under real operating conditions.
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Figure 25 Overview of the four-beds AD cycle showing the heat recovery between the condenser and the

evaporator [45]

2.2.5 Techno-economics

Simultaneous sorption desalination and cooling in the same device is a novel developmental technology,
and therefore techno-economic data is largely absent. The most viable strategy to evaluate the techno-
economic performance is to consider the device primarily as a refrigeration/cooling device, with
desalinated water as a secondary added benefit, and derive the techno-economics from pure sorption
cooling / refrigeration. It should be mentionned however that the desalination feature would imply (a)
an increase in initial investment due to higher device complexity and due to maintenance (to remove
precipitated salt from the sorbent), and (b) the added benefit of saving fuel / power on other

desalination technologies, such as powering multi-flash desalination.

Table 2 CAPEX and power rating for different adsorption chillers

Model Cooling Power CAPEX Ref
kW] [€/kW]
InvenSor LTC30 e plus 10-35 1,327 [48]
SorTech eCoo 2.0 Silica Gel IP20 16 1,188 [49]
Unnamed Silica gel / water adsorber 8 1,331 [50]
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According to adsorption technology experts, current cooling adsorption devices in Europe go up to a
maxmimum power rating of 100 kW. Due to the system being based on sorbent beds, the technology is
more feasibly scaled down than scaled up (differently from absorption chillers where larger volumes of
liquid for absorption are more economically viable). Typical investment costs and cooling power rating

for various adsorption chillers are shown in Table 2.

2.2.6 Modelling adsorption refrigeration & desalination

Due to the lack of experimental data on a prototype developed both for cooling and desalination
provision, for the first stage of the project a simplified modelling approach was selected, by exploiting
experimental outcomes obtained on an adsorption chiller tested at CNR ITAE lab in the framework of a
previous EU-funded project, HYBUILD [51]. The tested machine was based on a two-bed configuration
with zeolite SAPO-34 as adsorbent material. It was tested under lab-scaled controlled conditions as
reported in [52]. For the specific case of ZHENIT, the experimental dataset was considered limiting the
driving temperature of the process at 85 °C, since on-board of a vessel this driving temperature should
be guaranteed. Once this operating condition was fixed, the experimental data were fitted with linear
and polynomial equations, using as a fitting parameter the temperature difference between the inlet
temperature at the condenser/adsorber (MT;,) and the outlet temperature from the evaporator (LTout),

also defined as evaporator-condenser temperature lift: ATec.

The obtained equations to characterize an adsorption cooling and desalination machine are as follows
(coefficient of performance in equation (10), specific cooling power in equation (11) and specific daily

water production in equation (12)):

COP = —0.0004 AT2. — 0.0023 AT, + 0.65 (10)
kW
SCP [E] = —0.0082 AT,, + 0.473 (11)
SDWP [k"#] = —0.2952 AT, + 17.028 (12)
kgsor day “

While the water production is maximised for lower AT, values, the minimum feasible temperature
difference is around 5 K. The practical operational value for AT, in the on-board energy system is in the

range 20 K to 25 K, based on discussions with the technology developers at CNR-ITAE.
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The amount of energy absorbed by the SCD, Fscp(t), is expressed as a linear function (or piecewise
linear function) of the net power drawn from the waste heat exiting the engine, Pscp(t), using the
coefficient of performance (COP) of the system (equation (13)). dscp(t) is a binary decision variable
which indicates whether the SCD is on or off at time t.

Fsep(t) = Peoorscp (£)scp (1) (13)

CcoP

The cooling power produced by the SCD is constrained in Equation (14) using a rated design for SCD,
Dgcq, with upper and lower bounds indicated with variables k3 scp and k4 scp. Xscp(t) is a binary

decision variable which indicates whether the SCD is included or excluded in the energy system.

k3 scpPloot scaXscp(t) < Peoorscp (t) < KascpPlogrscaXscp (t) (14)

2.3 Thermal Energy Storage

2.3.1 Introduction

Thermal energy storage (TES) is a technology designed to resolve the mismatch between the availability
of thermal energy at a certain heat source, and the heat demand elsewhere. Time discrepancy between
the supply and demand for heat is a non-negligible source of system-level inefficiency. For example,
renewable thermal energy sources such as solar or waste heat are often characterised by their
intermittency, and without storage their potential is limited to the immediate heat demand, with any
unstored energy being lost [53]. Aboard marine vessels, the time-profiles of available waste heat from
the engine exhaust, and of the on-board energy demand are very likely to be mismatched, and TES is an
obvious solution to smooth out the fluctuations of the engine thermal losses. In this way TES can be a

key element to the synergistic implementation of multiple WHR technologies within an energy system.

Broadly speaking there are three classes of TES each based on their own physical phenomenon: sensible
thermal energy storage (STES) relies on increasing the temperature in the thermal mass of a material,
latent thermal energy storage (LTES) leverages the phase change enthalpy during a phase transition of
a so-called phase-change material (PCM), and thermochemical energy storage (TCS) relies on the
enthalpy of reaction of reversible endo/exothermic reactions [53]. TCS is at an early development stage
and still displays too many technical barriers for demanding applications such as WHR. STES is the most

mature TES technology (TRL ~ 7 - 8 [54]), features some of the cheapest and simplest designs, and can
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be performed with a wide range of materials that cover a broad temperature range. LTES combines a
good technology readiness level (TRL™ 6 to 8 [54]), energy storage density (100 - 300 kWh/m? [55]), and
a wide variety of potential materials suited to different temperature ranges. Thus STES and LTES are
suitable TES candidates for on-board waste heat recovery, and are the focus of this entry in this WHR

catalogue.

2.3.2 Technology overview
2.3.2.1 Sensible Thermal Energy Storage

With STES, heat is stored by raising (during charge) or lowering (during discharge) the temperature of a
solid or liquid phase [56]. Typical materials used for STES are water, rocks, sand, concrete, molten salts,
more recently metallic materials — their selection mainly depends on the temperature level of the
application. STES is a mature technology with applications ubiquitous across society: water storage for
domestic heating applications, underground STES for large storage capacities for district heating
networks, molten salts TES for medium temperature heat storage (~250°C) in waste heat applications
or concentrated solar power (CSP) plants, among others. Water-based STES is widely used in domestic
applications for the delivery of hot water, and is a simple and cost-effective way of storing heat below
120°C [57]. In STES systems, heat is generally transferred by direct contact between the Heat Transfer
Fluid (HTF) and the storage medium [58]. The main weaknesses of STES are the relatively low energy
storage densities below 100 kWh/m?3, the fluctuating power output during discharge, and heat losses

which limit storage duration and enforce good insulation [53].

2.3.2.2 Latent Thermal Energy Storage

LTES leverages the constant temperature thermal energy absorption during the phase change of a
storage medium, generally in a solid-to-liquid or solid-to-solid transition. During charge, a HTF brings
heat to and melts the PCM, with the total chargeable energy being determined by the phase-change
enthalpy of the storage medium. The charging temperature has to be higher than the melting point of
the PCM for the heat transfer to occur. During discharge, the HTF extracts the thermal energy from the
PCM, causing it to solidify and revert to its original state before charging. The main disadvantage of LTES
is the low thermal conducitivty of PCMs, generally below 1 W/m/K [59], which enforces heat transfer
enhancement methods such as fabrication of composite materials, increasing heat transfer surface with

fins etc.. which are all methods with high physical footprint therefore decreasing the energy storage
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density of the final system; i.e. A tradeoff between improving charge/discharge power and lowering

energy storage density
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Figure 26 (a) Schematic representation of TES concept (valid for both STES and LTES), (b) thermal energy storage
material temperature as a function of stored heat, during sensible and latent heat storage [60]

The choice of PCM is generally predicated on the temperature of the available heat source. Solid/solid
and solid/liquid transition PCMs can broadly be categorised into organic paraffins, organic non-praffins,
inorganics, and eutectics. A selection of PCMs that have been proposed to be used for various WHR
applications and spanning a range of temperatures applicable to the temperatures of on-board waste
heat streams can be seen in Table 3. Organic fatty acids, inorganic salt hydrates and paraffins are
typically the selected PCM for low to medium temperature (0 to 300°C) applications. Paraffins are a very
common type of organic PCM used commercially, available from many suppliers such as Rubitherm,
PCM products, and others. They are a waxy, soft solid obtained as a byproduct of petroleum treatment
processes. Their melting point is generally found between 23°C and 67°C [61], they present good
cyclability (heat storage performance is maintained over many storage cycles) and stability, which is
counterbalanced by the tendency to volumetrically expand during melting and by a low thermal
conductivity. Molten salts and other relatively novel metallic PCMs are inorganics used for medium to
high temperatures (170 to 560°C [62]), particularly in the case of industrial waste heat and solar
applications [53]. Inorganic salt hydrates are another major class of PCM. They are characterised by
melting points in the 15°C to 150°C temperature range [63], higher thermal conductivity than other
PCMs (approx. 0.5 to 1 W/K/m), low cost and relative abundance. The main drawback is stability and
cyclability. Inorganic salts will tend to aggregate into large blocks, can hydrate in chemical sorption
reactions which changes their crystalline structure and can result in deliquescence, and their energy

storage density tends to degrade with multiple heat storage cycles.
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Finally, eutectics are generally binary or ternary mixtures of existing PCMs, with the mass ratios of the
components designed to tailor the thermophysical properties of the mixture, in particular melting
temperature and storage density. Eutectics based on inorganic salts mixtures are particularly well

studied [64].

Table 3 PCMs, and their thermophysical properties, used for internal combustion engine waste heat recovery,
list originally compiled in [65]

PCM Compound PCM Melting Heat of Thermal Density Ref
type Temperature Fusion Conductivity | [kg/m?]
[°Cl] [ki/kel [W/m/*C]

Na2S04.10H,0 Inorganic 32.4 254 0.544 1,485 (66]
Naz;HPO4.12H,0 Inorganic 36 265 = 1,522 (67]
Lauric Acid Organic 41-44.2 211.6 0.192 1,007 (68]
Stearic Acid Organic 55.1 160 0.172 848 [(69]
NaOH.H>0 Inorganic 58 - - - [70]
Paraffin wax Organic 58-60 214 0.167 790 [71]
Climsel C70 Inorganic 70 144 0.65 1,700 [71]
D-Sorbitol Organic 89-95 185 - 1,525 [72]
Xylitol Organic 92-94 256 - 15,030 (73]
Na Inorganic 91 113 85 930 [74]
Erythritol Organic 117.6 339.8 0.72 1,480 [75]
73%NaOH/23%NaNO3 Eutectic 237 280 0.63 2,241 (64]
59%LiCl/41%KCl Eutectic 352.7 2515 = 1,880 [76]
NaNO3 Inorganic 307 172 0.5 2,257 [77]

2.3.2.3 Thermochemical energy storage

Thermochemical energy storage (TCS) is a heat storage technology that leverages reversible chemical
reactions which are endothermic (i.e. absorb heat) in one direction and exothermic (i.e. release heat) in
the other. Equation (15) shows the generic form of such a thermochemical reaction. Combining two
previously separated compounds A and B results in the formation of product AB and release of

enthalpy of reaction AH — the reaction in this direction constitutes the heat discharge step. Conversely,
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compound AB can absorb enthalpy of reaction AH which will cause A and B to separate, constituting
the heat charge step. As long as the two products are kept separate, heat is stored indefinitely and

without losses, assuming no material degradation by some other physical mechanism.

AB+ AH «— A+ B (15)
Compared to the other two TES technologies, LTES and STES, TCS shows the highest energy storage
density, virtually lossless storage by keeping the constituting compounds separate with energy stored
as chemical bonds in the so-called thermochemical material (TCM), and allows for some degree of
control over the discharge power by acting on the rate of reaction (the rate of reaction is controlled
through the rate and amount of compound B put into contact with A). The main limitations of TCS are
a low technological maturity which translates into very few commercially available devices, with most
working prototypes currently at the lab / bench top scale, and some system complexity associated with

having to transport both heat and mass in/out of the TCS device.

Table 4 TCM characteristics. List originally compiled in [78]

Reaction Thermochemical Volumetric Storage | Temperature
Type Material Type Density [kWh/m?] Range [°C]
Sorption Zeolites 136-200 25-230
Silica Gels 31-41 130-150
Metal-Organic 0.17 kWh/kg 30-100
Framework
Aluminophosphates 0.13 kWh/kg 30-277
Salt Hydrates 361-867 24-214
Composites 166-308 30-250
Reaction Ammonia Based <830 350-750
Metal Based 803 - 2,050 300-1,400
Carbonates 300-889 500-1,730

Energy storage density, and charge and discharge temperature strongly depend on selection of the
thermochemical reaction. A wide variety of reversible exothermic/endothermic reactions can be used
as a TCS mechanism, and selection should be carried out according to the target application. Broadly
speaking, most thermochemical reactions for TCS are either gas-gas or solid-gas, and are categorised as
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either ‘sorption TCS’ or ‘reaction-based TCS’. Table 4 provides a selection of TCS reactions from both

categories.

2.3.2.4 Performance metrics

The primary performance metric of TES systems is energy storage density [kWh/m?3], calculated as the

ratio of energy storage capacity over storage volume (equation (16)):

Estored

Vstorage

Where Egoreq [J or kWh] is the stored energy, and Vs¢orqge [M’] the storage volume. The power
output/input during either discharge or charge is generally calculated relatively to the storage size, using

discharge and charge power densities [kW/m?], respectively calculated with equations (17) and (18).

Pchar
— ge
Pv,charge - % (17)
storage
pdischar
— ge
Pv,discharge - V. (18)
storage

Where Pcharge [W] and Pdischarge [W] are the average charge and discharge powers during the charge
and discharge cycles, respectively. The economic performance of TES can be quantified with the cost
per installed unit of energy storage capacity, the specific capacity cost [€/kWh] as calculated with (19).

CTE S

SCC = (19)

Estored

2.3.3 Architecture and implementation

Fundamentally, all thermal energy storage devices revolve around the same underyling concept of some
heat storage medium, and the necessary devices for heat transport during storage and heat extraction
during discharge [55]. In many cases the heat storage medium can be some naturally occuring area e.g.
aquifer, cavern, underground storage [79]. However, for the storage of low to medium temperature
industrial waste heat, and specifically marine vessel engine exhaust heat, the heat storage medium is

generally contained within, or is, a man-made engineered structure with some insulating component to
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minimise heat losses during the storage period. Typical options for sensible or latent heat storage media

structures at [50-350 °C] temperature range are packed beds, tanks, and heat exchanger layouts.

2.3.3.1 Hot and Cold Two tank layout

Ideally, excess thermal energy is transported to the TES without any losses which can be achieved by
having the HTF transporting the excess thermal energy also act as the heat storage material. HTF
containing excess thermal energy is stored in a so-called hot tank, while HTF that has extracted heat
from the TES and relieved it to the target application is stored in a separate container called the cold
tank, before being pumped back to the heat source when needed. This layout is represented

schematically in Figure 27.

thermal thermal
energy energy
o 0
= gy = ¢y
= =

Power Power
plant plant

(A) (B)

Figure 27 Schematic representation of hot and cold two-tank TES layout, with (A) configuration where the HTF at
the heat source is also the TES material, and (B) configuration where the HTF at the heat source is different from
the TES material with an intermediate heat exchanger [80]

2.3.3.2 Thermocline layout

The main issue with two-tank layouts is the physical footprint of such a system resulting in low system-
scale volumetric energy storage density. A similar process can be performed, except that both hot and
cold fluids are stored in a single tank, with hot fluid systematically stored or removed from the top of
the tank, and cold fluid from the bottom the tank [80]. Due to the density difference of the single fluid
at high and low temperatures, the hot and cold regions of the tank are separated by a temperature
gradient [58]. Such a layout is a well established technology in TES and called thermocline (see Figure

28).
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Figure 28 Schematic representation of thermocline TES with the temperature gradient shown at a function of its
position along the thermocline, with A: a diffuse temperature gradient and B: a sharp temperature gradient [58]

2.3.3.3 Packed bed storage layout

Packed bed thermal energy storage is a typical architecture consisting in a storage container, a storage
material and a heat transfer fluid. The TES material is packed into a porous medium within the storage
tank, generally supported by a screen, and a heat transfer fluid is flown through the intersiticial void
caused by the natural bed porosity. This layout is represented schematically in Figure 29. In the case of
STES, typical storage materials are pebbles, rocks and sand [81]. For LTES, PCM is generally encapsulated
into spheres for containment purposes and is therefore prevented from leaking during heat charge
induced melting. Packed bed storage is characterised by the use of generally cheap storage materials
and a direct heat exchange between HTF and storage material resulting in a simple design. The
properties of the porous medium need to be carefully designed to avoid significant pressure drop when

flowing the HTF and minimise fan electrical energy consumption with directly impacts system efficiency
(82].
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Figure 29 Schematic representation of packed bed thermal energy storage, adapted from [83]

2.3.3.4 Thermal energy storage in a heat exchanger layout

For LTES applications, PCMs are typically deployed in tubes within cylindrical or cubical containers in so-
called ‘pipe-layouts’. The PCM can be either within these tubes or in the intersticial space between the
tubes, with the heat being injected or extracted by a fluid flow in the space not occupied by the PCM.
Agyenim et al. [84] suggested a classification of different PCM-bases storages dependent on the
container geometry and the PCM layout (see Figure 30). This type of pipe-layout is also relevant for
sensible TES, as high thermal capacity metallic rods can be laid in this fashion for high packing efficiency,
as demonstrated by Energy Nest with their developped Thermal Battery [85], which will be discussed in

more detail in the next section.
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Figure 30 Schematic classification of LTES PCM-based storages in pipe layout based on container geometry and
inner material distribution, proposed by Agyenim et al. [84]

2.3.4 Applications and uses

While not an active application for the direct use of waste heat, TES aboard vessels can be seen as a
technological enabler used to better connect in time and space the highly intermittent available waste
heat from the engine with the energy demands on board. One of the technical specificities of on-board
WHR, in addition to the intermittent nature of waste heat availability, are the multiple temperature
levels at which waste heat is available. Waste heat streams are present in engine exhaust gases, cooling
circuits, lubricating oil, and charge air, all available at temperatures anywhere between 50°C and 300°C.
Recovery of the waste heat is further complicated by the variation in these temperature levels with the
ships’s operational profile: main engines load, geographical location which impacts ambient air

temperature and sea-water temperature.

As a way to adress the flexibility constraint, Pandiyarajan et al. [86] suggested, from their first and
second law analysis of on-board energy systems, a cascaded LTES with multiple PCMs with decreasing
melting points. From the thermodynamic analysis they found that theoretically
15.2%/14.2%/11.4%/10.4% of total energy from fuel input could be recovered at 100%/ 75%/50%/25%
main engine loads respectively. However, cascaded PCMs have mainly been investigated theoretically
through simulation, will only a limited number of experimental demonstrators at lab-scale, and have
not been optimised for dynamic heat sources [87]. Thus, current conceptual designs for marine TES aim
for a particular location within the on-board energy system, to couple a specific waste heat stream with

a relatively narrow temperature range with another WHR technology
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TES appears to be well suited to the production of hot water. At certain critical points of the ship’s
operation, such as in port and other hoteling periods (hoteling periods are periods when hoteling energy
needs i.e. crew and passenger energy needs are high), the waste thermal energy produced by the main
engines is insufficient to meet the immediate hot water needs, which is matched by additional fuel use
in the auxiliary systems. On merchant ships which use auxiliary boilers for the on-board heating demand,
Baldi et al [88] in their preliminary analysis concluded that a 1,000 m3 TES could reduce boiler fuel
consumption by 80%, saving approximately 268,000 USS (271,360€) per annum. The schematic diagram
of a similar layout for hot water production on a cruise ship with a comparison to the conventional

system is shown in Figure 31 [89].

Other WHR technologies can be synergistically combined with TES. In a report on a prior project for
implementing energy efficient technologies on ships [61], the combination of storing engine waste heat
in a TES which can then be used to drive an ORC is suggested as a promising concept. In the analysis was
assumed the integration of a PCM based TES device storing approximately 450 MJ / 125 kWh; depending
on the material, the TES volume was between 1,600 and 3,000 m? and mass between 1,870 and 2,910
tons, equivalent to a 5,580 m?® water sensible heat storage. It was assumed that the ORC uses the latent

heat of the PCM during LTES discharge, to heat the working fluid with a boiling point 100°C.

to decks from decks

VVL

(b) to decks from decks

(a)

Control volume for energy balance

V

My + 1,

: f
1,
:

- :
+1i,,, ;

1,

mix m.“ (

e l; 1,

Py My My, e t } iy

Figure 31 (a) Conventional hot water system on a cruise ship (b) modified with TES [89]

As discussed previously, the technological readiness level of TES depends on the TES subclass of interest.

The storage devices of interest in this report are those which can store heat at the available temperature
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ranges of Diesel 2-stroke engines waste heat (exhaust gases around 285°C, and seawater, cooling water,
scavenge air and lubricating oil in the range 50°C-100°C), that can store heat with large fluctuations, a
consequence of the high engine load variation, and that display a high enough energy storage density
(above 50 kWh/m? should be a minimum requirement at system-level i.e. including all TES equipment
such as pumps, piping and complete container volume) since on-board installation of WHR devices is

constrained by space.

2.3.4.1 STES

To this day, a large number of commercial STES devices can be found on the market for wide-ranging
applications. Compact low to medium temperature STES devices that can be charged with fluctuating
charge powers are reasonable candidates, such as STES targeted toward industrial waste heat recovery.
Various options can be found commercially available on the market. Energy Nest developed a modular
STES device (Figure 32a), Thermal Battery (temperatures up to 400°C), based on concrete storage with
metallic components for structural rigidity and enhanced heat transfer [85]. EcoTech Ceram also
developed a modular STES system (Figure 32b), EcoStock (temperatures up to 1,000°C), based on
ceramo-metallic materials for the storage of industrial waste heat or heat converted from electricity (via
power-to-heat) generated from intermittent sources such as solar PV [90]. Lumenion [91] have

developed a steel-based commercial STES solution for industrial waste heat, shown in Figure 33.

Figure 32 (a) Thermal Battery by Energy Nest [85], (b) Eco Stock by EcoTech Ceram [90]
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Figure 33 Lumenion steel-based thermal energy storage,left: conceptual design, right: actual 450 kWh
implementation in University of Applied Sciences (HTW) laboratory [91]

2.3.4.2 LTES

LTES is at a lower technology readiness level than STES, and as such fewer commercial devices suitable
for marine appplications are available, with most of the relevant LTES designs being at the pilot-project
scale or even at the R&D scale. The main commercial solution based on PCMs is the Sunamp Central
Bank thermal battery (Plentigrade P58 PCM formulation) [92], shown in Figure 34. The storage material
P58, modified sodium acetate trihydrate [93] which has a latent heat density of approximately 264 kl/kg
(~106 kWh/m?3) [94], has an adaptable melting point up to ~120°C that is tailored upon formulation.

a
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Figure 34 Sunamp PCM-based LTES [92]
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An example of TES specific to on-board applications is the lab-scale hybrid sensible/latent TES designed
by Frazzica et al. [95], targeted towards hot water production on ships (requires a minimum
temperature of 50°C to prevent legionella). Based on the study by Baldi et al. [96], they established that
two available waste heat streams, one around 40°C-60°C and the other between 70°C and 90°C which
are the high and low temperature water cooling flows typical of a cruise ship energy system, are
available to charge a TES. From the requirements of the heat load and the available heat sources, they
selected a PCM called S58 which is a salt hydrate-based material developed by company PCM Products
with melting point 58°C. The device is pictured in Figure 35. It contains 20 tubes of macro-encapsulated
PCM contained in polypropylene tubes (total PCM volume 40 dm? for a total device volume of 100 dm?3)
arranged as a bundle in a cylindrical stainless steel tank. The system is designed for heat to be
transported to and from the TES during charge and discharge by circulating water, to mimic the potential
integration of the system with a cruise ship water-based cooling circuits, with flow rates of 10 to 15 kg
water/min during charge and 9 to 12 kg water/min during discharge. Average discharge powers
between 15 kW and 20 kW were achieved depending on the discharge temperature, which was in the

65°C to 85°C range.
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Figure 35 Hybrid STES/LTES for on-board waste heat storage, targeted towards hot water production (a) detailed
exploded tri-dimensional view and (b) schematic representation with sensors and flow direction [95]
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2.3.5 Techno-economics

Table 5 reports techno-economic performance indicators for a variety of TES applications (sensible and
latent), including energy storage density, efficiency and volume, and installation costs specific to storage
capacity (both in €/m* and €/kWh). Most of the presented TES systems cost between 3 €/kWh (water
and gravel tanks as STES) and 250 €/kWh (Paraffin RT82 tube-in-tank LTES). The costs presented in this
section are system-level costs, i.e. they include the cost of the thermal energy storage medium, the non-

negligible cost of the container / heat exchanger, and installation.

Table 5 Techno-economic properties of thermal energy storage. Storage costs are system-level i.e., cost of the
entire process, material, and installation. Data originally synthesised in [97]

Type Material Storage n Typical Cost
Density Volume [€/kWh]
[kWh/m?3] [m?]
Tank - 60 - 80 50% - 90% 0.05-0.5 1,220 - 34.8 -
3,550 101.5
= 300 470 15.5
= 5,700 — 120 - 150 34-43
12,000
Pit = 60 - 80 < 80% 1,000 — 30 - 148 09-42
200,000
Borehole - 15-30 6% - 54% > 5,000 14 - 60 0.9-4.0
Aquifer - 30-40 70% - 90% 5,000 — 25-40 0.83 -
100,000 1.33
Shell and tube LTES NaNOs 42.8 - 700 - -
Shell and tube LTES KNOs / NaNOs3 38.8 - 58.3 - -
Packed bed LTES Li2CO3/K2C03/Na2C03 65.7 77.4% - 86.1% 19 = =
Packed bed LTES NaNOs 85.5 - 1.1 - -
Shell and tube LTES Al-Si (88-12) 28.7 - 13.9 - -
Shell and tube LTES Al-Si (88-12) 34.6 - 13.1 - -
with heat pipes
Packed bed LTES Li2CO3/K2C03/Na2C03 114.8 0.6 83,333 = =
Packed bed LTES KNOs 189.5 = 50,000 = =
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Packed bed LTES Al-Si (75-25) 82.5 32.5%-44.1% 0.4 -
Shell and tube LTES KNOs / NaNOs3 - 0.7 - -
- Sodium Nitrate - - 77,161 50.04 -
79.92
- Chloride + Carbonate - - - 17.64 -
Salts 18.72
- KOH - - 83,333 18.36 -
19.80
Shell and tube LTES Sodium acetate 68.1 90% - 95% 6.7 -
trihydrate
Packed bed LTES D-mannitol 100.6 - 14,805 -
Tube in tank LTES Paraffin - 95.3% - 37.4
- Paraffin RT82 - - 6.0 - 259.9
- Sodium acetate - - 2,500 - 58.3
trihydrate
- Erythritol - - 1,400 — - 36.72 -
2,700 41.76
- Erythritol - - 2,400.0 - 16.6

2.3.6 Modelling thermal energy storage

A methodology for TES modelling suggested in [98] is to express the stored heat as the equivalent heat
stored in a volume of hot water in a thermocline between temperature of the hot part and the cold

part, as shown in equation (20).

®
1
®) (t-1) ® TES
Vigs =V, + (MresFres — ) (20)
reS - TES presCPres(Tresnot — Tres,cota) "5 Nres
Equation (20) expresses the volume of hot water stored at time t Vr(gs as a function of the volume of

hot water stored at the previous time VT(ED, the volume of hot water added or drawn between those
time steps, and the amount of heat lost (using a thermal efficiency term nrgs). The volume of the
storage is constrained for the optimisation between the minimum and maximum allowable volume of

stored hot water (equation (31))
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A constraint is added to ensure the amount of water stored at the first time step is equal to the amount

stored at the final time step (equation (22)).

(t=to) _ 1, (t=tf)
VTES - VTES (22)

2.4 Isobaric Expansion Engines
2.4.1 Introduction

Isobaric Expansion (IE) Engines are unconventional heat to mechanical power converters, that can
essentially be described as heat engines without a polytropic gas/vapour expansion [99]. Work is
extracted from a theoretically isobaric gas expansion occuring within a cylinder. IE engines are the oldest
type of heat engines. It will suffice to mention that Savery, Newcomen, and Watt pumps fit into this
group [100,101]. Worthington direct-acting steam pump [102] and the Bush compressor [103] also
represent this type of engines. These machines were later replaced by more efficient well-known water
steam expansion machines such as piston steam engines as well as steam turbines. Over the past
decades, many IE engines have been proposed and studied again under different names and for
different applications. The current status of the IE technology and important modifications to make IE
machines competitive and cost-effective alternatives to state-of-the-art heat conversion technologies

are presented in [99].

One of the main advantages of the isobaric expansion engine is the potential for work extraction from
small temperature differences (AT > 30 °C) and using low temperature heat sources (>40 °C) [104,105].
In these temperature regions, the techno-economic performance of other waste heat to power
converters, such as ORCs or other types of heat engines, is insufficient to justify their use. Another
feature of isobaric expansion engines are their relatively simple design due to the isobaric / near-isobaric
nature of the expansion process, enabling their use as simple compressors, pumps and other converters

with specific speeds and torques [99].
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2.4.2 Technology overview
2.4.2.1 Thermodynamic cycle and basic operation

Encontech proposed significant changes to the original concepts of the Worthington steam pump and
the Bush thermo-compressor, aiming to increase their efficiency to levels comparable or even superior
to modern heat engines, above of all ORC power plants. These modifications include the application of
dense working fluids with high thermal expansion at high process temperature and low compressibility
at low temperature instead of gases, new concepts for efficient heat regeneration/recuperation and
further technical improvements. The working principle of isobaric expansion engines is based on the
continuous isobaric expansion and compression of a working fluid. The two basic implementations of

the isobaric expansion engine, Worthington steam pumps (higher TRL) and Bush thermocompressors

(higher theoretical efficiency) [99,105] are illustrated schematically in Figure 36.

Figure 36 Basic layout of isobaric expansion engines, (a) in the Worthington steam pump configuration. 1: steam
cylinder, 2: pumping cylinder, 3: steam piston, 4; pumping piston, 5: connecting rod, 6: steam inlet valve, 7—
steam outlet valve, 8—liquid inlet valve, 9—liquid outlet valve.and (b) in the Bush thermocompressor
configuration. 10: linear actuator, 11: cold side cylinder, 12: sealed piston, 13: hot side cylinder [99]

A working fluid is heated and cooled using heat exchangers, a heater and a cooler. The pistons of the
Worthington pump are rigidly connected by rod 5 and move together as a unit. The steam cylinder is
equipped with steam inlet/admission valve 6 and outlet/exhaust valve 7 shown at the top. Accordingly,
the pumping cylinder has inlet/suction valve 8 and outlet/discharge valve 9. The inlet and outlet valves
of the steam cylinder are forcedly actuated; the valves of the pumping cylinder are self-acting. When
the inlet valve of the steam cylinder opens, steam enters the cylinder and moves the piston performing
pumping stroke in the pumping cylinder. The valve remains open during the whole stroke, i.e., steam
enters the cylinder at constant pressure and does not expand in the cylinder. Therefore, during the
whole stroke, the pressure in the steam cylinder remains constant. The pump uses a very simple valves

actuation system without a cut-off mechanism and has no crank gear and no flywheel. Pumping of the
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working fluid in liquid phase from the cooler to the heater is performed by a feed pump. The Bush
thermo-compressor, Figure 36b, does not use a feed pump which is necessary for the Worthington type
IE engines. The linear actuator of the Bush type IEE sets the piston into a reciprocating motion. Moving
to the left, the piston displaces some part of the working fluid from the cold to the hot part of the
cylinder. The working fluid passes the cooler, the regenerator and the heater and heats up. Pressure in
the cylinder rises, and a part of the working fluid is displaced to produce useful work. Moving to the
right, the piston displaces the hot, compressed working fluid through the heater, regenerator and cooler
back to the cold part of the cylinder. The pressure in the cylinder drops down. As soon as it becomes

lower than the set pressure the working fluid returns back to the cylinder. Afterwards, the cycle repeats.

2.4.2.2 Performance metrics

The main performance metric for isobaric expansion engines is the thermal efficiency defined by the
ratio of net produced work W [J] over the thermal energy input Qpeat source [/] Used to heat the hot

side fluid (equation (23)).

w
Mh =5 (23)

Qheat source

The cycles of the Worthington and Bush type engines are different. Their performance metrics are

presented below.
Worthington-Type Engine.

The net produced work W is the difference between the raw pumping work output Wy, [J] from the

driving cylinder and the work provided to pump the working fluid W, [J] to the IEE (equation (24)):

W =Wy — W, (24)

The raw work output of the driving cylinder can be theoretically estimated with (equation (25)):

Wace = (Phigh = Piow) Vg, (25)
Where Pyigp and Py, [bar] are the high and low pressure levels at the beginning and end of the
expansion process, respectively, and 4V, [m®] the change in steam volume in the driving cylinder. The

pumping work W, is calculated with equation (26):

Wrp = m(h(Prign Tp.out) — h(Piows Tp,in)) (26)

This project has received funding from the European Union’s Horizon Europe research and innovation 64 | 140
programme under grant agreement No 101056801. Views and opinions expressed are however those of

the author(s) only and do not necessarily reflect those of the European Union or the European Climate,

Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting

European Union authority can be held responsible for them.




Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

[
Zhenlt D 1.1 | WHR for Maritime applications catalogue

3

Where m [kg] is is the mass of working fluid pumped per cycle, h is the specific fluid enthalpy [kJ/kg],
and Tp oy and Tp ;, [°C] are the temperatures at the pump outlet and inlet, respectively. The thermal

energy input Queat source [J] 1S calculated with equation (27):

Qheat source = m(h(Phigh; Thigh) - h(Phigh; TR,out)) (27)
Where Thign and Tg oy [°C] are the temperatures at the heater outlet and inlet, respectively. The
temperature at the heater inlet is determined by the heat exchange process in the recuperator. A
method for the determination of the heater inlet (or the temperature at the recuperator outlet) was

developed by Encontech. This method is presented in the publications [99,106].
Bush-Type Engine

The useful work generated during the cycle is:

W= fpdet = deVH + 35 PAv, (28)

where the total engine volume V;,; consists of the volumes of the hot space, Vy, the cold space, V. and
the regenerator Vi which does not change during engine operation. The interdependence of
temperatures and volumes of the individual engine compartments and the pressure is expressed by the

equation for the total mass of the working fluid:

Meor = PP, Ti)Vy + p(P, Te)Ve + p(P, Tr) Vi (29)
The heat supply to the hot part is determined from the energy balance of this space, neglecting changes

of kinetic and potential energies:

Qy = deVH + AQy (30)

Qneat source 1S the energy required to heat the displaced working fluid from the regenerator outlet
temperature (or low cycle temperature Tg, if there is no regenerator) to the high cycle temperature Ty.
A method to estimate the performance of the regenerator is the same as for the Worthington-type
engine. With equations (28) and (30), the thermal efficiency, equation (23) can be evaluated. The

modelling of the Bush-type engine is explained in more detail in [107].
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2.4.3 Architecture and implementation
2.4.3.1 Worthington Direct-Acting Steam Pump Architectures

In the Worthington steam pump configuration, two pistons are rigidly connected by a connecting shaft.
The hot steam is produced by evaporating water using the heat source. The two cylinders (steam/power
cylinder and pumping cylinder) feature inlet and outlet valves, with the steam inlet/outlet valves being
forcibly actuated, and the liquid inlet/outlet valve being self-actuated. Opening steam inlet valve lets
steam enter the cylinder and moves the steam piston / driving piston towards volume expansion, and
results in the pumping piston performing its stroke and pumps liquid out of the pumping cylinder
through the liquid outlet valve. During this entire process the steam inlet valve remains open, resulting
in the expansion process occurring without pressure variation, i.e. isobaric expansion. Once the stroke
is completed, the steam inlet valve is closed while the steam outlet valve is opened. Steam exits the
steam cylinder and the piston moves back under the pressure of liquid entering the pump cylinder

through the liquid inlet valve, which completes the cycle.

Figure 37 Integration of the Worthington steam pump IEE into a power cycle. 1: feedwater pump, 2: internal
heat recovery, 3: evaporator, 4: condenser, 5: low-pressure hydraulic accumulator, 6: high-pressure hydraulic
accumulator, 7: hydraulic motor [99]

According to Glushenkov et al. [99], the simplest way to leverage the work produced by a Worthington
steam pump IEE is by connection to a hydraulic circuit and generator, as shown in Figure 37. Water is
transported by the feedwater pump (1) through a recuperative heat exchanger (2) and evaporator (3)
which functions using the thermal energy source, upstream of the steam inlet valve. Exhausted steam
is cooled down in the recuperative heat exchanger and condensed back to liquid water in a condenser
(4). The work produced by the cycle is transported by the hydraulic circuit to the generator to produce

electrical power.
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Figure 38 Various implementations and architectures of Worthington-type IEEs. (a) Simple non-regenerative with
hydraulic motor and generator, (b) regenerative with hydraulic motor and generator, (c) regenerative with
thermal barrier piston and diaphragm, (d) regenerative with crank-gear, (e) regenerative with rotary lobe-

machine [105]

As illustrated by Figure 38, various options exist [105] to improve on the cycle performance or alter the
useful work extraction compared to the basic layout (Figure 38a). The efficiency of the cycle can be
improved through the use of a regenerative heat exchanger to preheat the inlet steam using the outlet
(Figure 38b). The regenerative heat exchanger also lowers the thermal load on the condenser thereby
reducing its size and exchange area. If high temperatures are present, a single acting free piston (which
acts as a thermal barrier piston) can be used in conjunction with a diaphragm (Figure 38c), which,
depending on the final configuration, can act as either a pressure transmitter between the piston and
the working fluid, or as both the pump and driver for the cylinders. The diaphragm provides practical
advantages such as reducing friction and leakage potential. The useful work can be extracted from the
IEE’s driving piston through kinematic mechanisms such as crank-gear (Figure 38d) or a rotary lobe

machine (Figure 38e) when shaft power or electrical power generation are needed.

2.4.3.2 Bush Thermocompressor Based Expansion Machines Architecture

Isobaric expansion engines in the Bush thermocompressor layout distinguish themselves from the
Worthington steam pumps by using a single sealed piston which separates a single cylinder into a cold
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side and a hot side. A simple integration of Bush-type IEE in a power cycle is illustrated in Figure 39. The
two sides of the cylinder are connected and communicate to one another through a heater, a
regenerator and a cooler in series. The piston can be set in motion downwards through a linear actuator.
Part of the cold fluid is displaced from the cylinder towards the hot side, being heated and evaporated
by the regenerator and heater before entering the hot side cylinder. Pressure in the hot side of the
cylinder rises, which forces the rest of the cold fluid out of the cylinder cold side into a diaphragm unit
which transfers this pressure to a hydraulic circuit. The hydraulic circuit transfers the mechanical work

to some power generation process (hydraulic motor for example)[108].

Figure 39 Integration of the Bush thermo-compressor-based IEE into a power cycle. 1: cylinder, 2: piston, 3:
heater, 4: regenerator, 5: cooler, 6: connecting rod, 7: linear actuator, 8: diaphragm unit, 9: non-return valves,
10: high-pressure accumulator, 11: low-pressure accumulator, 12: hydraulic motor [99]

During its return upwards motion, the piston displaces the hot fluid out of the hot side cylinder, through
the heater/regenerator/cooler series, back into the cylinder cold side. The pressure inside the cylinder
cold side drops, and once that pressure is below the suction pressure the cold fluid in the diaphragm
unit is forced back into the cold side cylinder. The cycle is completed and can be repeated once the

piston finishes its stroke.

2.4.4 Applications and uses

The IEEs are particularly attractive as vapor-driven pumps and compressors due to their lack of complex

kinematics and multiple energy conversion steps. In such applications, heat can be efficiently used to
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provide direct pumping and compression, that is, without intermediate generation of shaft power or
electricity, its transmission and then conversion back to mechanical energy typical of today's industry.
The energy from the pumped liquid flows can be converted to shaft power (rotary motion) or electricity
using off-the-shelf hydraulic motors. Another option is the so-called pump as turbine (PAT) technology,
which uses mass-market centrifugal pumps that operate in reverse mode i.e. as turbines. In this case,

the installation is turned into a heat-to-power converter.

Using a differential piston arrangement (a combination of two pistons with different diameters), the IE
engine-pump can deliver any pressure of the pumped liquid. This allows the engine-pump to be used
for high-pressure applications such as heat-driven water desalination, oil hydraulic power units, etc. The
results obtained with IEEs are very promising showing that the engine is a valuable alternative to the
current technologies, especially at low temperatures (< 100 °C) and low power range (< 500 kW). The
technology is easily scalable and reproducible in all industries where there is a temperature difference
> 20 °C. Thus low-grade solar, geothermal, biomass energy, and industrial waste heat with a
temperature above 30 °C can be involved in various energy conversion processes. High-pressure pumps
for water desalination and heat engines for generating mechanical energy (electricity) using geothermal,
biomass, and solar energy, waste heat of diesel engines, as well as of SOFCs and LT-PEM fuel cells are

examples of promising applications, which are presented below.

2.4.4.1 Up-THERM engine for micro- and mini-CHP systems

The Up-THERM heat engine (also known as Encontech, or ECT engine) is a novel Bush-type heat engine
suitable as a prime mover for micro-CHP and mini-CHP systems (UpTHERM). The engine targeted

characteristics are as follows:
e Electric power output: 1-3 kW with a possibility of scaling up to a few MW.
e  Fuel or heat source: natural gas and concentrated solar thermal power.

«  Thermal efficiency: not less than 40% of the Carnot efficiency, i.e. higher than 0.4 (1-TC/TH)

where TC and TH are the temperatures of the cooler and heater, respectively.

o  Engine cost in mass production: several times less than the cost of the available Stirling

type engines of the same power (200-500 €/kW versus 2.500 — 4.500 €/kW).
e  Projected maintenance free interval: 50.000 hours.

o Environmentally safe working fluid, such as water, air, carbon dioxide.
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e Applicable for micro-CHP systems for houses.

The Up-Therm engine was studied in a small power range (< 30 W) and in a broad range of heat source
temperatures, up to 600 °C. Schematic overview of the Up-THERM engine principle, assembly drawing

of the engine and its picture are shown in Figure 40 [109].
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Figure 40 Schematic overview of the Up-THERM engine principle, assembly drawing and picture of the engine.
For details, see [109]

The layout of the CHP test setup used for the engine study is shown in Figure 41. The obtained efficiency
(3—=7%) and power density (up to 1,200 W/L) were much higher compared to the previously studied IE

engines.
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Figure 41 Layout of the CHP system engine test setup

2.4.4.2 Pump for reverse osmosis desalination

Bush-type engine was developed and tested as a high-pressure pump for reverse osmosis (RO) water
desalination. Two engine versions, with a displacer actuated by an electric motor and with a self-driven
displacer, were tested using hot water heated either by an evacuated tube solar collector or by an
electric heater. The scheme of the experimental setup for testing the engine with self-driven displacer

nd its picture are shown Figure 42.
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Figure 42 Scheme and picture of the experimental set up. 1: engine-pump (internal diameter 30 mm, stroke of
the displacer 40 mm), 2: heating jacket, 3: cooling jacket, 4: diaphragm unit, 5: non-return valves, 6: high-
pressure accumulator, 7: low-pressure accumulator, 8: throttle valve, FT: flow transmitter, Pl: pressure
indicators, PT: pressure transmitters, TT: temperature transmitter

Hot water (shown in yellow) with a temperature from 60 to 95°C was pumped through the heating
jacket, providing the heat supply. Cold tap water (shown in blue) with temperature of 20 - 30°C was
supplied to the cooling jacket for the heat rejection. Refrigerant R134a was used as a working fluid.

Pictures of the solar powered test setup are shown in Figure 43.

Engine Design Specification : Cylinder Diameter : 30 mm ; Displacement : 40 mm

Figure 43 Solar powered test setup for water desalination
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The developed engine-pump is characterized by a very high specific power (power per unit volume of
displaced working fluids) up to 1.2 kW/L with a useful power of about 20 W. The obtained thermal
efficiency was at least 6.4 %. This value is very high, especially when compared with the efficiency of
known thermally driven pumps, which do not exceed 1 % (mostly 0.1 — 0.4 %) [110]. The engine-pump
can generate very high pressure using lower grade heat (starting from 60 °C) and therefore can be used
for RO processes eliminating the consumption of electricity. The efficiency of these machines can be
very high even at ultra-low heat source temperatures at which all well-known energy conversion
technologies are not applicable. Application of the IE engines-pumps for RO desalination promises a
considerable improvement to the economics of this process because of the replacement of electricity

by renewable energy and substantial reduction of the capital cost.

2.4.4.3 Vapor compressor for refrigeration

A heat driven vapor compressor for refrigeration based on Worthington type IEE was developed and

tested. An assembly drawing of the IE-compressor is shown in Figure 44.
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Figure 44 Assembly drawing of the IE-compressor. 1: compressor cylinder cover, 2: compressor cylinder, 3a and
3b: compressor and driving pistons, 4: guiding cover, 5: connecting rod, 6: vapor driver cylinder, 7: inlet and
outlet valves, 8: valve cover, 9: pillars, P1 and P2: ports for suction and discharge valves

The guiding cover 4 is equipped with a port intended for the connection of a pressurized gas receiver
providing a gas spring and a port intended for the ventilation of the compressor cylinder and lubrication
of the compressor cylinder-piston pair. The volume of the driving and compression chambers is 0.502 L
(internal diameter 80 mm, length 100 mm). An experimental set-up for testing the IE-compressor was
developed and tested. The scheme of the experimental setup, and its picture are shown in Figure 45.
The setup included the single-acting IE-compressor itself and power and refrigeration loops. In this
scheme, a recuperator was not used due to the relatively small temperature difference between the

heat source and the heat sink.
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Figure 45 Experimental Worthington-type IEE-compressor schematic representation and picture of the

experimental test rig. D: driving chamber, C-R: compression chambers, H-E: heater, P: feed pump, C-C: cooler, C:
condenser, E: evaporator, EV: expansion valve/throttle. (Kronberg & Glushenkov 2022; Kronberg et al. 2022;
Encontech IE-engine refrigerator)

In the experiments, the R134a refrigerant was used as the working fluid in both the power and
refrigeration cycles. The |IE-compressor was heated with hot water in the temperature range 30—80 °C
and cooled with tap water at 15 - 20 °C. The operating frequency was in the range of 0.2—1 Hz. The
minimum temperature obtained in the evaporator reached -14 °C. The most stable operation was
observed when the temperature in the evaporator was a little higher. At temperatures of the heat
source and heat sink of 55 °C and 20 °C the engine-compressor produced cold down to -11 °C. The
developed compressor works perfectly even at a heat source temperature below 50 °C. No other energy

conversion technologies are known to compete with the developed compressor.

2.4.4.4 Heat to electricity converter

The energy from the pumped liquid flows provided by the Worthington-type engine pump can be
converted to shaft power (rotary motion) or alternatively to electricity by means of well-known
commercial hydraulic motors. The second option is so-called pump as turbine (PAT) technology, which
uses commercially available centrifugal pumps working in reverse regime i.e. as turbines. In this case
the installation is turned into a heat-driven electric generator. In contrast to the conventional well-
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known generators it can produce electricity using very low-grade heat (> 40 °C). The available hydraulic
motors require a rather high pressure drop of about 80 bar for the most efficient operation. Therefore,
to demonstrate this application of the engine it was at first modified and then coupled with a hydraulic
motor (MI04 Var-Spe radial pistons hydraulic motor, efficiency 96%) and a wind turbine alternator.
Schematic representation of the IEE for production of shaft power, its picture and a picture of the test
rig for electricity generation from low-grade heat is shown in Figure 46. The modified engine-pump
(Figure 46) contains a differential piston reciprocating inside a differential cylinder (pumping cylinder).
Compared to the engine-pump diameter of the pumping cylinder was decreased four times. This simple

design without transmission or crank gear etc. allowed to increase the generated pressure up to 80 bar.

il

I

Figure 46 Experimental Worthington-type IEE coupled with hydraulic motor, HM, its picture and picture of the

testrig

The engine-generator was tested at the same conditions as the engine-pump (Encontech: IE engine
generates electricity). The achieved electric power was up to 400 We. This power was limited by the

heat exchangers and could have been increased.

2.4.4.5 IEEs for electricity generation in geothermal plants

Engine heating is performed directly by hot water from a geothermal well with a temperature of 70°C,
120°C and 180°C. Cooling the IE engine is performed by 20-30°C cooling water. The hot water flow rate
is 100 m3/hour. The generated electricity is used by households. If the temperature of the hot water is

high, say 120 - 180°C, then engine cooling can be performed instead with hot water at a temperature
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60 -100°C, which can be used for house heating purposes. This highly energy efficient process (no energy

losses due to engine cooling) is not considered here, but certainly deserves attention.

Working fluids and efficiencies. Refrigerant R134a can be used as a working fluid at hot water
temperatures of 70°C, 120°C. At 10 - 20 bar pressure differences and a temperature of 80-120°C, the
cycle efficiency is about 8%, see Figure 49, in section 2.4.6 on the modeling of IEE performance.
Refrigerant R32 can be used as a working fluid at a temperature of the hot water of 120 - 180°C.
Efficiency of the IE cycle with R32 as a function of temperature and pressure difference generated by
the engine is shown in Figure 47 (left). At 100 — 200 bar pressure difference and a temperature in the

range of 120 - 180°C, the average cycle efficiency is about 15%.
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Figure 47 Efficiency of IE cycle as a function of temperature and pressure difference generated by engine.
Working fluids: R32 and CO»

At high water temperatures (approximately above 120°C) carbon dioxide could be an interesting
working fluid. The efficiency of the IE cycle with CO; as a function of temperature and pressure
difference generated by the engine is shown in Figure 47 (right). At 100 — 200 bar pressure difference
and atemperature in the range of 150 - 180°C, the cycle efficiency can be higher than 20%. Some results

of the calculations are presented in Table 6.
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Table 6 Electricity generation in geothermal plants

Water temperature drop, °C

Generated mechanical power, kW 35 186 372 1,050 1,400 1,750
Energy production, GWh/year times 0.3 1.6 3.3 9.2 12.2 15.3
Cost, k€** 18 93 186 524 700 870

*number of houses was estimated assuming annual electricity consumption of 4,000 kWh (family with 1 child)
**cost of the installation was calculated based on the estimate of the specific cost of 500 €/kW. So low cost is

justified by the fact that compared to ORC installations (with specific cost of 2,000 — 4,000 €/kW) the most

expensive components — expander (turbine) and high pressure pump - are eliminated. These specific costs also

follows from the costs of small scale engines made so far extrapolated to mass production.

2.4.4.6 Heat driven high-pressure pump for ORC system

Glushenkov et al. [104] developed an experimental Worthington type IEE as a high-pressure feed pump
of the ORC unit of 10 kWe (IE engine pump in ECT’s laboratory). A picture of the engine test setup is
shown in Figure 48b, and a schematic focused on the actual IEE setup is shown in Figure 48a. The layout
consists in particular of two driving cylinders, each with their own piston, connected to a pumping
cylinder that is divided into two by a single piston. The three pistons are interconnected by two rods,

and therefore move together as unit, operating with R134a as the working fluid.

In the layout, the device is a dual acting IEE. Hot working vapour is sequentially fed to the driving
cylinders on either side of the pumping piston. If vapour is admitted and expanded in the right driving
cylinder, this drives the right-sided driving piston to the left, pumping liquid out of the left side of
pumping cylinder, and forcing exhaust working fluid vapour out of the left sided driving cylinder. At the
end of this half cycle the reverse operation is carried out, completing the full stroke. Asynchronous

opening of the relevant valves allows for continuous pumping.
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Figure 48 Experimental Worthington-type IEE (a) schematic representation 1: driving cylinder, 2: pumping

cylinder, 3: pistons, 4: connecting rods, 5: driving valve covers, 6: pumping valve covers, 7: valve actuators, 8:
inlet suction valves, 9: discharge valves, 10: manifold. (b) picture of the experimental test rig [104]

The performance of the device for three operating conditions (hot water temperatures 86.5°C, 60°C

and 40°C at a heat source consisting 2 x 12 kW heaters) features in

Table 7. The heat input, work of the feed pump and the net work presented are per cycle.

Table 7 Performance and key properties of the dual-acting Worthington IEE.[104]

28 5.5 86.5 11 29.13 0.19 1.58 54
15.4 5.2 59.7 12.5 14.23 0.09 0.71 5
10 4.9 40 10.8 8.78 0.06 0.33 3.8

The results obtained can be compared with the results for similar systems used for pumping water in
the same temperature range of the heat source and heat sink (80 — 90 oC and 10 — 30 oC respectively).
For comparison, a water pump based on the thermal power pump (TPP) was taken [111]. Its
performance, according to the authors, is on par with or better than the performance obtained by

similar existing systems. Error! Reference source not found. shows the main performance data of the c

ompared engines.
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Table 8 Comparison of nonconventional heat engines [104]

Heat engine Volume Pressure Cycle Efficiency, % Power
power difference, period, density,
cylinder(s), L bar W/L
TPP system
IE engine-pump, 0.02 15 2.5 20 6.4 1,200
Bush type
IE engine-pump, 1 23 4 500 5.4 500

Worthington type

The significant advantages of the Bush and Worthington type IE engines over similar existing systems
can be seen in terms of efficiency and power output. Compared to conventional heat engines (diesel,
Rankine cycle, ORC, gas turbines), the presented IE engine can be used at low heat source temperatures

(<100 °C) and has a very simple design.

2.4.4.7 Implementation of the IEEs in marine energy systems

Waste heat recovery from diesel engines, and especially marine diesel engines (cooling can be done
relatively easily by ambient water), is one of the most promising applications of the IEEs. Among various
techniques for low-temperature waste heat recovery, the Organic Rankine Cycle (ORC) is one of the
best heat recovery option [112]. However, despite extensive research, there are virtually no stories of

successful practical use of the ORC system to recover diesel engine waste heat.
Compared to ORC systems the IEEs have the following advantages:

o All sources of waste heat can be used (exhaust gases, exhaust gas recirculation, coolant

and even charge air with a temperature of 40-50 °C)

«  Can operate at variable diesel engine power efficiency losses, since the efficiency of the IEE

is not sensitive to its speed (frequency of the reciprocating movement of the piston).

e  Thethermal efficiency is independent of the engine size. This allows multiple small engines
to be used instead of a single large engine, providing additional flexibility with variable

diesel power and the ability to use different small engines for different applications.

«  Power output can be hydraulic, pneumatic or shaft power. Therefore, the engine can be
used for any application where mechanical power is needed. Pumping, compression and
injection of the diesel fuel is an interesting application. All applications of the IEEs
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presented in this document can be implemented on board (prime mover of CHP system,
water pumping, reverse osmosis desalination, vapor compression for cooling or air

conditioning, electricity generation).
e Simpler and cheaper.

Also, IEE can be proposed as an autonomous engine (main marine engine). The study shows that when
using carbon dioxide as a working fluid, the heat source with temperature above 600°C and the pressure

drop of 200 bar created by the engine, the efficiency of the engine can reach 50%.

2.4.5 Techno-economics

An |EE system can be constructed out of commercially available heat-exchangers and simple
machineable parts. Over 90% of initial investment costs will consist of the heater-, cooler- and
regenerator-heat exchangers. However the costs of these components will vary greatly depending on
the chosen working fluid, available temperature difference, overall power output required among other
design parameters. As such it is difficult to provide a single figure based simply on a power rating.
Furthermore any return on investment will depend almost solely on the application which initially
generated the heat. Therefore to provide a general levelized cost of energy is challenging. To still provide
an estimate; a 1 kW IEE unit may have an initial investment between €30.000,- to €40.000,- whilst a 5
kW IEE unit may require an investment between €50.000 and €95.000. The performed techno-economic

evaluation of earlier versions of the IEEs (Up-Therm engine) are quite promising.

Table 9 taken from an overview of micro CHP systems [113] (added and corrected), reports the

performance of known technologies, compared with the expected characteristics of Up-THERM engine:

Table 9 Performance of known CHP technologies

Fuel Efficiencies, % Power Specific Service Lifetim
. electrica Power, interval e,
total electrical
l, kg/kwW [hours] [hours]
kWe

Diesel engine Gas, biogas, fuel 65-90 35-45 5-20,000 2-3 340- 10,000
oils, rapeseed oil 2,000
Spark ignition Gas, biogas 70-92 25-43 3-6,000 2-3 450- 5,000
engine 2,500
Micro turbine Natural gas, gas 65-90 15-30 15-300 900-
oils, diesel, 2,500
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Stirling engine Natural gas, gas
oils, any heat, >
500 °C.

Stirling engine  Heat at 1000 °C
SDa-E!
Stirling engine Natural gas
in micro-CHP
Vitotwin 300-
WZ
Up-THERM Any heat, > 100 °C
engine
“increases rapidly with decreasing power
* MF = maintenance free

12-17

65-96

98

96

12-17

25

28

14

40(1-
Tc/Th)

Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

40-375

3-1,000

35

0.01-
1000

1-5

70

1-5

3,000

2,500-
4,500

10,00

200-
500

4,000

*ok

MF

MF

D 1.1 | WHR for Maritime applications catalogue

10,000-
50,000

100,00

50,000

Performance and costs reported in the table concern only the engine (heat-to-electricity converter),

and not the entire CHP system. It is worth mentioning that for micro power range (< 50 kW) the

electrical efficiency of the innovative engine is incomparable. Making a comparison with the

commercially available system Vitotwin 300-W of the German company Viessmann, with an electrical

efficiency of 14%, assuming a cooler and heater temperatures of 300 K and 800 K, respectively, for a

power < 3 kW, the efficiency of the innovative engine would be 25%, almost double than actual

technologies. The theoretical study by Kirmse et al. [114] showed that the Up-THERM engine can be

regarded as an attractive alternative to the ORC engine at certain temperatures of the heat-source as

the power output is comparable to or even higher than the power output of the equivalent ORC engine,

while the specific costs are much lower.

Lhttp://www.stirling.dk/page_content.php?menu_id=40&type=submenu

2 http://www.viessmann.com/com/en/press/press_releases/combined_heating_and_power/shk-107024.html|
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2.4.6 Modelling the isobaric expansion engine

2.4.6.1 MILP model

The amount of energy absorbed by the IEE, F;z(t), is expressed as a linear function (or piecewise linear
function) of the net power drawn from the IEE, Pigg(t), using the thermal efficiency of the engine
(equation (31)). 8;g (t) is a binary decision variable which indicates whether the IEE is on or off at time

t.

1
Figp(t) = EPIEE(O(SIEE ®) (31)

Where 1,5 is the thermal efficiency of the isobaric expansion engine. The work produced by the IEE is
constrained in Equation (32) using a rated design for IEE D,gg, with upper and lower bounds indicated
with variables k3 ;gg and k4 jgg. X;gg(t) is a binary decision variable which indicates whether the IEE is

included or excluded in the energy system.

k3 1ED1EEX1EE (L) < Pipp(t) < k4 1peDigpXipe(t) (32)

2.4.6.2 ENCONTECH model

Based on the experimentally validated performance maps of the laboratory scale IE engine-pumps we
can propose to estimate the real efficiency as 80 % of the theoretical. Shown in Figure 49 (left) is the
predicted efficiency of an IEE system running on R134a at varying high cycle pressures. Points where
the efficiency sharply drop off are where the high cycle temperature is insufficient to boil the fluid at
the set high cycle pressure. R134a is only one of the fluid available to use in an IEE, it is not necessarily
the most optimal choise for efficiency. Some mixtures can provide higher efficiency in certain

temperature and pressure ranges as shown in Figure 49 (right).
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Figure 49: Thermal efficiency of model IEE running on R134a (left) and a mixture of 80 mol% ammonia and water
(right)

Net power output of an IEE system running on R134a may be approximated via the following formula

wherein T is the high cycle temperature in celcius and Q is the heat input in watt:

Whet = @(0.000361T + 0.0383) (33)
The power density (defined as the work performed by the engine-pump per unit volume of the engine

cylinder) for different heat sink temperatures is shown in Figure 50 as a function of the heat source

temperature.
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Figure 50 Power density of IE engine-pump
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The developed engine-pump can be implemented in a wide power range reaching from 1 kW to several

MW. Figure 49 and Figure 50 can be used as a guideline for performance of the real size IE engine-

pumps.
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. B

Consolidated and other developmental on-board WHR
technologies

3.1 Turbo-compounding

3.1.1 Introduction

According to MAN Diesel and Turbo documentation (as of 2014-2016) on existing WHR technologies for
marine Diesel engines [1,115], the main options for efficiency improvement are turbine-driven energy
systems using engine exhaust gases. This type of WHR is also referred to as turbocompounding. While
in automotive applications the recovered power can be directly transferred to the crankshaft as
mechanical power (mechanical turbocompounding), in marine applications it is generally recovered for
electricity production using a generator and gearbox (electrical turbocompounding), due to the large

rotational speed differential between turbines and the slow 2-stroke engine crankshafts [116].

3.1.2 Technology overview
3.1.2.1 Power turbine and generator (PTG) systems

The simplest turbocompunding system are Power Turbine and Generator (PTG) systems: a power
turbine is directly driven by exhaust waste gases and connected to a generator via a gearbox. Part of
the exhaust gas (~8% to 12%) bypasses the usual turbochargers using a secondary gas connection from
exhaust gas receiver (EGR) and is directly used to run the PT. While running at SMCR, a PTG system can
be expected to produce electrical power equivalent to 3% to 5% SMCR [115].
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Figure 51 Example layout of power turbine and generator PTG WHR system (MAN [1])

PTGs are suitable for a total main engine power below 15,000 kW, and are the cheapest and smallest
option for turbocompounding systems, since the only components needed are the power turbine and
a new exhaust gas line. The design of the power turbines are generally derived from the turbocharger

designs [117,118]. A standard layout for the PTG WHR system is shown in Figure 51.

3.1.2.2 Steam turbine and generator (STG) systems

Building upon the previous system, the next system in terms of complexity is the Steam Turbine and
Generator (STG) system: a steam-driven turbine is connected to a generator via a gearbox. Steam is
produced from large single or dual-pressure boilers driven by the engine exhaust gases. To run the STG,
bypassed exhaust gases are mixed with exhaust gas exiting the turbocharger train, to increase the
temperature of the exhaust gas flow (+50°C approx.). While running at 100% SMCR, STG system can be
expected to produce electrical power equivalent to between 5% and 8% SMCR [115]. STGs are suitable
for main engine power below 25,000 kW. Differently from the PT system, the ST system is relatively
expansive and requires more space for installation. The existing boiler system would likely need

expansion, along with installation of multiple pipes for exhaust gas, steam, and condensed water. A
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condenser needs to be installed with the steam turbine, and can in some cases be as large as the turbine

itself.

3.1.2.3 Combined steam turbine / power turbine and generator (ST-PT) systems

The third and most complex turbocompounding system consists in a combined Steam Turbine, Power
Turbine and Generator (ST-PT): a combination of the two above systems. In the usual configuration, the
power turbine connected to the generator via a gearbox, with the steam turbine further connected to
the same generator by another gearbox, all on the same shaft, with the exhaust gases first being used
to produce steam in a dual-pressure exhaust gas boiler, then expanding through the power turbine. A
schematic example of the specific layout of this turbomachinery on a single shaft can be seen in Figure
52 [118]. If space in the onboard machinery is limited, the two systems may be found on separate shafts,

with each their own dedicated generators [119].

No. 1
reduction gear

No. 2 Power
.‘H titr%?:l reduction gear l-;ll:rb'ine

Automatic
clutch

Generator

G

Figure 52 Example of a steam turbine, power turbine, gearboxes and generator interconnected on the same
shaft [118]

This solution can be used for marine systems with high electrical power demand. The combined system
has the most potential of the three systems. While running at specified maximum continuous rating
(SMCR), ST-PT system can be expected to produce electrical power equivalent to approximately 10%

SMCR [115]. Combined ST-PT systems are suitable for main engine power above 25,000 kW.

Wartsila developed and presented the performance results of a combined PT-ST system [117]. The
WHRS was integrated to energy system with a Sulzer 12RT-flex96C engine (68,640 kW SMCR) and

features a dual-pressure steam turbine (called ‘steam turbogenerator’ in Figure 53) a high-pressure
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section at 8.5 to 9.5 barg, low-pressure section at 3 to 3.5 barg and running at 6750 rev/min which is
reduced down by the gearbox to 1800 rev/min for the generator. Approximately 10% of engine SMCR
was recovered as electrical power, depending on engine operating conditions and load, with ~6,500 kW
recovered at 100% SMCR. Yagi et al. for Mitsubishi Heavy Industries [118] developed a combined PT-ST
WHRS integrated to an engine with 47,740 kW SMCR featuring a single pressure Mitsubishi ATD52CLM
steam turbine rated at 2,500 kW, using steam at 267°C / 5.88 bar (8,700 rpm), a 1,700 kW rated
Mitsubishi MPT42 power turbine (20,000 rpm). The WHR system recovered 7%-9% of engine load as
electrical power, with 4,159 kW recovered at 100% SMCR.

GenSet GenSet
Economiser Economiser

Exh. gas boller T LP steam drum
sections: ST pump

=1 = I\ -
B L P-cire. pump

HF-steam
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HP Evaporator
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Jackst
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Figure 53 Example of combined PT-ST system suggested by MAN [1]

Ma et al. simulated the performance of a combined PT-ST system for a 1000 ton container ship [120].
They assumed a MAN 9K98ME-C7 engine (54,180 kW SMCR), single pressure steam turbine using 270°C
/ 7 bar steam. Depending on engine load, 8% to 12% of engine load was recovered, with 6,700 kW
recovered at 100% SMCR. MAN present the performance of the combined PT-ST system in their WHR
document [1], applied to a MAN B&W 10S90ME engine (48,510 kW SMCR), with a dual pressure steam
turbine, the low pressure steam at 4.5 bar / 148 °C, and high pressure steam varying from 10 bar / 259°C
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at 100% engine load, to 6.5 bar / 256°C at 50% load. 7% to 9% recovery was achieved depending on
engine load, with 4,315 kW recovered at 100% SMCR.

3.1.3 Techno-economics
3.1.3.1 Technical Performance maps

Figure 54 shows the complete performance maps of these combined ST-PT systems as a function of
engine load. Above ~50% engine load, the combined systems can recover approximately 7% to 14% of
engine load as generated electricity for on-board demand. The performance is dependent on many
factors such as engine conditions, weather, ship condition etc. However, a clear trend points towards
system efficiency improving with the power rating of the main engine and the engine load. A significant
drop-off is observed below 50% engine load for Ma et al.’s system and below 45% main engine load for
Yagi et al.’s system; at those engine loads the by-pass valve to the power turbine is closed, and a

minimum engine load is required to start operating the combined PT-ST system.
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Figure 54 Performance of combined PT-ST WHRS: fraction of engine load recovered as electrical power as a
function of engine load. The total recovered energy is counted as the sum of electrical power outputs of the
steam turbine and power turbine
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3.1.3.2 Economic Performance

The economic performance of on-board WHR depends obviously on the size of the ship, but also on the
operational profile which depends strongly on the type of ship. The operational profile gives a frequency
distribution of ship load operation over the course of a year, which, in combination with performance
diagrams of the WHR system as a function of engine load (as shown in Figure 54), yields the total amount
of generated electricity. The quantity of recovered electricity yields the total heavy fuel oil (HFO) savings
(HFO cost = 150 SUS/ton), from which annual savings can be calculated. Annual savings should also
account for secondary savings incurred by reducing total engine usage: maintenance and lubrication
savings primarily. Operation costs of the WHRS should also be accounted for. Olaniyi et al. [121]
collected data from various manufacturers including MAN, and provide the following initial investment

costs for turbocompounding WHR:

o 420€/kW installed for ST-PT systems, which can drop down to 150-200 €/kW on ships with
main engine power above 50,000 kW due to economics of scale, with 32,000 €/year

maintenance costs.
e 320 €/kW installed for STG systems, with 21,000€/year maintenance costs.
. 105 €/kW installed for PTG systems, with 10,500 €/year maintenance costs.

Figure 55 shows the economic performance of various turbocompound WHRS using the above
methodology and assumptions. Systems with higher complexity (combined ST-PT systems) display the
largest initial investment (lowest point of intersect with vertical axis at year 0) and high return rate (slope

of the cash flow curve). Payback times around 5 years can be expected for these types of WHRS.
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Figure 55 Economic performance of various turbo compounding WHRS, cash flow normalised for engine power
rating at 100% SMCR, 20 years system lifetime assumed, 6% interest rate

3.1.4 Modelling turbocompounding systems

The amount of energy absorbed by the turbocompounding system, Frq(t), is expressed as a linear
function (or piecewise linear function) of the net power drawn from the TC, Py (t), using the thermal
efficiency of the system (equation (31)). &3¢ (t) is a binary decision variable which indicates whether

the TCis on or off at time t.

1
Fre(t) = EPTC(t)é‘TC(t) (34)

Where n;gg is the efficiency of the turbocompounding system. The work produced by the TC is
constrained in Equation (32) using a rated design for TC Dy, with upper and lower bounds indicated
with variables ky r¢ and k, r¢. x7¢(t) is a binary decision variable which indicates whether the TC is

included or excluded in the energy system.

ki rcDrcxrc(t) < Prc(t) < kyreDrexre(t) (35)
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3.2 Steam Rankine Cycles

3.2.1 Introduction

The Rankine cycle is the basic working cycle used in vapour power plants [11]; its main function is the
conversion of thermal energy into electrical energy. Heat is used to evaporate a working fluid, and the
vapour is expanded in a turbine to produce mechanical work. Steam Rankine cycles (SRC) are
conventional versions of this cycle using water as the working fluid. SRCs are a mature technology with
multiple examples of applications for industrial WHR in steel, cement, chemical and power production

industries, which range from ~50 kW to several hundreds of MWs [122].

3.2.2 Technology Overview
3.2.2.1 Working principle

The simplified layout of a SRC is shown in Figure 56 [11]. A subcooled liquid water flow is pumped and
supplied to a boiler, using an electrical work supply to the pump Wp [J]. In the boiler, water is heated up
to its boiling point, evaporated and generally superheated beyond the boiling point, using thermal
energy Qin [J]] from the heat source. At the outlet of the boiler, water vapour is supplied to a turbine,
where it is expanded to a lower pressure, providing a net work output as mechanical energy W, [J]. The
main turbine shaft is generally connected to an electric generator. At the turbine outlet, the water
vapour is condensed back to the liquid phase by extracting heat Qout [J] before returning to the pump,

thus completing the cycle [123].

Figure 56 Basic layout of a Steam Rankine Cycle with energy and work flows [11].
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SRCs require a high temperature waste heat source in order to evaporate and superheat liquid water to
steam. Steam at around 17 bar will typically be superheated up to ~280-290°C [61,124]. Superheating
the steam is often required to prevent water condensation which causes damage to the turbine blades
by erosion. Thus, due to the pinch point in the heat exchange, the boiling and superheating process in
the SRC requires a heat sources at temperatures beyond 300°C, which can be obtained from exhaust

gas flows from fossil fuel plants or large diesel engines.

Typical SRC cycles can generally be separated into single pressure systems and dual-pressure systems
[125]. The heat exchange between exhaust gases and the water flow for each of the two systems are
compared in Figure 57, which shows a heat transfer diagram typically used when analysing SRCs. For
single pressure systems, a minimum steam pressure of 7 bar with boiling point 165 °C is chosen to

prevent acid condensation in the boiler as recommended by manufacturers.
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Figure 57 Heat transfer diagrams for single and dual-pressure SRC systems [125]

3.2.2.2 SRC configurations and on-board integration

The simplest integration of the SRC to marine energy systems is to directly use the exhaust gases in a
boiler heat exchanger to vaporise the water flow. Senary et al. [124] estimated with a thermodynamic
model that the integration of a SRC aboard a LNG carrier can recover up to 16% of the waste heat (i.e.
8% fuel efficiency increase with a 50% engine efficiency) at 100% SMCR, generating ~7 MW electrical

power. In this configuration steam is generated at 17 bar, superheated to 280°C in a SRC layout where
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water is preheated in economiser, evaporated and superheated using exhaust gases as the heat carrier
as shown in Figure 58 [124]. This layout is relatively simply as the Rankine cycle is in the most basic
layout (single loop, no regeneration) and uses a single temperature heat source, for electrical power

generation without any coupling with other WHR technologies.

Exhaust gas out
w

Economizer hiw : :

Feed water tank

91" tvaporator

Super heater | "'

=
f

Exhaust gas in Feed wate
Condenser d
pump

Steam turbine

v

Figure 58 Simplified steam Rankine cycle layout using exhaust gases to heat, evaporate and superheat a flow of
water [124]. The steam turbine is commonly connected to a generator to convert the mechanical power output
to electrical power.

Indeed, coupling the SRC with other WHR technology which can leverage the heat recovered during
steam condensation has been investigated in various configurations. Furthermore in some layouts
multiple waste heat sources are used in series to generate steam. Rivera-Alvarez et al. [126] suggest
coupling a SRC with a conventional turbocompounding steam turbine, a typical currently implemented
WHR technology for marine energy systems (see previous section 3.1 on Turbocompounding), in a so-
called combined cycle system. The layout is shown in Figure 59. In their analysis, they evaluate the trade-
off of increasing the efficiency of the two coupled turbine systems which increases system weight and

therefore technical complexity, space required on-board and results in increased fuel consumption.
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Bottoming Cycle

Figure 59 Combined gas turbine cycle with steam Rankine cycle for marine energy systems [126]

Liang et al. [127] used a thermodynamic model to evaluate the performance of a SRC coupled to an
ammonia-water pair based absorption refrigeration cycle (absorption refrigeration cycles are reviewed
in more detail further in this report in section 0). The condenser of the SRC serves as the evaporator in
the absorption refrigeration cycle, with water condensation occuring in the 52°C to 82°C temperature
range at 0.7 bar absolute pressure. SRC working fluid is preheated with jacket cooling water (JCW,
temperature around 315°C) from the engine cooling systems, and evaporated and superheated by heat
from the exhaust gases which are available around 325°C. At 100% SMCR, they calculated a cycle net
power output of 128 kWe and cycle efficiency of approximately 19%.
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Figure 60 On-board steam Rankine cycle coupled with absorption refrigeration [127]
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In their comparison of various power cycles for marine WHR, Larsen et al. [128] suggest using engine
JCW and charge air successively to preheat the water circuit of a SRC before carrying out evaporation in
a dual-pressure boiler system (3.4 bar and 9.8 bar) using the exhaust gases. The integrated cycle at 100%
SMCR increased the fuel efficiency of the system from 49.4% (engine and turbucharger without WHR),
to 51.1% with the SRC, equivalent to a 3.44% cycle thermal efficiency.

On a bulk carrier, Vanttola and Kuosa [61] from VTT Technical Research Centre of Finland, evaluated via
pinch analysis that the integration of a SRC could lower auxiliary fuel expenditure 18.8%, which
effectively corresponds to a total fuel consumption decrease of 4.7%. The methodology used aimed to
identify the maximum energy recovery (MER), while also accounting for the various ship operating

conditions relating to its yearly operational profile.

3.2.3 Techno-Economics
3.2.3.1 SRC Technical performance

The performance of the SRCis generally measured with the cycle thermal efficiency, defined as the ratio
between the net work production (equal to the difference in work produced at the turbine and work

provided to power the pump) and the thermal energy provided, see equation (36).

=t b (36)

There are little to no examples of currently integrated SRCs in on-board energy systems. As has been
seen in the previous section, most studies involve the theoretical integration of SRCs and the evaluation
of their behaviour and performance through modelling. The technical performance of these SRC

systems proposed in the literature is shown in
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Table 10. The proposed systems use either a single heat source for the entire boiling process (exhaust
gases, marked as ‘EG’ in the heat source types), or multiple heat sources from the exhaust gases, jacket

cooling water (JCW), and charge air (CAC). In the latter case the type, temperature and extracted power

from each heat source are indicated.
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Table 10 Technical performance of proposed on-board integrated SRCs

ICE Power T heat source Heat Source P heat source W net n src
IMW][ [°C] Type (kW] (kW]

373.0 7,016.4 16%-20%  [124]
51.5 325.4/89.9 EG /IJCW 654.7 127.8 19.5% [127]
19.7 234.0 EG 3426.9 864.0 3.4% [128]
= 300-200/ 148 / EG (AE) / CAC/ 1000.0/359.3/242.8  162.7 16.3% [61]
85 JCW

3.2.3.2 SRC costing elements

Oak Ridge National Laboratory reported [122] the findings of consulting and technology company ICF
which feature cost estimates for the installation and maintenance of SRCs as a function of the cycle net
power output, which can be seen in Table 11. In-house data, commercially available systems and
discussions with industrial stakeholders helped develop these cost estimates. Capital costs for SRC range
from ~ 3,500 €/kW at low capacities to 1,400 €/kW for the largest systems. The authors of the initial
study specify that these values do not account for contingency for site-specific charatceristic, and actual
costs could potentially be higher; however these values provide a reasonable estimate and inform how

the cost could scale with installed capacity.

Table 11 ICF's steam Rankine cycle cost estimates (capital investment and O&M) as a function of installed
capacity, reported by Oak Ridge National Laboratory (ORNL) [123], costs converted to euros and annualised

Capacity (kW) Capital Costs O&M Costs Ref
(€£/kw) (€/kW)

50 - 500 3,500 0.015

500 - 1,000 2,900 0.01

1,000 - 5,000 2,100 0.009 (122]
5,000 - 20,000 1,750 0.007

> 20,000 1,400 0.006
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3.2.4 Modelling the steam Rankine cycle

The amount of energy absorbed by the SRC, Fspc(t), is expressed as a linear function (or piecewise
linear function) of the net power drawn from the SRC, Psgpc(t), using the thermal efficiency of the
system (equation (31)). dsgrc(t) is a binary decision variable which indicates whether the SRC is on or

off at time t.

1
Fspe(t) = @PSRC(O(SSRC(LL) (37)

Where nggc is the efficiency of the SRC. The work produced by the SRC is constrained in Equation (32)
using a rated design for SRC Dggrc, with upper and lower bounds indicated with variables k; sg¢ and
k; src- xsrc(t) is a binary decision variable which indicates whether the SRC is included or excluded in

the energy system.

k1 srcDsrcXsrc(t) < Psre(t) < k2 sreDsrcXsre(t) (38)

3.3 Thermoelectric Generation (using Seebeck effect)
3.3.1 Introduction

Thermoelectric generators (TEG) are devices based on solid-state semi-conductors designed to convert
thermal power into electrical power. A set of thermoelectric modules are arranged between two heat
exchangers, with each thermoelectric module being composed of up to hundreds of thermoelectric
pairs (electrically in series and thermally in parallel) [129]. The rugged, reliable nature of TEG has made
it a technology of choice in extreme environments. The traditional field of applications of TEGs was/is
the space industry, used on-board long distance satellites due to the compact, continuous, reliable
supply of electricity [129]. Nowadays TEG is increasingly being investigated for heat recovery in various

transport and industrial sectors, including the maritime sector.

3.3.2 Technology overview
3.3.2.1 Working principle

A temperature difference between two different semiconductors yields a voltage gradient between the

two materials via the so-called Seebeck effect. The magnitude of the generated voltage gradient
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depends mainly on the temperature difference and the material constituting the two semiconductors,

see equation (39).

V=ST,-T,) (39)
Heat is provided on one side of the semiconductors, and rejected on the other side. TEG devices are
assembled by combining semiconductor pairs: one n-type semiconductor (with excess electrons i.e.
negative charge) and one p-type semiconductor (with a missing electron i.e. positively charged). A
typical arrangement is shown schematically in Figure 61 [130]. A metallic, conducting stripe (gold or
nickel) acts as the junction between two semiconductors. Examples of semi conductor material could

be bismuth telluride (Bi,Tes) or lead telluride (PbTe) [131,132],

Waste heat Exchanger

’_ ] [Conduc(ing Stripe | I | J

[ . - .Ceromic Plate - - ]

Sink heat Exchanger

® &

Figure 61 Typical layout of a thermoelectric generator [130]. Pairs of semiconductors are arranged electrically in

series, and thermally in parallel

In the context of marine applications, the main advantages of TEG are silent operation, no moving parts
which reduces maintenance requirements and results in a long lifespan, low weight and physical
footprint, and direct conversion between thermal and electrical power (different from most heat-to-
electric converter with an intermdiate mechanical energy conversion using an alternator). The main
disadvantages are the low conversion efficiency (below 5%) and low power ratings which result in poor

cost-efficiency [130].

This project has received funding from the European Union’s Horizon Europe research and innovation 100 | 140
programme under grant agreement No 101056801. Views and opinions expressed are however those of
the author(s) only and do not necessarily reflect those of the European Union or the European Climate,
Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting

European Union authority can be held responsible for them.



Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

[ ]
It D 1.1 | WHR for Maritime applications catalogue

5
3

3.3.2.2 Performance Metrics

The performance of TEG devices is evaluated using efficiency 1, which depends mainly on the cold side

/ hot side temperature difference, calculated with equation (40):

T, —T, NT+2T —1
Th \/1+ZT+%
h

Where Ty, is the hot side temperature, T, cold side temperature, T the average temperature (T =

= (40)

(Ty+T.)/2 and ZT is an overall dimensionless figure of merit for TEG devices with Z being the factor of
merit. The factor of merit Z depends on the properties of the semi-conducting materials constituting
the TE device, as is shown in equation (41), where &, p, and A are Seebeck coeffcient, electrical resistivity
and thermal conductivity of positively (p) and negatively (n) charged semiconductors, respectively. ZT

typically ranges between 0.5 and 2 [133].

7 = (ap B an)z
B ((Appp)l/z + (Anpn)l/z)z

Figure 62 shows the graphical representation of equation (40), i.e. the effect of source/sink temperature

(41)

difference on thermoelectric efficiency for various figures of merit ZT, along with the theoretical Carnot
efficiency. Outside of very large temperature differences (AT > 200 °C), thermoelectric generation can

be expected to show an efficiency below 10%.

60% T T T T T T
—e—7T=0.5
—e—ZT=0.8 D
50% ZT=1.0
—e—7T=2.0
—&— Carnot efficiency

20%
D
10% S o000
o B888ss e e sce00000000
00 REEETTE T
0 50 100 150 200 250 300 350
AT [K]

Figure 62 Thermoelectric efficiency values for various figures of merit ZT, compared to theoretical Carnot
efficiency, with heat sink temperature Tc = 50°C, adapted from [129]
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3.3.3 Applications

Figure 63 and Figure 64 show examples of designs of TEG devices for marine waste heat recovery. These
designs were made specifically for the recovery of heat from flue gases from on-board waste
incinerators. The TEG in Figure 63 uses sea water (5°C to 30°C) as heat sink. The device geometry was
optimised for maximum efficiency, maximum net power gain or cost per unit power [$/W] minimisation,
with module thickness and spacing as the optimisation variables. Devices were obtained with net work
outputs between 27.4 kW, and 57.7 kW, depending on the objective function for the optimisation,
which cost between 2.46 $/W. and 7.42 $/We.

The TEG device in Figure 64 is designed for waste heat recovery in a ship waste incinerator plant, which
is a type of on-board waste and pollution management device that operates at temperature range 850-
1200°C with exhaust gases that are typically cooled down to below 350°C by heating the ship’s fresh
water supply [134]. The dimensions of the device are 500 mm length, 100 mm inner diameter with 6
mm pipe thickness, and the system is constituted of 42 individual TEG modules arranged into a
hexahedron. With a maximum hot side temperature of 520°C (cold side at 30°C), a 882 W, power output
can be achieved, which corresponds to 4.32% efficiency according to the authors. This efficiency is likely

to be lower since pumping power for cold side cooling was not added to the final energy balance.

Thermal spreader

Flue gas channe

Cooling channel

_ TEM
“ |sec

Figure 63 TEG heat exchanger example [135]. TEM = thermoelectric module, Lsec = section length
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Figure 64 TEG designed for recovering waste heat from ship incinerator exhaust gas [134]

Due to small size as demonstrated in the preceding figures and low net power output, TEG installation
is typically envisionned as arrays of TEG modules arranged onto the surfaces of suitable ducts carrying
waste heat, such as exhaust ducts in ICE-driven ships. In this applications a probable pitfall is cooling the
TEG on the cold side, which could require pumping thus making overall efficiency negligible. Armenakis
et al. suggest attaching TEG arrays to the inner surface of the ship hull, below the lower water line. The
inner side of the wet hull metal plates is almost always cooler than 30°C; thus when considering the
potential temperature range of exhaust gases and TEG performance based on temperature difference,
overall efficiency should be reasonable, especially with cooling without pumping and with an infinite
heat sink [136]. This infinite cooling capacity is generally highlighted as one of the main reasons why
TEG could be particularly suited to marine applications [129]. Another aspect supporting TEG is the
ability to convert difficult to recover heat, such as in the case of radiated heat energy; TEG needs simply
to be installed on the machinery surface. According to Freer and Powell [133], the main current
limitation to TEG in marine applications are the high cost / low availability of the best performing semi-
conductor materials, and efforts should be focused on developing new high performance materials for

economic viablity to be achieved.

3.3.4 Techno-economics

Thermoelectric generators and modules are available from various manufacturers including Tegmart
[137], Hi-Z [138], Tecteg [139], and Marlow Industries [140]. The following section analyses costing
elements of TEG based on the commercial modules provided by these manufacturers. The absolute cost

of thermoelectric modules tends to increase as the power output of the module increases (see Figure
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65). All of the analysed TEG modules cost between 10 € and 70 €, for absolute power outputs in the
range 1 W. to 80 W.. However, as can be seen from Figure 66 the specific cost of modules with
increasing power density tends to decrease, incentivising purchases of high power TEG modules, above
5 kWe/m?. Surface-specific power outputs can be found in the range 5 to 50 kWe/m?. For TEG modules

above 5 kW./m? the specific cost can be expected in the range 0 — 4,000 €/kWe.
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Figure 65 Absolute cost of commercial TEG modules as a function of maximum power output
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Figure 66 Specific cost of commercial TEG modules as a function of surface power output
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3.3.5 Modelling thermoelectric generation

The amount of energy absorbed by the TEG, Frgg(t), is expressed as a linear function (or piecewise
linear function) of the net power drawn from the TEG, Prgg(t), using the efficiency of the system
(equation (31)). dtgg(t) is a binary decision variable which indicates whether the TEG is on or off at

time t.

1
Freg(t) = , Prgg(8)01ec(8) (42)

TEG

Where n1gg is the efficiency of the TEG. The work produced by the TEG is constrained in Equation (32)
using a rated design for TEG Drgg, with upper and lower bounds indicated with variables k; tgg and
k; tEG- XTEG(E) is a binary decision variable which indicates whether the TEG is included or excluded in

the energy system.

k1 1EGDrEGXTEG(Y) < PrEG(t) < k2 TEGDTEGXTEG(L) (43)

3.4 Absorption Refrigeration
3.4.1 Introduction

Cooling capacity is needed in maritime applications, regardless of the ship type, in the form of cabin air
conditioning, medicine preservation, and food storage and transport, particularly aboard fishing
trawlers etc... While most cooling power generation machinery is electrically powered, recent research
has been motivated by the search for energy efficient heat-driven refrigeration systems. On ships, such
refrigeration systems can be driven by the waste heat supply from diesel engine exhaust gases and
cooling flows. Absorption refrigeration leverages the low boiling point of a refrigerant to remove heat
from another fluid flow as the refrigerant evaporates, resulting in the intended cooling effect. A heat
source is then used to regenerate the sorbent and recover the refrigerant in vapour form. Thus,
absorption systems are similar to common vapour compression systems, except that rather than
compressing a refrigerant between evaporator and condenser using mechanical energy, the refrigerant
is absorbed by a secondary liquid to form a solution, which is later regenerated using thermal energy.
One of the main advantages of absorption refrigeration is that the process of pumping the working
solution that has absorbed the refrigeratant requires significantly less work than compressing the

equivalent vapour in the vapour-compression system, due to the lower specific volume of the liquid
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solution [11]. Typical refrigerant/absorbent working pairs are ammonia/water (water is the absorbent),
and water/LiBr (water is the refrigerant), with the former suited to lower temperature application
(evaporation of the refrigerant occurs at sub-zero temperatures) while the latter may be targeted

towards low-temperature heat sources since evaporation occurs at ~5°C [141].

3.4.2 Technology overview
3.4.2.1 Working principle

Three key stages form the absorption refrigeration cycle [61] which is schematically represented in
Figure 67. Evaporation during which the liquid refrigerant flows from the condenser (state 2), through
an expansion valve (state 3) and into an evaporator. The refrigerant evaporates by removing the heat
at low temperature from a second flow (water), thereby producing the intended cooling effect (state
13 to 14). Absorption during which the refrigerant vapour is chemically absorbed in a solution tank called
absorber, thereby forming the so-called strong solution. This chemical reaction is exothermic, and
cooling water is circulated through the absorber to remove the excess heat (states 15 to 16) since the
amount of water which can be absorbed by the refrigerant increases as the temperature of the
refrigerant decreases [11]. The strong solution is then pumped to a higher pressure towards the
generator (states 10, 9 and 8). The refrigerant then undergoes regeneration, the stage during which the
heat source is used to desorb the refrigerant in the generator, thereby returning it to the vapour state,
from the absorbent which is now the so-called weak solution. Weak solution is returned to the solution
tank through a valve (states 7, 6 and 5), whilst the refrigerant vapour is returned to the condenser (state

1), thereby completing the cycle.
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Figure 67 Basic Principle of Single-Effect Absorption Refrigeration Cycle [142]

3.4.2.2 Performance Metrics

The main performance metric for absorption refrigeration systems is the coefficient of performance
(COP) which is the ratio of useful cooling power obtained at the evaporator (i.e. the phase-change
enthalpy absorbed by the cycle working fluid) over the heat provided at the generator and the power

required for pumping the working solution (Equation (44)):

Qevap

copP =
Qgenerator + Wpump

3.4.2.3 Cycle configuration

In practice, two modifications are often made to the basic cycle shown previously in Figure 67. The
interface between the generator and the absorber features a heat exchanger so that the strong solution
entering the generator is preheated by the flow of weak solution returning to the absorber. This
modification reduces the amount of heat needed at the generator to regenerate the absorbent. The
other modification typically found is the addition of a rectifier between the generator and condenser;
the function of the rectifer is to remove traces of absorbent from the refrigerant as it enters the
condenser. The modified cycle with rectifier and intermediate heat exchanger is shown in Figure 68.
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The system presented in Figure 68 can still be considered as a simple absorption cycle since it is formed
of a single absorption stage. Multiple stage absorption cycles are capable of achieving refrigeration at

significantly lower sub-zero temperatures [143].
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Figure 68 Single-Effect Absorption Refrigeration Cycle with Intermediate Heat Exchanger and Rectifier [11]

ch

Figure 69 (left) 2AA WHR absorption chiller by WorldEnergy which uses hot water at approx. 70°C as the heat
source. Retrieved from [144]. (right) hot water driven absorption chiller designed by Kawasaki Thermal
Engineering, retrieved from [145]
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3.4.3 Applications

Cao et al. [142] proposed a configuration for the integration of absorption refrigeration onboard a cargo
ship targeted towards cabin air conditioning, using waste heat carried by the main exhaust gas flow. The
performance of the system was evaluated with modelling and simulation. The schematic representation
of the configuration can be seen in Figure 70. Heat from the exhaust gas is used to produce hot water
which acts as the heat carrier into the generator. The absorber and the condenser are cooled by sea
water. Clean water brings the evaporation heat to the refrigerant inside the evaporator, and this process

yields chilled water which is transported to the ship’s HVAC system.
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Figure 70 Integration of an absorption refrigeration cycle in a marine application, directly using exhaust gas
waste targeted towards cabin air conditioning [142]

The performance and temperature level of various absorption cooling devices designed for sub-zero

refrigeration using ammonia as the refrigerant are shown in Table 12. Cycles are shown with increasing

This project has received funding from the European Union’s Horizon Europe research and innovation 109 | 140
programme under grant agreement No 101056801. Views and opinions expressed are however those of

the author(s) only and do not necessarily reflect those of the European Union or the European Climate,

Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting

European Union authority can be held responsible for them.




- Zero waste Heat vessel towards relevant
e - -
R Energy savings also thanks to IT technologies
[ ]
Zhenlt D 1.1 | WHR for Maritime applications catalogue
level of system complexity; single stage cycles which refrigeration up to -30°C, while with more complex

systems with two stages, two cascaded stages or an additional compression step refrigeration

temperatures can be brought down as low as -50°C in some cases.

Table 12 Performance and characteristics of sub-zero refrigerating absorption devices using ammonia as
refrigerant, data originally synthesised in [143]

Cycle Evaporation CoP Working Fluid Ref
Temperature
Single-stage -30to5°C 0.25-0.55 NHs - H20 [146]
-18to3°C 0.49-0.58 NHs - H20 [147]
-8°C Solar COP NHs - LiNO3 [148]
0.066 - NHs - LiINOs3 - H20
0.093
-10°C 0.6 NHs - H20 [149]
-30to 10°C / NHs - H20 [150]
Doube-stage cascade -20to0°C 0.17-0.31 H,0 - LiBr // NHs - [151,152]
H20
-20to0°C ~0.25 NH3 - H20 // NH3 - [152]
LiNOs
-70to-30°C 0.20 - 0.65 NHs - H20 [153]
-45°C 0.25 NHs - H20 // CO2/NH3 [154]
Double-stage -15to0°C 0.32 NHs - LiINO3 [155]
0.29 H20 - NHs
-15°C 0.27 NHs - NaSCN [ref]
0.27 NHs - LiNO3
Absorption/Compression -10°C 1 NHs - H20 [155][155]
-50°C 0.58 NHs - H20 [155]

3.4.4 Techno-economics

Table 13 reports key investment, installation and O&M costs for absorption chillers, based on composite

values (i.e. values synthesised from various case studies which to do not refer to a particular system)
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provided by US department of Energy [156]. Installation costs for absorption refrigeration systems can
be found in the range 500 — 2,000 £/kW. The higher costs tend to be found for the lower capacity
systems. Furthermore can be seen the high share of construction and installation which are

approximately up to twice the cost of purchasing the equipment.

Table 13 Composite absorption chiller investment and O&M costs, costs converted and annualised, taken from

US department of Energy document [156]

Design Heat Nominal Equipment | Construction Installed O&M Costs
Source Cooling Cost and Cost (cts/kWh)
Capacity (€/kW) Installation (€/kW)
(kw) (€/kw)
Single Hot Water 175 652 1,293 1,945 0.195
Stage
1,540 301 444 746 0.065
LP Steam 4,620 266 318 584 0.032
Two HP Steam 1,155 386 587 973 0.097
Stage
4,620 324 389 713 0.032
Exhaust 1,155 431 639 1070 0.097
Fired
3,500 301 347 648 0.032

3.4.5 Modelling absorption refrigeration systems

The amount of energy absorbed by the absorption refrigeration system, Fags(t), is expressed as a linear
function (or piecewise linear function) of the net power drawn from the ABS, Ppps(t), using the
coefficient of performance of the system (equation (31)). §ags(t) is a binary decision variable which

indicates whether the ABS is on or off at time t.

1
Faps(t) = —— Ppps(t)COP (45)
NABS

Where g5 is the efficiency of the ABS. The work produced by the absorption refrigeration system is
constrained in Equation (32) using a rated design Dpgs, With upper and lower bounds indicated with
variables kj ags and k; ags. xaps(t) is a binary decision variable which indicates whether the ABS is

included or excluded in the energy system.

k1 aBsDapsXaps(t) < Paps(t) < k3 apsDapsxaps(t) (46)
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3.5 Organic Flash Cycles
3.5.1 Introduction

Organic Flash Cycles (OFC) belong to the same class of WHR technology as ORCs, i.e. power generation
cycles where a liquid flow is turned to gas by a heat source before expansion in a turbine. More
specifically, OFCs are a modified variant of the ORC, developed as a result of the limitations of trilateral
ORCs due to the absence of two-phase expanders, for which research is still ongoing [157]. Another
limitation to conventional, single-component ORCs is the inevitable temperature mismatch between
the heat source (which displays a linear temperature profile) and the working fluid (which, outside of
the preheating and superheating, shows a near-isothermal temperature profile during phase change).
In the OFC heat is provided to the working fluid until reaching a saturated liquid state, with a vapour
phase being generated in a consecutive flash evaporation step. This method enables a narrow
temperature difference between heat source and working fluid throughout the entire heat exchange
[158], thus minimising irreversibilities and exergy destruction [159]. While the potential of OFCs has
been extensively studied through thermodynamic modelling, practical applications are still very limited
[159].

3.5.2 Technology Overview
3.5.2.1 Working Principle

The basic layout of an OFC is shown schematically in Figure 71 [160]. In the OFC, the working fluid is
heated in the heat exchanger up to a saturated liquid state. After contact with the heat source, the
working fluid is throttled, or flash evaporated, to a lower pressure liquid-vapour mixture. The flow is
then separated into saturated liquid and saturated vapour phases. The vapour phase expands in the
turbine; as with all power cycles of this WHR class, useful cycle work is extracted at this stage. The lower
pressure vapour phase at the turbine outlet is then mixed with the liquid phase exiting from the flash
evaporator outlet which has bypassed the expander and had its pressure lowered to the condensastion
pressure by a throttling valve. The mixture is pumped to a higher pressure before returning to the heat

exchanger, thus completing the cycle.
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Figure 71 Schematic representation of a conventional Organic Flash Cycle layout [160]

3.5.2.2 Performance Metrics

As for most vapour expansion-based power cycles, the performance of the OFC can be quantified by
the net work output as the turbine, and the efficiency of thermal energy to mechanical energy
conversion. Net work output W, is the different between the work output at the turbine and the work

provided to circulate the working fluid through the process (equation (47)):

Wnet,OFC =W, — I/Vpump (47)
The thermal efficiency 1y, is the ratio between the net work output of the OFC with the thermal energy
used to evaporate the ammonia-water mixture (equation (48)):

Whet
Nenorc = ———— (48)

Qheat source

3.5.2.3 Configurations and on-board integration

A common variation of the conventional OFC is the double-flash OFC, which is inspired from the double
flash steam cycle found in geothermal power generation plants [161]. The layout of the double-flash

OFCis shown schematically in Figure 72. The flash evaporation process is carried out in two steps at two
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different pressure levels. The vapour phases separated from each evaporator are expanded in two
different turbines (high pressure, HP, and low pressure, LP) connected to the same train. This
modification is known to increase the amount of working fluid evaporated and expanded, and therefore

increase power production compared to the conventional OFC.

Figure 72 Schematic representation of the double flash OFC layout [161]

In practice, the temperature difference between the returning working fluid and the heat source is large
enough to enforce a very large heat exchange surface area, negatively affecting cost. A commonly
suggested cycle architecture improvement is to leverage the enthalpy of the working fluid liquid phase
at the outlet of the flash separator by mixing it with the working fluid which has been expanded and
condensed beforehand (in the conventional cycle the vapour and liquid phases are mixed before
condensation). This so-called Organic Flash Regenerative Cycle (OFRC), presented schematically in
Figure 73, has the benefit of reducing heat exchange surface area requirements of the condenser and
of the main heat exchanger [160,162]. In their cycle analysis comparing OFRC to OFC using I-pentane as
the working fluid, Baccioli and Antonelli [160] noted a surface area reduction of ~47% and ~6% for the
main heat exchanger and condenser respectively, corresponding to a cost reduction of ~16% and ~6.5%

for these components.

This project has received funding from the European Union’s Horizon Europe research and innovation 114 | 140
programme under grant agreement No 101056801. Views and opinions expressed are however those of

the author(s) only and do not necessarily reflect those of the European Union or the European Climate,

Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting

authority can be held responsible for them.



Zero waste Heat vessel towards relevant

£,
“. Energy savings also thanks to IT technologies
' ®
Zhenlt D 1.1 | WHR for Maritime applications catalogue
4

HTF in Flash evaporator

Rotary expander
& electric generator

-
ls = —0—

4

Heat exchanger

1 -
Feed Pump

HTF out

&9

Circulating pump Condenser

Figure 73 Schematic representation of a Organic Flash Regenerative Cycle layout [160]

3.5.3 Techno-economics

Table 14 shows a synthesis of technical performance data of proposed OFC layouts. Data was either
directly extracted from the scientific literature or derived from available secondary data, while certain
values were unavailable. In these suggested systems, electrical power outputs in the range 5 —200 kW,
can be expected using heat sources with power approximately 100 to 2000 kW1, and with temperatures
between 120°C and 200°C. As is commonly seen with power cycle-based WHR technologies, overall

performance can be seen to scale with heat source temperature.

Table 14 Synthesis of technical performance data of Organic Flash Cycles in scientific literature

Type PHeat source T Heat source Working Whet Nh [%] Ref
(kW] [C°] Fluid (kW]
OFC 530.0 180 R245fa 50.65 9.56% [158]
OFC 508.9 180 R123 43.97 8.64% [158]
OFC 552.6 180 o-xylene 45.04 8.15% [158]
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OFC 7413 150 N-heptane [162]
OFRC 571.7 150 N-heptane [162]
OFC 100 180 | pentane 7.09 7.09% [160]
OFRC 100 180 | pentane 6.70 6.70% [160]
OFC 2717 150 | pentane 144.41 5.31% [163]
2 phase 2717 150 | pentane 165.52 6.09% [163]
OFRC

OFRC 150 Pentane 15.60% [164]
OFC 150 Pentane 9.03% [164]
OFRC 175 Pentane 17.50% [164]
OFC 175 Pentane 12.40% [164]
OFRC 200 Pentane 19.02% [164]
OFC 200 Pentane 17.01% [164]

Baccioli et al. [162] and Bonolo de Campos et al. [164] provide data for the specific cost of OFCs and
more specifically the regenerated variant, based on thermodynamic analysis, process simulation and
cost functions from Turton et al. [38]. At constant heat source power, the performance, size and
therefore specific cost of the constituting machinery was found to be highly sensitive to the heat source
temperature (HTF inlet temperature at the main heat exchanger). Increasing HTF inlet temperature
from 80°C to 170°C and therefore the temperature difference in the main heat exchanger (with a
constant power of 900 kW maintained through variation of HTF flow rate) results in two counteracting

effects:

o increase of required heat exchange surface area and therefore cost of the main heat

exchanger and condenser;

o decrease of the flow rate entering the expander and therefore decrease in required size

and cost.

The final effect of HTF temperature variation on total specific cost of the OFRCs can be seen in Figure
74. Specific costs OFRC can be seen to level out around ~2,000-3,000 €/kW for heat sources at
temperatures beyond 140°C. For heat sources at temperatures below ~100-120°C specific investment

costs are above 4,000 €/kW.

programme under grant agreement No 101056801. Views and opinions expressed are however those of

the author(s) only and do not necessarily reflect those of the European Union or the European Climate,
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting
European Union authority can be held responsible for them.

- This project has received funding from the European Union’s Horizon Europe research and innovation 116 | 140



/'_,.\ Zero waste Heat vessel towards relevant
2y
L Energy savings also thanks to IT technologies

-y
W e
Zhenlt D 1.1 | WHR for Maritime applications catalogue

12000 . . . .
—8— 200 kW
—a— 400 KW
10000 + 600 kW |
—&— 800 kW
<
= 8000 1
w,
el
&
O 6000 -
O
=
o 4000 |
o
wn
2000 -
U 1 1 1 1
80 100 120 140 160 180
HTF T, . [°C]
inlet

Figure 74 Effect of heat source temperature on the specific cost of regenerated OFCs, data from [162] and [164]

3.5.4 Modelling the organic flash cycle

The amount of energy absorbed by the OFC, Forc(t), is expressed as a linear function (or piecewise
linear function) of the net power drawn from the OFC, Pgogc(t), using the efficiency of the system
(equation (31)). dgpc(t) is a binary decision variable which indicates whether the OFC is on or off at

time t.

1
Forc(t) = RPOFC(t)6OFC(t) (49)

Where nggc is the efficiency of the OFC. The work produced by the OFC is constrained in Equation (32)
using a rated design for OFC Dgpc, with upper and lower bounds indicated with variables k; ggc and
k3 orc- Xorc(t) is a binary decision variable which indicates whether the OFC is included or excluded in

the energy system.

k1,0rcDorcXorc(t) < Porc(t) < kz0rcDorcXorc(t) (50)
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3.6 Kalina Cycles

3.6.1 Introduction

Kalina cycles are a type of power cycle designed to convert heat to electricity in a similar class of WHR
technology as steam and organic Rankine cycles. It was originally introduced in 1983 [165] as an
alternative to the aforementionned Rankine cycles, with potentially higher efficiency and lower
components cost, described as condensation supplemented by absorption, following expansion in a
turbine. While, since its conception, the cycle has been extensively studied in terms of thermodynamics,
energy and exergy efficiencies, few actual applications may be found, either commercially available or
implemented in industry [166—168]. Thus this technology can still be considered as a developmental
WHR technology, and should therefore be discussed as a potential alternative to Rankine cycles rather

than an established technology.

3.6.2 Technology Overview
3.6.2.1 Working principle

Kalina cycles leverage the non-isothermal phase-change behaviour of ammonia-water mixtures, which
are zeotropic mixes. Kalina cycle are thus suitable to operate using variable temperature heat sources,
such as renewable heat sources (solar, geothermal, industrial or engine waste heat) [125]. The
evaporation temperature of the mix varies with the water-ammonia composition of the mixture. The
higher the ammonia content, the lower is the boiling temperature (Figure 75). Kalina cycle is composed
of three main process units: boiler, turbine, and condensation/distillation system. The composition of
the mixture is controlled in the condensation/distillation system in order to adapt the boiling point to

the temperature of the available heat source.
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Figure 75 Bubble and dew point in phase diagram for the ammonia-water mixture as a function of ammonia
mass content, for a constant pressure, adapted from [2]

The basic configuration of the Kalina cycle is shown schematically in Figure 76. Useful work is produced
by expanding the superheated ammonia-water vapour flow in a turbine. The ammonia-water mixture
at the turbine outlet is cooled (distiller, and reheaters 1 and 2), mixed with a weak ammonia solution
returning from a separator further down the process, and condensed in an absorber. The liquid
ammonia-water flow is pumped to a higher pressure, heated in three stages by the outlet of the turbine,
before being separated into a weak ammonia solution and an ammonia-rich vapour (separator). The
weak solution is returned to the turbine outlet as described previously, while the vapour is cooled. Some
of the original water-vapour solution is added to the vapour, to obtain a ~70% ammonia-content
solution, which is then cooled, condensed (water-cooled), pumped, preheated, and sent to the boiler
to be turned to superheated ammonia-water vapour, thus completing the cycle. Useful work is
extracted at the turbine, thermal energy is provided at the boiler, and electrical energy is spent pumping
the fluid.
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Figure 76 Schematic representation of a Kalina cycle standard layout, adapted from [167]

3.6.2.2 Configurations and on-board integration

The integration of Kalina cycles is typically envisionned to recover high temperature waste thermal flows
found in energy intensive industries (steel, cement, petrochemicals, power generation), and in the
exhaust flows from gas turbines and large engines. Figure 77 shows a proposed layout for a Kalina cycle
as a WHR method for the exhaust gases of a 97 kW 4-stroke Diesel engine [169]. In this system, an
engine cooling circuit (waste heat at temperature 87°C, flow rate 1.6 kg/s) is used to preheat the
ammonia-water mix, while the thermal energy in the EG at the outlet (temperature 540°C, flow rate
0.177 kg/s) of the engine’s turbocompressor turbine is used to fully evaporate and superheat to 450°C

the mixture.
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Figure 77 Integration of a Kalina cycle as a bottoming cycle to a Diesel engine, generating useful work using the
exhaust gases and engine coolant loop [169]

Bombarda et al. [170] compared the potential for recovering and converting waste heat from large
Diesel engines (two 17.9 MW engines with EG at 35 kg/s for both engines and temperature 346 °C) to
electricity with either an ORC or a Kalina cycle. The layout for the proposed Kalina cycle integration is
shown schematically in Figure 78. The results indicated that the Kalina cycle (17.5% recovery efficiency)
presents a slight increase in performance over the ORC (17.3% recovery efficiency) at the cost of larger
heat exchangers, a larger plant and overall more complicated layout mainly due to potential corrosion
of dissolved ammonia with many metals and much higher pressure in the Kalina cycle (50 to 100 bar)
compared to the ORC (10 bar). The results of this specific study indicate that the Kalina is probably not
advantageous in marine energy systems, where compactness and system simplicity are major

requirements, compared to ORCs.
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Figure 78 Schematic representation of a Kalina cycle in a Diesel engine WHR layout [170]
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3.6.2.3 Performance metrics

Performance of the Kalina cycle is measured with the net work output [kW] and cycle thermal efficiency
n [%]. Net work output is defined as the difference between useful work produced at the turbine and

work provided to the pumps (equation (51)):

Whet = Wy — Wpump (51)
The thermal efficiency is the ratio between the net work output of the Kalina cycle with the thermal
energy used to evaporate the ammonia-water mixture (equation (52)):
Whet
Nep = 7———— (52)

Qheat source

3.6.3 Techno-economics

Very few commercially Kalina cycles are currently commercially available. Most works on this type of
cycle can be found in scientific literature using thermodynamic models and laboratory prototypes. Table
15 summarises the technical performance data from theroretical and practical works on Kalina cycles,
for a variety of heat sources mostly focused on waste heat sources from industrial processes and,
exhaust gas and cooling circuits from engines. Temperatures vary from 100°C to ~550°C. Kalina cycle
thermal efficiencies are found between 7.6% (low temperature heat source) to a maximum of 35.6% in

the case of a 522°C heat source from gas turbine exhaust gases.
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Table 15 Synthesis of technical performance data of Kalina cycles either commercially available or found in

scientific literature. Data originally synthesised in and table adapted from European project SoWhat deliverable

[166]
Power (W] | x| _fer

Gas Flow From Oxygen Conversion 3,450 104 [171]
Vapour Flow 116 3,300 7.6 [172]
Clinker EG + Cooling 360 8,600 - [173]
Clinker Cooling - 4,750 - [174]
Vapour Flow 179 1,362 20 [175]
Thermal Qil 200 278 11.7 [176]
Generic Industrial Heat Source 300 739 21.7 [177]
Coal Combustion Flue gas 150 320 12.3 [178]
Cement Preheater EG 390 3,430 233 [168]
Engine EG + Cooling 524/ 86.8 21.7 25.6 [169]
Engine EG 439 217 18.8 [179]
Engine EG 346 1,615 19.7 [170]

566 3,137 28.6 [180]

550 - 30 [181]
Gas Turbine EG 522 86,136 35.6 [182]

550 - 30.7 [183]

560 2,700 329 [184]

Consequently, economic data on costing aspects of Kalina cycles are very sparse. In most economic
studies on Kalina cycles, the capital cost of such plants is stated to be expected as comparable to the

cost of Rankine cycle-based power plants of the same capacity.
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Table 16 shows a summary of Kalina cycle investment costs. For Kalina cycles above 1 MW costs can be

found in the range 1,000 — 1,500 /kW, while below 500 kW investments costs are higher, in the 2,000 —
3,000 €/kW range [178].

This project has received funding from the European Union’s Horizon Europe research and innovation 124 | 140
« programme under grant agreement No 101056801. Views and opinions expressed are however those of
"axt the author(s) only and do not necessarily reflect those of the European Union or the European Climate,
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting
European Union authority can be held responsible for them.



Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

3

[
It D 1.1 | WHR for Maritime applications catalogue

Table 16 Costing elements for Kalina cycles taken from literature studies. Capacity refers to the power output of

the Kalina heat recovery cycle. Costs annualised

Application Capacity [kW] Cost [€/kW]

Geothermal <500 2,000—-3,000 2009 [178]
Geothermal 1,850 1,150 2013 [185]
Cement Plant 6,000 1,500 2005 [186]
Gas Turbine Bottoming Cycle 86,000 1,157 1991 [182]

3.6.4 Modelling the Kalina cycle

The amount of energy absorbed by the KC, Fkc(t), is expressed as a linear function (or piecewise linear
function) of the net power drawn from the KC, Pxc(t), using the efficiency of the system (equation

(31)). 8kc(t) is a binary decision variable which indicates whether the KC is on or off at time t.

1
Fgc(t) = EPKc(t)(SKc(f) (53)

Where nkc is the efficiency of the KC. The work produced by the KC is constrained in Equation (32) using
a rated design for KC Dk, with upper and lower bounds indicated with variables k; k¢ and k; x¢. xgc(t)

is a binary decision variable which indicates whether the KC is included or excluded in the energy system.

k1 xcDxexie(t) < Prc(t) < kg kcDkcxke(t) (54)
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4 Conclusions

Ten different waste heat recovery have been reviewed in this report: the four technologies investigated
in the context of the ZHENIT project, and six other meaningful waste heat recovery technologies which
are either already implemented or with clear potential for marine engine waste heat recovery. Each of
the investigated technologies either convert waste thermal energy into another form (electrical, cold,
mechanical), provide some added value with respect to the on-board energy demands (i.e. waste heat
is used for water or desalination), or support (a) the other technologies, and potentially (b) the
synergestic implementation of multiple technologies (thermal energys storage) . For each technology
was reported its basic working principle, the typical architectures and layouts, the implications of its
specific implementation in marine diesel engine waste heat recovery and the techno-economic

performance. The results presented in this report allow to:

1. understand the basic operating principles and typical implementation architectures of the

waste heat recovery technologies.

2. review the specificities of integrating the waste heat recovery technologies on marine energy

systems.

3. quantify the expected performance, operating conditions, size and costs of the investigated

waste heat recovery technologies.

4. carry out basic modelling of each waste heat recovery technology in the context of the techno-

economic assessment of the broader energy system.

The results gathered in this deliverable can support other tasks and workpackages in the ZHENIT project,
notably through the provided algorithmic models and techno-economic data. The main characteristics

of the investigated WHR technologies are summarised in Table 17.

Table 17 Summary of the investgiated WHR technologies

Technology Technology Type Capacity

Heat-to-Power 10 - 10,000 kW n=5-25% 1,000 -
100,000 €/kW
Adorption Desalination & Heat-to-Cooling 1-50 kW COP=0.2-0.8 1,000 - 1,500
Cooling €/kW
This project has received funding from the European Union’s Horizon Europe research and innovation 126 | 140

programme under grant agreement No 101056801. Views and opinions expressed are however those of
the author(s) only and do not necessarily reflect those of the European Union or the European Climate,
Funded by the Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting
European Union authority can be held responsible for them.




Funded by the
European Union

TES

IEE

Turbocompounding

Steam Rankine

TEG

Absorption Refrigeration

OFC

Kalina

This project has received funding from the European Union’s Horizon Europe research and innovation

Load Matching

Heat-to-Mechanical

Power

Heat-to-Power

Heat-to-Power

Heat-to-Power

Heat-to-Cooling

Heat-to-Power

Heat-to-Power

Zero waste Heat vessel towards relevant

Energy savings also thanks to IT technologies

D 1.1 | WHR for Maritime applications catalogue

50 - 200
kWh/m?3

1-1,000 kW

500 - 10,000
kW

500 - 20,000

kW

1-80W

150 - 5,000 kW

5-200 kW

20 - 100,000
kW

n =50 - 100%

n=1-14%

n=3-15%

n=3-20%

n=1-20%

COP=0.1-0.6

n=5-20%

n=7.5-35%

1-100 €/kWh

500 - 2,500
€/kW

100 - 500
€/kW

1,000 - 3,500
€/kW

1,000 -
15,000 €/kW

500 - 2,000
€/kW

2,000 -
12,000 €/kW

1,000 - 3,000
€/kW
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