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“To know how to appreciate in each case, at their true value, the consideration of convenience
and economy which may present themselves; to know how to discern the more important of
those which are only accessories to balance them properly against each other, in order to
attain the best results by the simplest means: such should be the leading characteristics of the
man called to direct, to co-operate towards one useful end, of whatsoever sort it may be.”

- Sadi Carnot, Physicist (1826)
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Abstract

Distributed combined heat and power (CHP) systems have the potential to cover a significant amount
of the global energy requirements for power, and heating. Small-to-medium scale CHP systems, in the
built environment and in the industry (up to a few MWs), are typically driven by internal combustion
engines (ICE). In CHP-ICE systems, more than 55% of the energy input is transferred as heat in the
exhaust-gas stream and the jacket water cooling circuit. Unless these thermal outputs are utilised, the
energy will be released to the atmosphere as waste heat, deteriorating the system’s efficiency. Organic
Rankine cycle (ORC) engines are a promising heat-to-power technology, for converting waste heat into
power. Therefore, coupling ORC engines as bottoming cycles to CHP-ICEs can maximise overall
system efficiency, and reduce energy costs. In this thesis, the design of ICE-ORC CHP systems is
investigated from thermodynamic, operating and economic perspectives, aiming to fully unlock the

potential of such advanced high-efficiency cogeneration systems.

An integrated ICE-ORC CHP optimisation tool is developed, which, unlike previous studies, captures the
performance trade-offs between the two interacting engines, to optimise the combined system performance.
A dynamic ICE model is developed and validated, along with a steady-state model of subcritical
recuperative ORC engines. Multiple working fluids are investigated, along with naturally aspirated and
turbocharged ICEs. By optimising the combined ICE-ORC CHP system simultaneously: i) the total power
output increases by up to 30%, in comparison to the conventional approach where the two engines are
optimised separately; ii) the electrical efficiency increases by up to 21%, in comparison to the stand-alone
ICE; and iii) in the integrated system the ICE operation is adjusted to promote the ORC power output, which
generates up to 15% of the total power, improving fuel efficiency. When focusing on maximising power
output only, this comes at the cost of higher fuel consumption. In contrast, when optimising the integrated
ICE-ORC CHP system for specific fuel consumption (SFC), the fuel consumption decreases by up to 17%.
These findings prove that by taking a holistic approach in the design of ICE-ORC CHP systems, considering

the combined system interactions, these can generate more power, with lower fuel consumption and costs.

ORC engines in ICE-ORC CHP systems will experience variable heat-source conditions (temperature
and mass flow are), while the ICE load fluctuates. To maximise the running hours of ORC engines, and
improve their economic proposition, the system should maintain high efficiency, not only at the design
point, but also at off-design operation. An off-design optimisation tool is therefore developed to generate
optimised off-design operation maps. This work differs from previous studies in that the tool considers
explicitly the time-varying operational characteristics and interactions of the ORC engine components in
the integrated system. Double-pipe (DPHEX) and plate-frame heat exchanger (PHEX) models are used
for sizing the ORC evaporator and condenser, and piston and screw expander models for sizing the
expander. The ORC system is first sized for full-load ICE operation (design point). Then, ICE part-load
(PL) conditions are obtained and new ORC operating points are optimised. Results reveal that the ORC
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engine power output is underestimated by up to 17%, when the off-design operational characteristics of
the components are not considered. The piston expander efficiency increases by up to 16% at PL
operation, while the ORC thermal efficiency increases by up to 7% at off-design operation. Optimised
ORC engines with screw expanders operate always with two expansion stages. Although the latter
generate slightly more power at their design point than when using piston machines, pistons perform
better at off-design conditions. ORC engines with PHEXs generate 5-12% more power than DPHEX
designs, while having U-values almost double that of DPHEXs. Although, heat transfer coefficients
decrease by 25-30% at off-design, the HEX effectiveness increases, by up to 15%. By considering the
time-varying characteristics of the ORC components, as the ICE PL reduces, the optimised ORC engine
power output decreases at a lower rate: at ICE PL of 60%, the optimised ORC engine with fluids, such as

R1233zd, operates at 77% of its nominal capacity (with piston expanders).

An ORC thermoeconomic optimisation tool is then developed. Unlike other studies where the
component types are predefined, the tool scans alternative components’ typologies, sizes, and
configurations, to obtain the best-performing design. New cost correlations are presented to assist with
predicting ORC costs. ORC engines optimised for maximum power output have the highest SICs, falling
in the range of 1,000-7,500 GBP/kW for piston expanders, and 1,500-5,500 GBP/kW for screw
expanders, due to high HEX areas, and high volumetric flow rates. In contrast, when minimising SIC,
power output reduces by 15-50%, but the cost also reduces by up to 35%. In the optimised designs, the
evaporator is selected to be a PHEX, the condenser is a DPHEX, whilst ORC engines with screw
machines operate with two-stage expansion. Multi-objective optimisation reveals optimal ORC systems
with a range of power outputs between 70-100 kW, for which increasing power by 33%, results in an
increase of SIC of less than 10%. This indicates a promising range of capacities for next-generation
ORC engines. ORC engines optimised for high power output result in high net present value (NPV), but
also high discounted payback period (DPP). In contrast, engines optimised for low SIC achieve DPPs
of 2.8-6 years, making them an attractive investment. Overall, these findings can be used by ICE and
ORC engine manufacturers, and integrators, to inform component design decisions, and by ORC plant

operators to maximise their system performance, under variable operating conditions.
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TC Total cost

TDC Top dead centre

VR Volume ratio

Symbols

A Area (m?)
AFR Air-to-fuel ratio ()

b Cylinder bore diameter ()

Benis Chisholm parameter ()

c Post-expansion correction factor ()

c* Off-design correction factor ()

Cp Specific heat capacity (J/kg-K)
¢ Constraints vector ()

Cp Discharge coefficient ()

Cp Purchase cost (GBP)
D Tube diameter (m)

Dy Hydraulic diameter (piston) (m)

Dy Valve diameter (m)

ex Specific exergy J/kg)

f Friction factor ()

F Objective function ()

F Overall cost correction factor )

Fam Bare module cost factor )

Fp Cost correction factor for type of motor ()

Frc Forced convection multiplier ()

Fi Cost correction factor for materials )

F, Cost correction factor for pressure ()

flag Indicator of type of heat exchanger ()

G Mass velocity (kg/s-m?)
h Specific enthalpy (J/kg-K)
hg Average heat transfer coefficient (W/m*K)
hig Specific enthalpy of vaporisation (J/kg-K)
i Interest rate (%)

k Mass fraction (kg/kg,-)
/ Connecting rod (con-rod) length (m)

I8 Piston stroke length (m)
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Nu

P

PP
Pr
PR

Gw

ij
Qloss

S § T °

=

Length

Valve lift

Lower heating value

Molar mass

Mass

Mass flow rate

Rotational speed

Nusselt number

Pressure

Critical pressure ratio

Pinch Point

Prandtl number

Pressure ratio

Heat flux density

Gas-to-wall heat flux density
Heat transfer rate/thermal load
Jacket water thermal load
Losses

Thermal losses through the wall
Volume ratio

Gas constant

Reynolds number

Specific entropy

Suppression factor

Specific fuel consumption
Absolute specific fuel consumption
Superheating degree

Time

Instantaneous cylinder gas temperature
Velocity

Overall heat transfer coefficient
Piston velocity

Kinematic viscosity

Volume

Power

Plate width
Quality
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X Exergy rate (W)

X Optimiser decision variables vector ()

Xut Martinelli parameter ()

Yenis Chisholm parameter ()

z Component attribute for costing (Variable)
z Corrugation depth (m)
Greek symbols

a Local heat transfer coefficient (W/m?-K)
b Corrugations angle (rad)

y Ratio of heat capacities ()

A Difference ()

€ Effectiveness ()

n Efficiency )

9 Crankshaft angle (©)

A Thermal conductivity (W/m-K)
u Dynamic viscosity (Pas)

p Density (kg/m?)
OBoltz Stefan-Boltzmann constant (W/m*K*)
Qchis Chisholm parameter ()

1) Rotational speed (rad/s)
Subscripts

Boltz Stefan-Boltzmann

c Condensing two-phase zone

chd Chocked flow

comb Combustion

comp Compressor

cond Condenser

crit Critical

cwW Condenser/cooling water

cyl Cylinder

d Duration

dest Destruction

dis Displacement

dn Downstream
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drp
dsh
DP
ef

el
elg
eq
ev
evap
ex

exp

FC
fz

gap

hs
hyd
ign
in
int
intr
is

jw

lim

loss

max
mech

min

NB

net

Drop

Desuperheater

Double pipe heat exchanger
Effective

Electrical

Electric generator
Equivalent

Evaporating (two-phase) zone
Evaporator

Exhaust gases

Expansion

Fuel

Forced convection

Foster and Zuber

Gas part of two-phase flow
Gas

Piston ring gap

Preheater

Heat source

Hydraulic

Ignition

Input/inlet

Cylinder intake

Intercooler

Isentropic

Jacket water

Liquid part of two-phase flow
Liquid

Limit

Losses

Motoring

Maximum

Mechanical

Minimum

Project life time

Nucleate boiling

Net
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nchd Non-chocked flow
0 Initial conditions
off Valve close
on Valve open
out Output/outlet
p Plate/passage
PH Plate heat exchanger
pist Piston
R Valve restriction
rec Recuperator
sat Saturation
sec Section
sh Superheater
th Thermodynamic
turb Turbocharger
up Upstream
v Vapour
Valve
W Wall
wf Working fluid
z Axial direction
Superscripts
ac Acceleration pressure drop
DP Double pipe heat exchanger
fr Frictional pressure drop
PH Plate heat exchanger

3

Off-design operation value

N

Vector
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Chapter 1

Introduction

”To waste, to destroy our natural resources, to skin and
exhaust the land instead of using it so as to increase its
usefulness, will result in undermining in the days of our
children the very prosperity which we ought by right to hand
down to them amplified and developed.”

- Theodore Roosevelt, former President of the United States

1.1 Context

The worldwide dependency on energy has been steadily increasing over the past few decades [1]. Over
the previous century, the vast amount of power generation and worldwide energy use was based on the
combustion of fossil fuels. Originally coal was the primary energy source, and oil followed, while
recently the natural gas contribution to the world energy mix has been rapidly increasing, along with
renewable sources of energy, towards cleaner energy generation [2]. An inevitable consequence of
combustion has been the release of the so-called greenhouse gases, and mainly of carbon dioxide (CO,),
into the atmosphere. There is a consensus in the scientific community that the over-release of greenhouse
gases emissions into the atmosphere, over the past century, is responsible for the average surface global
temperature rise by almost 1 °C in comparison to the pre-industrial era [3]. International agreements aim
to mitigate global warming and climate change, by setting ambitious targets for reducing energy
consumption and greenhouse gases emissions, and promoting sustainable energy systems. The Paris
Agreement (2015) [4] has been signed by 193 countries, and has been ratified by 184 Parties (as of the
end of November 2018 [5]). The Agreement, aims to maintain (amongst others) the global temperature
rise in this century to below 2 °C, from the pre-industrial era, by limiting the levels of anthropogenic
emissions, while ensuring that: 1) climate change mitigation and adaptation measures are in place; and

i) economic growth and development are sustained.

Although significant progress has been made worldwide, with launching new energy efficiency policies,

the global energy demand continues to grow, nevertheless at a lower rate than the previous decades. The
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global energy use is predicted to continue rising by 30% (in comparison to the 2016 energy demand
levels) by 2040, reaching 17,000 Mtoe of primary energy [2]. The global population is expected to grow
by approximately 20% by 2040, expanding from 7.4 billion (end of 2016) to more than 9 billion [6],
while urbanisation is also anticipated to grow, with projections indicating that a city of the size of
Shanghai, will be added to the world’s urban population every four months, over the same period.
Finally, demand for electricity is one of the key drivers for the increasing overall energy demand,

corresponding to 40% of the worldwide rise in final energy consumption, in the next two decades [6].

The increase of energy consumption and emissions, along with the fuels price instability are the main
reasons behind the efforts devoted to reduce energy demand and utilise efficiently alternative energy
sources. Engineers, consultants and scientists are in search of: a) means of demand reduction; b)
strategies to ensure the supply’s security; c) technologies with enhanced energy efficiency; and d)
renewable sources of energy to replace the dependency on fossil fuels [7]. Two main pathways have
been identified as a means of tackling climate change, and reducing our impact on the environment: 1)
increase the penetration of renewable energy sources in the global energy mix, by harvesting solar, wind,
biomass, geothermal or other renewable forms of energy; and ii) to improve the efficiency of
conventional or new energy conversion technologies, to ensure that the systems recover the maximum
technically feasible energy content, from any available source, thus covering the same demand with less
energy consumption. Enhancing the efficiency of energy systems is vital for taking the stresses off the
supply side, with the International Energy Agency (IEA) [6] reporting that without improving energy
efficiency, the projected rise in final energy demand would be more than double. However, there still
remains a significant proportion of the worldwide energy (>50%) [1,8] that is being wasted as heat into
the atmosphere, both in the industry and the wider building sector. This highlights that designing novel
highly-efficient energy systems, or enhancing the performance of the state-of-the art technologies is of

paramount importance, to allow us to achieve the ambitious decarbonisation targets.
1.1.1 Cogeneration and poly-generation

In the light of the efforts devoted towards reducing global energy consumption and emissions, distributed
combined heat and power (CHP) generation has been gaining growing interest, due to the higher overall
efficiency of the system, in comparison to the separate provision of these vectors. In Fig. 1 a simplified
schematic of the energy flows in a CHP system is presented. The key difference to the traditional provision
of heat and power is that these vectors are generated from a single system (i.e. with the same energy/fuel
input), while covering the same demand. This minimises the system energy losses, thus reducing the
overall fuel consumption and carbon emissions. Other benefits of the distributed CHP systems include
their proximity to the demand, which reduces distribution losses, and the opportunity to connect to
renewable energy sources, such as solar collectors etc. In cases where the heat output of the CHP system

is used to drive the so-called thermally driven cooling technologies, or the electricity generated is utilised
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by technologies, such as heat pumps, to provide cooling, the system is called ‘tri-generation’. A more
generalised term is also commonly used, namely a ‘poly-generation’ system. Poly-generation systems

offer similar benefits to that of a CHP system.

Losses

15 units
Combined Power ]
heat and 40 units Demand:

Fuel ower
100 units ?CHP) Electricity

Svstem Heating
y Cooling

Fig. 1: Simplified energy flows schematic in a cogeneration system. The efficiency values indicated, refer

to a CHP system driven by internal combustion engine, with typical electrical efficiency of 40% [9].

Bianchi et al. [10] compared the electrical efficiency of well-established prime movers for CHP
applications, including internal combustion engines (ICEs), gas turbines (GT) and micro gas turbines
(MGT), over a range of power outputs. In their findings, ICEs achieve electrical efficiencies of 30%-
45% for power outputs from 10 kW to 10 MWs, outperforming the GT and MGT technologies.
Therefore, small-medium scale CHP systems are typically driven by ICEs (CHP-ICE) coupled with a
generator for electricity production. In such systems, more than 55% of the fuel energy is rejected as heat
to the cooling jacket water circuit of the engine and the exhaust gas stream. Unless the available thermal
output is used for heating (or other processes), it is released to the atmosphere as waste heat, reducing the
system efficiency. Depending on the application, the demand for heat may vary during the year: in the
building sector, where demand for heat is dependent on the weather conditions, the utilisation of the
thermal output of the CHP-ICE in periods of warm weather is of key importance, because it can negatively
affect the system efficiency. Additionally, in electricity intensive buildings, such as supermarkets, where
the CHP-ICE units sizing is mainly driven by the demand for electricity, the thermal output of the CHP-

ICE may well exceed the heating load onsite, having an adverse effect on the overall system efficiency.

Alternatively, heat-engine technologies can be used to recover the thermal surplus, and generate additional
power. Various candidate technologies are available, such as Kalina cycles [11], organic Rankine cycle
(ORC) engines [12] or technologies at earlier development stages, such as thermoacoustic (TAE)
generators [13] or thermofluidic oscilators [14]. Markides [15] compared the efficiency of various heat-
engines over a range of heat-source conditions (Fig. 2) and reports that ORC engines can achieve thermal
efficiencies of 8-25% with heat-source temperature of approximately 80-400 °C. Moving beyond this

temperature range, steam Rankine cycle and Stirling engines become the dominant technologies.

ORC engines are a promising candidate for utilising heat to generate additional power in CHP applications,

because they are comprised of technologically mature components, and they are relatively simple in
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operation, with low maintenance requirements. ORC systems are suitable for distributed generation, in a
range of capacities, while they are versatile, able to operate with a range of renewable heat sources, such
as geothermal or solar energy, as well as waste heat [16,17]. The coupling of ORC engines, as bottoming
cycles to CHP-ICE to recover heat, results in an increase of the system’s power-to-heat ratio (the ratio
of the demand for electricity, over the demand for heat onsite), matching the demand side power-to-heat
ratio to that of the supply. Consequently, the ICE-ORC CHP system operation can be decoupled from
the heating demand of the building, maximising its efficiency and energy savings, in periods when

traditionally the CHP-ICE heat output would be wasted.
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Fig. 2: Comparison of thermodynamic heat-engines for power generation, over a range of different heat-
source temperatures, with a fixed heat-sink temperature of 25 °C [15]. The blue line represents the
Carnot efficiency (maximum thermodynamic limit), the green line represents the Novikov efficiency
(as obtained from endoreversible analysis), and the red dashed lines represent the theoretical efficiency

of thermoelectric generators (TEG) with different thermoelectric figure-of-merits (ZT = 1,2,4).

1.1.2 Organic Rankine cycle systems

The development of organic Rankine cycle (ORC) systems spreads over two centuries, from the early 19"
century when the first ORC engines were developed, to becoming a niche market to-date in the 21% century.
In the early 19" century, major developments and innovation were performed in the steam reciprocating
engines. The ORC engines were developed to recover heat from the condenser of steam cycles, which due
to inadequate sealing technology, could not maintain vacuum conditions, resulting in high condensation
temperatures and power loss. Organic fluids with lower evaporation temperature were then suggested for
recovering the waste heat. However, improvements in the design of steam engines, along with the
emergence of steam turbines, curtailed further developments in cycles with non-aqueous/organic fluids [18].
In the 20™ century, the University of Naples were the first to deploy organic fluids in turbines, reviving the
concept of ORC engines. The National Physical Laboratory of Israel followed, while the Italian activity in
the field of ORC:s started in the 1970s at the Technical University of Milano [19]. These efforts have lead

38



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

to the foundation of Ormat [20] and Turboden [21], who are the biggest players in the ORC market to-date
operating 65% and 13% of the worldwide installed capacity.

ORC systems are comprised of four key components: i) the evaporator heat exchanger, where heat is added
to the cycle; ii) the expander device, where work in generated; iii) the condenser heat exchanger, where
heat is rejected to the cooling circuit; and iv) the pump that maintains the circulation of the working fluid
within the engine (Fig. 3). The simple ORC architecture illustrated in Fig. 3 can be adapted and optimised,
depending on the operating conditions, and the application specific requirements. Alternative cycle
architectures have been examined in the literature (recuperative, supercritical, transcritical cycles, partial
evaporation, etc.) along with alternative fluids (pure compounds or mixtures), with various heat sources,

covering low to high grade renewable or waste heat.
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_— _—
Evaporator Electric
. generator
Pumping .
power input ORC Engine G x]@—» Electricity
Pum E
’ P xpander Expansion

Condenser power output

—
3

Heat rejection
Fig. 3: Simplified typical non-recuperative organic Rankine cycle engine schematic.

Several studies can be found in the literature investigating the ORC thermodynamic performance, aiming
to identify the optimum thermodynamic operating points or working fluids of the cycle, for different
applications, including, among others, solar driven ORCs, geothermal plants and waste heat recovery. A
common characteristic of these efforts is that they assume fixed heat-source conditions entering the ORC
engine, when optimising the system performance. However, ORC engines in real installations will
experience a time-varying heat-source stream. In the particular case of combined heat and power (CHP)
systems, where ORC engines operate as bottoming cycles to internal combustion engines (ICEs),
recovering heat from the exhaust gases, while the CHP-ICE moves to part-load operation, the ORC engine
will experience a time-varying heat-source stream, in terms of temperature and mass flow rate. To
maximise the ORC engine running hours, the ORC system should operate with high efficiency not only at
the design conditions, but also during off-design operation. Adding to this, in ICE-ORC CHP systems, the
two engines interact within the integrated system. Thus, there are performance trade-offs to be considered
when optimising the complete system. These aspects require the development of integrated tools, where
the interactions of the various system components are captured, in order to obtain the new adjusted

optimum operating points of the system, at design and off-design conditions.

39



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

While thermodynamic optimisation and technical feasibility are at the core of the development of ORC
systems, critical factor for their wider deployment is their capital expenditure (CAPEX), and operating
and maintenance (O&M) costs. There is only limited literature publicly available on actual ORC system
costs. In the absence of actual project cost data, to obtain credible estimates of the ORC investment cost,
the correct sizing and costing of the main ORC system components is of paramount importance. These
estimates form the basis of the cost calculations to be undertaken, when evaluating the financial viability
of ORC systems’ deployment, performing the so-called thermoeconomic evaluation. Finally, not a
single ORC system design is the best performing across all applications or heat sources. Nevertheless,
the numerous types of system components available, i.e. heat exchangers, expander devices, and pumps,
or candidate working fluids, make the design solutions space very broad. Therefore, optimisation tools
are required, where the type of components, size, geometry and cost are optimised, along with the

thermodynamic performance of the system.
1.2 Aim and objectives

Despite the potential of organic Rankine cycle (ORC) engines in achieving high-efficiency combined
heat and power (CHP) systems, there are still significant challenges to be addressed, to facilitate their
wider adoption in the market, and in particular in high-temperature applications, such as the coupling
with internal combustion engines (ICEs). In this context, the aim of this thesis is to develop modelling
and analysis for the systematic optimisation of advanced ICE-ORC CHP systems from an integrated
perspective, considering not only the thermodynamic design, but also the operating and cost aspects of

these systems. To achieve the main goal of this research, the following objectives have been defined:

e To develop an integrated optimisation tool of ICE-ORC CHP systems capable of capturing the
performance trade-offs between the two engines, and identify the designs that optimise the complete

system performance;

e To maximise the efficiency of ORC systems by evaluating the performance of: i) alternative heat
exchanger typologies and identify cost-effective designs that achieve high heat transfer coefficients,
with low pressure drop, which are also capable of operating at high temperature/pressure levels,
without deteriorating their performance; and ii) alternative expander machines for medium-scale
power generation, suitable for operating at high pressure ratios and relatively low working fluid flow

rates with high isentropic efficiency;

e To predict and optimise the off-design operation of ORC engines, under real variable heat-source
conditions. Overcoming the latter challenge will allow the ORC engines to adjust their operation at
off-design conditions, maximising the system running hours, and thus improving their financial

viability and penetration to the market;
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e To identify working fluids suitable for the temperature and pressure conditions experienced in an
ICE-ORC recovering heat from high-temperature exhaust gases, while they have good

thermodynamic properties, low global warming potential, are safe, abundant and cost-effective;

e To develop a systematic ORC engine design optimisation framework, which will be able to screen
alternative components type, size and configurations, capturing the technical, but also cost aspects

of ORC engines design.
1.3 Thesis structure

There is great potential in reducing energy consumption and emissions, by deploying distributed
combined heat and power generation (CHP) systems, with organic Rankine cycle (ORC) engines. In
spite of the benefits of adopting ORC engines as bottoming cycles to internal combustion engines
(ICEs), there still remain a number of challenges that have to be addressed to promote their wider
penetration in the market: i) integrated optimisation tools of ICE-ORC CHP systems are required,
capable of capturing the performance trade-offs between the two engines, to obtain designs that optimise
the complete system performance; ii) having means to predict and optimise the off-design operation of
the system is critical for maximising the ORC engine running hours, and improve its financial
proposition; and iii) considering the cost aspects of the system when designing ORC engines for CHP
applications, is of paramount importance, to promote the wider adoption of this technology. These tools
will assist with identifying optimised designs, not only from a thermodynamic perspective, but also

considering the operating and financial aspects of the system.

This research aims to be a contribution in tackling these challenges by adopting a multi-angle approach
towards the design of high-efficiency ICE-ORC CHP systems. To achieve this, the thesis has been
structured as follows: Chapter 2 provides the background on CHP systems design with ORC engines.
The various system components and candidate working fluids are discussed. The previous efforts on
off-design optimisation of ORC engines are reviewed. The challenges in obtaining credible cost

estimates of the various ORC engine configurations are also presented.

In Chapter 3, the modelling methodology deployed throughout this thesis is presented, along with the
assumptions, and limitations of each modelling approach. First, the dynamic ICE model developed is
presented, followed by the ORC engine steady-state thermodynamic model. The second law analysis
for both systems investigated follows. Next, the heat exchangers and expanders models are presented.
The importance of selecting suitable working fluids for high-temperature applications is then
highlighted. A discussion on the economic analysis and financial profitability indicators used to assess

the ORC systems follows.

In Chapter 4, the integrated ICE-ORC CHP optimisation tool developed in this PhD is presented. This

work goes beyond other efforts in the literature in that the ICE and ORC interactions, and performance
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trade-offs are captured, within an integrated optimisation framework. This holistic approach allows us
to identify, among other, the optimum ICE valve timing, lift and ignition timing, along with, among
other, the optimum ORC operating conditions and working fluids, so that together the two engines have
the optimum power output or the minimum specific fuel consumption. The tool is applied on two ICE-
ORC CHP systems with i) natural aspirated, and ii) turbocharged ICEs, at different scales. The results
of the optimised complete power output and minimum specific fuel consumption are presented. A
comparison is then performed between the proposed integrated optimisation approach, and the

conventional approach, where the two engines are treated independently.

In Chapter 5, the ORC engine off-design optimisation tool developed in this PhD is presented. Unlike other
efforts in the literature, where the actual time-varying characteristics of the components are not considered,
the proposed off-design optimisation tool explicitly captures the time-varying performance of the main ORC
components in defining operation at part-load. The tool considers closely the interactions and performance
trade-offs between the ORC engine key components, to obtain the new adjusted off-design operating points,
and generates off-design performance maps. The CHP-ICE part-load conditions are obtained first, and used
as input to the oft-design ORC model. The off-design optimisation results for ORC engines with piston and
screw expanders are then presented, considering different heat exchanger architectures. A comparison is also
performed between: 1) assuming fixed expander performance at off-design conditions; and ii) considering

the complete evaporator and expander performance interactions.

In Chapter 6, the systematic ORC engine components selection, sizing and costing framework developed
in this PhD is presented. This work differs from previous efforts, in that the heat exchanger typology,
expansion stages, and components’ sizing, are simultaneously optimised with the complete ORC system
design for maximum power output or/and minimum specific investment cost, instead of forming a
designer’s predefined input. This allows the simultaneous selection of the best performing system
configuration and size, given the application specific constraints, since the optimiser screens alternative
components typologies, configurations and sizes to identify the best-performing design. Cost functions
developed in this work are presented, and compared to other cost correlations in the literature. The single-
objective and multi-objective optimisation results for ORC engines with different expander and heat
exchanger typologies are then discussed. Insights on the design of ORC engines, with respect to different

project key performance indicators are offered.

The thesis is concluded with a summary of the major findings and outcomes, and recommendations for

future work in Chapter 7.
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Chapter 2

Background

“Over the next decade, we must prepare for the future. The
2020s will require a change of gear. Technologies that are
being demonstrated or deployed on a small scale now will

need to move towards mass deployment.”

- The Carbon Plan: Delivering our low carbon future 2011

2.1 Combined heat and power systems

There has been a growing interest in improving energy efficiency in recent years, aiming to reduce fossil-
fuel consumption and our impact on the environment. In the EU, ambitious decarbonisation targets have
been set, aiming to reduce the greenhouse gas emissions to 85-95% of the 1990 levels, by 2050 [22]. The
greatest potential for decarbonisation has been identified in the power generation and distribution sector,
while also in the building sector and the industry [23]. The latter would be achieved via decarbonising the
heating and cooling provision, through the use of clean electricity or renewable sources of energy, whilst

more efficient energy technologies are expected to be installed in the industry.

In this context, the distributed combined generation of heat and power from a single system (i.e. with a
single energy input) has been receiving particular attention, due to the advantages these systems offer over
the centralised generation and separate provision of these two vectors [15,24,25]. The benefits of distributed
combined heat and power (CHP) systems include: i) lower distribution losses, since they are installed closer
to the demand; ii) higher overall system efficiency than systems that generate heat and power separately,
because the former can use low-medium grade waste heat to improve their thermodynamic efficiency,
resulting in reduced primary energy consumption, less carbon emissions and lower operational costs; iii)
they can be coupled with renewable sources of energy on-site to improve further the system efficiency and
reduce emissions. CHP systems can achieve overall efficiencies that exceed 90% [9,26]. However, key for

maximising their efficiency is the effective utilisation of both electric and thermal outputs.
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In small-medium scale distributed power generation applications (at scales ranging from a few kWs to
a couple of MWs), natural gas internal combustion engines (ICE) are widely used (CHP-ICE), due to
their maturity, good performance at various loading conditions, reliability and low maintenance
requiremets [27]. Nevertheless, more than 55% of the fuel energy is rejected as heat in the exhaust-gas
stream and the cooling water circuit of the engine (jacket water circuit). By selecting an appropriate
energy conversion technology, the thermal output of the engine (which would otherwise be wasted to
the atmosphere) can be used to; i) cover the heating or cooling demand of buildings; or ii) provide heat
input to industrial processes; or iii) generate additional power, via a heat-to-power conversion

technology, maximising the overall CHP-ICE efficiency, and reducing the overall system emissions.

Organic Rankine cycle (ORC) technology is a promising heat-to-power energy conversion technology,
suitable for recovering heat at temperatures of 400-500 °C, and at scales from the order of kWs to tens of
MWs [15,28]. ORC operates using the traditional steam Rankine cycle for power generation, but organic
compounds are used as working fluids instead of steam. Organic fluids have lower evaporation temperatures
than water at the same pressure, and are capable of operating across higher pressure ratios (PRs) across the
same temperatures differences. This allows ORC engines to generate power efficiently at lower heat source
temperatures, than those available in large-scale fossil-fuel power plants, making them a highly suitable

technology for the recovery and conversion of waste heat in distributed generation applications [29].

In Fig. 4, typical T-s diagrams of alternative ORCs are presented. A subcritical non-recuperative ORC
system is presented in Fig. 4a; a subcritical recuperative system in Fig. 4b; a subcritical system with
mixtures in Fig. 4c; and a partial evaporation system in Fig. 4d. Other ORC architectures are also available

in the literature, covering transcritical cycles [30,31], and supercritical cycles [32,33].
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Fig. 4: Simplified schematic 7-s diagrams of ORC for: a) subcritical non-recuperative cycle, b) subcritical

recuperative cycle, ¢) subcritical non-recuperative cycle with mixtures, and c) partial evaporation cycle.

In Fig. 5 the schematic of a bottoming ORC engine recovering heat from the exhaust gases of a CHP-
ICE is illustrated. Several studies can be found in the literature investigating the ORC thermodynamic

performance, while recovering waste heat from ICEs. Song et al. [34] examined ORC engines
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recovering heat from the exhaust-gas stream of an ICE. In their work, they report an increase of 6% on
the combined system electrical efficiency compared to the ICE standalone operation. However, the
authors assumed fixed operation of the ICE, in isolation of the ORC engine, and optimised only the
ORC engine design. Similarly, Zhang et al. [35] optimised the design of a bottoming ORC engine,
without accounting for the impact of the bottoming ORC engine, on the ICE operation. In their work,
the ORC engines achieved thermal efficiency of 13.5-17%. Yu et al. [36] investigated the coupling of
ORC engines to ICE, at different ICE part-load (PL) condition, and reported an increase of the combined
system electrical efficiency of 5-6% in comparison to the standalone ICE. Similarly to the previous

studies, the impact of the ORC engine on the ICE operation was not considered.
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Fig. 5: Simplified schematic of an integrated ICE-ORC CHP system, with a bottoming ORC engine,

recovering heat from the exhaust gases of an ICE.

However, in real ICE-ORC CHP applications, the operation of the ICE affects not only its own performance
but also the condition of the exhaust gases that exit the engine (in terms of temperature, pressure and mass
flow rate). The exhaust-gas stream conditions, in turn, influence the size and operation of the bottoming ORC
engine that recovers heat from the ICE, while the introduction of the heat recovery heat exchanger (i.e. the
ORC evaporator) will also affect the operation of the ICE. Therefore, the overall performance of integrated
ICE-ORC CHP systems can only be optimised, by accounting for the interactions and performance trade-

offs between the ICE and the ORC engines, as part of a single system design and operation.

Within the available literature on ICEs waste heat recovery with ORC engines, only limited efforts have
adopted an integrated optimisation approach, where the interactions of the ORC and ICE engines are
considered. Zhao et al. [37] investigated the control strategy of an ICE-ORC system under varying ICE
load conditions. However, the authors assumed fixed ICE valve operation and size, along with fixed
ignition timing. These parameters were used as an input to their model, instead of being part of the
output of the optimisation procedure, which would maximise the complete [CE-ORC CHP performance.

Yue et al. [38] investigated the performance of a bottoming ORC to an ICE, considering the impact of
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the ORC engine on the ICE operation, an issue which is often neglected in the literature. However, the
ICE model developed was not dynamic, and the authors did not optimise the operation of the ORC
engine together with the ICE. The operating pressures in both the evaporator and the condenser of the
ORC engine were assumed fixed, along with a fixed working fluid. Xu et al. [39] studied the operation
of an ORC engine in vehicle applications, while recovering heat from the ICE exhaust gases. The focus
of this work was the response of the ICE-ORC system to the vehicle speed changes. Although the ICE-
ORC system was treated as one complete system, owing to the nature of this application, the ICE
operation was dictated by the vehicle operation (driving cycle). This application is different to the
stationary CHP systems, where the ICE operating conditions can be adjusted/optimised by the

manufacturer or the plant operator, to either maximise power generation or minimise fuel consumption.

These findings highlight that there is a lack of studies in the literature that consider the ORC
thermodynamic cycle design, simultaneously with the ICE operating point, to yield the highest power
output or fuel efficiency of the complete system. By not accounting for the interactions of the two
engines can lead to sub-optimal CHP systems, since the two engines are not specifically designed to

operate together as an integrated system, to give the best performance.
2.2 Organic Rankine cycle engine design

2.2.1 Heat exchanger

The design of the heat exchangers (HEXs) of ORC systems is of paramount importance, since they are
responsible for 30-70% of the engine cost, while the evaporator HEX in particular is responsible for the
highest percentage of exergy destruction within the engine [40]. However, there are trade-offs to consider
when designing HEXs. Maximising the thermodynamic performance of the unit (maximum effectiveness)
and achieving higher performance, have adverse effects on the size and the cost of the HEX, which may

increase significantly. Therefore the selection of the correct HEX type and size is of paramount importance.

There is a variety of HEXs studied in the ORC literature, depending on the operating conditions and the size
of the plant. Shell-and-tube HEXs are most commonly used in large-scale plants for industrial processes,
because they can operate in a wide range of temperatures and pressures. They are flexible in terms of the
materials used, and there are many industry standards and guidelines available for the design of such systems
[41]. Shell-and-tube HEXs can be found in the ORC field in high capacity or power plant level systems, such
as in geothermal and solar power plants, but also in large scale biomass combustion and waste heat recovery
applications [42]. There is a number of different architectures of shell-and-tube HEXs, with the most
commonly used being;: i) the fixed tube plate; ii) U-tube type; and iii) the floating head. The fixed tube plate
type is the simplest in construction, however they require additional expansion bellows to withstand large
temperature differences and pressures. The U-type cost is at a similar level to that of the fixed tube type,

while they offer the advantages of easier cleaning and operation at high temperatures. However, the bundle

46



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

construction does not provide a pure counter flow heat exchange, resulting in lower heat exchanger
effectiveness. The floating head type is used when the working mediums operate at extreme pressure and

temperature regimes, nevertheless the latter HEXs are more expensive than the former architectures [43].

Double-pipe heat exchangers (DPHEX) key advantage is that they provide a pure counter-flow heat transfer
regime, which increases the heat exchanger effectiveness for given flow conditions, while they can operate
with a great variety of working fluids. They are simple in construction, suitable for high pressure applications
and have a lower cost per m? of heat transfer area than other HEX typologies [43]. These features make them
strong candidates for ORC engine applications, where high pressures in the system increase power output
and improve their economic proposition. Their main drawback is the high heat transfer area requirements per
kW of heat transferred, especially when these are compared to plate-frame designs (PHEXs). DPHEXSs can

be finned to enhance their heat transfer rate, but the construction cost per m? increases.

PHEXSs are available in a wide range of designs, and materials depending on the application. The plates are
corrugated to improve rigidity and heat transfer, but at the expense of higher pressure drop. The variety in
plate corrugation patterns allows the PHEX design to be versatile and adjustable to a range of different
operating conditions, and performance requirements. There are two main corrugation patterns: i) intermating
corrugations that run across the plate at right angles; and ii) chevron corrugations, which are inclined at an
angle ¢ to the direction of flow, while several groups of parallel chevrons can be provided, each at different
angle. In Fig. 6, an example of a chevron type plate is presented.

Smaller ¢ Larger ¢

Wavy
Crossing  longitudinal
flow flow

Fig. 6: Chevron-type plate, with inclination angle (¢) and the two-flow patterns illustrated. Figure
reproduced from Ref. [44].

One of the main advantages of PHEXs is that they are more compact than shell-and-tube HEXSs for the same
duty, having only half or up to a third of the space requirements (volume) per kW of heat transferred of the
latter [41,43]. The plates design and the narrow passages developed result in high U-values, enhancing the
heat transfer rate. Their compactness makes them a good candidate HEX design for ORC engines, where
space availability inside the unit may be of a premium. The key disadvantage of gasketed PHEXSs is
limitations in operating temperature and pressure levels, which will affect the integrity of the seals (of

typical pressed plate fabrication). Welded PHEXSs, made of galvanised steel or stainless steel can be used
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for higher duties, to withstand high pressure and temperature levels, resulting however in higher costs, in

terms of GBP/m? of heat transfer area.

Looking at the ORC literature, Refs. [45,46] investigated the use of DPHEXs for low-temperature ORC
engines in geothermal applications, from a thermoeconomic perspective. Ramos et al. [47] evaluated
the use of DPHEX designs in low and high temperature solar driven ORC engines. The performance of
PHEXs in the ORC engine evaporator and condenser units has been investigated in Refs. [17,48-50],
while Ref. [8] used PHEX in the evaporator, and tube-and-fin design for the condenser. Walraven et al.
[51] compared the performance of PHEXSs to shell-and-tube configuration, for low temperature ORCs
and reported that the former outperform the latter. Daccord [52] evaluated the use of PHEXs for the
evaporator of an ORC engine and of tube-and-fin for the condenser, in automotive waste heat recovery
applications. Finally, Zhang et al. [53] performed a thermoeconomic evaluation of low temperature
ORGCs, investigating alternative HEXs configurations, covering PHEXSs, shell-and-tube and finned-tube
designs. Results indicated that using finned-tube HEX and shell-and-tube have lower electricity
production cost (EPC) than the other configurations (EPC is defined as the ratio of the capital recovery

factor multiplied by the ORC engine investment cost, over the energy generated.)

Many efforts are also available in the literature aiming to identify the heat transfer coefficient (HTC)
correlations that can reliably predict the performance of HEXs. Garcia et al. [54] compared alternative
Nusselt number correlations for predicting the evaporation and condensing phenomena in tubes, while
in Ref. [55] a similar comparison for predicting the two-phase flow heat transfer phenomena in PHEXs
is presented. Finally, other efforts in the literature focused on proposing new HTC correlations specific
to the new low global warming potential (GWP) and low ozone depletion potential (ODP) working
fluids, such as R1234yf and R1234ze with a particular focus on PHEXs designs [55,56].

2.2.2 Expander

The expander is a key component of the ORC engines, impacting the system efficiency and cost. Depending
on the application, the power output of the system, the pressure/volume ratio (VR) of the cycle, and the
working fluid selected, the most suitable type of expander may vary significantly. Expanders can be
classified into two major categories: velocity type devices, such as axial or radial turbines; and volumetric
type devices, such as screw, reciprocating piston and scroll expanders (Fig. 7). Turbomachinery is typically
used for power outputs exceeding 100 kW up to a few MWs, whilst volumetric expanders are selected for
power outputs below 100 kW [42]. Generally, in the ORC field, at capacities < 100 kW volumetric machines
are mainly deployed, due to the low working fluid flow rate, high expansion ratios, the expanders’ low

rotational speed, and their tolerance to two-phase expansion of the working fluid [57].

Expanders is one of the most well investigated component in the ORC literature, with a variety of
technologies being examined. Looking at the scientific literature, the most well documented types of

expander machines in ORC applications are the scroll type and the turbine machines, followed by screw
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and rotary expanders [58]. On the contrary, there is only limited literature on the use of reciprocating
piston expanders, especially in stationary applications. Looking at the industry, turbine expanders can
be found in many medium-large scale commercial ORC engines, such as those manufactured by
Turboden [21], Triogen [59], Cryostar [60], and Ormat [20], while ORC engines with screw expanders
are commercially available by Electratherm [61] and BEP Europe [62].

l Expanders

[
I . . I Volumetric type (Positive
Velocity type (Dynamic) ‘ dlsplacement)
Axial turbines Radial turbines Screw Scroll Reciprocating Rotary Vane &
Piston Gear type

Fig. 7: Overview of expander type classification in ORC engines.

2.2.2.1 Velocity type machines

Because of the differences in thermophysical properties of steam and organic fluids, turbine expanders
used in ORC applications have some specific design characteristics: i) organic fluids have higher molar
masses, resulting in lower sound velocities, so the turbines design should ensure that no supersonic flow
occurs downstream of the nozzles, to reduce additional shock wave losses [63]; ii) the positive slope of
the saturated vapour curve, ensures that the working fluid exits the turbine while still in the dry vapour
zone, reducing the blades cavitation risk; iii) in relatively low power outputs (<100 kW) turbines size
reduces significantly, but their rotational speeds increase exponentially [64], therefore, magnetic
bearings and a fast generator coupled with the turbine are required to correct the current frequency [65];
and iv) some of the candidate organic fluids are flammable, or toxic, or expensive, requiring extra

attention on minimising leakages to the environment.

There are two major categories of turbines, namely axial type and radial type. The former are normally
used for systems with high mass flow rates but low PRs, whereas the latter are suitable for application with
low mass flow rates and high PRs. A key advantage of radial turbines is that they are easier to manufacture
than the axial ones and they can operate under variable conditions, while maintaining high efficiency. This
is achieved via the use of variable inlet guide vanes or variable rotor speed. Example of comparing those
two strategies in a ORC engine at off-design operation can be found in Ref. [66]. The isentropic efficiency
of radial turbines reported in the literature based on experimental studies, varies between 48-80%. When
power output exceeds 500 kW, axial turbines are the most common choice in the ORC field. Such ORC
engines have been developed and commercialised by Ormat [20] and Turboden [21]. For smaller sizes,
the efficiency of axial turbines decreases significantly, because of the small blades, or the requirements for
partial admission. Therefore, radial turbines are deployed in smaller scales, with some units produced by

Atlas Copco [67] and GE Calnetix [68].
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2.2.2.2 Volumetric machines

A detailed classification of the various volumetric expansion machines is presented in Fig. 8, based on

the type of motion of the rotors [69].

Volumetnc
Reciprocating Orbital Ratary
Axial piston  Crank train Scroll Trochoid  Vane Roots  Screw

Fig. 8: Volumetric expanders’ classification. Reproduced from Ref. [69].

Scroll expanders

Scroll expanders are a mature technology originating from the air-conditioning industry and the vapour
compressor machines, and, thus, they can benefit from economies of scale. They do not suffer from the
cavitation problems of turbines when operating with two-phase flows, they are reliable, due to the low
number of moving parts, and have low maintenance requirements. One of the key drawbacks of this
technology is their low VRs and as a result their low efficiency at high VR/PRs. This attribute restricts
the maximum ORC operating pressure levels, and thus power output, in particular for fluids that have
high critical temperature/pressure [42]. Adding to this, scroll machines cannot operate at high
temperatures, because this results in high thermal expansion, increasing their leakage losses [69]. The
greatest challenge when converting scroll compressors into expanders is the development of an efficient
bearing lubrication system of suitable mating spiral components, and removing the check valves from

the compressor casing [64].

Scroll compressors, in the heating ventilation and air-conditioning (HV AC) industry, have typical built-in VRs
between 1.5 to 3.5, while scroll expanders have built-in VRs up to 5, achieving isentropic efficiency in the
range of 35-80% [57,64]. The majority of scroll expanders currently used in the ORC industry are modified
scroll compressors originating from: i) the HVAC industry; or ii) from automotive semi-hermetic
compressors; or iii) open-drive automotive air-conditioning (A/C) scroll compressors; or iv) open-drive scroll
air compressors. Air Squared [70] have developed a number of semi-hermetic scroll expanders for low grade

heat recovery, at 1 kW, 5 kW and 10 kW.
Reciprocating piston expanders

The design of reciprocating piston expanders for ORC engines, originates from a range of industries,
including the automotive, and energy one. In Fig. 9, a schematic diagram of the basic principle of operation
of a simple piston expander is presented. Reciprocating piston expanders require careful timing of the inlet
and exhaust valves operation. They can also suffer from significant friction losses, due to the relatively large

number of moving parts. However, they present a number of advantages over other available volumetric
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expansion machines, including: 1) large built-in VRs (values up to 15) at relatively small flow rates; ii) high
operating pressures and temperatures; iii) ability to operate efficiently at various off-design operating points
and rotational speeds; iv) their manufacturing maturity; and v) they can tolerate wet expansion conditions

[69,71]. Also, by optimising the valve timing the expander performance can be further improved.

Despite their advantages, by reviewing the literature, it is revealed that there are only limited studies that
have investigated the use of piston expanders in ORC engines, with those being mainly limited to waste
heat recovery from ICEs on road-vehicle applications. Shonda et al. [72] performed experimental and
semi-empirical modelling of piston expanders in ORC engines for passenger-vehicle applications, and
reported isentropic efficiency of up to 70% (excluding mechanical losses) and volumetric efficiency of up
to 60%. Daccord [52] investigated the application of ORC engines with swash-plate piston expanders for
heavy commercial vehicles applications. The experimental investigation indicated that the expander
reached 70% isentropic efficiency and 60% effective isentropic efficiency (including mechanical losses
on the shaft), for operating PRs between 13 and 22. These results are in line with those reported in the
literature about high performance of piston expanders at high PRs. Clemente et al. [73] also compared the
operation of piston expanders to scroll machines. Results indicated that for large PRs the former
outperform the latter. Dumont et al. [74] compared experimentally the performance of piston, scroll and
screw expanders across a range of PRs. In their results, for PRs between 2 and 6, the scroll machines
achieved effective isentropic efficiencies of up to 76-80%, while the screw machines achieved up to 55%.
For PRs higher than 7, piston expanders achieved effective isentropic efficiencies of up to 55%, while the
efficiency of scroll machines deteriorated up to 30%. Finally, Oudkerk et al. [71] experimentally tested a

swashplate reciprocating-piston expander and showed that its isentropic efficiency can reach 74%.

A INTAKE B COMPRESSION C POWER D EXHAUST

Fig. 9: Schematic diagram of a reciprocating piston expander operating principle. Reproduced from Ref. [75].
Screw expanders

Typically, screw expanders are reversed screw compressors and capable of dry gas or wet expansion (subject
to specific design considerations). Unlike turbines, smaller size screw expanders for low power output do not
suffer from significant efficiency reduction, with twin-screw expanders being able to operate with isentropic
efficiency close to 90% [57] (excluding mechanical losses). Although screw expanders for low power output
(<10 kW) are not available on the market, there is increasing availability of alternative screw expander

machines for higher power outputs (30-60 kW), with a strong focus on ORC applications [57]. There are two
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companies offering screw expanders on the market, Heliex Power [76] for heat recovery from high pressure

steam and Electratherm [61] for small-medium scale ORC waste heat recovery applications (30-110 kW).

Screw expanders have high durability, are low noise and low vibration units and have compact
configuration [77]. They are suitable for a range of working fluids, such as high pressure gas,
superheated or saturated steam, two-phase flows and hot liquids. The key advantages of screw expanders
over turbomachinery include: 1) lower rotational speeds, easing the coupling with electric generators; ii)
lower manufacturing cost; iii) they offer the possibility to adjust the machine VR, to maximise the
system efficiency at off-design operation; and iv) they can handle wet expansion conditions, which
allows the consideration of cycles, such as trilateral ORC technically feasible [65]. However, the main
disadvantage of screw expanders is their small internal VR which usually ranges between 3 and 7 [69],
values which are a way lower than those generally adopted in commercial ORC engines, while these are

also lower than those achievable by other volumetric expanders, such as piston expander devices.

Screw expanders have been experimentally tested for ORC engines recovering heat from a vehicle ICE,
with finned-tube evaporator and R245fa [77]. In Ref. [77] the screw expander nominal design point was
selected based on the highest expansion ratio of the screw expander, with 0.65 isentropic efficiency, and
the ORC pressure level was then assumed fixed. A single screw expander was designed and tested by
Biao et al. [78]. The maximum isentropic efficiency obtained was 85% and the shaft effective efficiency
was approximately 0.55, for expansion ratios of 7-9. The built in VR was 4.86. Ref. [79] tested a screw
expander for R245fa and SES36 and recorded isentropic efficiencies of up to 65% for expansion ratio

of 9-10 and filling factor at approximately 1.

Finally, a comparison of the various expander machines available for ORC applications is presented in

Table 1.

2.2.3 Pump

The most commonly used pump technologies in ORC systems are: i) reciprocating; ii) rotary; and iii)
centrifugal devices [58]. For low PRs and flow rates, the rotary type is commonly used, while for
medium to high mass flow rates and high PRs the centrifugal units dominate. Reciprocating pumps are
the most versatile being able to operate in a wide range of PRs, even for low mass flow rates (Fig. 10).
In terms of pump efficiency, for power requirements exceeding 1 kW, the centrifugal pumps can operate
with efficiency of up to 70%, while the reciprocating pumps achieve significantly lower efficiencies of

approximately 40% for a wide range of pump power.
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Table 1: Comparison of expander devices for ORC applications.

Capacity
Exi)an;ler range Prre:tsil(l)re Cost Advantages Disadvantages
yp (kwel)

1. High efficiency 1. Low efficiency at small
capacities and off-design
operation

2. ORC turbines are 2. Axial turbines efficient at

more compact than those .

. for steam low pressure ratios only
Turbines 100kW to | Medium - High 3. Radial type are
few MWs | High £ . ype 3. Turbines’ rotational speed

suitable for high : . .

. increases exponentially with

pressure ratios low mass .

fl the power output reduction

oW rates

4. A).ﬂal type have high 4. Tight manufacturing

efficiency for large scale

. tolerances

power generation

1. High efficiency at low | 1. Low volume / pressure

volume / pressure ratios | ratios

2. Compact and low 2. Significant lubrication

vibration requirements
3. Cannot tolerate high

Seroll 1-10 kW Low Low 3. Lightweight tempergtur.es, due to thermal
expansion issues
4. Under / over expansion

4. Mature technology losses, especially when
deviating from design point

5. Handling two-phase 5. Complex geometry

flows

1. High efficiency at 1. Low volume/pressure

design and off-design ratios

operation

2. Handling of two- 2. Significant lubrication

Low- phase flows requirements
Screw 20-30 kW . Medium 3. Challenging
Medium .
manufacturing process
3.Compact and low 4. Efficiency deterioration
vibration when deviating from built-in
volume ratio and design
pressure ratios

1. High efficiency at 1. Requires optimisation of

high pressure/volume the valve timing

ratios

2. High efficiency at 2. Losses due to moving

design and off-design parts

Reciprocating | 10-150 Medium- Medi operation
piston kW High edium 1 3 Mature versatile 3. Heavy - weight
technology

4. High operating
temperature / pressure
5. Handling of two-
phase flows
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Fig. 10: ORC pumps performance maps: a) operating mass flow rates and head, and b) pump efficiency [58].

2.2.4 Working fluid

The selection of suitable working fluids for ORC engines has significant impact on the efficiency, selection,
design and sizing of the system individual components, and on the economics of the plant. Based on
increasing concerns over global warming, certain fluids such as chlorofluorocarbons (CFCs) and
hydrofluorocarbons (HFCs) have been already phased out, or are set to be phased out over the next decade.
According to the Montreal Protocol [80], the use of substances with high ODP such as CFCs, has been
banned since 2010. These substances include well established refrigerants in the HVAC industry, such as
R11, R12, R13, R113, R114 and R115. Additionally, the use of Hydro-chlorofluorocarbons (HCFCs) will
be banned by 2020, due to their high ODP, mainly because of their chlorine content [81]. This family of
compounds includes refrigerants such as R21, R22, R123, R124, R141b and R142.

The Kyoto Protocol [82] and subsequent regulations around the globe, such as the F-gas regulation in the
EU [83], restrict the use of compounds, which apart from high ODP have also high GWP. The new F-gas
Regulation 2015 [83] has replaced the former F-gas Regulation issued in 2006 and is enforced from the 1
of January 2015 [84]. In line with the F-gas Regulation, the EU has committed to cutting the F-gas emissions
by two-thirds, in comparison to the 2014 levels, by 2030. The regulations include restrictions and phase-
down of the use of hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6),
with HFCs being identified as the most relevant F-gases from a climate perspective. Some of the HFCs
covered include, among others, R23, R32, R134, R134a, R143a, R152a, R245ca, R245fa and R365mfc. In
this context, the industry has been developing the so-called hydrofluoroolefins (HFO), which are
replacement working fluids with low ODP and GWP values. Example HFO fluids are R1234yf and
R1233zd. The F-gas Regulation applies to HVAC equipment, but it has been also extended to cover ORC
engines. Therefore, technical solutions which are not constrained by such regulations are required to

maximise the market penetration of the ORC technology.

There is extensive literature on the identification of the best performing working fluids for ORC engines in

different applications. Ramos et al. [47,85] and Freeman et al. [86] evaluated the performance of a number
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of refrigerants and hydrocarbons for solar-driven ORC applications, including fluids with low GWP. In their
work, refrigerants such as R245ca, and R245fa, as well as new HFOs (e.g. R1233zd) generated the highest
power output, while butane proved to be a good candidate hydrocarbon fluid for ORC engines, driven by
high temperature concentrating solar collectors. Aljundi et al. [87] studied the performance of hydrocarbons
and refrigerants, for a range of heat-source temperatures. They reported ORC thermal efficiencies with
pentane and hexane of up to 15%, for heat-source temperature 450-500 K. The performance of mixtures of
hydrocarbons and refrigerants against pure fluids, for low grade heat recovery, was investigated by Refs.
[45,88], amongst others [89,90]. In the context of ORC engines coupled to ICEs, Yang et al. [91] evaluated
the performance of zeotropic mixtures and reported a total system power output increase of 11%. Additional
limitations exist in the ICE-ORC applications due to the high operating temperatures, which may promote
the fluids’ chemical decomposition, if these have not been carefully selected during the design stage. Fluids
with high critical temperature/pressure are considered most suitable in these high temperature applications.
In the work of Li et al. [92], working fluids such as n-heptane, toluene, cyclohexane, R123 and R113 have
been investigated for ORC applications with heat-source temperatures of 500-560 K and achieved
efficiencies of up to 31%, while thermal efficiencies up to 30-34% are reported in Ref. [93].

In the aforementioned studies, the candidate working fluids investigated were selected in advance, and the
optimal working fluid was identified, after screening the various fluids, based on predefined criteria, such as
maximum power output, or minimum cost. Alternatively, the computer-aided molecular design (CAMD) has
been used in the literature to provide a holistic approach to working fluids selection. In CAMD, the potential
working fluids are described by functional groups, which can be put together in different ways to form different
molecules. Studies utilising the CAMD methodology can be found, among others, in Refs. [46,94,95].

The review highlights that depending on the optimisation criteria examined, the optimum working fluids
vary. It is also noted that although numerous working fluids have been investigated in the ORC literature,
only very few of them are actually commercially available, including R245fa, R134a, pentane, toluene and
Sokatherm [63]. Additionally, while some fluid mixtures have been proposed as suitable candidates in heat
recovery applications, because of the good thermal match they offer to the heat source, they are difficult

in implementation and, hence, there is lack of applications and operational experience [16].

By reviewing the available literature, it can be readily concluded that it is not possible to identify a single
working fluid as the universal optimal fluid. Thus, the selection of working fluids should be integrated into
the design process of such systems. This should be optimised on a case-by-case basis, accounting for the
specific characteristics and constraints of each application. The key features to be considered in the

process of working fluid selection, as identified in the literature, include [28,29,92]:

e Good thermodynamic performance, including temperature and pressure at the critical point suitable
for the application, high specific heat capacity etc.;
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e Type of saturation curve: Positive or isentropic curves are preferable, to ensure expansion in the dry
vapour zone; negative saturation vapour curve can lead to wet expansion phenomena deteriorating
the expander efficiency, especially if turbine expanders are deployed;

e Vapour density: High density is preferred to reduce the volume flow rate in the expander and the HEX size;

e Low viscosity and high thermal conductivity, resulting in high heat transfer coefficients and low
friction losses in the HEX;

e Acceptable pressure levels: the higher the evaporation pressure, the higher the installation costs, while
condensing pressure higher than the atmospheric will prevent air from leaking into the system;

e Low toxicity and flammability, and good chemical stability within the ORC engine operating conditions;
e Freezing temperature to be lower than the minimum ambient to prevent freezing;

e Compatibility with construction materials (non-corrosive fluids);

e Low ODP and GWP values;

e Availability and low cost.

The optimisation exercises performed in this thesis are computationally expensive. Therefore a preselection
of candidate ORC working fluids has been performed. The selection of the working fluids has been
conducted considering good thermodynamic properties, but also safety and environmental performance.

More details on the working fluid selected for this study are provided in Chapter 3.
2.3 Off-design operation

ORC engines in real applications will experience varying heat-source conditions (i.e. mass flow rate and
temperature). A case in the point is ORC engines driven by solar collectors, geothermal fluids, and
bottoming ORC engines recovering heat from the exhaust gases of various engines or boilers. Key for
facilitating the wider adoption of these systems and improving their economic proposition is to maximise
the engines running hours once installed. Therefore, ORC engine designs and operating strategies that

optimise its performance, not only at design, but also at off-design operation are of paramount importance.

There is a plethora of ORC system design studies in the literature (such as those presented in Refs.
[26,30,32,96]), where the authors aim to maximise the ORC engine performance. A common characteristic
of the aforementioned studies is that they explore alternative designs under specific (fixed) heat-source
conditions, aiming to obtain the optimum system design for alternative working fluid candidates. In a typical
design problem, the cycle design and components selection and sizing are performed using the nominal heat-
source conditions, aiming to maximise the engine power output. At this stage, the ORC engine HEXs
architecture and available heat transfer area, along with the expander geometry, built-in VR etc. are fixed.
When the heat-source temperature and/or mass flow rate entering the evaporator HEX vary, various operating
and control parameters must be adjusted to optimise the ORC engine power output/efficiency, at every new
heat-source condition, and maximise the system running hours. However, such optimisation can be
computationally-expensive (especially as the number of variables increases), so performing this exercise in

real-time is a challenging task. In contrast, optimum ORC engine performance maps can be generated and
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used, for predicting the optimum ORC engine operating points and performance. To achieve this, the
development of modelling tools that account for the various components’ time-varying characteristics and

interactions is of paramount importance.

There is limited literature on predicting ORC off-design performance, with some studies focusing on HEX
performance and others focusing on the expander. The off-design operation of a subcritical ORC engine
with radial turbine, recovering heat from a steam turbine plant, was investigated by Song et al. [97]. The
authors did not optimise the ORC engine for off-design operation. Instead they performed a parametric
analysis to predict its performance under different heat-source conditions. In Ref. [98] the off-design
operation of ORCs with axial turbines and plate-fin HEXs was evaluated, but the authors focused on the
turbine control strategy. Punov et al. [99] performed thermodynamic optimisation of the ORC design at
every ICE PL condition. However, the authors assumed a fixed expander and pump efficiency at oft-design
operation, while the components specific design and size were not considered. Nevertheless, in real
applications, the ORC engine components are selected and sized for operating at the design point and they
should be able to operate under varying thermal input. The off-design operation of a bottoming ORC for a
marine ICE was investigated by Yang et al. [100]. For every PL condition of the ICE, a new ORC cycle
was identified as the optimum. The system was then resized, instead of subjecting the ORC engine sized
for 100% load, to off-design operation, and identifing the new optimum operating points, given the existing
components. Similarly, Badescu et al. [101] considered an ORC engine recovering heat from an ICE, but
they obtained a new optimised ORC design for every PL point. The research efforts discussed above
developed steady-state ORC models. Refs. [102,103] focused on the dynamic modelling of the evaporator,

considering the thermal inertia of this component under varying heat-source conditions.

Within the available literature for the off-design optimisation of ORC engines, it is revealed that very few
studies have considered the actual components characteristics, as defined at the nominal design stage, to
inform the ORC off-design operation. From this limited literature, where the components time-varying
performance is incorporated in the model, the majority of the studies focus on turbine expanders, scroll, or
single stage screw expanders. There are no studies available, on the off-design operation of piston expanders,
in stationary ORC engine power generation applications. Di Battista et al. [104] sized an ORC engine based
on the ICE nominal operation, using a sliding vane rotary expander, and then allowed the heat-source
conditions in the evaporator to vary. The authors kept the ORC evaporation pressure constant under off-
design operation and the expander rotational speed was allowed to vary, depending on the load and superheat
degree of the working fluid. Guopeng et al. [36] sized the HEXs and the turbo-expander of an ORC system
that recovered heat from an ICE, under the nominal engine’s operating conditions. Then, by using turbine
performance maps and with the HEXSs size fixed, the authors performed a parametric analysis to obtain the
ORC performance at off-design operation. A dynamic ORC model was developed by Mazzi et al. [105] to
predict system performance under a varying load. Shell-and-tube HEXs were considered, while the turbine

expander performance was obtained from the Stodola [22] equations. In Ref. [106], the authors evaluated the
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off-design performance of large-scale recuperative ORC engines with shell-and-tube heat exchangers and
turbine expanders, while in Ref. [107] the authors evaluated the off-design performance of ORC engines with
double stage evaporator, PHEXs and turbine expander. In Refs. [108,109] the performance of ORC engines
with scroll expanders and plate/helical coil heat exchangers has been investigated. Refs. [79,110],
investigated the off-design operation of small-scale single stage screw expanders with PHEXs. Finally,
Matthew et al. [111] compared the off-design operation of an ORC engine with turbines and screw expanders.
In their study the authors focused on the expander design, without analysing the ORC HEX performance.
Results of this case study indicated that the turbine expander has similar performance to that of a single stage

double-screw, although the efficiency of the latter deteriorates faster at off-design operation.

The control aspects of operating ORC engines under off-design conditions are also critical, for optimising
the system performance onsite. There are a few studies in the literature aiming to identify the most
promising control strategies, or design the actual controllers. Xu et al. [39] developed a dynamic ORC
model recovering heat from a vehicle ICE, under transient engine operation. They focused on the control
of the complete ICE-ORC system, under real vehicle operating conditions, using alternative control
strategies. In their study, the HEXs were of tube-and-shell construction and a turbine expander map was
used to predict the expander performance, under varying load conditions. Hu et al. [66] investigated the
impact of varying geothermal conditions on an ORC engine, comprised of an axial turbine and plate
HEXs, and considered alternative control strategies for the expander, including the variation of the
evaporating pressure and superheating degree, to maximise performance during off-design operation. Xu
et al. [112] investigated three operational strategies for a bottoming ORC engine to an ICE. Results
indicated that the fuzzy logic control, where the operating conditions of the ORC engine were adjusted
following the ICE PL, has the best performance when compared to strategies that control to fixed vapour
temperature or to fixed degree of superheat. In Ref. [113], the sliding pressure control strategy in the
evaporator was deemed the best performing. However, the system performance is highly dependent on
the controller response and its ability to maintain the desired vapour conditions during the transient heat-

source operation, while the actual design of such a controller is a challenging task.

To conclude, by reviewing the existing literature it is revealed that there is only a limited number of
studies that consider the time-varying and interacting effects of the ORC engine components, when the
system is subjected to off-design operation. Nevertheless, approaches that do not account for the
performance trade-offs and interactions, between key system components, can lead to sub-optimal ORC
engine off-design operating points and performance. Within the limited literature of integrated ORC off-
design studies, the most commonly investigated ORC expander machines are turbines, screw or scrolls.
Only a few studies have examined the use of reciprocating piston expanders in ORC systems at off-
design operation. These are mainly limited to waste heat recovery from ICEs on road-vehicle
applications [52,72,114]. Finally, shell-and-tube HEXs are very well documented, in terms of their time-
varying performance, but PHEXs or DPHEXSs are not studied often.
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2.4 Thermoeconomic analysis

While thermodynamic optimisation and technical feasibility are at the core of the development of ORC
systems, another critical factor for the wider deployment of ORC engines is their capital expenditure
(CAPEX) and operating and maintenance (O&M) costs. However, there is only limited literature publicly
available on actual ORC systems costs. In the absence of actual project cost data, to obtain credible
estimates of the ORC investment cost, the correct selection and sizing of the main ORC system
components are of paramount importance. These estimates form the basis of the cost calculations to be

undertaken when evaluating the financial viability of ORC system deployment.

There is a variety of costing methods available in the literature, with the most widely used being the so-called
‘module costing’ technique [115,116]. However, this method originates from the chemical industry, where it
was traditionally used to provide estimates for chemical plants costs. Apart from the module costing technique,
cost correlations for ORC engine components have been developed in the literature, such as those presented
in Refs. [8,17] which are based on typical materials costs, or by collating data from manufacturers’ price lists,
such as Ref. [65], while very limited studies are publicly available were the actual ORC components
manufacturing, assembly and overhead costs of real installations are presented [52,117]. The lack of actual

ORC engine and components cost data makes the validation of the cost estimates an onerous task.

In contrast to the prolific literature related to the thermodynamic analysis of ORCs, there is limited research
on ORC components systematic sizing and costing. The most commonly examined metric is the specific
investment cost (SIC) of ORC engines. Lecompte et al. [8] optimised a bottoming ORC in an ICE-ORC
CHP system for minimum SIC. The authors selected a PHEX as the evaporator, a finned-tube type for the
condenser, and a notional volumetric expander to predict the system performance. The SICs achieved vary
from 2,400-4,250 GBP/ kW. Quoilin [17] performed single objective optimisation to investigate the SIC of
small scale ORC (approximately 2.5-4 kW), for medium grade heat recovery (180 °C heat-source). They
used PHEXs and a scroll expander for the ORC engine design. The SIC achieved for the optimised system
was approximately 2,300-3,700 GBP/kW. Yang [118] performed a multi-objective optimisation for
maximum power output and minimum SIC, for a vehicle waste heat recovery application. The evaporator
was finned-tube type, the condenser was PHEX and the expander was a turbine. Their findings indicate
high SICs of up to 26,900 GBP/kW. Other examples of thermoeconomic analysis for minimising SIC in
geothermal applications can be found in Refs. [45,119], quoting SICs of 1,500-4,000 GBP/kW and in Ref.
[47] for domestic small scale solar applications of 0.5-2 kW, reporting SICs of 3,500-7,900 GBP/kW.

In Fig. 11, SIC figures of ORC engines available in the literature are presented for capacities up to 400 kW,
and different heat-source temperatures. These cost estimates have been obtained using the cost correlations
discussed above, so they are not based on real ORC plant cost data (cost data have been obtained from
White et al. [46] and Lemmens [117]). The SIC values range between 1,200-7,000 GBP/kW, depending

on the ORC engine capacity. On the same figure, real cost data from ORC engines available on the market
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are presented. Source 1 refers to prices collected from ORC vendors quotations and Source 2 to the ORC
engine price data presented in Ref. [120]. Based on the actual ORC engine cost data, the SIC varies
between 2,000-4,000 GBP/kW with the exemption of one small scale ORC engine reaching 6,000
GBP/kW. As expected smaller sized engines have higher SIC figures, while also high temperature systems
generate more power, thus reducing their SIC. However, there is a range of power output beyond which
(>120 kW), increasing the ORC engine capacity further results in an increase of the engine SIC. Finally,
the SIC of CHP-ICEs as prime movers for generating power are also presented in Fig. 11. For power
output up to 400 kW the SIC of CHP-ICEs varies between 700-4,500 GBP/kW. By comparing the SIC of
ORC engines and CHP-ICEs, it is noted that the SICs are comparable for power outputs of less than 60 kW,
while at higher power outputs the SIC of the CHP-ICE is 10-50% lower than that of the ORC engines
(figures quoted compare the CHP-ICE SICs, to that of the ORC engines on the market). CHP-ICEs are a
well-established and mature technology, so lower SICs are expected. Nevertheless, the findings highlight
that research efforts should focus on medium scale ORC engines and on identifying pathways for making

these systems more economically competitive.
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Fig. 11: ORC engine SIC figures obtained from: i) ORC studies by White et al. [46] and Lemmens [117];
ii) Source 1 refers to ORC engines vendors quotes; and iii) Source 2 refers to ORC engine costs from
Ref. [120]. CHP-ICE SICs were estimated from vendors’ quotes. Figures quoted reflect SICs calculated

using the engine CAPEX, excluding installation costs.

Other ORC studies considered alternative economic metrics; in Ref. [119] the ORC system was optimised
separately for maximum power output, minimum SIC and for a linear combination of the two, using
weighting factors. The expander was a turbine and the HEXs were of shell-and-tube type. For the ORC
engine CAPEX estimation, the module costing technique has been used [115]. A project profitability analysis
followed the optimisation exercise, indicating that the return of investment rate ranges between 6 to 38%. A
thermoeconomic analysis of ICE-ORC was also performed by Neto et al. [121]. Hydrocarbons were

evaluated as candidate working fluids, while the expander machine was again a turbine and the system HEXs
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were of shell-and-tube construction. A parametric analysis was performed to present the impact of various
ORC operating parameters on the electricity production cost (EPC) and the discounted payback period (DPP)
of the ORC system. A thermoeconomic analysis of a transcritical ORC recovering heat from ICE was
performed by Yu et al. [31]. PHEXs were selected, with the plates’ geometry fixed, while the expander
technology was a turbine. Parametric analysis was then performed to evaluate the impact of ORC operating
conditions on the financial viability of the project. Tian et al. [50] finally evaluated thermoeconomically an
ICE-ORC system, using PHEXs and a turbine expander for the ORC engine. The PHEX plates characteristics
were fixed, while the turbine expander was modelled using fixed efficiency. The parametric analysis results

indicated that EPC decreases for high evaporating pressure and net power output, reaching 0.25 GBP/kWh.

By reviewing the literature, it is concluded that the HEX and expander typologies are preselected by the
designers, before proceeding to the thermoeconomic evaluation of the ORC system, instead of forming the
output of the optimisation exercise. There is very limited literature on the simultaneous ORC
thermoeconomic optimisation and components selection and sizing, with a couple of studies focusing on
the HEX optimisation only [51,53] and others focusing on the expander design [48]. Braimakis et al. [48]
presented a thermoeconomic analysis of ORC engines using PHEXs only, and compared alternative
expander machines. They have optimised the system for minimum SIC (single-objective optimisation),
considering turbines, screw and scroll expanders, using basic isentropic efficiency correlations to predict
the expander performance. Results indicated that SIC vary from 700 GBP/kW (high temperature high
capacity systems) to 13,300 GBP/kW (low temperature low capacity systems). Zhang et al. [53] performed
a thermoeconomic evaluation of low temperature ORCs, investigating alternative HEXs configurations,
while fixing the expander selection to turbine. They compared PHEX, shell-and-tube and finned-tube HEXs
aiming to minimise the system EPC (single-objective optimisation). In their work, the PHEX plate
specification was fixed, along with the tube design and size for the other HEX typologies. Results indicated
that the finned-tube HEX and shell-and-tube have lower EPC than the other configurations. Walraven et al.
[51,122] finally performed detail HEX sizing optimisation for shell-and-tube and PHEX constructions,
allowing all HEX design parameters to vary, aiming to maximise the ORC power output. The focus was on
the HEXs design without investigating the expander performance, or accounting for the economic aspects

of the optimum system. Their results indicated that PHEX perform better than the shell-and-tube designs.

To conclude, the review reveals that not a single ORC system design can be identified as the optimal one;
on the contrary, the most suitable HEXs and expander type vary with the application and the heat-source.
Additionally, the most well documented expander type in ORC thermoeconomic studies is the turbine
expander, along with the scroll machines. A few studies focus on screw expanders, with piston expanders
being the least documented. Finally, it is noted that there is not a consistent costing methodology used across
the board, when assessing ORC designs. The SIC figures reported in the literature can vary significantly
depending on the costing method deployed. These findings highlight the need for systematic integration of

component selection, sizing and costing of ORC engines for alternative applications.
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2.5 Summary and conclusions

Distributed CHP systems have great potential to reduce energy consumption and emissions. ICEs are
the most commonly found prime movers in CHP systems, in the built environment or in industry, and
in medium-scale power generation (up to a few MWs). Key for maximising CHP-ICE efficiency is the
utilisation of both the thermal and power outputs available. ORC engines are a promising candidate
technology for recovering the waste heat of the exhaust-gas stream in CHP-ICE applications,

maximising the overall electrical and thermal efficiency of these systems.

The modelling of ICE-ORC CHP systems is challenging, especially when trying to capture the interactions
and performance trade-offs between the two engines, in order to optimise the complete system performance.
Although models that consider each engine separately exist, integrated high fidelity modelling tools able to
optimise the complete ICE-ORC CHP system are not properly documented. It is also revealed that ORC
studies mainly focus on the design and optimisation of the engine, by using fixed heat-source conditions. In
real applications, ORC engines will operate under variable heat-source conditions. To maximise the system
running hours and improve its financial proposition, the ORC engine performance should be optimised not
only at design, but also at off-design operation. Although off-design ORC studies exist, there is only limited
number of efforts that have explicitly accounted for the time-varying characteristics of the ORC components,
in defining operation at off-design conditions. The modelling studies performed to-date cover mainly ORC
engines with turbine and scroll expanders, and shell-and-tube HEXs at off-design operation, with piston
expanders, and PHEX/DPHEXs designs being less investigated. Capturing the cost aspects of the ORC
engines design, while optimising the system thermodynamic performance is critical for improving its
financial proposition. Although, many studies have performed thermoeconomic optimisation, literature lacks
optimisation frameworks where the ORC thermodynamic design, components type selection, sizing and

costing are performed simultaneously, screening the entire space of possible design solutions.

In the following chapters, we aim to provide means to tackle these challenges, via the development and
application of suitable ICE-ORC modelling tools. Advanced ICE-ORC CHP systems are examined, from
thermodynamic, operating and economic perspective, while the tools developed can be also adjusted to use
other heat-source streams. In Chapter 4, the optimisation of integrated ICE-ORC CHP systems is presented.
In Chapter 5, the impact of heat-source variability on the ORC engines performance is examined, for ORC
engines with piston and screw expanders. The time-varying characteristics of the ORC system key
components are considered, to optimise its performance at off-design operation. Optimised performance
maps are generated, which can be used to optimise the operation of live installations, given the heat-source
conditions onsite. Finally, in Chapter 6, the thermoeconomic aspects of ORC technology are investigated. A
tool is developed that can screen various components typologies, sizes, and geometries, while also optimising
the thermodynamic design of the engine, in order to identify the design that meets both the technical and

financial key performance indicators of each project.
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Chapter 3

Methodology

“Plans are of little importance, but planning is essential.”

- Winston Churchill, former British Prime Minister

3.1 Introduction

In this thesis, we aim to investigate the potential of waste heat recovery from internal combustion
engines (ICEs) using organic Rankine cycle (ORC) engines, in combined heat and power (CHP)
stationary applications. The analysis aims to evaluate such systems, by looking into four key aspects,
for their wider deployment and adoption in the market: i) thermodynamic evaluation of alternative
configurations, working fluids and operating conditions; ii) components selection and sizing; iii)
operational optimisation under real heat source varying conditions; and iv) financial assessment for

estimating the systems’ capital expenditure (CAPEX) and over-life economic performance.

In this chapter, the methodology used throughout this thesis is presented and discussed. Firstly, the ICE
thermodynamic model developed in MATLAB®O is presented, in Section 3.2. This is a dynamic model
of spark-ignition ICEs covering both naturally aspirated and turbocharged engines, comprised of a set
of ordinary differential equations (ODEs). Next, the exergy analysis of ICE is presented, for both types
of engines. In Section 3.3, the ORC thermodynamic models developed in this work are presented. These
cover subcritical non-recuperative and recuperative ORC engine designs. The exergy analysis of the
ORC engine is also discussed. In Section 3.4, we present the working fluids selected for this study along
with the key considerations related to this selection. The heat exchanger (HEX) performance modelling
methodology deployed in this work is presented in Section 3.5. Two HEX typologies have been
investigated, namely the double-pipe HEX (DPHEX) architecture and the plate type HEX (PHEX). The
alternative Nusselt number correlations available in the literature, for predicting the heat transfer

coefficients (HTCs) in the evaporator and the condenser units, have been compared, and the most well-
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suited have been selected and incorporated in the HEX models developed in this thesis. In Section 3.6,
the expander models used in this thesis are presented, covering two types of volumetric expanders,
namely piston expander and screw machines. In Section 3.7, an overview of the pump typologies
available on the market is presented and the pumps selected for this work are highlighted. In Section
3.8, the methodology deployed for the ORC engines costing is presented. To obtain the ORC engine
total cost, the cost of each one of its constituent component is first calculated, and then are added together
to reflect the complete engine cost. The profitability analysis methodology is also presented in Section
3.8. Finally, the principles of the optimisation exercises performed in this thesis are presented in Section

3.9, covering both single-objective optimisation and multi-objective optimisation exercises.

3.2 Internal combustion engine modelling

3.2.1 Thermodynamic modelling

The CHP system examined in this work is driven by a four-stroke reciprocating ICE, which operates
with the Otto cycle (spark-ignition engine) and is designed for stationary CHP applications, featuring
the necessary heat recovery equipment. The operation and performance of the CHP-ICE is obtained
using a set of ODEs that describe the key processes taking place inside the engine cylinders. The full set
of equations is given in Egs. 1-21, while the assumptions used for the thermodynamic modelling of the

ICE are listed below:

e Every cylinder of the ICE is modelled as an open system/control volume, with the fresh air-fuel mixture

charge (intake) and the combustion products (exhaust gases) crossing the system boundaries;

e The heat addition to the intake charge of the engine from combustion, is modelled using the Wiebe

function that predicts the heat release rate [123];

e The heat losses through the walls of the ICE cylinders to the jacket water circuit (Q,,) are estimated
using the Woschini [123,124] correlation for the phase-averaged instantaneous heat transfer
coefficient, while the heat losses due to radiation are also included in the model, via the use of the

correlation proposed by Annand, as presented is Ref. [125];

o The standard relations for compressible gas flows through nozzles [123] are used to calculate the

mass flow rate through the intake and exhaust valves of the ICE;

e For the turbocharged engines, the compressor and turbine performance is modelled using fixed

isentropic efficiency.

The equation of conservation of energy for an open control volume, including the heat losses due to

convection, conduction and radiation, can be written as follows:

dp _ y-1 dxp dQw Pdv y-1 m . .
o~ v (Qcomb 4 ds ) y;@ + vV 180w (minthint - mexhcyl) > (1)
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where the rate of change of pressure P in the cylinder with angle 9 is a function of: 1) the heat added to
the cycle during combustion (Q¢ompdx,/dd); ii) the heat transfer losses through the cylinder wall
(dQ,, /d9); iii) the positive displacement work generated by the gases inside the cylinder, due to piston
movement (PdV /d9); and iv) enthalpy flow into and out of the control volume (hj,¢, hcy1), associated
with the mass flow rate of the new intake charge and the mass flow rate of the exhaust gases (M, Mex)
crossing the system boundaries. The change of the cylinder volume in a cycle with angle 9 (dV /d¥) is
calculated as a function of the compression ratio (7) of the engine, the displacement volume (Vy;s), and

the instantaneous stroke ()(9)):

y@) = a+ 1 —[(I? — a?sin(¥)?)%5 + acos(¥)], (2)
V@) = % + %Zy@ , and j—g = %sin(ﬁ)[l + cos(¥)(a? — sin(¥)?)7%5] . (3.4)

With reference to the right-hand side (RHS) terms of Eq. 1, the heat input to the cycle due to combustion
(Qcomp) 1s calculated by multiplying the lower heating value (LHYV)) of the fuel by its mass flow rate to

the engine:

Qcomb = MeyelLHV , Q)

while the heat release rate during combustion with angle ¥ of the crankshaft’s rotation is calculated
using the Wiebe correlation, which requires as input the ignition angle (djg,) and the duration of the

combustion process (J,):

oo el () o

Where @ = 5 and n = 3, based on typical values available in the literature [123].

The term dQ,,/dY represents the heat losses through the cylinder wall, and corresponds to the

summation of heat transfer losses due to convection/conduction and radiation:

dQ_W _ hg(ﬁ)Aw("g)(Tg(ﬁ)—Tw) + BGBOltZAW(ﬁ)(Tg(ﬁ)4—TW4)

dd N N > (7)

A, (9) = by () + gbz . (8)

In Bq. 7, hg(¥9) corresponds to the instantaneous HTC which quantifies the heat transfer between the gases
inside the ICE cylinders and the wall; A, (39) corresponds to the instantaneous area available for heat transfer
while the piston is moving; Ty (9) is the instantaneous bulk temperature of the gases inside the cylinder; T,
is the temperature of the cylinder wall; N is the engine’s rotational speed expressed in revolutions per second
(rps); B is a parameter related to the radiation losses; and gg)t, 1S the Stephan-Boltzmann constant. The
instantaneous HTC (hg(¥9)) is a function of: i) the average temperature inside the cylinder; ii) the average

pressure inside the cylinder; iii) the crankshaft angle; and iv) the mean speed of the piston.
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Two correlations are commonly found in the ICE literature for estimating the instantaneous heat transfer
coefficient in reciprocating systems: i) the correlation proposed by Annand [126]; and ii) the correlation
proposed by Woschni [123,124]. In this work, the correlation proposed by Woschni has been used, as
provided in Ref. [125]. Based on this correlation, the heat transfer coefficient is estimated using the

following equations:

hg(¥) = 3.26 P(9)%8Up;se(9) "8b 02T (9) 703, )
V(I
T() =225, (10)

where Uyt (¥) is the instantaneous characteristic velocity of the gases, calculated by considering the
instantaneous pressure variation inside the cylinder (P (9)) and the mean piston speed:

Vo Py ’

Upist(9) = 2 - 2.28 Nl + 0.00324 T, (11)

In Eq. 11, L is the length of the piston stroke; V,, Ty, Py are the volume, temperature and pressure at the
intake stroke; Vgis is the cylinder displacement volume; and P, is the so-called ‘motored engine
pressure’, which is calculated by solving the isentropic relationship PyVi," = PyV," = const. This
expression of the gas mean characteristic velocity is applicable when the ICE valves are closed, i.e.
during the compression and expansion strokes. When the valves are open, during the intake and exhaust

strokes, the mean characteristic velocity of the gas is estimated using the mean piston velocity only:
Upist(¥) = 2+ 2.28 Nl , (12)

owing to the fact that the pressure variations, during the intake and exhaust strokes, are considerably

lower than those observed during the compression and expansion strokes.

To calculate the mass flow rate through the valve restriction (throat), the equations for compressible gas
flows through nozzles are used. The mass flow rate is calculated using Egs. 13-15, depending on whether

the flow is choked or not:

y+1 1 y-1
; — _Po_ ’ 2 vt ; — _Po_ Bvr [2v |1 _ (Bv) 7
Mchd = \/R_TOCDAV )4 (V+1) > O Mpchd = \/R_TOCDAV (Po) \/y—l [1 (Po) ] ) (13)

Cp = 0.85 — 0.25 (’;—;’)2 : (14)

AV = T[DVLV . (15)

for which the critical pressure ratio at which the flow becomes choked at the valve is required:
Y

Po _ (ﬂ)ﬁ (16)

Py 2
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In the above equations, Cp corresponds to the flow discharge coefficient at the valve restriction, and is
calculated in Eq. 14, by using the correlation proposed in Ref. [127]; Ay is the minimum area available to
the gas as it flows through the valve (curtain area); Dy is the diameter of the valve; and Ly is the valve lift.
The gas pressure, temperature, and density upstream and downstream of the valve throat are then related by

[123]:

TT—i =1+ YT_lMZ R (17)

P To\7oT

= () (18)
T 1

= () (19)

with Py, Ty and p, being the gas pressure, temperature and density upstream of the valve (the so-called
stagnation conditions); Py, Ty and py being the gas pressure, temperature and density downstream of the
valve; and M representing the Mach number at the valve throat (the ‘restriction’). During the intake stroke,
the upstream (stagnation) conditions correspond to the conditions at the intake manifold, while during the
exhaust stroke, the upstream (stagnation) conditions correspond to the conditions inside the cylinder. For

more details on compressible flows modelling through nozzles, the reader is referred to Refs. [123,125].

Finally, for the turbocharged engines examined in this work, the compressor power (Wcomp) and the

turbocharger work (W) are calculated by using constant isentropic efficiencies, following the

expressions:

i _ Mair(h1—ho)
VVcomp = anT;po ) (20)
Wturb = Tex(hex — hout)nexp . (21)

The set of ODEs presented in Egs. 1-21 represents the complete ICE thermodynamic model, which was
solved in MATLAB®O using the non-stiff ODE solvers ode113 [128].

3.2.2 [Exergy analysis

Exergy is defined as the maximum theoretical work that a system will generate if it undergoes a
reversible process, from its initial state to the environmental (dead) state [129,130]. The exergy balance
for a control volume of an open system, at steady-state conditions, is calculated by the following

equation:
2 T . H . . ’
0= fl ( - FO) dQ -W+ Z?:lmi,inexi,in - Z?:lmi,outexi,out - Xdestr . (28)

The integral in Eq. 28, refers to the heat exchange occurring between the system and its surroundings;

the second term (W) represents the work generated by (or added to) the system; the third term is the
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summation of the exergy flows entering the system, while the fourth term represents the exergy flows
leaving the system. The last term (Xgestr) represents the exergy destruction occurring in every
component of the system. The signs indicated in Eq. 28 are based on the convention that: i) the heat
exchange is positive, when heat is added to the system; and ii) the work is positive, when it is generated

by the system [131]. To calculate the exergy flows, the following assumption are considered [132—-134]:
e  The magnetic and nuclear forms of exergy are neglected;

e  The change in kinetic and dynamic energy is negligible, therefore the kinetic and potential exergies

are also considered negligible;

e The water present in the exhaust gases is in vapour phase, so the LHV of methane has been used

for the calculations;

e  The exhaust gases inside the ORC evaporator do not react and only transfer heat to the working

fluids;
e The air and exhaust gases are considered ideal gases, so the ideal gas law principles are applied,

e  The combustion reaction in the Otto ICE is complete, using the air-to-fuel ratio (4FR) presented in

the manufacturers’ data sheet;

e  The ambient environmental conditions are used as the reference state of the system for the exergy

calculations.

Using the aforementioned assumptions, the specific physical exergy of a substance is expressed as

follows:
exiph = (h—ho) —To(s —so) . (29)

The specific chemical exergy of reference substances is defined as [129,135]:

ex;" = RT,In (:—0) . (30)

D0

The total specific exergy is therefore calculated using:

ex; = ex;PP + ex; M . (€28
For mixtures, the chemical exergy is expressed as [132]:

eXmix™ = i kiex; ™ + RT, XL, kiln(ky) . (32)
To obtain the exergy destruction occurring within the ICE, Eq. 28 can be rearranged to:

Xdestr,ICE = Xair + Xf - Xex - Xwork_ij D (33)
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where the term X,;, represents the exergy flow of the air intake, X represents the exergy flow of the
fuel, Xey is the exhaust-gas stream exergy flow, X, ok represents the work generated on the ICE shaft,
and X]-W is the exergy flow to the jacket water circuit of the engine. For natural aspiration engines the
exergy flow of the air intake is equal to zero, since the air enters the cylinder at environmental conditions.
In the case of turbocharged engines, the exergy flow of the air intake is calculated using the air

temperature and pressure after the intercooler, prior entering the ICE cylinder:

Xair = mair [(hair - hair,O) - TO (Sair - Sair,o) + Cp,airRTOln (P;;r)] . (34)

To estimate the exergy flow of the natural gas (X¢) it is assumed that this is equal to that of methane,

and it is calculated using the LHV of methane, as follows [132]:

Xf = mfexfCh, (35)

(36)

ex;™ = LHV (1.033 + 0.0169 % — 22

C

Here, C stands for the number of carbon atoms in the fuel an H for the number of hydrogen atoms. In

the case of methane C =1 and H = 4.

The ICE shaft work is used for estimating Xyork. The ICE work is obtained from the ICE-ORC CHP
modelling tool developed in this thesis. The exergy flow of the exhaust-gas stream (X,y) is calculated
using both the physical and chemical exergy terms of the combustion products. All gases are assumed
to be ideal, and the combustion process to be complete. The mass fractions of the various components
in the mixture are obtained using the AFR of the engine. The physical exergy of the exhaust gases is

calculated as follows:

- ph .
Xex = mex[(hex - heX,O) — T (Sex - SeX,O)] . (37)
The chemical exergy of the exhaust gases mixture is estimated using:

. h .
Xexc = mex[Zinzl kiexich + Ty Zinzl Rikiln(ki)] > %)

R (39)

X‘ex = Xex
The jacket water circuit exergy flow (X jw) 1s calculated using the physical exergy of the water stream

because there is no change in the composition of the fluid:

5 . Tjw,in
ij = MjwCp,air [ (Tjw,in - Tjw,out) — Toln (]—)] . (40)

Tjw,Out

It should be noted that Eq. 33 is applicable in natural aspiration ICEs. To obtain the exergy destruction rate
of turbocharged engines the exergy flow of the compressor, the intercooler heat exchanger and the turbine-

expander are required. The exergy destruction rate at the compressor (X, dest|comp) 18 calculated using:
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Xdest|comp = 7'hair[(hair,in - hair,out) - TO (Sair,in - Sair,out)] + VVcomp . (41)

The exergy destruction rate at the intercooler (Xdest|intr) is calculated with:

Xdest|intr = mair[(hair,in - hair,out) - TO (Sair,in - Sair,out)] + mjwcp,jw [ (Tjw,in - Tjw,out) - Toln (Tjw—m)] (42)

Tjw,out

The exergy destruction rate of the expander (X, dest|turb) 18 calculated as follows:

Xdest|turb = 7'hex[(hex,in - hex,out) - TO (Sex,in - Sex,out)] - Wturb . (43)

Finally, the exergy efficiency of the CHP-ICE is therefore estimated by dividing the engine power output

over the exergy flow of the fuel:

W
MCEex = Xl—CfE . (44)
3.3 Organic Rankine cycle modelling

3.3.1 Thermodynamic modelling

In this thesis, subcritical ORC engines have been investigated, since they offer a good balance of power
output, efficiency and costs [11] at the small-medium power scales, which are the focus of this work.
The T-s diagram of a subcritical non-recuperative ORC is illustrated in Fig. 12a, while in Fig. 12 b, the
T-s diagram of a subcritical recuperative ORC is also presented. On the same figures, the main ORC
engine components and processes are highlighted. In Fig. 12a, Process 1-2 corresponds to the working
fluid liquid pumping; Process 2-3 represents the heat addition to the cycle, from the heat carrier fluid
(exhaust-gas stream); Process 3-4 represents the working-fluid vapour expansion; and Process 4-1
corresponds to the heat rejection from the ORC to the cooling water circuit. In the recuperative cycle
(Fig. 12b) two additional processes occur; Process 2-2a, which represents the heat recovery of the cold
liquid working fluid, from the (desuperheated) hot vapour; and Process 4-4a, which represents the heat
rejection from the superheated hot vapour to the cold liquid working fluid, after the latter has exited the
pump. The temperature drop of the heat carrier fluid (Process 5-6) and the cooling water temperature

rise (Process 7-8), are also illustrated on the same diagrams.

A spatially lumped (quasi) steady-state thermodynamic model of the ORC engines presented in Fig. 12
was developed in MATLABO [128], by applying the mass and energy balance equations to every
component of the system. The ORC model is described by Egs. 45-53. The assumptions considered for
the ORC modelling are listed below:

e Steady-state operation of the ORC components;
o All HEXs were assumed to be of a counter-flow design, and adiabatic;

e The pressure drop on the working fluid side in the HEXSs, piping etc. is negligible;
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e The recuperator effectiveness was taken to be equal to &... = 0.80, the pump isentropic efficiency

was set t0 Npump,is = 0.65 [40], the expander isentropic efficiency to Neypis = 0.70 [136], and the

electric generator efficiency to 1e1g = 0.95, similar to the ICE generator performance [9].

5
440 440
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B 400 3 200 - 3
% 380 Evaporator/ 380t Evaporator/
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Z 3601 Expander £ 360 Expander
& =Y 6
& 340 6 & 340
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320 2 Condenser As Desuper- 320 2 Recuperator
heater
300 1 il 300 1 Condenser/Desuperheater 4V
7 Cooling water 8 8
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Specific Entropy [kJ/kg-K] Specific Entropy [kJ/kg-K]
(a) (b)

Fig. 12: Temperature (7) — specific entropy (s) diagram for: a) subcritical non-recuperative ORC, and

b) subcritical recuperative ORC.

Heat flows into the cycle, in the evaporator (Process 2-3 or 2a-3). The heat input (rate) can be calculated
either by using the working fluid enthalpy increase between States 2/2a and 3, or by using the heat-source

stream temperature decrease between States 5 and 6, by assuming a constant ¢, during this process:
Qevap = Mye(hs — hy) = MysCpex(Ts — Tg) (Non-recuperative ORC) (45)
Qevap = Mye(hs — hya) = mhscp,ex(TS — Ts) (Recuperative ORC) (46)

The normalised cycle superheating degree (SHD) is used to quantify the actual superheating temperature
achieved in the cycle as a fraction of the maximum superheating temperature rise feasible, given the
heat-source temperature and the pinch point (PP) temperature difference in the evaporator HEX. The

definition of SHD is as follows:

T3-T3y

SHD = ——————.
TS_PPevap_T3v

(47)

The calculation of the SHD requires the heat carrier fluid inlet temperature to the ORC engine (T5), the
working fluid saturation temperature during evaporation, which is also the temperature at beginning of
the superheating process (T3y), and the working fluid temperature at the exit of the evaporator HEX
following superheating (T3). In the limiting case of no superheating, SHD = 0, and the maximum value

it can attain is SHD = 1.

After the evaporator, the superheated or saturated vapour enters the expander machine to generate

power. For the purposes of this thesis, when the isentropic efficiency of the expander is assumed fixed,
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the value of 7 is selected to be equal to 0.7 for the nominal (design conditions) [136]. In the case where
expander maps or expander efficiency correlations are used, the isentropic efficiency is predicted given
the specific operating conditions. Once the expander isentropic efficiency is known the power output is

estimated with:

I/I/exp = mye(hs — h4)77mech77elg = Mye(hs — h4s)77exp,is77mech77elg . (48)

After the expansion process, the low-pressure superheated vapour at the expander exit flows into the
desuperheater (non-recuperative ORC) or the recuperator HEX (recuperative ORC). In the latter case, the

recuperator acts as a preheater, where the hot vapour heats the cold liquid working fluid after the pump:
Qrec = Mye(hya — hy) (Recuperative ORC). (49)

The addition of the recuperator device, reduces the load of the condenser, resulting in a smaller-sized
component, while also reducing the overall heat input at the evaporator, which can act to improve the
cycle thermal efficiency. However, the addition of one component to the ORC engine may have adverse

effect on the cost of the system.

After the recuperator, the working fluid enters the condenser, where it rejects heat to the cooling water

circuit:
Qcond = Muw(ha — hy) = ey cpw(Tg — T7) (Non-recuperative ORC), (50)
Qcond = Mwe(haa — h1) = Mew ¢pw(Tg — T) (Recuperative ORC). (51)

The circulation of the working fluid in the system and two pressure levels in the ORC engine are

maintained by a pump, which consumes some of the generated power:

pump Tpump (53)

3.3.2 Exergy analysis

The exergy destruction rate in each ORC engine component is evaluated, using the same methodology
and assumption listed in Section 3.2.2. For each ORC engine component, the exergy destruction rate is

calculated as follows:

Xdestlevap = tiys[(hs — he) — To(ss — S¢)] + Myl (hy — h3) — To(sz — s3)] (Non-recuperative), (54)
Xdestlevap = thys[(hs — he) — To(Ss — S6)] + Ml (haa — h3) — To(s2a — s3)] (Recuperative), (55)
Xdest|exp = ty[(hs — hy) — To(s3 — 54)] + Mye(hs — hys)Nexp,islmechTelg » (56)
Xaestirec = Mwel(ha — hya) — To(Sa — S4a)] + 1 (hy — hpa) — To(sz — S2a)] (Recuperative), (57)

Xdest|cond = Myl (he — hy) — To(s4 — $1)] + My [ (hy — hg) — To(s; — sg)] (Non-recuperative),(58)
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Xdest|cond = Myl (haa — h1) — To(S4a — 51)] + Mcw[ (hy — hg) — To(s7 — sg)] (Recuperative), (59)

. . Nwf (ho— h
Xdest|pump = mwf[(hl - hz) - TO(Sl - 52)] + w . (60)

Mpump

The exergy efficiency of the ORC engine is calculated by dividing the ORC engine power output over

the total exergy flow input to the system, i.e. the ICE exhaust gases exergy flow:

Worc

TMORCex = 5~ - (61)

Finally, for the total ICE-ORC CHP system, the exergy efficiency is estimated using the power outputs
of the CHP-ICE and the ORC engine, as follows:

_ Wicg+Worc
MCE-ORCex =~z — - (63)

3.4 Organic Rankine cycle working-fluid selection

Working fluid selection can strongly influence ORC engine operating conditions, performance,
component size and cost. A number of working fluids have been investigated in this thesis, in order to
obtain the most suitable candidate(s) for the high temperature ICE-ORC CHP applications. Due to the
high computational cost of the optimisation, a pre-selection of working fluids has been performed. Apart
from the good thermodynamic performance characteristics of the working fluids (high vapour density,
low specific heat capacity, and high latent heat), their impact to the environment has been also gaining
growing interest. This is due to the introduction of strict regulations imposing the gradual phase out of
the use of refrigerants with high ozone depletion potential (ODP) and global warming potential (GWP).
In the EU the so-called F-gas Regulation [84] has imposed a number of limitations to the use of
refrigerants in the air-conditioning and refrigeration industry, which have recently been extended to
cover power generation units, such as ORC engines. Therefore, technical solutions which are not

constrained by such regulations are required to maximise the market penetration of ORC systems.

Further challenges apply in the ICE-ORC applications, when recovering heat from exhaust gases, due
to the high operating temperatures of the working fluids, which may accelerate the fluids’ chemical
decomposition if not carefully considered at the design stage. Therefore, fluids with high critical
temperatures/pressures are deemed most suitable for these applications. Vescovo and Spagnoli [93]
investigated, among others, fluids such as toluene, biphenyl, diphenyl oxide, linear/alkylated
hydrocarbons, and perfluoropolyether, for use at very high temperatures up to 400 °C (673 K), and
reported ORC thermal efficiencies up to 30-34%. Refs. [26,30] also investigated among others, the use
of R134a, R245fa, R1233zd, toluene and n-pentane for heat-source temperature of 300-400 °C (573-
673 K), and obtained thermal efficiency of 16-23%. Li [92] studied fluids such as toluene, n-heptane,
cyclohexane, R113 and R123 in high-temperature applications with a heat-source temperatures of 240-

290 °C, obtaining ORC thermal efficiencies up to 31%. Uusitalo et al. [137] finally considered siloxanes
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for heat-source temperatures of up to 400 °C in a small-scale ORC experimental set-up, and achieved a

thermal efficiency of approximately 16%.

Based on the above, the following refrigerants were selected for this study, as having good
thermodynamic characteristics and low ODP and GWP values: R245fa, R152a, R1233zd, R1234ze, and
R1234yf. R245fa is commonly used in commercial ORC engines provided by Bosch, Turboden, GE
Clean start, Cryostar and Electratherm [29]. R1233zd is a very promising replacement of R123, which
has shown high thermodynamic performance in previous efforts [26,138]. Similarly R1234ze and
R1234yf are replacement refrigerants for R134a which is currently used in ORC units manufactured by
Cryostar [30]. Apart from refrigerants, some hydrocarbons have been also investigated, including
butane, pentane and hexane. It should be highlighted that hydrocarbons are listed as A3 category in the
ASHRAE Classification [139], which includes fluids with low toxicity, but high flammability. Finally,
toluene has been also examined, which is mostly suitable for high temperature waste heat, and it is used

in ORC units manufactured by Triogen[59].

3.5 Heat exchanger design

3.5.1 Double-pipe heat exchanger

As discussed in previous sections, a key advantage of DPHEXs arises from their simple construction, form
the fact that they are suitable for high pressure applications. Similarly to the PHEX designs. DPHEX can
offer pure counter-flow heat transfer, while they can also be finned, but this increases their construction
cost. Their key drawback is the high space requirements per kW of heat transferred, especially in
comparison to PHEXs. In the following sections, the Nusselt number correlations used for predicting the

HTCs in DPHEX are presented.
3.5.1.1 Evaporator

Key for predicting the HEX performance is the estimation of the HTCs achieved in the various unit
sections, which also influence the total heat transfer area requirements of the HEX. For the single-phase
zones (the preheater and the superheater sections), as well as for the heat-source carrier fluid, the well-
established Nusselt number correlation proposed by Dittus-Boelter [140] has been used (Eqgs.64-70),
which can be also found in other papers in the ORC literature, such as those in Refs. [8,17]. To predict
the HTCs in the two-phase zone of the evaporator, many Nusselt number correlations have been
proposed in the literature. These can be classified into two main types of methods for boiling inside
tubes: 1) the asymptotic methods, which account for both thermal mechanisms of convection and
nucleate boiling; and ii) the nucleate pool-boiling methods only [29]. A comparative study between the
predictions of various Nusselt number correlations and test data, has been conducted by Garcia et al.
[54], for R22. The authors reported that correlations such as those proposed by Cooper [43], Gorenflo
[43,44] and Steiner [44,54] have predicted the evaporation saturation temperature with only +2 °C
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deviation from the experimental data. Therefore, these correlations are deemed suitable for predicting

the heat transfer rate during evaporation in tubes, and can be used for the design of DPHEXs .

A further comparative analysis has been performed in this thesis, to ensure the most well-suited Nusselt
number correlation is selected for the analyses that follow (results have been published in Refs. [138,141]).
Alternative Nusselt number correlations for the boiling process occurring during evaporation were selected,
aiming to predict the heat transfer area requirements of alternative candidate working fluids. The
correlations investigated covered both nucleate boiling and asymptotic methods, namely: 1) the correlations
of Steiner [44,54], Dobson [43,142], and Chen and Zuber [43,143], for the asymptotic method; and ii) the
correlations of Cooper [43] and Gorenflo [44] for the nucleate pool boiling. The aforementioned correlations
were applied to a number of working fluids, and the results for R245fa are presented here, which is a
commonly used fluid in the ORC market. Similar trends in the two-phase evaporating heat transfer area
requirements have been observed for all fluids investigated and are omitted here for brevity. The comparison
exercise was conducted using as heat source the exhaust-gas stream from a CHP-ICE, namely ENER-G
2500 [17] (mhey = 3.52 kg/s). The temperature of the heat source was then varied to reflect potential heat

recovery processes occurring upstream of the ORC engine evaporator HEX.

The area requirements of the two-phase evaporating zone for R245fa at different heat-source temperatures
and for alternative Nusselt number correlations is presented in Fig. 13a. It should be highlighted that the
evaporator HEX duty (heat input) at every heat-source point is fixed, along with the temperature and
pressure regime, and the working fluid mass flow rates. Consequently, any variations in the heat transfer
area requirements, for the same heat-source temperature, are attributed to the Nusselt number correlations
used, and not to the cycle operating conditions. With reference to the results, for low heat-source
temperatures (Fig. 13a) and low differential between the evaporation saturation temperature and the heat
source (Fig. 13b), the two-phase zone evaporating heat transfer area requirements vary significantly,
depending on the correlation used. Under these operating conditions, the heat transfer area requirements
vary from 3.5 m? when nucleate boiling correlations are used, up to 6 m*> when asymptotic correlations are
used (convective heat transfer is considered). This is attributed to the fact that correlations accounting for
100% nucleate boiling result in higher HTCs, and thus lower evaporator surface area requirements, than

those obtained with correlations that account for convective and nucleate boiling phenomena.

In contrast, at high heat-source temperatures, i.e. at high temperature difference between the hot fluid and
the evaporation saturation temperature, the deviations among the correlations’ predictions are negligible.
This trend is explained as follows; at high heat-source temperatures the nucleate boiling conditions prevail,
while also the mass flow rates in the system increase (for higher heat input), therefore all correlations result
in similar HTCs, and heat transfer area requirements. It is also noted that the heat flux (W/m?) also increases
while moving towards higher heat source temperatures, promoting more effective heat transfer, via nucleate

boiling. Additionally, it is observed that for the same flow regime, the vertical tubes have better thermal
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performance (higher HTCs) than the horizontal designs, results in lower overall heat transfer area

requirements (refer to Steiner results in Fig. 13a).

Based on these findings, it is concluded that in ORC engines operating with low heat-source
temperatures, the evaporator HEX design should aim to maximise the HTCs in convection, to reduce
the system size and thus its cost. On the contrary, for ORC engines operating with high heat-source
conditions (temperature exceeding 300 °C [573 K]) such as those investigated in this thesis, the nucleate
boiling phenomena prevail. Finally, in this thesis, the Nusselt number correlation developed by Chen
and Zuber [43,143] has been used, which seems to slightly over-predict the heat transfer area
requirements in comparison to other correlations, being on the conservative side of the equipment sizing.

The correlation is presented in Eqs. 71-82.

6 T T
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Fig. 13: Comparison between the heat transfer areas predicted from alternative Nusselt number
correlations, for the evaporating two-phase zone, for a) different heat-source temperatures, and b) the

difference between heat source temperature and evaporator saturation temperature.
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Single-phase Nusselt number correlations

For the single-phase flow of the working fluid, the Dittus-Boelter [140] correlation was used (Eqs.64-
67):

Ayt = Nuwf);—"i‘;f , (64)
Nuys = 0.023 Rey 8 Pry** (heating) , (65)
Reys = W : (66)
wt = pilfwslfn ’ ©7)

Similarly for the heat source (single-phase flow), the Dittus-Boelter [140] is applied (Eqs.68-70):

ahS - NuhS Dout s (68)

Nups = 0.023 Rey,®8Pr,%3 (cooling)

Reps = it (69)
— Tihs

s = o Sour (70)

Two-phase Nusselt number correlations

In the two-phase evaporation zone, for each section 7, the quality of the working fluid is calculated,
starting with saturated liquid (x = 0) and progressing to saturated vapour (x = 1). As aforementioned the
asymptotic correlation proposed by Chen and Zuber [43,143] that considers both nucleate and
convective boiling phenomena is then applied to every section (Eq. 71). The superposition method
proposed by Chen although it has been originally developed for water, it has been also utilised in the
literature in studies related to heat transfer for refrigerants, such as R134a.

Qwf = Apc + ANB » (71)

with a,,¢ representing the total HTC of the two-phase flow, comprised of the forced convection HTC (ag¢)
and the nucleate boiling HTC (ayg). The forced convection coefficient (agc) is calculated using the HTC of

the liquid phase of the working fluid inside the tubes, and a forced convection multiplier (Fgc):
arc = Frc Qws) - (72)

The forced convection multiplier proposed by Chen [43,143] is calculated using:

0.736
Frc = 2.35( Lt 0213) . (73)

1
X

The Lockhart-Martinelli parameter (X, ) is estimated using the Blasius equation for the friction factor [43]:
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1-x\0-875 p e 0.5 w 0.125
Xy = (5) (J) (M) . (74)

x Pwfl Hwf,g

The Reynolds number and the HTC inside the tubes for the working fluid liquid phase, flowing alone

inside the channel is calculated using:

Mye(1—x)Dhyd

Rewy = — ——, (75)
Aw
aws) = 0.023 thl'lRewf,IO-gPrwf,ll/3. (76)

The nucleate boiling coefficient (ayg) is calculated with:
ang = St Az, (77)

where, Sr corresponds to the suppression factor proposed by Chen [143] and ay, is the HTC proposed

by Foster and Zuber for nucleate boiling, calculated as follows [43]:

0.24 0.75 0.45
_0.00122 ATgqe"** APsar”° cp w1 **° pwe1 ®** Awsl
afZ - ’ (78)

0.24
Owfos hig 7wa,lo'29 pwf,go'z4

1

St = Tr2sax10 9% Ren 7 (79)
with:

ATsat = Ty — Tsat » (80)
DPgye = Poge fexp [222 (Tit - i)] -1}, 81)
The two-phase Reynolds number is then obtained from:

Reys = Frc'?® Reyws,) - (82)

Pressure-drop correlations

Another important factor to consider when sizing the HEX, is the pressure drop experienced by the heat-source
carrier fluid and the working fluid. The pressure drop for single-phase flows was calculated, as a function of the

velocity of the fluid, the diameter of the tubes, the length of the HEX, and a friction coefficient [43]:

_ puD

Re= ==, (83)

f =0.046 Re™02 (84)
L 2

Parp = 4f 22~ (85)

For the two-phase flow in the evaporating zone, the pressure drop calculation developed by Chisholm
for two-phase flows has been used, as provided in Ref. [43]. This correlation has been compared against

test data and other pressure drop correlations, and shown to slightly overestimate the pressure drop,
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offering some contingency in the HEX design pressure drop. The pressure drop (in Pa/m) for the two-

phase flow is estimated using the following pressure gradient:

(9% - _,..2(9
() = —enis” (57), - (86)
where: (87)
2—-n 2—-n
Penis? = 1+ (Venis” = 1) [Benisx 2 (1 =27 +x27| with n =025 [43], (88)
ar\ ,(dp
Yous = | (5) /(%) - (89)
55
BChiS = m fOI' 0< YChiS < 9.5 , (90)
520
BChiS = m fOI' 95 < YChiS < 28 5 (91)
15000
Behis = —— o5 for 28 < Yeps - 92)
Ychis® Mws

The respective pressure gradients are estimated as follows:

dp _ waf,LThwf2
(dZ)L - Dhydpwf) ’ (93)
_ d_P — 2fwf,Gﬁlwf2
(dZ)G - Dhydpwf,g ’ (94)
The friction factor for the the liquid only, and the gas only flows are calculated with:
fwtr = 0.079 Rews ™", (95)
fuwtc = 0.079 Reyrg *%° . (96)
The Reynolds number for each flow regime is calculated as follows:
Reypy, = munt 97)
’ Hwil
ThweD
Rewf,G = #le;yd . (98)

Finally, the U-value for every section of the evaporator HEX is calculated using the HTCs of the working

fluid and the heat source, and then the area requirements per section are obtained using the LMDT method:

1 1 1

U e T Gwan o (99)

LMDT = (T*“’"il_z?ﬁzt__fﬂhfﬁi’ el (100)
n Thot,o_Tc,i
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_ Qi
Ai = U;LMDT; ’ (101)

3.5.1.2 Condenser
Single-phase Nusselt number correlations

Similarly to the evaporator HEX sizing presented in Section 3.5.1.1, for the HTC calculation of the single-
phase flows in the condenser, the Nusselt number correlation presented by Dittus-Boelter [140] has been

used for the working fluid and the cooling water circuit, as was previously presented in Egs. 64-70.
Two-phase Nusselt number correlations

To obtain the HTCs in the two-phase condensing zone, there is a wide range of Nusselt number
correlations available in the literature, which can be classified into those that account for: i) gravity
driven condensation only; or ii) shear driven condensation only; or iii) a combination of gravity and
shear driven condensation. In this thesis, alternative Nusselt number correlations for condensing
phenomena have been compared, for different working fluids, to identify potential variations on the
predicted heat transfer area requirements (the results of this analysis have been presented in Ref. [141]).
The correlations compared include those proposed by Dobson [142], Shah [8,144] and Chaddock and
Chato [43], for combined shear and gravity driven phenomena; those proposed by Hewitt [43] for gravity
only condensation; and those proposed by Mikheev as presented by Hewitt [43] for shear driven
condensation only. The heat transfer area requirements obtained for different heat-source temperature

for every Nusselt number correlation are resented in Fig. 14, for R245fa.
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Fig. 14: Comparison between the heat transfer areas predicted by alternative Nusselt number

correlations for the condenser two-phase zone, for different heat-source temperatures.
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In general, it is noted that all correlations give similar results across the full range of heat-source
temperature investigated, with the exemption of the gravity-only correlation, which as expected, has the
highest heat transfer area requirements. All other correlations accounting for both condensing
phenomena result in lower heat transfer area requirements, while the deviations within those predictions
are very low. Similar results, for the condensing section were found for all working fluids investigated
[141]. The correlation of Shah is on the high side of the area predictions (excluding gravity-only
correlations), providing conservative estimates of the DHEX area requirements. Based on these findings
the correlation of Shah [8,144] has been used to obtain the HTCs for condensation inside tubes, which

is also commonly found in the literature, among others, in Refs. [8,17,53].

The HTC for the two-phase flow af is calculated using the HTC of the liquid fluid only (ayyf1,)

multiplied by a factor which is a function of the critical pressure ratio at the condenser (F.):

@t = @iy, (0.55 + 7355) (102)

where:

Aywel, = Nuwf,L%, (103)

Nuysr = 0.023Rey s "8 Pryc 2, (104)

Rewsy, = mf—Dhyd (105)
wf,L

P = ﬁ—t (106)

The condenser HEX U-value is finally obtained using the cooling water and working fluid HTCs, while
the heat transfer are requirements are calculated using the LMDT method (Egs. 98-101):

1 1
- = %—w+0lwa]1+a—wf. (107)

Pressure drop correlations

The pressure drop in the condenser HEX is calculated using the same pressure drop correlations
proposed for the evaporator. For the single-phase flows of the cooling water and the desuperheating
process of the working fluid Eqgs. 83-85 have been used. For the condensation process of the working

fluid Egs. 86-99 have been used.
3.5.2 Plate heat exchanger

There is a great range of designs for PHEXs in the market, depending on the application and the
operating conditions. The plates can be corrugated to enhance heat transfer, and improve rigidity, but at
the expense of higher pressure drop. The corrugations, and the narrow paths developed for the flow,

result in higher HTCs and U-values, increasing the heat transfer rate per m? of heat transfer area.
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Consequently, PHEXs are suitable for applications where the physical size of the system is important.
The key disadvantage of gasketed PHEXSs is limitations in the operating pressure and temperature levels
of the plates, which may affect the integrity of the seals (of typical pressed plate fabrication). Welded
or fusion welded PHEXs, made of stainless or galvanised steel can be used instead for higher operating
temperatures, while they can withstand high pressures. However, such type of construction increases

the cost of the PHEXSs, in terms of GBP/m?.
3.5.2.1 Evaporator
Single-phase Nusselt number correlations

For the single-phase flows in PHEXSs, the correlations proposed by Chisholm and Waniarchi [55],
Martin [44] and Muley [145] are commonly used in the literature, to estimate the HTCs and thus the
heat transfer area requirements. In this thesis, the correlation proposed by Chisholm and Waniarchi [55]
has been used, since it is found to give conservative HTC values, when compared to the results obtained
with Muley [145] and Martin [44]. These results are aligned with the findings summarised in Ref. [55].
The Chisholm and Waniarchi correlation has been also compared to experimental data by Focke [146],
and was found to match the recorded values within 15-20%, for Re>1000 and f between n/3 and 7/6.

The Chisholm and Waniarchi [55] correlation is presented in the following equations:

Ay = Nuwf;]%y;, (108)
Nuys = 0.724(68 /)66 Re "8 Pr. ¢1/3, (109)
Reys = W (110)
Upyf = p’:;vsfp . (111)

Similarly, for the heat source (single-phase flow), the Chisholm and Waniarchi correlation [55] is applied:

Ophs = Nuhs n ’ (112)
Dhyd
Nups = 0.724(68 /1)°646 Re;, 0583 Pry (173, (113)
__ PnsUnsDnyd
Rehs = V—hs . (114)
Ups = ;:—h% (115)

Finally, the U-value and area requirements for every section of the evaporator are calculated using Egs. 99-101.
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Two-phase Nusselt number correlations

Alternative correlations for predicting the HTCs in the two-phase evaporating zone in PHEXs have been
compared, against experimental data, in Ref. [55]. The correlations investigated included, among others,
those proposed by Han [147], Hsieh [148], and Yan and Lin [149], which are commonly found in the
ORC engine HEX design literature. The findings of the comparison exercise indicate that the correlation
proposed by Yan and Lin [149] gives the highest HTC estimates, while the correlation of Han [147],
gives conservative HTC predictions. When the same correlations were compared to experimental data,
it was observed that the temperature prediction for all correlations was within £ 2°C from the recorded
values. These findings indicate the suitability of those correlations for PHEX design studies. Therefore,
in this thesis, the correlation developed by Han [147] has been used, to allow for some contingency in

the surface area estimation of the two-phase PHEX evaporator zone.

The correlation is presented in Egs. 116-122. The HTC in each section i is calculated using the quality

x; of the working fluid at this section as follows:

Awt, _ .

Awf = C3 K;Rewf,eq%Bogqa‘Prwf,lO‘}a (116)

where:

Rewgeq = —2ietud (117)
Pwf] 05

Gwieq = Gwep [1 —x+x (;»::T) ] (118)

Boyfeq = —ut (119)

wf,eq Gwieqhig 5

. Qey

Qwfeq = - (120)

c3 = 2.81(=—) 00415283, (121)

Dhyd
zZ —
Cp = 0.746(@) 0.082 3061 (122)

Reyfeq is the equivalent Reynolds number, Gyreq is the equivalent mass velocity, Boyfeq is the
equivalent boiling number, Gyeq is the specific heat flux, and cs/cs are coefficients related to the

geometry of the PHEX.
Pressure drop correlations

The pressure drop calculation for the single-phase zones, in chevron plates with angle f, is calculated using

the correlation developed by Martin [44] for both the working fluid and the heat-source, as follows:
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Py fr — 4f, L_PE (123)
P P Dhya 2p
1 cosf 1-cosf
Tp "~ (0.18tanB+0.36sinB+f,/cosB)05 + J3.8f; (124)
=m
Gp =5 (125)

where f;, is the Fanning friction coefficient for one plate (one passage), and Gy, is the mass velocity. The

Fanning factor is estimated using the chevron angle f, and the Fanning coefficients (fo/fi) for f=0° and

F=90°, respectively:

fO = % and fl = SRi: + 3.85, for Re < 2,000, (126)

fo = (1.8log;oRe — 1.5) 2 and f; = for Re > 2,000 . (127)

0289 2

The pressure drop of the working fluid, while evaporating is calculated using the frictional and
acceleration pressure drop terms, in one passage, in line with the correlations proposed by Han [147].

The frictional pressure drop is calculated with:

Lp waeq
Parpwe’ " —4fpwahyd—2 pawt (128)
fowt = €1Reyfeq 2, (129)
-3.03
¢ = 64,710(5— il G-8) (130)
—-0.47
» = —1314(— )0 G-8) . (131)

The acceleration pressure drop over one plate is estimated with:

2 2
Parpowi®® = (et ) (Hwtert ) (132)
out

Pwfl—Pwfout Pwfl~Pwfout in
3.5.2.2 Condenser
Single-phase Nusselt number correlations

To obtain the HTC of the single-phase zone of the condenser (desuperheater) and of the cooling water
circuit, the correlation provided by Chisholm and Waniarchi [55] has been used, as presented in Section
3.5.2.1. Similarly, the calculation of the pressure drop for the single-phase flows, in chevron plates with

angle B, is calculated using the correlation developed by Martin [44], as described in Egs. 123-127.
Two-phase Nusselt number correlations

Garcia et al. [55] compared various Nusselt number correlations that describe the two-phase condensing

zone in PHEXs, against experimental data. The results indicate that the HTC values obtained from the
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correlation developed by Han [150] are in good agreement with the test data. Therefore, in this thesis,
the correlation proposed by Han [150] has been used, to obtain the condenser two-phase section area

requirements. The HTC in each section i is calculated using:

g = €722 oI Revgoq Prut ™’ (133)

where, Reyteq 18 the equivalent Reynolds number estimated using Eqs. 117-118. The coefficients c7/cs

are calculated as follows:

c, =11. 22( ) 283p-45 (134)
cg = 035( )023ﬁ148 (135)
The U-value for every section of the condenser two-phase zone is calculated using the HTCs of the working
fluid and the cooling water. Then the area requirements per section are obtained using the LMDT method.

Pressure drop correlations

The pressure drop in the two-phase condensing zone (working fluid circuit) is calculated using the

correlations developed by Han [150].

Parpwe' " = 4fp,wf%62‘/;f—$?:a (136)

fowt = CsRewgeq . (137)

(138)

=_1. 024( )0 0925’3—1 3 (139)
3.6 Expander design

3.6.1 Piston expander

Despite the advantages of piston expanders, by reviewing the literature of small-medium scale ORC engines,
it is highlighted that there is only a limited number of studies that have investigated the use of piston
expanders in detail, or considered its performance under variable operating conditions. Within this limited
literature, the majority of the studies have either focused on the piston expander design in isolation of the
remaining system, or have considered the deployment of piston expanders in ORC engines for automotive
applications. In this thesis, the deployment of piston expanders in stationary waste heat recovery applications

with ORC engines is investigated, under design and off-design operation.

To predict the piston expander efficiency when operating within an ORC system, performance maps

have been used. The performance maps have been generated, using a dynamic lumped-mass model for
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reciprocating expander machines. The time-resolved piston expander model is presented and validated
in Refs. [138,151]. The model captures three major loss mechanisms, namely: i) losses through the
valves; ii) mass leakage at the piston rings; and iii) heat transfer losses between the gas and the cylinder
walls (Fig. 15). The frictional losses account for 13% to 25% of the indicated power [71,152,153], and
generator losses are a further 5% of the shaft power, with both applied at a post-processing stage. While
there is some uncertainty in the estimation of frictional losses, for fixed-speed operation the frictional
loss can be roughly approximated as constant for a given machine [154], and hence a fair comparison

can be made between different operating points at on- and off-design conditions.

Valve pressure losses

Oscillating heat
transfer

Mass

Reciprocating leakage
akag

piston

- “

Fig. 15: Schematic diagram of reciprocating piston expander and loss mechanisms. Figure reproduced

from Ref. [138].

The lumped-mass model solves dynamic mass and energy conservation equations [151]:

d . .

T = Min = oyt (140)
d o dp . .

a(’mh) - Qw+VE+Zminhin _Zmouthouta (141)

with m representing the mass of the gas/vapour in the cylinder; mun and 70w representing the intake and
exhaust mass flow rates; / is the specific enthalpy; O, is the heat transfer rate between the gases and the

cylinder wall; and P and V are the (time-varying) cylinder pressure and volume.

The flows through the intake and exhaust valves are modelled using the equations for flows through
nozzles (1-D modelling), which are assumed isentropic, until they reach the valve throat. A discharge
coefficient is then applied to capture the real gas-flow effects [155]. The expander valves are assumed
to be popper type, with the minimum area available to the flow being determined by the valve position.
Leakages through the valves are neglected, and the duct flow from the intake manifold/to the exhaust

manifold are considered ideal with no losses:

Minjout = Cp AR/ 2(Aup — RR) » (142)
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2
Cp = 0.85 — 0.25 (’l) : (143)

up
hg = h(Pan, Sup) » (144)

with Ar representing the minimum cross-sectional area experienced by the flow through the valve. The

various quantities are measured upstream (‘up’), downstream (‘dn’) or at the minimum area or throat (‘R’).

A crevice model is used to simulate the mass leakage past the piston rings [151], with the two piston rings
dividing the volume between the piston and the cylinder walls into three crevices. A pressure-driven model

is used to predict the mass flow rate between the crevices, with the use of a discharge coefficient as follows:

d crev 2 2

rr;_t = Min,crev — Mout,crev > (145)
Thin/out,crev = (4 Pcrev Agap 2(hup - hgap) ) (146)
hgap = R(Pdn, Sup) - (147)

The temperature of the cylinder walls is assumed uniform and constant and is set equal to the mean gas
temperature over a cycle by an iterative process. The expander is considered to be well insulated, such

that there is no net heat transfer to the surroundings during steady-state operation.

The heat transfer between the gases and the cylinder wall, during the expansion and compression strokes
is calculated using a complex Nusselt number correlation from Lekic and Kok [156]. The complex term
of the correlation captures the heat transfer component that is out-of-phase with the bulk temperature
difference between the gases and the cylinder, due to the boundary layer effects during compression and
expansion. During the intake and exhaust strokes only the real part of this correlation is used, since the

out-of-phase heat transfer effects are only active under pressure changes [157]:
. Yl 1 dr
Gw = =5 | Nur(T =) + SN ] (148)

D, = (149)

=
where gy is the heat flux rate from wall to gas, 1 is the instantaneous thermal conductivity, Dy, is the
instantaneous hydraulic diameter based on cylinder volume V" and surface area 4w, Nu; and Nu; are the

real and imaginary Nusselt number components, and @ is the crankshaft speed in radians per second.

The reader can refer to Refs. [138,151,157] for the piston expander modelling details and validation.

Finally, the isentropic efficiency of the expander neyp s is defined based on the indicated expander

power I and the enthalpy change of an equivalent isentropic and adiabatic expansion process [151,157],
whilst when the mechanical losses on the shaft are considered this is defined as the effective expander

efficiency, as follows:
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w
Texpis = Flun—houcs) (150a)

114
Nexpef = il —homs) Tmech > (150b)

which is compatible with Eq. 48 when heat transfer is small, as confirmed for the conditions modelled here.
While throughout this thesis the piston expander efficiency is mostly reported as the isentropic efficiency,

the other definitions are useful for comparing the results to other studies in the literature.
3.6.2 Screw expander

As discussed in previous sections, screw expanders have high durability, operate efficiently at low-
medium volume ratios (VRs) of up to 8 and pressure ratios of up to 10, are low noise, low vibration and
have compact configuration [158]. In Fig. 16, a schematic diagram of typical screw machines is
presented. Screw expanders typically are reversed screw compressors and are capable of dry gas or wet
vapour expansion. In contrast with the piston expanders, there are a few studies in the literature that
consider single-stage screw expanders in ORC engines, mainly for recovering heat from low-medium
temperature heat sources [158]. In this work, the operation of screw expanders within ORC engines for
high temperature waste heat recovery are investigated, at design and off-design conditions, and

compared to the performance of piston expanders.

To predict the screw expander isentropic efficiency, the correlation provided by Astolfi [65] has been
used. The correlation is based on available efficiency data of screw compressors on the market. The

efficiency of the expander is obtained using the following equations:

Nexp = €[0.9403305 + 0.0293295In(byyp) — 0.02663987y, . (151)
c=1if 1r4p <7, (152)
¢ =1-0264In ("), if 1oy, > 7 (153)
. 7 > exp b
* Texp/ 4 Texp/ 3 Texp/ z Texp/
¢’ =—-0.03229 <—) + 0.288 (—) — 0.8995 (—) + 1.0064—— + 0.60558, (154)
Texp Texp Texp Texp

where ey, 18 the screw expander efficiency, vy is the working fluid volume flow rate, 7,4, is the VR
of the expander at the design point, defined as the ratio of the specific volume of the working fluid at
the discharge of the expander over the specific volume of the working fluid at the intake, 7y, is the VR
of the expander at off-design operation, c is a correction factor for sizing he screw expander depending
on the VR at the design point, and c* is a post-expansion correction factor, which captures the efficiency
reduction of screw expander, due to off-design operation effects. Because the Astolfi [65] correlation
has been developed using the efficiencies of commercial units with maximum VRs of 7, the correction

factor c is applied to the expander efficiency, in the cases where the expander operates at higher VRs.
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Once the expander design is fixed (i.e. built-in VR, volume flow rate and thus its isentropic efficiency),
the screw off-design efficiency is obtained by applying a correction factor (c*) that captures the
efficiency penalisation due to off-design operation. It is highlighted that the efficiency correlation has
been presented without indicating whether this is the isentropic expander efficiency or whether it
includes losses, such as power generation losses. Therefore, in this thesis further power generation losses
are added to obtain the final expander efficiency, being on the conservative side of the calculations.
Finally, due to the screw expander efficiency deterioration at high pressure/VRs, in the following
chapters it is revealed that the optimised ORC engines with screw expanders operate with two-stage

expansion, aiming to operate each machine at lower expansion ratios, and thus higher efficiencies.

I
Gate Rotor / /
(Female Rotor) /f‘/ / )

N AN
Main Rotor K_/, 5

(Male Rotor) [ N\
Suction Suction Port

Phase
/

Discharge Expansion
Phase Phase

Discharge Port

Fig. 16: Single and twin crew expanders’ schematic diagram [158].

3.7 Pump selection

The input parameters for the ORC engine pump performance are the working fluid flow rate, the
enthalpy at the exit of the condenser and at the inlet of the preheater, and the efficiency of the pump:

: e (ha— h
%umpzw. (155)

Npump

In line with the literature review conducted by Landelle et al. [58] the most common pump technologies
used in ORC units are reciprocating machines, rotary and centrifugal. For low pressure ratios and flow
rates the rotary type are commonly used, for medium to high mass flow rates and high pressure ratios
the centrifugal units dominate, while the reciprocating pumps are the most versatile being able to operate
in a wide range of pressure ratios, even for low mass flow rates. Therefore, in this thesis, the ORC engine
pump is assumed to be a centrifugal unit. A fixed value of the pump isentropic efficiency of 0.65 was

chosen, which falls within the range of values suggested in previous studies [8,17,40].
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3.8 Organic Rankine cycle engine economic analysis

Following the ORC system sizing, using the methodology presented in Sections 3.5, 3.6 and 3.7, cost
estimates of the ORC engine components can be obtained, using alternative cost correlations. As
discussed in Chapter 2, there is a variety of costing methods available in the literature, with the most
widely used being the so-called module costing technique [115,116]. Apart from the module costing
technique, cost correlations for ORC engine components have been also developed by various
researchers using typical materials costs, such as those presented in Refs. [8,17], or by collating data
from manufacturers’ price lists, such as Ref. [65], while very limited studies are publicly available were
the actual ORC components manufacturing, assembly and overhead costs of real installations are
presented [52,117]. The lack of actual ORC engine and components cost data makes the validation of
the cost estimates an onerous task. In this thesis, we compare alternative costing methods, while
presenting new cost correlations, based on vendors’ price lists and real ORC engine cost data, aiming to
establish cost correlations which can provide realistic cost estimates for the CAPEX of ORC engines.
In this section, the module costing technique is presented, while the new correlations developed as part
of this thesis are presented in Chapter 6. Finally, the various financial indexes utilised throughout this

thesis to compare alternative system designs and configurations are presented.
3.8.1 Component costing

The general format of the cost correlations deployed in the module costing technique is illustrated in

Egs. 156-157, as provided by Turton [115] and Seider [116]:
CS — F 10K1+K210810Z+K310810%2) [115], (156)
Cp = F exp(Ky + KzInZ + K3In?Z + K,In3Z + KsIn*Z) [116], (157)

where CS represents the component purchase cost (or the so-called free of board - FOB - cost); F
represents a cost factor considering the components’ manufacturing, including F, which accounts for
the cost correction based on the operating pressure of the system, and Fm which accounts for the
components’ material; Z corresponds to the specific component attribute based on which the costing is
conducted; and K are the cost coefficients described in Turton [115] and Seider [116], which depend on

the type of component.

To calculate the bare module cost, other cost components should be considered, including installation costs
of associated piping, ductwork etc., labour cost, construction overheads etc. These cost components have
been incorporated by Guthrie [116] in one factor, the so-called bare module factor (Fsm), for the most
commonly used equipment in chemical plants. The aim of this work is to estimate the cost of the ORC
engine itself, rather than the complete construction cost of a power generation plant, therefore the Fgm is

not incorporated in the cost correlations presented below. Finally, the Lang factor of 1.18 that captures the
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manufacturing/construction contingencies is used as a multiplier to the total purchase cost of all the

components comprising the ORC engine, to obtain the capital expenditure in line with Refs. [115,116].

The cost coefficients (Fp, Fm, Ki) for estimating the purchase cost of each piece of equipment, using the
module costing technique, are summarised in Table 2. The cost coefficients for the HEXs are selected

as follows:

e For estimating the DPHEX cost using Seider [116], F} is set equal to 1 because the HEX pressure
in the systems investigated is lower than 4,000 kPa, and Fy, is 2 for stainless steel (SS) inner tube
construction. This correlation is applicable to the single-phase zones of the evaporator and the

condenser DPHEXs, and is valid for heat transfer areas up to 22 m>.

e For the two-phase zone of the DPHEX, the Seider [116] correlation for forced circulation DPHEX

is used. The correlation is applicable for heat transfer areas up to 900 m?.

e Forthe PHEX costing, one correlation is provided by Seider [116] for SS plates, which is applicable

to heat transfer areas up to 1,400 m?.

e For estimating the DPHEX cost, using Turton [115], Finis set to 1.8 for SS inner tube design, and £}, is
set to 1, for operating pressures lower than 4,000 kPa. This correlation is applicable to the single-phase

zones of the evaporator and the condenser DPHEXS, and is valid for heat transfer areas up to 10 m?.

e For the two-phase zone of the DPHEX, the correlation of Turton [115] for forced circulation is
used. This is applicable to HEX areas of up to 1,000 m>. For carbon steel (CS) construction, the Fin

corresponds to 3, while the pressure factor is calculated as follows (P in bar):
Fp — 1O(Cl+6210g10P+C310g102P)’ (158)
with C=0.1578, C,=-0.2992, C3=0.1413 for pressure in the range of 10<P<150 bar, and F,=1 for

lower pressure levels.

e For the PHEX costing, only one correlation is provided by Turton [115] with Fi, being equal to 2.4
for SS plates, and F}, being equal to 1 for operating pressures below 4,000 kPa. The cost correlation

is applicable to PHEX area of up to 1,000 m>.

For the calculation of the pump cost, the correlation of Seider [116] is used, and the specific attribute

required is:

_ _twr ( P )0'5’ (159)

~ 0.0631 \0.0299

where v,,¢ is the volume flow rate of the working fluid in I/s, and P is the pump head in bar.

To convert the costs to today’s values the Chemical Engineering Cost Index (CEPCI) has been used.
For Turton [115], base year is 2001 (CEPCl001=397), and for Seider [116], is 2013 (CEPCl»013=567).
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All costs were converted to 2017 values, using CEPCl017=562.1. USD were converted to GBP using:
for 2001, the conversion rate of 0.6944, and for 2013, the rate of 0.63955 [159]. At the point of writing
only interim CEPCI for 2018 were available, therefore the CEPCl17 has been used.

Table 2: Cost coefficients used for the module costing technique, based on Refs. [115,116].

Fy/Fnl
Component VA F Fp/ R ¢ K> K3 K4 Ks Ref.
D

DPHEX Area (ft?) 1 1/2/- 7.2718 0.160 - - - [116]
Preheater/ Area (m?) 1 1.8/~ 3.3444 0.2745 -0.0472 - - [115]
Desuperheater
DPHEX Area (ft?) 1 1/1/- 8.0369 0.6994 -0.00004 - - [116]
Evaporator/
Condenser :
(forced Area (m?) 1 Fy/3/- 5.0238 0.3475 0.0703 - - [115]
circulation)
PHEX Area (ft2) 10,070 (2)°# [116]
Preheater/ Area (m?) 1 124/~  4.6656 -0.1557 0.1547 - - [115]
Desuperheater
Reciprocating Power (Hp) 1 -1/1 4.6762 1.23 - - - [116]
compressor

Power (kW) 3.5 -1 2.2897 1.3604 -0.1027 - - [115]
Screw Power (HP) 1 -/1/1 8.2496 0.7243 - - - [116]
compressor

Power (kW) 2.5 -/-/1 5.0355 -1.8002 0.8253 - - [115]
Pump S 1 2/1.35 12.1656 -1.1448 0.0862 - - [116]

(gpmv fthead)
Pump motor Power (HP) 1 -11.4 5.3992 0.16829 0.110056 0.071413  0.0063788  [116]

The module costing technique correlations do not provide cost functions for screw type or piston expanders.
To estimate the cost of those expanders, the cost correlations provided for their respective counter-part
compressors have been used. This is a reasonable assumption, since these volumetric machines can operate
in reverse mode (expansion) with relatively simple modifications. Therefore, it is a common practice in the
literature to use the volumetric compressor costs, as indicators of the volumetric expanders cost. The cost

coefficients for the expanders are summarised in Table 2, and have been selected as follows:

e For the reciprocating compressors cost, when using Seider [116], Fp=1 for an electric motor driven

compressor, and Fiy=1 for CS construction. This correlation is valid in the range of 70-14,900 kW.

e For the screw compressors cost, when using Seider [116], Fp=1 for electric motor driven

compressor, and Fiy=1 for CS construction. The correlation is valid for 8-560 kW of power output.

e Turton [115] provide two general correlations; one covering axial, centrifugal and reciprocating

compressors, and another one for rotary compressors. The validity range is 450 to 3,000 kW for the
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former, and 18-950 kW for the latter. It is noted that the correlations are suitable for large scale (power
plant level) machines, rather than small-medium scale units required in the ORC engines considered
in this study. However, the correlations are included in the study, for completeness. The pressure
factor is set to 1 (F,=1) and the material factor Fi, is not given. Instead, a general cost factor for CS

compressors is provided, which is equal to 3.5 for reciprocating piston, and 2.5 for rotary type.

In Chapter 6, the cost predictions using the module costing technique presented here, are compared to
those obtained, when using the new cost correlations developed in this work. By comparing the two

approaches we aim to identify those correlations, which provide the most credible cost estimates.
3.8.2 Profitability analysis

A commonly used cost index for comparing alternative ORC system configurations is the specific

investment cost (SIC), defined as the ratio of the ORC engine capital cost, over the net power output:

SIC = SAFEXore (160)

WOoRC,net

To quantify the impact of the different ORC engines designs on the project whole life financial viability,
the discounted payback period (DPP) and the net present value (NPV) of the ORCs in an ICE-ORC CHP

configuration are estimated, using the following equations:

__ Actual cash flows
B (1+0)n

DppPP (161)

The cash flows are estimated as the savings on the electricity bill of the user on an annual basis, because
of the use of the ORC engine, and by subtracting the annual operation and maintenance (O&M) costs.
The user is assumed to be a large-scale commercial or industrial facility, covering supermarkets or

university buildings. More details are provided in Chapter 6. The NPV of the system is estimated using:

Actual cash flow, |, Actual cash flow, Actual cash flowy

NPV = —CAPEXORC + 1+t (1+0)? a+in >

(162)

with n being the project lifetime in years.

Energy prices for both electricity and gas are required to calculate the annual energy costs, and potential
savings of the systems investigated. The electricity and gas prices data used in this study are based on
previous work done in Refs.[160,161] and are based on the prices offered to commercial and industrial
users in the UK. The gas price used is 2.4 p/kWh [24]. For the electricity prices, half-hourly price points
have been used for typical weekend (WD) and weekdays (WD). In Fig. 17, the profile of electricity
prices variation are presented, for typical WD and WE as forecasted for 2019.
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Fig. 17: Half-hourly electricity prices for typical days per month, for 2019; data obtained from Refs.
[160,161].

3.9 Optimisation

In the light of demanding energy performance standards, designing sustainable energy technologies
requires the consideration of multiple design parameters, and constraints (technical and financial),
making the possible solutions design space very wide. To deal with these challenges, mathematical
optimisation techniques can be proved very useful. Optimisation methods can be classified into Global
optimisation techniques and Heuristic methods. Global optimisation techniques guarantee that the global
optimum in the design space will be obtained, whereas the heuristic methods offer an efficient way of
finding the optimum or getting close to it with a high probability [162]. The general structure of an

optimisation algorithm is illustrated in Fig. 18.

Objective function(s) are constructed, subject to a set of constraints, relevant to the optimisation problem.
For an ORC engine design, the constraints will ensure that fundamental thermodynamic principles are not
violated, or that non-feasible values for the design variables are excluded from the optimisation process,
followed by other constraints, related to the equipment sizing, and operating conditions. More details on
the optimisation exercises objectives and constraints can be found in Chapters 4, 5 and 6 that follow.
Generally, the optimisation algorithm generates new values for the decision variables, which form new
input to the model, i.e. the objective function. Then, whether the constraints are satisfied is tested, and if
yes, the value of the objective function is computed and saved. In the end, the vector with the optimum set

of values of the decision variables that minimise/maximise the objective function(s) is obtained.
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Xopt » Fopt (Xopt), Gopt (Xopr)

Fig. 18: Simplified schematic diagram of optimisation workflow.
3.9.1 Single-objective optimisation

In a typical single-objective optimisation problem, there is one objective function F ()? ), which we seek to

minimise or maximise, subject to a number of constraints. Vector X contains all the decision variables, i.e.
the independent variables that the optimiser is allowed to alter within a predefined and feasible range, in
order to minimise or maximise the objective function F ()? ). In this thesis, single-objective optimisation
has been deployed in Chapters, 4, 5 and 6. Three objectives have been mainly investigated (separately): 1)
net power output of the ORC engine, or of the ICE-ORC CHP system; ii) the specific fuel consumption
(SFC) of the ICE-ORC CHP system; and iii) the SIC of the ORC engine. In the following chapters, the
optimisation problem formulation specific to the case of interest is presented, including: i) the specific
objective functions; ii) the decision variables vector; and iii) the constraints list. The models developed

draw on the Refprop software package [163] for the fluid properties investigated.

The single-objective optimisation problem was solved in MATLAB® [128] using the multistart
structure, which repeatedly runs a local solver from a number of different starting points (between 20-
120), predefined by the user. In this work, the interior point algorithm fimincon was used as the solver to
minimise the constrained nonlinear multivariable objective functions. For the maximum power output
optimisation exercise, the negative value of the power output was minimised instead. The reader can

refer to Ref. [164] for more details on the mathematical formulations of the optimisation algorithm.
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3.9.2 Multi-objective optimisation

When designing energy systems, there is always a trade-off to consider between achieving highly energy
efficient designs and minimising the cost of the system. Typically, aiming to achieve the most efficient
system design from a thermodynamic perspective only, gives rise to antagonistic effects related to the
cost of these designs. On the contrary, designs which may not outperform from a thermodynamic
perspective, may have a more favourable economic proposition, since the marginal benefit gain in terms
of power output (or efficiency) beyond this point, may come at a disproportionate high cost. In the case
of particularly early-stage technologies, such as the ORC systems investigated in this thesis, the focus
on improving the system economics is even higher, since to facilitate the wider adoption of novel
systems in the market, they have to be competitive when compared to other conventional technologies,
not only in terms of performance, but also in terms of costs. Therefore, tools that allow for the
simultaneous consideration of alternative objectives of interest, or the so-called key performance

indicators (KPIs) when optimising the design of energy technologies is of paramount importance.

In this context, multi-objective optimisation principles can be deployed to identify the best performing

system design, while satisfying multiple objectives. In a typical multi-objective optimisation problem,
there is a minimum of two objectives which we seek to satisfy, i.e. two objective functions F ()? ) and

5(17), which we seek to minimise or maximise, subject to a number of constraints. Vectors Xand ¥
contain all the decision variables, i.e. the independent variables that the optimiser is allowed to alter

within a predefined and feasible range, in order to minimise or maximise the objective functions. The

decision variable vectors ()? and 17) may or may not include the same variables.

The multi-objective optimisation problem was solved in MATLAB® [128] using gamultiobj. The
gamultiobj structure, uses an elitist controlled genetic algorithm, which is a variant of NSGA-II [165]
to generate the Pareto front. The Pareto front is defined as the set of points in the parameter space (the
space of decision variables) that have non-inferior fitness function values. Each point on the Pareto front
is considered “optimal”, in the sense that it is not possible to improve one of the objective functions for
this point, without degrading one or more of the other objectives [90]. More details on the mathematical

formulations related to gamultiobj can be found in Ref. [165].

In this thesis multi-objective optimisation has been deployed in Chapter 6, where we aim to optimise
simultaneously two objective functions: i) the net power output of the ORC engine, which we aim to
maximise; and ii) the SIC of the ORC engine which we aim to minimise. Given the Pareto front obtained,
the designers or stakeholder can choose the solutions that meets the overall aims and objectives of the
project. In the following chapters, the setup of the optimisation exercises performed is presented in

detail, along with the relevant decision variables vectors and constraints.
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3.10 Summary

The modelling methodology deployed in this thesis has been outlined in this chapter, and the key
assumptions have been presented. The methods deployed cover: i) thermodynamic modelling of energy
conversion technologies, using the first and second law analysis; ii) ORC engine components sizing and
performance prediction, including alternative types of HEXs and expander devices; iii) financial
indicators and costing techniques, for evaluating the financial viability of waste heat recovery with ORC
engines in CHP applications; and iv) optimisation workflow for single and multi-objective problems
with non-linear constraints. In the next chapters, the modelling methodology presented in Chapter 3 is
applied on ICE-ORC CHP system optimisation studies to evaluate the technical and financial viability

of such systems from thermodynamic, equipment sizing, operational and economic perspective.
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Chapter 4

Integrated ICE-ORC CHP optimisation

“Distributed energy resources represent critical
technologies and strategies through which buildings evolve
from passive consumers to active partners with the grid.”

- ASHRAE, Building our new energy future (2018)

4.1 Introduction

In the light of increasing energy efficiency standards, and strict greenhouse gases emission targets,
combined heat and power systems (CHP) for distributed generation have been gaining growing interest,
due to their higher combined system efficiency, than the separate provision of these vectors [166]. Crucial
for maximising a CHP system’s overall efficiency is the effective utilisation of both the power generated
and of the heat rejected by the prime mover. Specifically, in the case of internal combustion engines (ICE)
designed for use in CHP applications, which are at the focus of this thesis, more than 55% of the fuel

energy is rejected as heat to the cooling jacket water circuit of the engine and the exhaust-gas stream.

Organic Rankine Cycle (ORC) systems are a promising candidate energy conversion technology for
recovering heat from the exhaust-gas stream of ICEs to generate additional power, improving the overall
system efficiency [15]. To optimise the performance of ICE-ORC CHP systems and evaluate their technical
and financial viability, factors such as, alternative operating conditions, alternative working fluids, various
components design and configurations, the system response to alternative heat source and demand profiles
(off-design operation), etc. should be investigated to inform design decisions. By reviewing the literature
on waste heat recovery from ICEs with ORC engines, for stationary CHP applications, it is revealed that
the available studies have considered either: 1) the design and operation of ICEs in isolation and how this
affects their performance; or ii) the optimisation of ORC engines in isolation, with ICEs considered simply
as a heat source to the ORC system, without considering modifications to the ICE design or operation, due

to the coupling to the ORC engines and vice-versa [32,33,92,167]. This can lead to sub-optimal CHP
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systems, since the two engines are not specifically designed to operate together as an integrated system, to

give the best performance.

The present work goes beyond previous efforts, by performing combined optimisation of an integrated
CHP system that consists of interacting ICE and ORC components, both of which are modelled in detail
and validated (especially the ICE which is a dynamic model), such that both ICE and ORC engines are
optimised simultaneously within the combined system. This holistic approach allows us to capture key
interactions and trade-offs between the ICE and ORC engines operation, such as higher backpressure
on the ICE for higher heat recovery at the ORC engine, or higher exhaust-gas temperature leaving the
ICE for maximising the ORC power output, and to identify a solution where the complete ICE-ORC
system performance is maximised. Therefore, the analysis provides new insights into appropriate
designs and operating conditions for both engines, for which the optimum performance of the combined,
integrated ICE-ORC CHP system can be expected. Finally, we are able to answer questions such as: 1)
does the overall ICE-ORC CHP system performance improve equally for the case of small or larger
ICEs coupled to ORC:s; ii) is the dominant driver for the integrated ICE-ORC system performance the
ICE design or the ORC design and how is this affected by the rated power of the ICE; iii) is the type of
aspiration of the ICE affecting the ICE-ORC CHP performance; and iv) finally, which ORC engine
designs are most well suited for integration in ICE-ORC CHP system:s.

To achieve this, this chapter is structured as follows: firstly, the validation results of the ICE model
developed in this thesis are presented and discussed in Section 4.2 (for the mathematical formulations
of the ICE model refer to Chapter 3). Performance data from various CHP-ICEs available on the market
have been used for the validation exercise, covering both naturally aspirated and turbocharged engines.
Next, the integrated ICE-ORC CHP system optimisation framework formulation is presented in Section
4.3. The optimisation framework covers scenarios where the two subsystems (CHP-ICE and ORC) are
optimised separately for maximum power output or minimum SF'C and compares their performance to
cases where the integrated I[CE-ORC CHP system is optimised as one combined system for the same
objectives. The optimisation results for ICE-ORC CHP systems driven by naturally aspiration engines
are presented in Section 4.4, whilst the results for ICE-ORC CHP systems driven by turbocharged
engines are presented in Section 4.5. The findings of the exergy analysis for the optimised ICE-ORC
CHP systems developed in this work, are then discussed in Section 4.6. Finally, conclusions and

recommendations based on this work are discussed in Section 4.7.
4.2 Internal combustion engine model validation

In Section 3.2, the dynamic model developed for an Otto ICE was presented. In this section, we use data
from manufacturers’ technical specification sheets for natural gas CHP-ICEs (provided by EnerG [9]), in
order to validate the model. More precisely, the ICE model was validated against operating data for three

stationary CHP-ICEs available on the market, namely ‘CHP-160’, ‘CHP-230’ and ‘CHP-2500’, covering
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both turbocharged and natural aspiration engines, at full and part-load (PL) conditions. In Table 3, a
summary of the engines’ geometric and operating characteristics is presented. Owing to lack of
information on some operational and design aspects of the CHP-ICEs, some assumptions were made using
data available in the literature. Specifically, the unavailable data are associated to: (i) the size of the valves,
their timing and opening profile; (ii) the ignition timing and duration; (iii) the design of the ICE oil circuit;
(iv) the crankshaft friction losses (FMEP); and v) the type, geometry and efficiency of the turbocharger.

Table 3: CHP-ICE specification data taken from Ref. [9].

CHP-ICE
Parameter CHP-160 CHP-230 CHP-2500
Wier (KW) 150 230 2,535
N (RPM) 1,500 1,500 1,500
Number of cylinders 8 12 20
() 12 12 14
Viis (M) 0.0018 0.0018 0.0048
s (m) 0.142 0.142 0.21
b (m) 0.128 0.128 0.17
[ (m) 0.22 0.22 0.326
Intake valve diameter (m) 0.43 b 0.43 b 0.43 b
Exhaust valve diameter (m) 0.35b 0.35b 0.35b
AFR (-) 16.5 16.5 29.5
Tin (K) 298 298 298
Initial mass (kg/cyl) 0.0016 0.0016 0.0144
Tw (K) 298 298 298
LHV (kl/kg) 48,074 48,074 49,152
Turbocharged (Yes/No) No No Yes
Ne1 (%) 95.4 95.4 97.5

To proceed with the validation exercise the following assumption were used:

o The size of the intake and exhaust valves was estimated as a function of the cylinder diameter, in
line with Ref. [123], while the valve timing and opening profile were based on information provided

in Refs. [123,125];
e The ignition timing was varied between 40° and 5° before top dead centre (TDC);

o The friction losses of the ICE were selected to be 10% of the shaft work, as an average value found

in the literature [153,168];
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e The turbine and compressor efficiencies were selected at 70% and 75%, respectively, in line with

data provided in Refs. [125,153].

The pressure and temperature profiles of the exhaust gases inside a cylinder of the turbocharged CHP-
2500 ICE are presented in Fig. 19. Similar results are illustrated in Fig. 20, for the natural aspiration
CHP-230 ICE. The results highlight the different operating conditions of these two types of engines; in
the case of the turbocharged CHP-ICE, the temperature inside the cylinder reaches a peak of 2,200 K,
whilst the temperature of the exhaust gases inside the natural-aspiration engine exceeds (only instantly)
3,000 K. The difference is attributed to the higher (lean) air-to-fuel ratio (4FR) used in the CHP-2500
ICE, which operates with AFR of 29.5, as opposed to the stoichiometric AFR used in the CHP-230
engine, which corresponds to AFR = 16.5. Looking at the pressure profile inside the cylinders, as
anticipated, the peak pressure reached in the CHP-2500 ICE is 22,500 kPa, which is significantly higher
than the maximum of 8,000 kPa reached in the case of CHP-230. The difference in pressure is owing to
the use of the turbocharger in the CHP-2500 ICE, which results in an initial pressure inside the cylinder

of 240 kPa, even prior to the commencement of the compression stroke.
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Fig. 19: CHP-2500 ICE exhaust gases: a) pressure profile, and b) temperature profile inside the cylinder,
at 100% load.

The CHP-ICE model predictions are summarised in Table 4, and compared against manufacturer’s data,
for all engines investigated. The modelling results are in good agreement with the real measured results,
which are quoted by the manufacturer with a +10% uncertainty range. Only a few discrepancies are
recorded, which are attributed to the lack of information on some operating and design aspects of the
engines and thus had to be assumed for the validation exercise. The highest deviation observed between
the model-predicted power output results, and the figures reported by the manufacturer is equal to 4.3%,
for CHP-160 operating at 100% load. This figure falls well within the +10% uncertainty range, stated

in the specification data sheets of the engine. When looking at the thermal energy content of the exhaust-
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gas stream as predicted by the model, this also lies within the +10% uncertainty range reported in the
engine data sheets, with the exception of CHP-230 when operating at 50% PL for which the model

prediction is 16% lower than the values indicated in the engine specification.

8000 T ) 3500 T T T T
I
L Il J \
7000 1 3000 i
A
6000 | ] A
N _ 2500 R
& 5000 || ¥ |\
< ‘ £ 2000 I\
£ 4000 - I B [\
z n ;&1500— [
£ 3000 | i | \
2000 - | §  1000¢ | &
\\ \\
i \ | 500
1000 ”,/ / ~—
0 /1/ L I I 0 L L L L
200 -100 0 100 200 300 400 500 600 200 -100 0 100 200 300 400 500 600
Crankshaft angle (deg) Crankshaft angle (deg)
(a) (b)

Fig. 20: CHP-230 ICE exhaust gases: a) pressure profile, and b) temperature profile inside the cylinder,
at 100% load.

A very good agreement is also observed between the predicted exhaust-gas stream temperature and the
temperature quoted in the engine data sheets, corresponding to a +4% deviation. The only exemption is
noted for CHP-2500 when operating at 75% PL, where the temperature predicted by the model is 9.7%
higher than those reported by the manufacturer. Finally, the predicted heat losses of the engine to the
jacket water circuit deviate by 0.9-9% from those reported in engines data sheets, falling again within
the +10% uncertainty range of the engine sheets. Overall, the results of the validation exercise reveal
that the ICE model predictions are in good agreement with the data reported by the manufacturers.

Therefore, it can be used with confidence to predict the dynamic performance of CHP-ICE systems.

The validation results highlight that for both natural aspiration CHP-ICEs, while the engine load
decreases from 100% to 50% the exhaust-gas stream temperature also decreases, whilst for the
turbocharged engine, the opposite trend is observed; when the engine load reduces from 100% to 50%,
the exhaust-gas temperature increases from 663 K up to approximately 800 K. This trend, recorded in
the engines data sheets and also captured by the model, can be explained as follows; the lower expansion
work generated on the engine shaft and by the turbine expander at PL, result in higher enthalpy content
of the exhaust-gas stream when leaving the engine, thus increasing its temperature. On the other hand,
the mass flow rate of the exhaust-gas decreases at PL conditions for all engines investigated, which is

in line with the lower fuel consumption (and fixed AFR).
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Table 4: Summary of CHP-ICE model validation results for different engines and load conditions.

100% Load 75% Load 50% Load

Engine Parameter Data Model Deviation Data Model Deviation Data Model Deviation
Wier (KW) 150 144  43% 113 112 -0.6% 75 80 7.2%
Ocomp (KW) 432 432 0.0% 345 345 0.0% 257 257 0.0%
?I::;r‘;ileg*w ((IS:W) 155 155 0.3% 131 131 0.1% 99 106 7.8%
Oy at 393 K (kW) 79 80 1.1% 60 58 33% 43 39 -8.4%

CHP- —

160 Gloss lcriicl:ufg‘c?l?\;) 536 615 146% 345 372 76% 368 285  -22%
Tty (kg/s) 0.16 015  -32% 0.3 012  -38% 009 009  -4.6%
T, (K) 867 886 22% 844 844  0.00% 826 795 3.7%
e () 055 054  -03% 055 0.5 1% 055 056 1.5%
Ner () 035 033  -57% 033 033  06% 029 031 7.2%
Woer (KW) 29 221 37% 171 171 02% 114 121 6.4%
Ocomp (KW) 649 649 0.0% 519 519 0.0% 38 386 0.0%
glltvgrlcr;cile?y (‘f;‘w) 236 232 1.7% 200 198 -0.94% 151 158 4.6%
Oy at 393K (kW) 120 129 7.3% 91 955  495% 66 63 4.4%

CHP- —

230 %§f1 gﬁu ifi}f?k"\;) 88.6 819  -7.6% 767 745  295% 697 58  -16.7%
Tty (kg/s) 024 023  -28% 019 018  41% 014 0.3  -5.1%
T, (K) 873 900 3.1% 850 890 47% 838 839 0.1%
Men () 055 052  -5.6% 056 057 09% 056  0.58 2.8%
et () 035 034  37% 033 033  02% 030 031 6.4%
Woer (KW) 2,530 2,498  -13% 1,899 1,834  -34% 1258 1210  -3.8%
Ocomp (KW) 5748 5748  0.0% 4391 4391  0.0% 3,037 3037  0.0%
?I::;rlcrfileg*w (i‘w) 1375 1380  0.4% 998 1,088  9.1% 668 652 2.4%
Ou at393K (kW) 1,147 1051  84% 966 991 26% 726 805 1%

CHP- —

2500 ?L“follrifi;nfif?ﬁ@) 844 968 147% 429 388 9.7% 324 316 2.7%
Tty (ke/s) 3.60 351 2.6% 270 264  22% 183 178  -2.8%
T, (K) 682 663 28% 716 751 49% 750 823 9.7%
N () 044 040  -95% 042 045 63% 043 045 4.8%
el () 044 044  -14% 043 042  -34% 041 040  -3.8%

* The term Qo5 differs from the term Q]-w, in that it includes all other thermal losses due to friction, exhaust-gas mass trapped

inside the engine cylinder(s), tail-pipe thermal losses, etc., which are not included in the thermodynamic model.
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These two observations are noted here, because they will have significant impact on the ORC engine
operation under PL conditions examined later in this thesis. In the case of turbocharged engines, the
higher exhaust-gas temperature at low load allows the increase on the heat-source AT, compensating for
the reduced exhaust-gas (heat-source) mass flow rate reaching the ORC engine evaporator HEX.
Nevertheless, this approach is not applicable in the case of natural aspiration engines, where the

temperature and the mass flow rate of the exhaust-gases will both decrease at PL.

4.3 Integrated ICE-ORC CHP modelling tool

4.3.1 System overview

The schematic diagram of the integrated ICE-ORC CHP system investigated in this work is presented in
Fig. 21, indicating the main system components. The main components of the ICE, which is a reciprocating
engine designed for and aimed specifically at CHP applications, and referred to as “CHP-ICE” henceforth,
are: 1) the prime mover, which in this case is a four-stroke spark-ignition ICE; ii) the electric generator; iii)
the jacket water (cooling water) circuit of the ICE; and iv) the exhaust-gas heat recovery module. The jacket
water circuit thermal load is used for the provision of low temperature hot water (LTHW) and for space
heating to a building. The thermal energy recovered from the exhaust gases in the heat recovery module of
the CHP-ICE acts as the heat input to a bottoming ORC engine. The ORC engine is based on a subcritical
and recuperative cycle, and consists of the following main components: i) the evaporator heat exchanger
(HEX), where the heat is added to the cycle from the exhaust gases; ii) the expander, where power is
generated; iii) the recuperator HEX, where the (hot) desuperheating working fluid vapour exchanges heat
with the (cold) working fluid liquid leaving the pump; iv) the condenser HEX, where heat is rejected to a

cooling circuit; and v) the pump, which maintains the working fluid circulation in the cycle.
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Fig. 21: Simplified ICE-ORC CHP schematic diagram, with subcritical recuperative ORC engine.
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4.3.2 Optimisation problem definition

In a typical single objective optimisation problem, there is one objective function F(X ), which we seek to
minimise or maximise, subject to a number of constraints. Vector X contains all the decision variables, 1.e.
the independent variables that the optimiser is allowed to alter within a predefined and feasible range, in
order to minimise or maximise the objective function F ()Z' ). In this section, two separate objective functions
related to the performance of the integrated ICE-ORC CHP system have been defined and optimised. The
first objective function predicts the combined net power output of the CHP-ICE (Wj¢g) and ORC (Wogrc)
engines, which we aim to maximise with given heat-source conditions (in this case the heat source for the
ORC engine is the exhaust-gas stream), and subject to a set of operational constraints. A second objective
function has been also defined, which calculates the SFC of the combined ICE-ORC CHP system. In this

case, we seek to minimise the system’s SF'C, again subject to a set of operational constraints.

Vector X contains 14 decision variables related to the operation of the ICE and the ORC engines. The
variables associated with the ICE operation are: i) combustion ignition angle (Jjgy); ii) duration of
combustion (94); iii) intake valve (IV) timing, i.e. crankshaft angle at which this valve will open and
close (91v,on,> Y1v off); 1v) exhaust valve (EV) timing, i.e. crankshaft angle at which this valve will open
and close (Ygyon, Ygvofr); V) IV lift height (Lviv); vi) EV lift height (Lygv); vii) initial pressure
conditions inside the cylinder (Po), and those related to the operation of the ORC engine are:
viii) evaporating pressure (Peyap); iX) condensing pressure (Pcong); X) working fluid mass flow rate
(mwe); xi) superheating degree (SHD); and xii) expander volume ratio (7exp). The two objective

functions are presented in Eqs. 163 and 164:

maximise

{Whet = Wicg + Wore} (163)

19ignn1-9dr191V,0nv7-9lV,offr19EV,onr19EV,oferV,IVer,EV'PO'Pevap'Pcondrmwf'SHDzrexp

minimise : (SFCper = M} , (164)

Wicg+Worc

19ignﬂ~9dﬂ9lV,onﬂ~9lV,offﬂ9EV,onﬂ9EV,off»Lv,IV»Lv,EV:PO:Pevap:Pcond»ﬁlwf:SHDrrexp
which we seek to optimise subject to:
e The PP in any given HEX should not violate a minimum value PPnmin: PP < PP;

e The pressure in the evaporator should be lower than the working fluid’s critical pressure (for the
subcritical ORC design considered here), and the condensation pressure should be lower than the

evaporation pressure: Peopg < Pevap < Perits
e The normalised SHD can take values between O and 1: 0 < SHD < 1;

e The pressure drop experienced by the heat source (exhaust-gas stream) in the ORC engine evaporator
HEX, should not exceed 50 kPa, to avoid giving rise to significant negative backpressure effects on

the ICE operation. During optimisation, in every iteration the new exhaust-gas temperature, pressure
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and mass flow rate are calculated, and the revised ICE power output is estimated, based on the
obtained backpressure. This ORC evaporator HEX pressure drop limit is at the high end of reported
values in the literature (up to 40 kPa in Refs. [104,169]);

e The exit temperature of the heat source (exhaust-gas) when leaving the evaporator HEX should not

be lower than a limiting temperature to avoid the risk of reaching the gas dew-point temperature:

Tiim < Ths,out;

e For each ORC working fluid, the maximum temperature experienced should not exceed the

maximum allowable temperature that would ensure its chemical stability, as provided in Ref. [163];

e In order for the steady-state assumption to be valid, the pressure and the mass of the air-fuel mixture
inside each one of the ICE cylinders at the end of one complete cycle (720° of crankshaft rotation)

should be equal to the initial mass and pressure conditions;

e The value of Jjg, should lie between -40° and -5° before TDC and that of 94 between 20° and 40°
[123];

e The height of the ICE valves lift can vary up to a maximum of + 25% in comparison to the nominal

design values, with the average lift height calculated based on Ref. [170];

e The CHP-ICE engine AFR is set equal to the nominal design value (refer to Table 3) to avoid issues

with NOy formation, due to the alteration of the combustion mixture composition.
4.3.3 Optimisation cases

As mentioned in previous sections, the novelty of this work is that we aim to optimise simultaneously the
combined integrated ICE-ORC CHP system, instead of assuming that the exhaust-gas conditions exiting
the ICE are fixed and optimising only the ORC engine design and performance. To achieve this, five cases
have been investigated, to illustrate the importance of optimising the combined system performance. In
Case 1 (C1), the ICE operates at its nominal design conditions, and only the ORC engine is optimised for
maximum power output, while recovering heat from the exhaust-gas stream. In Case 2 (C2), the ICE is
optimised for maximum power output (independently of the ORC design), and then the ORC engine is
sized (optimised) using the new exhaust-gas conditions. In Case 3 (C3), the integrated complete ICE-ORC
CHP system is optimised simultaneously for maximum power output. In Case 4 (C4), the ICE is optimised
for minimum SF'C, and the results are used for the subsequent sizing of the ORC engine. Finally, Case 5
(C5) considers the combined integrated ICE-ORC CHP system, which is optimised simultaneously for
minimum SFC. All optimisation cases are examined for two ICEs: CHP-230 (natural aspiration ICE) and
CHP-2500 (turbocharged ICE), as those were presented in Section 4.2. In Table 5, the specification of the

sub-critical recuperative ORC engine used in the present optimisation studies is summarised.
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Table 5: ORC engine operation summary of specification.

Parameter Value Parameter Value
PP ona (K) 10 Pevap,max (kPa) 0.95 Perit
PPeyap (K) s Texp () 8-18
Tew in (K) 288 Erec (-) 0.80
Tew,out (K) 298 Tim (K) 263
My (kg/s) From ICE simulation Nexp,is (-) 0.70
Ths,in (K) From ICE simulation  Mpump,is (-) 0.65
Pcond,min (kPa) 10 Nelg () 0.93

4.4 Integrated modelling results — I: Natural aspiration CHP-ICE

In this section, the modelling results for Cases C1-C5, for an ICE-ORC CHP system driven by a natural
aspiration engine (CHP-230 ICE) are presented and discussed. First, the optimised ICE-ORC CHP
systems for maximum power are presented, followed by the optimisation results when aiming to
minimise the SFC of the system. Then, the optimised ORC engine designs obtained in each case are
discussed, focusing on 1) the operating pressures in the system, which impact the expander technology
selection; ii) the breakdown of the heat input/rejection to/from the cycle over the various HEXs in the

system, which influences the HEX selection and size.
4.4.1 CHP system performance

The optimisation results for the naturally aspirated CHP-230 ICE are presented in Fig. 22a, for each
case and fluid investigated. The highest ICE power output is recorded for Case C2 (305 kW), when the
system is optimised for maximum power output for the CHP-ICE only. This is followed by Case C3
with the ICE generating 303 kW, when the integrated ICE-ORC CHP system is optimised for maximum
combined power. Comparing the optimised ICE power output in Case C2 (305 kW) to the nominal ICE
operation Case C1 (221 kW), the former is 37% higher than the latter (refer also to Table 3 and Table
6). The significant increase observed in the ICE power output can be attributed to a few factors, related
to the operating conditions of the engine. Firstly, the ignition angle of the optimised CHP-ICE is delayed
at -5° before TDC, compared to the nominal Case C1 operation (-20° before TDC). This results in higher
pressure inside the cylinders prior the expansion stroke, which in turn increases the displacement power
on the engine shaft. Next, it is revealed that the optimised IV and EV lift heights increase by
approximately 8% when compared to those provided at the ICE nominal design (Case C1). For a fixed
AFR of the combustion, higher valve lifts allow for increased fuel flow entering the cylinders, which in

turn increases the engine power output. However, this operating strategy will result to higher fuel
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consumption of the engine (as discussed in subsequent sections). Furthermore, in the optimised design
the ICE EV opens later than in the case of the nominal design (Case C1), allowing more work to be

generated on the crankshaft, while also reducing the engine blow-down losses.

In Cases C4 and C5, when the system is optimised for minimising SFC, the power output of the ICE
decreases (in comparison to Case C2) to 299 kW when the ICE-only is optimised for minimum SFC
(Case C4), and to 294 kW when the combined ICE-ORC CHP system is optimised for minimum SFC
(Case C5). Although, these figures are lower than the designs obtained for maximum power output,
they are still 35% and 33% higher than the nominal ICE power output of 221 kW (Case C1), as provided
in Table 6. The changes in power output can be explained by comparing the operating conditions of the
ICE in Cases C2 and C4. Results reveal that the valve timing and opening duration vary between these
two designs. When optimising the [CE-only for maximum power output (Case C2), the IV opens earlier
and closer slightly later, allowing flow rate of the fuel-air mixture into the cylinders. As aforementioned,
the AFR in all optimisation exercises was fixed to the values recommended by the vendor, so higher
mass flow rate into the cylinders is associated with higher fuel consumption. This is confirmed by
looking at the fuel consumption of the engine in Table 4 and Table 6, which correspond to 0.0171 kg/s
for Case C2 (power-optimised ICE) and to 0.0165 kg/s for Case C4 (minimum SFC optimisation).
Finally, it is observed that when the ICE is optimised for maximum power output, the EV closes at a
later angle. This finding is aligned with data available in the literature on high performing engines that

operate with the EV open for longer period to maximise their power output [123].

The ORC engine optimum power output is presented in Fig. 22b for all cases and fluids investigated. The
optimised ORC engine designs generate from a minimum power output of 15 kW to a maximum of 41 kW
(almost three times higher) depending on the working fluid and case considered. The maximum power
output for all candidate working fluids is recorded in Case C3, when the integrated ICE-ORC CHP system
is optimised simultaneously for its combined power output. The best performing fluid is pentane (41 kW),
followed by butane (39 kW), R1233zd (37 kW) and toluene and hexane (34 kW). The optimum power
outputs obtained in Case C3 are higher than those obtained from the optimised ORC engines design for
the nominal case (Case C1) for the same fluids, by 26%, 23%, 23%, 34% and 23%, respectively. Even the
least performing fluids examined, R1234yf and R1234ze, present an improvement in their power output

of 11-20%, between the nominal ORC system design and the integrated system optimisation.
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Fig. 22: Power output of: a) CHP-230 ICE, and b) optimum bottoming ORC engine (Cases C1-C5 from
left to right).

The increase of the ORC engine power output (Case C3) is highly related to the ICE operating conditions.
By reviewing Table 6, it is revealed that when the integrated ICE-ORC CHP system is optimised for
maximum power output (Case C3), the ICE operation is adjusted so as to increase the temperature
(enthalpy content) of the exhaust-gas stream exiting the ICE, and entering the ORC engine evaporator
HEX. This gives rise to a slight decrease of the power output from the CHP-ICE (Case C3) in comparison
to Case C2 in order to maintain the exhaust-gas temperature high, but it results in higher power output of

the ORC engine within the combined system, and of the complete ICE-ORC CHP system.
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Table 6: Optimum CHP-230 ICE operation results.

Cases
C1 C2 C3 C4 Cs
CHP-ICE Parameter (nominal)
Wice (KW) 221 305 303 299 294
Qcomb (kW) 649 840 833 821 803
)i incl. Q
Qpw el. Q & 236 252 244 246 238
intercooler (kW)
Mey (kg/s) 0.236 0.292 0.289 0.287 0.275
CHP-230
my (kg/s) 0.013 0.017 0.017 0.017 0.016
Tex (K) 873 1002 1011 997 1011
N (for exhaust gases
0.55 0.52 0.51 0.52 0.51
cooled to 120 °C)
Nel 0.35 0.36 0.37 0.37 0.37

The integrated optimisation approach allows us also to capture other trade-offs when coupling ORC engines
as bottoming cycles to ICEs, such as the impact of the ORC evaporator HEX on the ICE backpressure. The
ICE model developed in this work is a dynamic model, which is capable of predicting important operating
parameters such as exhaust-gas temperature, pressure, mass flow rate, etc. Unlike other studies where such
engine operating characteristics and power output are assumed fixed, in the integrated ICE-ORC CHP
modelling, the exhaust-gas stream temperature and pressure, along with the ORC engine are closely
monitored to do not give rise to antagonistic effects of backpressure on the ICE, reducing the power output
of the system. When a HEX, here the ORC evaporator, is introduced to the ICE exhaust-gas stream, the
pressure drop experienced is accounted for in the ICE model. The model re-adjusts the ICE operating
conditions (valve timing, ignition angles, etc.) and recalculates the available power output on the shaft of
the engine, based on the backpressure. The maximum allowable pressure drop in the evaporator is limited
to 50 kPa, which is near the high end of backpressures already reported in the literature [81,104]. However,
these studies consider heat recovery from vehicle ICEs, whereas the stationary engines considered in this

study are designed for heat recovery, so they can tolerate additional pressure drop.

The power output breakdown between the CHP-ICE and the ORC engines for all working fluids and
cases investigated is presented in Fig. 23. As anticipated, the CHP-ICE power output dominates the total
power generation of the complete system, with the ORC engine power output corresponding to 6-13%
of the total, depending on the working fluid and the case. Results reveal that although the power output

in Cases C2 and C3 is similar, the contribution of the ORC engine to the power generation of the system
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increases, when the combined integrated ICE-ORC CHP system (Case C3) is optimised for maximum
power output. More precisely, for ORC engines with fluids such as butane and toluene, in Case C2 their
power output corresponds to 9% and 10% respectively, of the total system power generation, whilst in
Case C3 the same fluids contribute 10% and 12% to the total power generation (increase of 10%-20%).
The higher ORC power output within the complete system is associated with lower fuel consumption of
the ICE-ORC CHP, while generating the same power output, as summarised in Table 6. Finally, the best
performing optimised integrated ICE-ORC CHP system generates 345 kW of power (Fig. 23c) with
pentane, which is 36% higher than the power generation in the nominal case (Case C1) with the same
working fluid (253 kW). Overall, the optimised complete ICE-ORC CHP systems outperform the

designs for nominal conditions (Case C1) generating 31-36% more power output.
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Fig. 23: Power output breakdown between the CHP-230 ICE and the bottoming ORC engine for: a)
Case C1, b) Case C2, ¢) Case C3, d) Case C4, and ¢) Case C5.

The next metric investigated is the [CE-ORC CHP SFC for all working fluids and optimisation cases. Results
reveal that when the ICE-ORC CHP system is optimised for maximum power output, this leads to system
designs that consume more fuel, resulting in higher SF'Cs. The SF'Cs of the optimised ICE-ORC CHP systems
are summarised in Fig. 24, for all fluids and cases investigated. The SFCs vary from 2.4 kW/kW (Case C3
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integrated ICE-ORC CHP optimisation with pentane) up to 2.9 kW/kW (Case C1 nominal CHP-ICE only
designs). The absolute SFCs (SFC.ps) are also illustrated in Fig. 24 and vary from 0.22 kg/ kWhyin Case C1
(nominal CHP-ICE only design) to 0.175 kg/ kWhye;in Case C3 (with pentane). Therefore, it is revealed that
SFCs can decrease by up to 20% with respect to the nominal case (C1) when the CHP-ICE operates at its
nominal point. The addition of the ORC engine has also a profound impact on the SFCiuys not only when
comparing different cases, but also within each case investigated, reducing these by up to 15%. It is also
observed that ICE-ORC CHP systems optimised for minimum SF'C in (Case C5) have similar SFCs to those
achieved in Case C3, when the complete system is optimised for maximum power output. However, looking
at the total fuel consumption of the two systems, the former has approximately 5% lower fuel consumption
than the latter, while generating only 3% lower power output. Overall, these findings highlight that when
optimising the CHP-ICE for maximum power output independently of the ORC engine design, the systems

may have higher annual fuel consumption, increasing their running costs.
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Fig. 24: SFC and SFCas for the different cases investigated, based on CHP-230 ICE with and without a
bottoming ORC engine (Cases C1-C5 from left to right).

4.4.2 ORC engine design considerations

The optimum ORC engine design and operating set points are influenced by the optimisation objectives.
The optimum ORC engines pressure ratio (PR) and working fluid flow rates, for all cases investigated
are presented in Fig. 25. Results indicate that with some exceptions, for the majority of the working
fluids and optimisation cases, the optimum ORC evaporating and condensing pressure levels stay almost
the same. This is attributed mainly to the fact that the ORC engines investigated are subcritical, and
because the heat source temperature is very high (>870 K), even when the CHP-ICE operates at nominal
design conditions, the evaporating pressure is maximised even at the nominal case, and the subcritical
constraint is active. Most PRs fall within the range of 7-25, while the working fluids mass flow rate
varies strongly between the cases investigated, impacting the power outputs observed is previous

sections. It is noted that the PRs for toluene only are quite high (up to ~45-55), especially in Cases C3
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and CS5 in which the integrated ICE-ORC CHP system is optimised. This has significant implications on

the design and selection of the expander machines for this application.

Additionally, it is revealed that optimised ORC engines with fluids such as pentane, toluene, hexane and
R1233zd operate with higher PRs (25-55), whilst their mass flow rates in the cycle are low, varying
between 0.4-0.6 kg/s. On the contrary, most of the refrigerants investigated (R245fa, R152a, R1234yf,
and R1234ze) present the opposite trend, i.e. lower PRs with higher mass flow rates in the cycle. This
finding can be explained as follows; for every fluid the optimiser chooses to maximise the cycle power
output, by first increasing the PR over the expander (i.e. the pressure difference between the evaporator
and the condenser), without violating the constraints that the ORC engine should be subcritical. When
these constraints are active, the next lever for increasing power output, is the increase of the working
fluids mass flow rate. Since the cooling water circuit operating temperature is fixed (288-298 K), the
condensation temperature is restricted by the water temperature and the condenser HEX PP (PPcond =
10 K). For fluids, such as R152a, R1234ze, and R1234yf the saturation temperature is in the range of
308 K, at pressures of 6-9 bars, whilst pentane and hexane have similar saturation temperature at 1.4
and 0.5 bar, respectively. The differences in condensation pressure for similar condensing temperature,

drive the differences in PRs amongst the various ORCs.

--Cl1 g
—x—C2-m

W]

C3—mw y

—A4—Cl-m_|

wf

- C5-m“ .
C1-PR
- - C2-PR
C3-PR
~%-C4-PR
~©-C5-PR

Mass flow rate (kg/s)

0 | | | |

>
,5‘\7
& & <
=

Fig. 25: Optimum ORC engine working fluid flow rate and pressure ratio for the CHP-230 ICE.

The heat input to the various ORC engine HEXs is illustrated in Fig. 26. Dry fluids, such as pentane,
butane, toluene, hexane, R1233zd, and R1245fa, have little preheater load, because most of the
preheating is performed in the recuperator HEX. This is owing to the high superheating degree of those
fluids after the expander. The positive slope of the saturated vapour line results in these fluids being
highly superheated when exiting the expander, offering great opportunity for recovering heat in the
recuperator to preheat the high pressure cold liquid fluid after the pump. This is also illustrated in Fig.
26, where for these fluids approximately 70% of the heat rejection is performed in the recuperator and
the desuperheater. In contrast isentropic fluids, such as R1234ze and R1234yf have important preheater
load (Fig. 26.), while more that 50% of the heat rejection of the same fluids is performed in the two-
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phase condensing zone (Fig. 27). These findings have implications on the HEX architecture, design and

costing, so as to maximise the ORC engine performance.
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Fig. 26: ORC engine heat input load breakdown over the various HEX components for all working

fluids and for all investigated cases (Cases C1-C5 from left to right, CHP-230 ICE).
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Fig. 27: ORC engine heat rejection load breakdown over the various HEX components for all working

fluids and for all investigated cases (Cases C1-C5 from left to right, CHP-230 ICE).

The highest heat input to the ORC is generally recorded for the engines with the highest power output.
Pentane (best performing fluid) has the highest heat input of 320 kW followed by butane with 310 kW
(numbers quoted refer to Case C3 results). R1233zd has slightly lower heat input than hexane, although the
former generates more power than latter. This is attributed to the higher cycle thermal efficiency of R1233zd
in comparison to hexane. In Fig. 28, the ORC engine thermal efficiencies for all fluids and cases investigated
are summarised. Pentane has the highest thermal efficiency (25%), followed by butane (22%), R1233zd
(20.5%), hexane (19.5%) and toluene (17.5%). R1233zd operates with higher efficiency than hexane,

therefore requires less heat input to the ORC evaporator HEX, in order to generate similar level of power
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output. Finally, a comparison of the ORC engines thermal efficiencies reveals only little variations across

the various cases, with the exemption of Case C5, where the ORC engine efficiency is slightly higher.
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Fig. 28: ORC engine power output, and thermal efficiency for all cases with CHP-230 ICE (Cases C1-
CS5 from left to right).

4.5 Integrated modelling results — II: Turbocharged CHP-ICE

In this section, the modelling results for Cases C1-C5 for a turbocharged ICE-ORC CHP (CHP-2500
ICE) are presented and discussed. As with the analysis performed for the natural aspiration driven ICE-
ORC CHP system (Section 4.4), firstly the system designs obtained when optimising for maximum
power output are discussed, followed by the systems optimised for minimum SFC. Next, the
implications of the various optimisation cases/objectives, on the ORC engine design are presented,

focusing on the selection of expander machines and HEXs suitable for each case investigated.
4.5.1 CHP system level performance

The turbocharged CHP-2500 ICE power output, for every working fluid and case investigated is
presented in Fig. 29a. Similarly to the trend observed for the natural aspiration CHP-230 ICE, the
maximum power output of the ICE alone is obtained in Case C2, when the CHP-ICE is optimised for
maximum power output. The highest power output corresponds to 2,540 kW, which is 42 kW higher
than the nominal case (increase by approximately 2%). The exhaust-gas stream temperature when
exiting the engine in Case C2 is 661 K, which is similar to the temperature obtained at nominal design
operation (663 K), while the fuel consumption increases slightly (refer to Table 7). The electrical
efficiency of the engine reaches 44% indicating a more efficient operation for Case C2, as opposed to
the nominal operating conditions. A closer examination of the ICE operating conditions in Case C2,
reveals that the EV stays open for longer than in Case C1, which is in agreement with data available in
the literature for high performing engines. Furthermore, for both the IV and EV the lift height is
approximately 8% larger than in the nominal design (Case C1), decreasing the blow-down losses of the

ICE. In contrast, when the ICE-ORC CHP is optimised for minimum SFC (Cases C4 and C5), the power
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output of the ICE reduces by ~10% relative to Case C1. Nevertheless, such designs are associated with
significant reduction in the fuel consumption of the system, by up to 14%, and higher combined system
efficiency. Furthermore, looking at the exhaust-gas stream temperature exiting the turbocharged engine,
this is 660-668 K for the optimum designs for maximum power output, but reaches 680 K in the designs
optimised for minimum SFC (Table 7). This is related to the higher contribution of the ORC engine to

the total power output in the designs for minimum SF'C, as it will be discussed in subsequent sections.
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Fig. 29: Power output of: a) CHP-2500 ICE, and b) optimum bottoming ORC engine (Cases C1-C5
from left to right).

The optimum power output of the ORC engines, for all fluids and cases investigated is presented in Fig.
29b. When the ORC engine is optimised using the CHP-ICE nominal operating conditions (661 K exhaust-
gas stream temperature), the highest power output recorded is 187 kW with pentane, 186 kW with toluene,
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184 kW with butane, 181 kW with R1233zd, 174 kW with hexane and 152 kW with R245fa. In Case C2,
when the CHP-ICE alone is optimised for maximum power output, the exhaust-gas stream temperature and
mass flow rate are very similar to that of the nominal design operation (Table 7), thus the ORC engine
design is similar to Case C1. The maximum power output is obtained in Case C3, when the integrated ICE-
ORC CHP system is optimised for maximum power output. This finding is aligned with the results recorded
for the natural aspiration engines. The best performing fluid in Case C3 is pentane generating 195 kW,
followed by toluene with 192 kW, butane with 191 kW, and R1233zd with 187 kW. These power outputs

are approximately 4-7% higher than those obtained in the nominal design scenario (Case C1).

Table 7: Optimum CHP-2500 ICE operation results.

Cases
C1 C2 C3 C4 C5
CHP-ICE Parameter (nominal)
Wice (kW) 2,498 2,540 2,537 2,220 2,230
Qcomb (kW) 5,748 5,787 5,778 5,038 5,087
Qjus ncl. Qu & 1,380 1381 1,047 1234 1230
intercooler (kW)
Mey (kg/s 3.51 3.50 3.52 3.06 3.09
capasog o UEY
ms (kg/s) 0.117 0.118 0.118 0.103 0.104
Tex (K) 663 661 668 676 680
N (for exhaust gases
0.40 0.40 0.37 0.42 0.42
cooled to 120 °C)
Nel 0.43 0.44 0.44 0.44 0.44

The total generated power breakdown between the CHP-2500 ICE and ORC engines for the various
cases and fluids is presented in Fig. 30. The highest power output of the complete ICE-ORC CHP system
is recorded in Case C3 with pentane or toluene and is equal to 2,732 kW (Fig. 30c). This represents an
increase of 2.5% in comparison to the nominal case results (Case C1). As anticipated, the CHP-ICE
power output dominates the system generation, with the ORC engine being responsible for 4-8% of the
overall power output. The highest proportion of power generated by the ORC engine within the
complete system is observed when the ICE-ORC CHP is optimised for minimum SFC. In generally, the
ORC engine contribution to the total power generation is lower than that obtained for the natural
aspiration engine CHP-230, due to: i) the lower exhaust-gas temperature of the CHP-2500 ICE; and ii)
the inherent higher electrical efficiency of the large-scale ICE in comparison to the medium size engine,

which favours the electricity generation from the CHP-ICE.
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Despite the different ORC engine contribution to the total power generated, between the two CHP-ICE
engines, the same trend applies in that, although Cases C2 and C3 have similar power outputs, the
fraction of power generated by the ORC engine increases in Case C3, when the integrated ICE-ORC
CHP system is optimised for maximum power output. It is noted that the ORC engine with toluene in
Case C2, is responsible for 6.5% of the total generated power, whereas in Case C3 the same engine is
responsible for 7.5%. Importantly, the increase of the proportional ORC power output is associated with
a reduction of the total fuel consumption relative to Case C2, as shown in Table 7. As discussed for
CHP-230 ICE, these differences can have significant operational, lifetime and maintenance

implications, since ORC engines are generally associated with lower maintenance than ICEs.
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Fig. 30: Power output breakdown between the CHP-2500 ICE and the bottoming ORC engine for: a)
Case C1, b) Case C2, c¢) Case C3, d) Case C4, and e) Case C5.

In Fig. 31, the SF'C results are presented, for all fluids and cases investigated. The lowest SF'Cs are recorded
for toluene and pentane in Cases C4 and C5, corresponding to 2.1 kW/kW. This value is approximately 8%
lower than the nominal Case C1 for the CHP-ICE alone. The absolute SFC,ys follow a similar trend; the
ICE-ORC CHP with pentane consumes 0.155 kg/kWh (Case C5), which is 4.5% lower that the integrated
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ICE-ORC CHP in Case C1 for the same fluid, and 8% lower than the stand-alone ICE, when operating at
nominal conditions (Fig. 31). Additionally, the values of the SF'C (or SF'Cas) when optimising for minimum
SFC are similar to those obtained in Case C3, when the complete system is optimised for maximum power
output, but the former are associated with significantly lower fuel consumption, while also the power output
breakdown differs by promoting the ORC engine power generation. The results highlight that there is a
trade-off to be considered whereby optimising for maximum power output the system has higher fuel
consumption. These findings can be utilised by the stakeholders, to evaluate the financial viability of

alternative system configurations, with different associated upfront and operational costs.
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Fig. 31: SFC and SFCu;s for the different cases investigated based on CHP-2500 ICE, with and without
a bottoming ORC engine (Cases C1-C5 from left to right).

4.5.2 ORC engine design considerations

As discussed earlier, a key difference in the operating conditions of ORC engines coupled with
turbocharged engines or natural aspiration ones, is the exhaust-gas stream temperature entering the ORC
engine evaporator, which ranges between 660 and 680 K for the former (turbocharged engines) and
corresponds to approximately 1,000 K for the latter (natural aspiration engines). This is reflected in the
ORC engine power output, operating set points, and efficiency. More precisely, in Fig. 32, the ORC engine
PRs and working fluid flow rates are presented. The optimised ORC engines recovering heat from the
exhaust-gas stream of the turbocharged engine operate with lower PRs of 5 to 34 (PR is 44 only for
toluene), as opposed to the PRs of 7 to 55 obtained for the natural aspiration CHP-ICE (Section 4.4). This
finding indicates that transcritical ORC engines may be suitable for high temperature applications.
However, the additional cost of these systems might risk the overall viability of the project and need to be
carefully considered. Similarly to the findings for CHP-230 ICE, fluids with high PRs operate with lower
mass flow rates, and vice versa. Comparing the PRs between the different cases investigated, for all cases
the optimum PRs per fluid are similar, indicating the constraints for the minimium/maximum pressure
levels or pinch point are active. Consequently, the power output of the ORC engine can improve further

by increasing the working fluid mass flow rate in the system, or the SHD.
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Fig. 32: Optimum ORC engine working fluid flow rate and pressure ratio for the CHP-2500 ICE.

The ORC engine heat input and heat rejection loads are presented in Fig. 33 and Fig. 34, providing also
the load breakdown between the various HEXs of the system. When the ORC operates with high SHD,
the recuperator load increases, because the working fluid exiting the expander is still highly superheated.
A case in the point is fluids such as butane, R1233zd, and R152a which have approximately 53% of the
heat input delivered in the superheater, and 30% in the recuperator (Fig. 33). Consequently, for the same

fluids more than 50% of the heat rejection occurs in the recuperator and the superheater (Fig. 34).
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Fig. 33: ORC engine heat input load breakdown over the various HEX components for all working

fluids and for all investigated cases (Cases C1-C5 from left to right, CHP-2500 ICE).

In contrast, fluids with low SHD (e.g. pentane and toluene), have low heat rejection to the recuperator and
desuperheater. This is attributed to the differences in evaporation saturation temperatures between these
fluids; for the latter, the saturation temperature in the evaporator is 467 K (pentane) and 445 K (toluene),
which are higher than those for R152a (384 K) or butane (422 K), allowing higher superheating, without
violating the evaporator PP. Therefore, depending on the fluid and the optimisation objective, more focus

should be given on the recuperator, or the superheater design, to ensure good heat transfer. This however,
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may impact the cost of the ORC engines. These aspects will be discussed in subsequent chapters, where

the ORC engines design will be assessed from a thermoeconomic perspective.
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Fig. 34: ORC engine heat rejection load breakdown over the various HEX components for all working

fluids and for all investigated cases (Cases C1-CS5 from left to right, CHP-2500 ICE).

The ORC engine thermal efficiencies are presented in Fig. 35. The highest thermal efficiency is obtained
with butane (21%), followed by R1233zd (20.3%), pentane (18%), toluene (17%) and hexane (16%). It is
highlighted that the ORC efficiency figures obtained for the turbocharged CHP-2500 ICE are lower than
those recorded with the naturally aspirated CHP-230 ICE, mainly owing to the higher exhaust-gas stream
temperature of the latter. It is also noted that the best performing fluid in terms of thermal efficiency (butane)
does not coincide with the fluids with the highest power output (pentane or toluene), indicating that the
former may be able to utilise less available heat while generating equivalent amount of power. Finally, by
comparing the best performing fluids for ORC engines coupled to CHP-230 ICE and CHP-2500 ICE, it is
indicated that the same four working fluids outperform, namely pentane, butane, R1233zd and toluene, with

the order of magnitude in terms of power output, dependent on the optimisation case investigated.
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Fig. 35: ORC engine power output, and thermal efficiency for all cases with CHP-2500 ICE (Cases C1-
CS5 left to right).
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4.6 Integrated modelling results — I1I: Exergy analysis

The exergy destruction rate in the integrated ICE-ORC CHP system is presented in Fig. 36, for CHP-
230, for all working fluids and cases investigated. On the same figure, the ORC engine exergy efficiency
and the combined integrated ICE-ORC CHP system exergy efficiency are illustrated. When the power
output of the ICE-ORC CHP system increases, the exergy destruction rate also increases (in absolute
terms). Nevertheless, results highlight that the exergy efficiency of the optimised ICE-ORC CHP
systems also increases, indicating that we utilise better the available exergy of the fuel. These findings
are aligned with the results reports in Section 4.4, where the electric efficiency of the ICE in the
optimised systems increases, in comparison to the baseline case (Case C1). The ORC engine thermal
efficiency also increases when the integrated ICE-ORC CHP system is optimised. The maximum
combined system exergy efficiency is observed in Case C5, corresponding to 47%, 46% and 45% for

pentane, butane and R1233zd, respectively.
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Fig. 36: ICE-ORC CHP exergy destruction, and exergy efficiency for CHP-230 ICE and all investigated
cases (Cases C1-CS5 left to right).

Looking at the findings for CHP-2500, the exergy efficiency of the integrated complete system also
increases while moving from Case C1 to Case C5 (Fig. 37). It is noted that the integrated system exergy
efficiency of CHP-2500 exceeds 50%, reaching 54%, which is higher than the figures recorded for CHP-
230. Results also highlight that the absolute exergy destruction rate for this engine decreases, when the
system is optimised for minimum SFC, similarly to the results obtained for CHP-230. This finding
suggests that maximising the power output of the engine does not always mean that the utilisation of the

available useful work is also maximised.
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Fig. 37: ICE-ORC CHP exergy destruction, and exergy efficiency for CHP-2500 ICE and all
investigated cases (Cases C1-C5 left to right).

Results also reveal a strong correlation between the absolute exergy destruction rate recorded and the
ICE power output, for both CHP-ICEs investigated. The exergy destruction rate (in absolute terms)
follows the ICE power output, in that when the latter increases or decreases, the exergy destruction rate
(in absolute terms) also increases or decreases accordingly. This finding is explained by looking at the
exergy destruction rate breakdown amongst the various components of the ICE-ORC CHP system, in
Fig. 38 and Fig. 39. The exergy destruction breakdown reported is based on pentane and R1233zd, and
is representative of the findings for all working fluids investigated. As anticipated, the majority of the
exergy losses occur as an inevitable consequence of the combustion process in the ICE. Depending on
the case and the fluid investigated, the contribution of the ICE to the total exergy destruction varies

between 83% and 91%.
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Fig. 38: Exergy destruction rate breakdown: a) integrated ICE-ORC CHP system with pentane, b) ORC
engine with pentane, ¢) integrated ICE-ORC CHP system with R1233zd, d) ORC engine with R1233zd,
for CHP-230 ICE. The results presented here refer to Case C3, but are representative of all investigated
cases (Cases C1-C5).

The ORC engine is therefore responsible for 9-13% of the total exergy destruction rate in the ICE-ORC
CHP system. By examining the exergy destruction breakdown within the ORC engine components only
(Fig. 38b,d and Fig. 39b,d) for the case of pentane, the evaporator HEX contributes between 37% and 39%
to the total exergy destruction, followed by the expander with 22-35%, the condenser unit with 16-22%,
the recuperator with 6-13%, and the pump with approximately 4-6%. When R1233zd is used as the ORC
engine working fluid, the contribution of the evaporator to the total exergy destruction is higher than that
recorded for pentane, corresponding to 51%. The latter finding is attributed to the larger temperature
difference between the fluids entering and exiting the evaporator of the R1233zd ORC engine, especially
when coupled to the CHP-230 engine. The cycles investigated are all subcritical therefore the highest
evaporating temperature in the system is restricted by the maximum cycle pressure or the HEX pinch point.
Since the exhaust gases of the CHP-230 ICE are at 1,000 K, there is a higher temperature difference
between the working fluid evaporation temperature and the heat source. Adding to this, pentane can reach
higher temperatures than R1233zd, before reaching the point where chemical decomposition phenomena
of the fluid start occurring, therefore it offers a better temperature match to the heat source than R1233zd.
The results presented in Fig. 38 and Fig. 39 are representative of the findings for the other working fluids
investigated. A potential means of reducing the exergy destruction in the evaporator HEX would be the
use of supercritical or subcritical cycles, to allow a better temperature match between the heat-source
temperature and the working fluid. However, as aforementioned there are other cost and operating aspects

to be evaluated when considering such ORC architectures.

To conclude, the findings highlight the importance of the evaporator HEX design and geometry. Designs
should aim to maximise the HEX effectiveness, while reducing the backpressure effects on the exhaust-

gas stream side. The ORC evaporator design and off-design operation is further investigated in Chapters
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5 and 6, focusing on the optimal ORC engine components designs and off-design performance
prediction. Finally, results reveal that the expander machine is the second biggest source of
irreversibility in the ORC engines (findings aligned with other studies in the literature such as Ref. [92]),
therefore careful selection of the correct type and design of the expanders is of paramount importance.
In Chapters 5 and 6 that follow, we aim to identify the best performing expander machine and designs
for ORC engines, from an operational perspective (design and off-design operation) and from an
economic perspective (ORC engine specific investment cost - SIC).
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Fig. 39: Exergy destruction rate breakdown: a) integrated ICE-ORC CHP system with pentane, b) ORC

engine with pentane, ¢) integrated ICE-ORC CHP system with R1233zd, d) ORC engine with R1233zd,
for CHP-2500 ICE. Results are representative of all investigated cases (Cases C1-C5).

4.7 Summary and conclusions

An integrated ICE-ORC CHP whole-system optimisation framework has been developed for high-
performance, advanced stationary cogeneration systems. This work differs from earlier efforts in that it
accounts explicitly for the design parameters and operational conditions of both the ICE and ORC engines to
optimise overall system performance, by capturing trade-offs between optimum ICE and ORC design and

operation. In particular, we can identify, amongst other, the optimum ICE valve timing, lift and ignition timing,
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along with, amongst other, the optimum ORC working fluid and flow rate, evaporation and condensation
pressures, superheating degree, so that together the two engines have the maximum total power output, or
minimum total SF'C. The framework includes a validated ICE model (covering naturally aspirated and

turbocharged engines) and a steady-state subcritical recuperative ORC engine.

Findings reveal that the proposed optimised integrated ICE-ORC CHP system (Case C3) can achieve up to
30% higher power output than a nominal (Case C1) ICE design, with the ORC engine contributing between
4-15% of the total generated power, depending on the case and fluid. It is noted that the whole-system power
output percentage improvement is higher for the CHP-230 ICE than for the CHP-2500 ICE, highlighting that
heat recovery from medium scale CHP-ICEs may be more promising. The contribution of the ORC engine
to the total power generation is higher in the case of the smaller ICE, improving the system fuel efficiency.
Importantly, there are also operational, lifetime and maintenance implications that arise from these

differences, since ORC engines are generally associated with lower maintenance requirements than ICEs.

Looking at the integrated ICE-ORC CHP efficiency (Case C3), this increases by up to 21% in comparison
to the stand-alone CHP-ICE, and by 11% when compared to the nominal Case C1. The ICE efficiency also
increases by up to 7.5% (Case CS5), in comparison to the nominal ICE operation. The importance of
accounting for the complete ICE-ORC CHP system optimisation is further highlighted, when comparing
these figures to other studies available in the literature. Wang et al. [ 171] reported a maximum 6% efficiency
improvement for [CEs within ICE-ORC CHP systems, whilst other studies reported even a decrease of the
ICE efficiency by 2-3% [38]. Additionally, other studies investigating heat recovery from ICEs with ORC
reported efficiency improvements of up to 8%, for the combined system [34,37,38].

When optimising for maximum power output of the ICE only (Case C2), the optimised operating
conditions result in lower exhaust-gas temperatures exiting the ICE, which in turn maximise the power
generation on the ICE shaft. On the contrary, when optimising for maximum power output the integrated
ICE-ORC CHP system (Case C3), the exhaust-gas stream leaving the ICE is at higher temperature and
pressure, to promote the power generation by the ORC engine; but this comes at the cost of slightly lower
power output from the ICE (when compared to Case C2). This highlights the trade-off between achieving
high heat recovery at the ORC engine, for lower power generation on the ICE side. The importance of the
design of the ORC evaporator is also indicated, which should be sized to impose minimal pressure drop
on the exhaust-gas stream to reduce the rise of antagonistic effects that deteriorate the ICE performance.
It is also recorded that optimisation for maximising power results in higher fuel consumption, in
comparison to the nominal ICE design (Case C1). Therefore, higher power output comes at the cost of
higher fuel consumption. In contrast, when the system is optimised for minimum fuel consumption, this

reduces by up to 17%, also allowing for an important reduction on the annual operating costs of the system.

Findings reveal that the type of aspiration of the ICE affects the exhaust-gas temperature entering the ORC

evaporator, and thus the design and efficiency of the latter. Assuming the same expander machine
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efficiency, ORC engines coupled to CHP-230 ICE (natural aspiration) have higher thermal efficiency,
because of the heat-source temperature reaching 1,000 K. The best performing ORC engine with pentane
operates with 25% thermal efficiency, whilst for the same fluid the efficiency drops to 20% when coupled
to CHP-2500 ICE (turbocharged engine), where the exhaust-gas temperature after the turbine does not
exceed 700 K. The higher temperature difference observed in the ORC evaporator designed for CHP-230
ICE also results in lower heat transfer area requirements from the HEX. In turn, the pressure drop
experienced in this smaller HEX by both the exhaust-gas and the working-fluid streams will be lower. The

HEX will also be less expensive, reducing the ORC engine capital cost.

The ORC PRs observed between the two engines also differ. In the CHP-230 ICE case (high temperature
exhaust gases), the PR ranges between 7 and 55, whilst in the case of the CHP-2500 ICE it does not
exceed 44. The difference in PRs indicate the need for further developments towards suitable expander
technologies for this application, while also suggesting that multi-stage machines may prove to be a
suitable solution for the very high PR cases. In terms of working fluid selection, this study provides
strong evidence that new hydrofluoroolefins such as R1233zd, are very promising for such high-
temperature ORC applications, while being non-toxic, having a low flammability in comparison to
hydrocarbons, and a low GWP. So, these fluids should be considered by the ORC vendors in the design

of next generation ORC engines.

To conclude, when designing ORC engines as a bottoming cycle for stationary CHP applications, the
impact of the optimised ICE design, operation and performance on the overall design is very important,
also affecting the ORC engine design and power output. This study has proven that these systems should
be addressed in an integrated manner. The novelty and where this work goes beyond previous efforts
can be summarised as follows: i) this is a fully-integrated ICE-ORC CHP system tool that can
simultaneously optimise the design and operating conditions of the ICE and the ORC engines, instead
of assuming that the ICE operates independently from the ORC engine; ii) it considers closely the overall
power and thermal performance trade-offs of the combined system,; iii) it provides insights for the design
of ICEs for stationary cogeneration applications, which can be used by ICE manufacturers when
considering projects where the ICE will operate in conjunction with a bottoming ORC engine; and iv)
it provides insights for the design of ORC engines, specifically for these applications where they are to
be coupled to ICEs. Integrator companies, who buy the engines from the ICE and ORC vendors, to
install and commission them on-site, are good candidates for adopting the complete ICE-ORC CHP
optimisation approach presented in this thesis, since they have access to both engines. An alternative
approach is to engage the ICE and ORC engine vendors, at the early design stages of an ICE-ORC CHP
project. In doing so, both vendors will work together with the design team, to optimise the complete

ICE-ORC CHP system performance, based on the specific requirements of the project.
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Finally, the key areas identified as requiring further research for the integration of ORC engines in waste

heat recovery CHP systems include:

e The design of the evaporator HEX to be able to withstand high operating temperature and pressure,

while also having high effectiveness;
e The evaporator HEX design should minimise the backpressure effects on the CHP-ICE;

e The high PRs observed in the ORC engine require suitable expander selections, able to maintain high

efficiency at such operating conditions;

e Suitable working fluids for high temperature application which are also environmentally benign are

required.

In the next chapters, we focus on the ORC engine components performance optimisation that would
yield the highest ORC engines efficiency improvement, as identified from the above analysis, i.e. i) the
design of the ORC engine evaporator to maximise the HEX effectiveness, while reducing the
backpressure effects on the exhaust-gas stream side; and ii) on the expander selection and operation, to

identify the most well-suited technology for ICE-ORC CHP systems.
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Chapter 5

Organic Rankine cycle off-design performance

“Energy efficiency is the one energy resource that every
country possesses in abundance and is the quickest and
least costly way of addressing energy security,
environmental and economic challenges.”

-International Energy Agency, World Energy Outlook 2016

5.1 Introduction

Organic Rankine cycle (ORC) engines is a promising candidate technology for recovering waste (or
renewable) heat to generate power. In real applications, such as the coupling with solar collectors,
geothermal energy, or the waste heat recovery from internal combustion engines in combined heat and
power systems (CHP-ICE) examined in this thesis, the ORC systems will operate under variable heat-
source conditions, in terms of temperature and mass flow rate. Therefore, to facilitate the wider adoption
of these systems, apart from optimising the system thermodynamic performance at the nominal design

point, special attention should be also paid on the optimisation of its performance at off-design conditions.

The ORC engine efficiency depends on: 1) the ability of the evaporator heat exchanger (HEX) to extract heat
from the heat source and transfer it to the working fluid; and ii) the efficient operation of the expander device,
under varying pressure levels and mass flow rates. It is noted, in relation to (i), that the cooling water flow
rate at the condenser can be readily adjusted to absorb a variable heat-rejection load at off-design operation
by a variable-speed pump, which lends greater controllability to this component and shifts the focus to the
evaporator. Studies in the ORC off-design literature have considered either: 1) the optimisation of ORC
designs for given heat-source conditions, and a new ORC configuration was obtained for every new heat-
source condition (e.g. in an ICE-ORC CHP, for every part-load (PL) point operation of the ICE), instead of
subjecting the nominal design ORC engine into off-design operation [101]; or ii) the ORC engine design for
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nominal conditions was subjected to off-design operation assuming that the components’ performance will
stay constant and equal to that at the design point [99,100]; or iii) particular focus has been given only on one
ORC engine component under off-design operation, normally on the expander [74] or the evaporator
[102,103] , but in isolation from each other. The aforementioned approaches can lead to sub-optimal ORC
engine off-design operating points and performance predictions, since the interactions of the key ORC engine

components (i.e. expander and evaporator) are not captured in an integrated manner.

From the limited literature on ORC engines operating at off-design conditions, where the components time-
varying performance is incorporated in the complete engine model, the majority of the studies focus on
turbine expanders, or single-stage screw expanders, with limited literature available on piston expanders
off-design operation. Song et al. [97] evaluated the off-design performance of an ORC engine with radial-
inflow turbine and plate heat exchangers (PHEXSs), while recovering heat from a steam-turbine plant.
However, the authors did not perform an off-design performance optimisation, but instead a simple
parametric analysis has been conducted. ORC engines with axial turbines and plate-and-fin HEXs have
been investigated in Ref. [98], focusing mainly on the off-design control strategies of the turbine. Pili et al.
[106] evaluated the off-design performance of an ORC engine with turbine expanders and PHEXSs, in waste
heat applications, while Guopeng et al. [36] performed an off-design performance analysis of an ORC
engine recovering heat from the exhaust-gas stream of an ICE. The turbo-expander and the PHEXs were
designed for the rated ICE capacity, and then the system was subjected to off-design operation, accounting
for the expander and HEX time-varying performance. Single-stage single screw expanders at off-design
operation have been evaluated by Ziviani et al. [79] for small scale low temperature ORCs. Particular focus
was given on the control strategy of the screw expander to maximise power output or efficiency, while the
same authors in Ref. [172] have presented an ORC engine framework, including a notional volumetric
expander and PHEXs, for performing off-design analysis. Finally, Refs. [77,111] have also investigated the
off-design operation of ORC engines using single-stage screw expanders. In their study the authors focused

on the expander design, without analysing the ORC HEX performance.

The literature review reveals that in contrast with the turbine and single-stage screw expanders, the
design and off-design performance of piston expanders in ORC engines for stationary power generation
is very limitedly documented. The aim of this work is to develop an off-design optimisation tool, which
evaluates the performance of ORC engines with piston expanders, and alternative HEX architectures under
varying heat-source conditions, while accounting explicitly for the time-varying characteristics of both the
HEXSs and expander of the ORC system. The tool identifies the new optimum operating points of the ORC
system and generates off-design performance maps for the complete system, as well as for its constituent
components. The tool developed can be also coupled with other expander devices models (of various levels
of fidelity), to compare the off-design performance of alternative system configurations. To illustrate these
capabilities, in this thesis the framework has been also utilised to predict the ORC engine off-design

performance with two-stage screw expanders and compare this to designs with piston expanders.

134



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

This chapter is structured as follows: firstly, the subcritical non-recuperative ORC model considered is
described, followed by a presentation of the HEX and expander sizing methodology for the nominal
sizing and the off-design operation in Section 5.2. The optimisation problem for both the nominal
(design) and off-design performance exercises is then explained in Section 5.3. The results for optimised
ORC systems delivering maximum power output, while recovering heat from the exhaust gases of a
CHP-ICE at 100% load are discussed in Section 5.4. The HEXs, and expanders are designed to deliver
the nominal duty, as obtained from the maximum power optimisation analysis (Section 5.4). Next, with
the components design fixed, the ORC engine operation is optimised for maximum power output, under
different CHP-ICE part-load (PL) conditions. Alternative off-design modelling approaches are
compared, and off-design operation maps are constructed for ORC engines with piston expanders
(Section 5.5). The framework developed is then used to optimise the ORC engine off-design
performance with screw expanders, and results are compared to the performance of ORC engines with

piston expanders (Section 5.6). Finally, conclusions are drawn based on these findings (Section 5.7).
5.2 Organic Rankine cycle engine off-design modelling

The ICE-ORC CHP system considered in this study is comprised of a subcritical non-recuperative ORC
engine, which recovers waste heat from the exhaust-gas stream of a CHP-ICE (Fig. 40). The ORC

modelling equations have been previously presented in Section 3.3.
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Fig. 40: Simplified ICE-ORC CHP system schematic, with non-recuperative ORC engine.
5.2.1 Heat exchanger off-design modelling

In this study, two HEX architectures have been compared for their off-design performance, namely double
pipe HEXs (DPHEX) and plate type (PHEX). DPHEX have been selected because they provide a counter-
flow heat transfer regime, increasing the HEX effectiveness for given flow conditions [43]. The optimised
ORC cycles obtained in this thesis operate close to the critical pressure level of the working fluids, due to the

high exhaust-gas temperature leaving the ICE-CHP. At high operating pressures, there is little enthalpy of
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vaporisation available, resulting in the majority of the heat transfer occurring in the preheater (single-phase)
zone or in the recuperator (if a recuperative system is considered). To maximise the HEX effectiveness in
the single-phase zones, achieving a “pure” counter-flow regime is of paramount importance. A case in the
point is Fig. 33, which illustrates the heat transfer breakdown between the single and two-phase zones, within
the evaporator HEX. On the condenser side, there is a higher percentage of heat transfer occurring in the two-
phase condensing zone, however, due to the high degree of superheat of the working fluids, there is also an
important amount of heat rejection occurring in the single-phase zone in the desuperheater or in the
recuperator. Therefore, maximising the heat transfer in the single-phase zone of the condenser HEX, via
achieving a counter-flow regime is also important. Fig. 34 illustrates a representative break-down of the heat
rejection load within the condenser HEX. However, DPHEXs have higher area requirements per kW of heat
transferred (kW/m?) especially when compared to PHEXs. PHEXs main advantage is their compactness, due
to the high HTCs achieved. However, potentially higher pressure drops may be observed in the PHEX, while
also the materials selection should be such to ensure the unit can operate at high pressure/temperature
regimes. The modelling approach used for the HEX nominal sizing and optimisation, and for the off-design

optimisation is presented in Fig. 41.

Input: Heat source conditions, working fluid, Input: Heat source conditions, working fluid,
boundary conditions, constraints, etc. boundary conditions, constraints, etc.
ORC thermodynamic optimisation ORC off-design thermodynamic optimisation
Decision variables: Decision variables: e
X= [Pevap, Pcon, mwf, SHD, PPevap, Texp] X =[T3’, Tl;s,outl Pé, mwf’v mhs’]
Optimisation output/input to HEX design routine: Optimisation output/input to HEX off-design routine:
Whet) Qevap, Qcons P3, Pa, Tiy e, SHD, PPy Wier, Q(;Vapr Qcons Ts', P35, m,’;.,f. Ty, s, e’
| Assume: Geometry, D, Dout, L, W, Np' Umnaxr APmax I D /ﬁCd HEX: Adesign,total»Din’ Douts Lota, W, N, APH/
| Calculation per i-section: LMDT;', Nu;, Re;, U;, AP; | | Calculation per i-section: LMDT;', Nu;', Re;’, U;', AP, |
secN No sec N sec N No
221" AP<ABpax —_— 22" AP<ABpax & XiETV Ai ~ Agesign total

l Yes l Yes
Output: Output:
Aevs Ay Asny Adshs Acon » Uevs Uns Ush, Uashs Ucon Aer', An’ Asn, U, Un', Ush, €evap’
(a) (b)

Fig. 41: Heat exchanger design routine for: a) nominal sizing, and b) off-design operation.

In the ORC design stage (Fig. 41a), the optimum thermodynamic cycle for every working fluid is first
identified, using the exhaust gases leaving the CHP-ICE, while operating at 100% load. For detail
description of the ORC operating variables presented in Fig.41, the reader is referred to the Nomenclature
section. The optimum design cycle points defined in the ORC thermodynamic optimisation stage (refer to
Section 5.4) are then used to size the various components. For the sizing exercise, the HEX area
requirements, geometry, etc. are defined, aiming to maintain a maximum pressure drop across the HEX.
For the evaporator HEX in particular, the heat-source side pressure drop (in this case the exhaust gases) is

restricted to a few kPa (10-60 kPa) at the peak 100% mass flow rate, to avoid giving rise to significant
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negative backpressure effects on the ICE operation. It is noted that although backpressure phenomena can
be severe is ICE for vehicles, in stationary CHP-ICE units, the ICEs are designed for waste heat recovery
so an additional pressure drop is anticipated in the heat recovery component. The sizing is achieved by
discretising the HEX in space into NV-sections, and by calculating for each section 7 the corresponding local
heat transfer coefficient (HTC) ‘a;’, based on the working fluids mass flow rate, quality, temperature and
pressure. The logarithmic mean temperature difference (LMDT) method is then used to obtain the area

requirements for each section (4;).

During the off-design operation, the temperature and the mass flow rate of the heat source will vary,
following the CHP-ICE PL. During this stage the moving boundaries method is used to predict the HEX
performance. In this modelling approach (Fig. 41b), there are no specific predefined zones in the HEX,
instead the HEX is spatially split into i-segments (Fig. 42), and the quality of the working fluid is
calculated in every segment, by assuming equal heat input per segment. Eq. 10 describes how heat is

(732 H)
1

added to the working fluid, while this flows from segment “i-/” to segment “i”” and then segment “i+/”

(7323
1

(Fig. 42). More precisely, the working fluid enters segment “;”’, with the specific enthalpy of segment
“j-1”, absorbs heat “Q;” (for the evaporator or rejects heat in the condenser) and its enthalpy rises

(evaporator) / decreases (condenser) by Ah(i)y¢:

Q(wr = Mywr(h(i — Dwe + AR(Dwe) - (10

This approach is suitable for off-design performance evaluation, since the changes in the temperatures
and mass flow rates of the fluids affect the location of the transition points of the working fluid from
liquid to vapour phase, and vice versa. The total HEX area available is fixed from the design step. By
estimating the new HTC, the optimiser predicts the revised HEX performance at each section, and thus
the amount of heat that the system can actually recover under the new operating conditions. For the
condenser, it is assumed that the water flow rate can vary to accommodate the new heat rejection rate
during off-design operation. The calculation of the HTCs for estimating the heat transfer area of the
DPHEX and PHEX, during sizing and off-design operation has been presented in Chapter 3.

:

-—
I Exhaust gases
1
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Fig. 42: Schematic diagram of typical heat exchanger sections segmentation for HTC calculation.
5.2.2 Expander off-design modelling

As discussed in previous section, piston expanders have great potential in power generation with ORC
engines, due their ability to operate at high pressure ratios (PR) and relatively small volume flow rates,

while maintaining good performance both at design and off-design operation. The modelling approach
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for predicting the off-design performance of the expander devices is presented in Fig. 43. During off-
design operation the design and size of the expander is fixed, but the exhaust-gas flow rate and
temperature vary, following the CHP-ICE PL. The ORC engine operating points should therefore be

adjusted, to operate with the new heat-source conditions.

The piston expander off-design operation optimisation is presented in Fig. 43a. The optimiser selects some
new operating points, in terms of evaporating pressure, degree of superheat, working fluid mass flow rate,
etc. and solves the energy and mass balance equations. The new operating points are used as an input to
the piston expander maps and the new isentropic efficiency of the expander, along with the real mass flow
rate achieved are obtained. The optimisation continues until the figures obtained from the expander model
(and the HEX models discussed in Section 5.2.1) converge with those of the thermodynamic energy and
mass balance equations. Similarly, performance correlations for a screw expander have been used to
predict the expander performance at off-design operation (Fig. 43b), and were compared to the piston
expander results. The new operating points are used as input to the screw expander model, the off-design
losses are calculated and the new isentropic efficiency and actual power output are obtained. Finally, for

the pump off-design operation a fixed conservative efficiency has been assumed equal to 65% [40].

Input: Heat source conditions, working fluid, Input: Heat source conditions, working fluid,
boundary conditions, constraints etc. boundary conditions, constraints etc.
ORC Off-design thermodynamic optimisation ORC Off-design thermodynamic optimisation
Decision variables: Decision variables:
X =[T3 ,; T}Is,out' Pa""’.nwf’r mhs’] X =[T3{' Tl;s,out' PE;' m:/vf' mixs' T’exp]
ptimisation output/inputto expander off-design routing: ptimisation output/input to expander off-design routing;
Wn’et' T3,' P3’, m(/vf' T4" mils Wr:etv T3,r P3’. m‘lvf, T4’. m{w. r’exp
Piston expander map: ;5" = F(PR ', SHD', RPM Screw expander model: 15" = F('exp, Vyyp)
I Calculation: M’y calcs r]iS”Wnlet,calc | | Calculation: ¢, 7is",Wiet calc |
- ., No
Wnet,calc ~ Wnet g

' ~ ! irt ~ Tis!
M wecale = M wf & Wnet,calc ~ Wiet

l Yes
Output: ) Output:
ni’s' Wn’et' T3’. P !, Th"”f, T4’,m;15 ngsr Wr(etr T3,' P3,’ m\’»./fv T4', m}’ls’ r,exp
(@) (b)

Fig. 43: Off-design expander routine for: a) piston expander, and b) screw expander.
5.3 Off-design operation optimisation

In this section, single-objective optimisation has been used, aiming to maximise the net ORC power
output, during both the nominal (W) and the off-design (Wpe;') optimisation. While the objective
function is the same for both exercises, the set of decision variables and constraints differ. The
optimisation problem was solved in MATLAB®© [128] using the multistart structure, which repeatedly

runs a local solver (fimincon ) from a number of different starting points, predefined by the user. The
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reader can refer to Chapter 3 for more details on the optimisation algorithms deployed in this work.
5.3.1 Nominal design optimisation

The optimisation function for the nominal system design is presented in Eq. 163. At this stage, the heat-
source mass flow rate and temperature correspond to the CHP-ICE operating at 100% PL. The decision
variable vector ()? ) for the nominal operation consists of: i) the pressures in the evaporator and condenser
(Pevap, Peona [Pa]); ii) the mass flow rate of the working fluid (#z.¢[kg/s]); iii) the superheating degree
(SHD) normalised over the maximum feasible, given the heat-source inlet temperature; iv) the pinch
point of the evaporator (PPev.p [K]); and v) the volume ratio (7exp) of the expander. For the screw nominal
sizing, due to the low volumetric ratios achievable (5-7) [65], the optimiser has the option to select
between single and two-stage expansion. The decision variables vector ()? ) includes the same variables
as per the piston expander sizing, with the exemption of the last variable (7exp), which is replaced, by

the variable (xeyp), which dictates the number of expansion stages.

Maximise: =[Pevap, Pcond, r{nM::: ?HD. PPeyap, Texpl (163)
Subjectto:  Peond < Pevap < Perit (164)
0<SHD <1 (165)
T3 < Tyfmax (166)
PPin < PP (167)
Xwf3oa = 1 (168)
Ty <T, (169)
Tim < Ths,out (170)

The constraints ensure that the optimum thermodynamic cycle is technically feasible. The pressure at the
evaporator should be lower than the working fluid’s critical pressure, for the subcritical cycle assumption
to be valid, and the condenser pressure must be lower than the evaporator pressure, to make the cycle
feasible (Eq. 164). The normalised SHD over the maximum possible should vary between 0-1 (Eq. 165).
For every working fluid, the temperature at the evaporator exit should not exceed the maximum allowable
temperature that would ensure its chemical stability, as suggested in Ref. [163] (Eq. 166). Other constraints
ensure that there are no pinch point violations across the HEXs (Eq. 167), or exclude ORC designs with
two-phase expansion (Eq. 168-169). The heat-source fluid temperature when leaving the evaporator HEX
is constrained by the dew point of the exhaust gases, to avoid condensation. For exhaust gases from a
natural gas ICE, the typical dew point temperature can vary between 60 °C and 35 °C (333-308 K),
depending on the concentration of oxygen [139,173]. Therefore, in this study 80 °C (353 K) was selected

as the minimum allowable temperature for the exhaust-gas stream, well above the reported dew point
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levels. For the completion of the thermodynamic optimisation a notional isentropic efficiency for the
expander equal to 0.7 is used, a figure very often reported in the ORC literature. The optimum cycle points
obtained with this assumption are then used for the design of a piston expander capable of operating with
isentropic efficiency of 0.7 at its design point. Additional mechanical and electric generator losses are
applied as a post-processing factor to obtain the final efficiency, as discussed in Chapter 3. A similar
approach is deployed for the screw expander performance. For the pumping process, a centrifugal variable

speed pump with an assumed fixed efficiency of 0.65 has been used [40], as discussed in Chapter 3.
5.3.2 Off-design optimisation: Variable heat-exchanger and expander performance

Following completion of the nominal thermodynamic optimisation stage, the ORC engine optimum cycle
points are used for the selection and sizing of the major system components. After this stage, the ORC
engine components design and size are fixed. In the off-design optimisation, the new exhaust-gas mass
flow rate and temperature, leaving the CHP-ICE are used as an input to the ORC optimisation. The HEX
area available is known, along with the tube sizes, or the plates’ width, corrugation etc. For the piston
expander, the geometry is known, along with the number of cylinders, and isentropic efficiency maps are
obtained for a range of PR, superheat and RPM. For the screw expander, the design point efficiency,
volume ratio (VR) and flow rate are also known. For the pumping process, a centrifugal variable-speed
pump is selected with relatively flat curve, which can maintain a constant pressure head across a range of
flows. This property is important, because for the off-design operation, the pressure head of the system
may be maintained at high levels to maximise the power output, while the flow rates/temperatures vary.
For the pump off-design operation, a fixed efficiency of 0.65 [40] is used. The pressure level at the
condenser is also fixed and equal to the nominal design operation. This is a reasonable assumption, since
the cooling water flow and return temperature are fixed, while it is assumed that the cooling water mass
flow rate can be adjusted to absorb the varying heat rejection load of the system at off-design operation.
With the widespread use of variable-speed pumps in the building services sector, due to the energy savings
they offer, this assumption reflects a real building installation. In this context, this work mainly focuses on
the investigation of the evaporator HEX performance, under varying boundary conditions. These
specifications form the input to the off-design optimiser, to ensure that the new optimum operating points

are feasible, given the design and operational limitations of the components.

To perform the off-design optimisation, the decision variables vector (T) includes: 1) the working fluid
and heat-source temperature at the evaporator exit (T, T oy [K]); ii) the working fluid evaporation
pressure (P3 [Pa]); and iii) the working fluid and heat-source mass flow rate (111, 1y, [kg/s]). The off-
design objective function is presented in Eq. 171. Apart from the constraints considering the
thermodynamic feasibility of the cycle (listed in Eqgs. 164-170), additional constraints are required in

this exercise, to ensure that the selected components are capable of delivering the new duties at the new
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operating points, as some combinations of the decision variables produce infeasible cycles. The

additional constraints are summarised below:

. Wyet!
Maximise: =———; d "et,}. — (171)
X =[T3' Ths,out’ P3, My mhs]

Subject to: 2DoUhwith~Thwiexp) o5 (172)

mwf, exp

abs(Aevap —Aevap')

< 0.05 (173)

Aevap
Ty <T, (174)
xwf,3—>4, =1 (175)

The mass flow rate of the working fluid delivered by the expander, for the new operating pressure and SHD,
must be equal to the mass flow rate obtained from the simple energy and mass balance equations with the
new temperature and pressure conditions (Eq. 172) with a contingency of +5%. The heat transfer area
required to deliver the new heat input at every PL, given the new temperature and flow regimes, should be
equal to that available in the HEXs (Eq. 173) with a contingency of +5%. The new temperature of the
working fluid at the exit of the expander should be above the fixed condenser saturation temperature (Eq.
174). The new working fluid operating points should not fall within the two-phase region during expansion
(Eq. 175). The piston expander RPM has been kept fixed and equal to the nominal design settings, to ensure

compatibility with the electrical generator connected to the expander. Finally, for the screw expander off-

design optimisation, the same principles apply, with the difference that in the decision variables vector ()7’))
the variable 7n is replaced by x'exp» Which defines the new breakdown of PRs between the expansion

stages. The objective function is presented below:

- Whet!
Maximise: =——— d “et,}. - (176)
X =[ T3, Thsout P3r mhs'xexp']

5.3.3 Off-design optimisation: Variable heat-exchanger performance and fixed expander

isentropic efficiency

Finally, the results of the complete time-varying optimisation presented in Section 5.3.2, are compared to a
simplified off-design optimisation exercise where the (piston) expander efficiency is assumed fixed across
all PL conditions. In this exercise, the evaporator pressure is also assumed fixed and equal to that during
nominal (design) operation, aiming to maintain the design PR in the cycle. The condensation pressure is fixed
as previously. In this case, the decision variables vector X' includes: 1) the working fluid and heat-source
temperature at the evaporator exit (T4, Tﬂs’out [K]); and ii) the working fluid and the heat-source mass flow
rates (M, My’ [kg/s]). The objective function is again the maximisation of the net power output of the
ORC engine for every CHP-ICE PL point, while the set of constraints includes both the thermodynamic

constraints listed in Section 5.3.1, and the components’ operational constraints listed in Eqs. 173-175.
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5.4 System optimisation and sizing results — I: Nominal operation

5.4.1 ORC power output optimisation

The operating characteristics of the ENER-G [9] CHP-ICE 1520 kW at PL are summarised in Table 8. The
data points for 100% and 75% were taken directly from manufacturers’ data sheets. The other points have
been generated by the CHP-ICE thermodynamic model developed and validated in this thesis (refer to
Chapter 4). With regards to the numbers, it is noted that while the load of the CHP-ICE engine is decreasing,
the exhaust-gas mass flow rate also reduces, whilst the temperature increases. This is attributed to the
operation of the turbo-charger of the engine. This feature will impact the ORC off-design optimisation,
because the influence of the lower mass flow rate can be partially off-set by the higher heat-source
temperature. The ORC engine nominal design optimisation (Section 5.4.1) and sizing (Section 5.4.2-5.4.3)
are first performed assuming the CHP-ICE engine is loaded at 100% (nominal engine capacity). A summary

of the ORC specification for the nominal system thermodynamic optimisation is presented in Table 9.

Table 8: CHP-ICE 1520 part-load operating conditions.

e e R
100% 2.16 682
90% 1.91 717
80% 1.70 720
75% 1.64 720
60% 1.29 727

Table 9: Summary of the ORC engine specification for the thermodynamic optimisation at nominal

CHP-ICE operation.

Parameter Value Parameter Value
PPong (K) 10 Peyap,max (kPa) 0.95 Peri
PPevap (K) 5-30 Texp/Xexp () 8-18/0-1
Tewin-Tewout (K)  288-298 Tiim (K) (for heat source) 353

My, (Kg/s) From CHP-ICE  7expis (-) 0.70
Ths,in (K) From CHP-ICE  7Mpump,is (-) 0.65
Peonmin (kPa) 30 Nelg (-) 0.95

The optimum power output of the ORC engine for all fluids investigated is presented in Fig. 44, along with
the ORC thermal efficiency (#n) achieved for CHP-ICE 100% load. Optimised ORC engines with screw
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expanders (Fig. 44b) generate slightly more power than the piston designs (Fig. 44a). However this is
achieved by using two-stage expansion (two screw expanders in series). Due to the lower VRs of the screw
machines the optimiser selects two-stage expansion to maximise the overall PR of the ORC engine. In
contrast, piston expanders can operate with PRs of up to 30, so there is no requirement for two-stage
expansion. The impact of these differences on the ORC engine cost are captured in the thermoeconomic

analysis that follows in Chapter 6.

For ORC engines with piston expanders (Fig. 44a), the best-performing hydrocarbon is pentane with 88 kW,
followed by toluene (83 kW), and hexane (78 kW). The best-performing refrigerant is R1233zd (85 kW),
followed by R245fa (78 kW). For the majority of the working fluids, the optimiser aims to maximise the PR
across the expander first until the maximum pressure constraint for a subcritical cycle is active, prior to
increasing the SHD, or the working fluid mass flow rate. Therefore, most cycles operate very close to the
fluid’s critical pressure. However, the value of the PR over the expander varies between fluids, with the high-
performing fluids having also the highest PR. This is explained as follows: for fluids such as R1234yf, R152a
and R1234ze, the condensation pressure possible for the given heat sink temperature is higher (600-800 kPa)
than that of fluids like R1233zd and pentane (90-156 kPa). This results in lower PR for the former fluids over

the expander, and explains the low power output of the ORC engine for the same fluids.
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Fig. 44: ORC engine optimum power output, and thermal efficiency, for nominal CHP-ICE operation

(100%), with: a) piston expander, and b) screw expander.

The best performing hydrocarbon for ORC engines with screw expanders (Fig. 44b) is toluene (115
kW), followed by hexane (110 kW) and pentane (107 kW). The best performing refrigerant is R1233zd
(108 kW) followed by R245fa (92 kW). Although the absolute power output figures may vary slightly
from those achieved with piston expanders, the trend in the best performing fluids is similar. The thermal
efficiency of the optimum cycles is also presented in Fig. 44, for all working fluids investigated. As
expected, the best performing fluids in terms of power output, also have the highest thermal efficiency
corresponding to 12%, 11.5%, 11%, and 10.4%, for pentane, R1233zd, toluene and hexane, respectively
(ORC with piston expanders). A similar trend is observed for the thermal efficiency of ORC engines

with two-stage screw expanders; the thermal efficiencies correspond to 15.5%, 15%, 14%, 14%, 12.5%,
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for toluene, hexane, pentane, R1233zd, and R245fa, respectively. The efficiency findings have been
compared to other studies which used R245fa, the most a widely-studied working fluid in the ORC
literature. In this work, the optimised ORC thermal efficiency with R245fa ranges between 10-12% (at the
design point), whilst in Ref. [100], the authors report thermal efficiency of 10.5%-12.5%, Ref. [50] report
efficiencies of 11.5-12.5%, and Ref. [174] thermal efficiency of 10.2%. These findings support the validity

of the present model, since the present results are well aligned with those reported in the literature.

5.4.2 Nominal heat exchanger design and sizing

The next step in the ORC sizing problem is to size the HEXs of the system to deliver the nominal duty. The
optimum thermodynamic cycle points obtained will be used for the ORC HEX sizing, following the
methodology presented in Chapter 3. As discussed, the HEXs selected for this study are DPHEXs and
PHEXs. The heat transfer area requirements of the evaporator HEX for ORC engines with piston expanders
are shown in Fig. 45 and with screw expanders in Fig. 46. When DPHEX is used, for most of the working
fluids, the total area requirements do not exceed 200 m?, with the exception of toluene, which requires almost
500 m? of heat transfer area in ORC engines with piston expanders and 600 m? in ORC engines with screw
expanders. This significant difference in area requirements is mainly attributed to the logarithmic mean
temperature difference (LMDT) across the HEX for toluene, and the other candidate working fluids (Fig.
45a and Fig. 46a). The optimal cycle with toluene has the lowest evaporator pinch point among the fluids
investigated, resulting in the lowest LMDT, especially in the preheating zone. For the same HEX section,
while the other working fluids operate with a LMDT of 60-90 K, toluene operates with 16 K, which
dramatically increases the heat transfer area (Fig. 45¢,d). For all working fluids the lowest LMDT is observed
in the preheating section, followed by the evaporating two-phase zone, and the superheater. This finding is
explained by the high heat-source temperature when entering the evaporator, which results in a high

temperature gradient over the superheater and the two-phase evaporating zone.
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Fig. 45: Evaporator heat transfer area breakdown and LMDT for nominal sized ORC with piston expander
and a) DPHEX, b) PHEX designs (CHP 100%); ORC operating cycle with c) toluene and d) R1233zd .
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Fig. 46: Evaporator heat transfer area breakdown and LMDT for nominal sized ORC with screw

expander and a) DPHEX, and b) PHEX designs (CHP 100%).

The PHEX heat transfer area requirements are also presented in Fig. 45b for ORC engines with piston
expanders and in Fig. 46a with screw devices. It is highlighted that for all fluids investigated, the PHEX
areas are up to 50% lower than those with DPHEX, ranging between 50-270 m?(with the exception of toluene
in the screw expander design).The findings are in line with the data reported in the literature about the
compactness of PHEX designs. Additionally, the relative magnitude of area requirements between the
various working fluids is similar to that recorded in the DPHEX designs. Results also highlight that overall
the optimised ORC engines with screw designs require slightly higher heat transfer area than those with
piston expander, indicating that the higher power output of the former ORC engines, comes at the cost

of larger (and thus more expensive) system components.

In terms of the HEX area breakdown, this is similar for both the PHEX and DPHEX designs, since the
LMDT trends are the same. The preheating section dominates the HEX design (Fig. 45 for DPHEXs
and Fig. 46 for PHEXSs). This is owing to the evaporator operating pressure which is close to the critical

conditions for every fluid. This increases significantly the preheating section heat load, while the

145



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

evaporator two-phase zone load drops. Also, it is observed that fluids with low evaporation saturation
temperature - such as R1233zd, R152a and butane - operate with higher SHD, which results in higher
superheater area. In contrast, fluids such as pentane and toluene have high saturation temperature at the
evaporator pressure, 470 K and 480 K, respectively, so they do not require any superheating. In
subsequent sections, the impact of off-design operation on the breakdown of the evaporator HEX areas
will be discussed. Finally, it is noted that fluids with similar power outputs (such as pentane and toluene)
may have significantly different HEX size requirements. This highlights that apart from the
thermodynamic optimisation the system cost aspects should be considered in the design phase. The

analysis of the costs of ORC systems is presented in Chapter 6 that follows.

The area breakdown of the condenser HEX is presented in Fig. 47, for ORC engines with piston expanders,
and in Fig. 48, with screw devices. It is noted that the condenser area requirements are significantly lower
than the respective ones for the evaporator, for both engines and HEX architectures. This is a result of: 1) the
temperature gradient between the working fluid and the cooling water circuit, which operates at 288-298 K
(15-25 °C); ii) the better HTC achieved when there are liquid flows versus gas flows; and iii) the high fraction

of the heat rejection being performed in the two-phase zone, which is characterised by higher U-values.
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Fig. 47: Condenser heat transfer area breakdown and LMDT for nominal sized ORC with piston
expander and: a) DPHEX, and b) PHEX designs (CHP 100%).

Contrary to the evaporator HEX design, where the available enthalpy of vaporisation in the two-phase zone
is low, due to the high operating pressure of the cycle, in the condenser (low pressure) there is high latent
heat available during phase change, which results in a large fraction of the heat rejection taking place in the
two phase zone with, high HTCs. It can also be seen that toluene has the minimum area requirements among
the fluids investigated, for the condenser. This is explained by the condensing saturation temperature of
toluene, 345 K, compared to 300-305 K for the other fluids. The higher temperature difference across the

HEX for toluene results in lower area requirements for a similar heat rejection load.
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Fig. 48: Condenser heat transfer area breakdown and LMDT for nominal sized ORC with screw

expander and a) DPHEX, and: b) PHEX designs (CHP 100%).
5.4.3 Nominal expander design and sizing

The best-performing fluids identified during the thermodynamic optimisation are almost identical for
both ORC engine designs (with piston or screw expanders), namely R1233zd, R245fa, toluene and
pentane. For the aforementioned fluids, a piston expander has been designed and sized to meet the
nominal operating conditions of each fluid. The expander modelling methodology is based on Refs.
[138,151] and has been introduced in Chapter 3. For the nominal sizing exercise, the optimum points
identified in the ORC thermodynamic optimisation are used, with an initial assumed expander isentropic
efficiency of 0.70. The mass flow rate of working fluid, superheat temperature, and PR, in the expander

design exercise are summarised in Table 10.

A number of possible expander designs are generated, using Latin hypercube sampling, and simulated
at the initial operating conditions, to identify the most promising candidates. Among these designs, the
following design parameters are allowed to vary: the cylinder bore, stroke length, clearance height, valve
diameters and opening durations. The candidate design is selected to jointly maximise isentropic
efficiency and power density, where power density is defined as the output power per unit cylinder
volume. A degree of engineering judgement is required to balance isentropic efficiency and power
density, to avoid a high efficiency but very large expander, or the converse. A thermoeconomic analysis
assessing the trade-offs between achieving high isentropic efficiency, but at the cost of a larger and more
expensive expander would enable an objective approach, when selecting the piston expander design.
However, such assessment is beyond the scope of the present work, and would be considered a future

addition to the framework presented here.
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Table 10: Nominal operating points from initial optimisation.

R1233zd R245fa Pentane Toluene
Evaporator pressure (bar) 33.93 34.54 32.01 6.56
Condenser pressure (bar) 1.57 1.95 0.90 0.32
Mass flow rate (kg/s) 1.88 2.68 1.26 1.38
Superheat temperature (K) 15 15 5 5

Table 11: Expander design parameters. Intake and exhaust valves open at TDC and BDC respectively.

R1233zd R245fa Pentane Toluene
Number of cylinders 2 4 4 6
Bore (mm) 254 124 201 206
Stroke length (mm) 359 187 279 411
Clearance height (mm) 29 17 20 44
End of intake (degrees after TDC) 22.5 41.9 21.2 46.3
End of exhaust (degrees after TDC) 256.1 325.6 249.2 304.8

Once the expander design is fixed, the expander simulation is run for a range of PRs, superheating degrees,
mass flow rates and rotating speeds (RPM). This produces operating-performance maps for a set of possible
PL conditions. In Fig. 49 the expander maps for R1233zd, R245fa, toluene and pentane are presented, for a
fixed rotational speed. These maps are then input to the ORC off-design optimisation framework, to predict

the expander performance under varying operating conditions.

With reference to the piston expander maps in Fig. 49, the peak isentropic efficiencies are achieved at
low mass flow rates, also corresponding to low PRs. This is attributed to the intake-valve losses, which
are a significant contributor to the overall expander losses for reciprocating-piston machines, and these
losses are less severe for low PRs. On the other hand, achieving high power output, calls for high PRs
and mass flow rates, with a corresponding reduction in efficiency. These trade-offs are going to be
captured during the off-design optimisation, when the new optimum ORC operating points that
maximise the power output of the engine should be identified. It is noted that the isentropic efficiency
figures presented in Fig. 49, exclude the mechanical losses on the shaft or the electrical losses of the
generator. As discussed in Section 3.6.1, considering the mechanical losses (pech = 85%), the piston
expander effective efficiency varies between 0.45-0.77, figures which are well-aligned with those

reported in other studies in the literature, such as those reported in Refs. [71,175].
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Fig. 49: Piston expander performance map for: a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.
Lighter colours represent higher isentropic efficiency. Oblique lines join points at constant superheat
temperature, with maximum superheat at the left of each plot. Maps are shown for 500 RPM for toluene
and 1500 RPM for the other fluids, based on full-cycle optimisation. The circle indicates the nominal

design point, with a fixed isentropic efficiency of 0.70.

To predict the off-design performance of the screw expander, and compare it to the performance of
piston devices, the screw expander efficiency correlation developed in Ref. [65] has been used, as
presented in Chapter 3. This is a low fidelity efficiency correlation, which, however, is based on real
screw machines performance, and is one of the very few references that provide correction factors for
off-design operation. In Fig. 50, the screw expander efficiency at the nominal design point is illustrated,
for ORC engines optimised for maximum power output, at 100% CHP-ICE PL. All optimum cycles
have a two-stage expansion, aiming to keep the VR of the expanders between 4 and 6. It is noted that
the fluids with the highest power output do not have the highest screw expander efficiency (#expis).
Although more power is generated from fluids such as R1233zd or toluene (#expis = 0.71-0.79), the
expander efficiency is best for fluids such as R1234yf and R1234ze (#expis = 0.8-0.83). These findings
highlight that cycles with the former fluids can tolerate lower specification on the expander design,

while still generating more power at the design point.
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Fig. 51: Screw expander isentropic efficiency map, and optimum operating points for nominal ORC
sizing, for the best performing fluids: R245fa, R1233zd, pentane, and toluene. Highlighted points

correspond to the operating conditions of the second stage expander.

In Fig. 51, the screw expander performance map is presented along with the optimum operating points, for
the best performing fluids. It is noted that for high VRs the screw expander efficiency deteriorates
significantly, therefore the optimum operating points lie on the small to medium VR range. Furthermore,
the screw expander efficiency is more sensitive to changes in VR than volume flow rates. For fixed volume
flow rate, while the VR increases from 2 to 10, the isentropic efficiency reduces by 35%, whilst for fixed
VR increasing the volume flow rate increases only slightly the isentropic efficiency. This finding is aligned
with other studies in the literature which report that for a given size screw expander (i.e. given design VR
and volume flow rate), the efficiency is mostly affected by variations in the VR of the device [79].
Comparing the isentropic efficiencies of screw expanders to those presented in the piston expander maps,
these are slightly higher than those obtained for piston although the former operate at lower PRs than the
latter. However, the screw devices performance has been estimated using a generalised correlation, while

the piston efficiency has been calculated specifically for the fluids investigated and using a validated lump
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thermodynamic model. Finally, the performance maps generated in this section will be used in subsequent

sections to optimise the ORC off-design power output for varying heat-source conditions.

5.5 System optimisation and sizing results — II: Off-design operation with

piston expander

5.5.1 Combined ICE-ORC CHP system optimisation

After the nominal ORC system optimisation and sizing, the major component geometries, and performance
maps are fixed, and are used as an input to the ORC off-design optimisation tool. The exhaust-gas flow rate
and temperature are varied according to the values in Table 8, for the CHP-ICE PL from 100% down to 60%.
For every new PL point, the operation of the ORC system is optimised to adjust to the new conditions. First,
a reference case is obtained with the piston expander isentropic efficiency fixed at 0.70 (nominal design) for
all PR conditions. In this case the PR of the ORC is kept fixed, while the working fluid mass flow rate and
superheating are allowed to vary, along with the mass flow rate of heat-source fluid and its temperature, at
the exit of the evaporator. Then, for the best performing fluids discussed in Section 5.4, the full piston
expander variable performance maps are incorporated into the off-design optimisation and the results are
compared to the reference case with fixed isentropic efficiency. The optimiser in the second case is allowed
to adjust not only the mass flow rate/temperature of the working fluid, but also the evaporation pressure. The
new expander isentropic efficiency is then estimated using performance maps, while the expander rotational
speed is fixed at 1500 RPM, to ensure smooth coupling with the electric generator. The mass flow rate and

temperature of the heat-source fluid leaving the evaporator are also allowed to vary.
5.5.1.1 Fixed expander performance

The optimum ORC power output is presented in Fig. 52 for all CHP-ICE PL points, with the expander
isentropic efficiency being fixed to the nominal design (0.7). In line with the results, the best performing
fluids during nominal operation, are those that also outperform during the off-design operation, for both
HEX architectures. For all optimum cycles, the optimiser utilises the full heat-source mass flow rate
available, while it also aims to maximise the working fluid temperature when leaving the evaporator
(high SHD) to the minimum value between: 1) the peak temperature the fluid can operate without the
risk of chemical degradation; and ii) the maximum allowable by the PP constraints. It is noted that the
ORC power output follows the CHP-ICE PL trend, but the ORC PL level is always higher than the
respective one of the CHP-ICE. A case in the point is R1233zd, where for 90% CHP-ICE PL, the ORC
engine operates with 97% PL, for 80% CHP-ICE PL, the ORC operates with 87% PL, and at 75% CHP-
ICE PL the ORC engine operates at 82%. This is attributed mainly to the evaporator HEX performance;
the exhaust-gas temperature at PL is higher than the nominal conditions, so the temperature gradient
across the HEX increases making the heat transfer more effective over the same heat transfer area.

Additionally, the power output achieved with PHEX architectures during off-design operation is slightly
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higher than that achieved when DPHEX architecture is used. This is attributed to the higher PHEX
effectiveness. The details of the DHEX and PHEX performance are discussed in Section 5.5.2.
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Fig. 52: ORC optimum power output at oft-design operation with piston expander, for CHP-ICE part-
load 100%-60% (left to right), assuming fixed expander efficiency and: a) DPHEXSs and b) PHEXS.

5.5.1.2 Variable expander performance

For the findings summarised in Fig. 52, the expander isentropic efficiency has been kept fixed among
all the fluids and conditions investigated. In this section, the variable performance maps of the piston
expander are incorporated in the off-design tool. The revised ORC power output is illustrated in Fig. 53.
First, it is highlighted than when the piston expander is sized for nominal conditions, for fluids such as
R245fa and toluene, the isentropic efficiency achieved is slightly lower than the initial assumption of
0.70, corresponding to 0.60-0.66 (Fig. 55). This affects the ORC engine power output at nominal
conditions, which is slightly lower than the optimum power output achieved by the same fluids in the
thermodynamic optimisation (Section 5.5.1.1). This reveals that because the thermodynamic
optimisation does not account for the component-specific physical and performance limitations, it may

lead to designs which are technically challenging.
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Fig. 53: ORC optimum power output at off-design operation with piston expander, for CHP-ICE part-
load 100%-60% (left to right), with variable expander performance and: a) DPHEX, and b) DPHEX.

By comparing the power output of the ORC engines in the case of fixed expander efficiency and in the case
of varied performance, the former approach underestimates the power output by up to 17% for CHP-ICE
PL 60%. It is also noted that ORC engines with R1233zd and R245fa and PHEXSs generate 4-10% more
power than those achieved with DPHEX designs, with the same fluids. The opposite trend is observed with
toluene, for which the power output of the engine with DPHEX is higher than in the case with PHEXs by
approximately 6%. ORC engines with pentane have very similar performance with both HEX architectures.
These findings are closely associated with the new operating points and mass flow rates in the system, along

with the piston expander efficiency achieved in each design, as discussed in subsequent sections.

Furthermore, while the CHP-ICE load decreases, the ORC power output also reduces, but with lower rate
than in the case of the assumed fixed expander isentropic efficiency. For R1233zd with DPHEXSs, at 90%
CHP-ICE PL, the ORC engine operates almost at 100% load, for 80% CHP-ICE PL, the ORC operates
with 97% PL, and at 60% CHP-ICE PL, the ORC engine still operates at 77%. These findings are explained
by looking at the optimum PR of the ORC engines at off-design operation (Fig. 54) and at the respective
isentropic efficiency of the piston expander (Fig. 55). While the ORC engine operates at off-design
conditions the new optimised piston expander isentropic efficiency improves for all fluids, and both HEX
architectures, by 6-16%, exceeding 0.82 for fluids, such as R1233zd. The expander isentropic efficiency
improvement at off-design conditions results in higher ORC engine power output, than in the case when

the expander isentropic efficiency was assumed fixed.
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Fig. 54: ORC optimum pressure ratio (PR) at off-design operation, for CHP-ICE part-load 100%-60%
(left to right) with variable expander performance, and: a) DPHEX and b) PHEX.

This initially counterintuitive trend can be understood by looking at the new PR of the ORC for all fluids
(Fig. 54). While the CHP-ICE load reduces, the optimum PR over the expander also decreases, i.e. even
though the temperature of the exhaust-gas increases at PL, the optimum ORC evaporating pressure decreases.
This trend is in contrast with the thermodynamic analysis, where the optimum evaporator pressure level was
always the one resulting in the highest PR over the expander. In real piston expander machines, operating
points with lower PR and lower working fluid mass flow rate can reach higher isentropic efficiency. This is
why the optimiser chooses to reduce the evaporating pressure, and increases the SHD, instead of maximising
the evaporating pressure. Finally, comparing the isentropic efficiencies achieved with PHEX and DPHEX
designs (Fig. 55), it is noted that piston expanders in ORC engines with R245fa and DPHEXs have lower
isentropic efficiency than in the case of engines with PHEXSs, while in the case of R1233zd the expander
efficiency is higher in the case of the PHEX design for PL100% to 75%, but the opposite trend is observed
at low PL 60%. Toluene performs better with DPHEXSs than in the case of PHEXs designs, while pentane
has very similar performance with PHEXs or DPHEXs designs. These findings highlight than depending on

the working fluid selection, the most efficient system architecture may vary.
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Fig. 55: ORC piston expander optimum isentropic efficiency at off-design operation, for CHP-ICE
part-load 100%-60% (left to right), with: a) DPHEX and b) PHEX.

Further to the expander performance analysis, the results of the moving boundaries HEX modelling are
illustrated in Fig. 56 for off-design operation with DPHEX, and in Fig. 57 for PHEX designs. As the
CHP-ICE PL reduces, the heat-source temperature increases, which allows the optimiser to increase the
SHD of the working fluid exiting the evaporator HEX, either to the maximum degree allowable by the
HEX pinch point or to its respective maximum that prevents degradation. This trend is recorded for all
fluids investigated. Owing to the higher-grade heat input to the cycle, most working fluids will have
already reached the new saturation evaporating temperature, before they reach the end of the preheating
section, as this was defined in the nominal HEX sizing. At the end of the preheating section the fluids
are already in the two-phase zone, while they will enter the superheated stage before the end of the

evaporating zone (as this was defined in the design stage).
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Fig. 56: DPHEX evaporator heat transfer area boundaries (moving boundaries) at off-design operation
for: a) R1233zd, b) R245fa, ¢) pentane, and d) toluene, for CHP-ICE part-load 100%-60% with variable

expander performance.

As aforementioned, the off-design evaporator pressure is lower than the nominal one, leading to a larger
fraction of the heat recovery be taking place in the two-phase zone. This is illustrated in the area
requirements of the two-phase section for every fluid in Fig. 55 (for DPHEX) and Fig. 56 (for PHEX),
where, while moving from CHP-ICE 100% to 60% PL, the two-phase zone area increases. It is noted
that heat transfer in the two-phase zone is associated with higher HTCs (as will be discussed in
subsequent sections), which increases the HEX effectiveness when recovering heat. Finally, it is
observed that in the case of R1233zd with DPHEX design, when the complete optimisation is performed,
including the HEXs and the expander time-varying performance models, at CHP-ICE 100% PL
operation, the heater section area requirements are lower than that in lower loads. In this particular case,
the operating points that maximise simultaneously the HEX effectiveness and expander efficiency,

correspond to high LMDT over the heater section, reducing the heat transfer area requirements.
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Fig. 57: PHEX evaporator heat transfer area boundaries (moving boundaries) at off-design operation
for: a) R1233zd, b) R245fa, c) pentane, and d) toluene, for CHP-ICE part-load 100%-60% with variable

expander performance.
5.5.2 ORC off-design performance maps

5.5.2.1 Evaporator performance maps

In the previous section, the ORC engine operation at specific CHP-ICE PL points has been investigated.
Here, performance maps of the evaporator HEX are generated, using the full spectrum of possible exhaust-
gas temperature and flow rates leaving the CHP-ICE. In Fig. 58, the overall heat transfer coefficient (U)
maps of the evaporator HEX are presented for R1233zd, for both HEX architectures and design approaches
presented in Section 5.5.1. The results are representative of the trends observed for the other working fluids.
While the CHP-ICE PL reduces, the U-value also decreases for both the DPHEX and PHEX designs, and
for fixed or variable expander efficiency. For fixed heat-source temperature, the U-value reduces by up to
30%, while the mass flow rate of heat carrier fluid decreases from 2.16 kg/s (CHP-ICE nominal conditions),
down to 1.29 kg/s (CHP-ICE 60% PL). The same trend is observed for all HEX sections, and in both design
approaches. This is mainly attributed to the changes of the Reynolds number, which is affected by the
decrease in the flow rates of both the heat source and the working fluid. The Reynolds number on the working
fluid side ranges between 10° to 10°, whilst on the exhaust gas side is within the 10°. In contrast, for constant
mass flow rate of the heat source, while the temperature increases, the U-value increases only moderately,
since it is only affected by the potential transition from convective boiling to nucleate boiling conditions.

More precisely, the HTC for nucleate boiling is between 70-75% of the total HTC on the working fluid side.

Looking at the relative magnitude of the U-values at the different HEX sections, the evaporator section has
the highest heat transfer rate due to phase change. In the two-phase section, the nucleate-boiling phenomena
prevail at higher wall surface temperatures, so the U-value is always higher than the respective one in the
preheating zone, while it is comparable to the one in the superheating section. Comparing the U-values of
the DPHEX to those of PHEX, it is highlighted that the latter are up to three times higher than the former.
These findings are in line with the HEX sizing results presented in Section 5.4, where the DPHEX area

157



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

requirements are almost double than those of the PHEX designs. Finally, it is observed that when the PR
over the expander was fixed (Fig. 58a,c), the U-value is underestimated relative to that with dynamic
expander modelling (Fig. 58b,d). This is mainly a consequence of the change in the operating pressure of the
evaporator, which reduces at off-design operation. This results in a larger fraction of the heat transfer taking

place in the two-phase zone, where the HTCs are higher, increasing the overall U-value of the HEX.
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Fig. 58: Evaporator heat transfer coefficient performance map for DPHEX with: a) fixed expander
efficiency, and b) variable expander efficiency; and for PHEX with: c) fixed expander efficiency, and
d) variable expander efficiency, for R1233zd at off-design operation.

The HEX U-value variation for all fluids, at off-design operation, with the expander dynamic performance
incorporated, is illustrated in Fig. 59 (DPHEX) and Fig. 60 (PHEX). The U-value performance is similar
among all fluids investigated, and in both HEX architectures. What is changing is the absolute values of U
achieved. It is noted that R1233zd, and pentane have higher U-values than R245fa and toluene, in both HEX
designs. This is explained by the different mass flow rate and temperature regimes within each cycle. In
DPHEX designs, pentane (Fig. 59¢) operates with the highest U-values across all sections, varying between
42-60 W/m? K, in the evaporator and the superheating sections, and 38-53 W/m? K in the preheating zone.
The U-values for toluene (Fig. 59d) are similar to those for R245fa (Fig. 59b). The superheater and the
evaporator in the DPHEX consistently have the highest U-value for all PL conditions, ranging between 36-
53 W/m*K, followed by the preheating section with 32-48 W/m? K. It is noted that the U-values obtained
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in this work are in agreement with data reported in the literature that DPHEX designs with gas on one side
achieve U-values between 10-60 W/m’K [44] .
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Fig. 59: DPHEX evaporator overall heat transfer coefficient map at off-design operation, with variable

piston expander efficiency for: a) R1233zd, b) R245fa, c) pentane, and d) toluene.

In PHEX designs (Fig. 60), R1233zd has the highest U-values, varying between 120-160 W/m? K in the
evaporating zone, and between 60-85 W/m? K in the preheater and superheater section. The other fluids
operate with U-values of 110-140 W/m? K in the evaporating zone, and 55-80 W/m? K in the
preheater/superheater sections. The low U-values recorded are attributed the high thermal resistance on
the exhaust-gas side. More precisely, the HTC achieved on the gas side (for DPHEXs) ranges between
0.05-0.1 kW/m?K, whilst on the working fluid side the HTC varies between 1-1.6 kW/m? K in the single-
phase zones, and between 15-21 kW/m’K in the two-phase evaporating zone. It is noted that the U-
values of the DPHEX in the two-phase zone are not significantly higher than those achieved in the
superheater/preheater sections. In contrast, in the PHEX design the U-values in the two-phase zone are
significantly higher than those in the other sections. In the DPHEX case, because the tube sizes are the
same for the full length of the HEX, we need to ensure that the working fluid velocity is low enough
when it is in the liquid/two-phase states, so we do not create high pressure drops, when the working
fluid is in superheated state (i.e. low densities, resulting in high velocities for the same mass flow rate

and cross section area). Also, the exhaust-gas side pressure drop should stay within the maximum
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pressure drop range, to avoid significant backpressure effects on the CHP-ICE. Therefore, the exhaust-
gas stream velocity cannot increase significantly neither, to enhance heat transfer. Alternatively, tube
bundles can be used, where the flow splits into multiple tubes, resulting a better control of the flow rates,
and pressure drop. to This challenge is not as profound in the PHEX design because the flow can split
into a number of different plates/passages. So, the flow rates of both streams are better controlled, while
also the number of passages may vary between the preheater/evaporator section, and the superheater
section, to ensure the best flow breakdown and heat transfer rate. This is the reason why higher HTCs
are obtained in the PHEX design, for all HEX sections. Finally, as with DPHEX designs, the U-value
drops with the reduction of the heat-source mass flow rate, although the heat-source temperature

increases, but in the PHEX design the U-value reduction at off-design operation does not exceed 25%.
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Fig. 60: PHEX evaporator overall heat transfer coefficient map at off-design operation, with variable

piston expander efficiency for: a) R1233zd, b) R245fa, c) pentane, and d) toluene.

The comparison of HEX effectiveness (¢) for R1233zd, between the two design approaches, is presented in
Fig. 61, while the results of the dynamic expander performance are presented in Fig. 62, for DPHEXs, and
in Fig. 63, for PHEXs. Effectiveness (¢) is defined as the ratio of the actual heat transfer achieved in the
HEX over the maximum one, if there was an infinitely long HEX, where the outlet temperature of the cold
fluid, was equal to the inlet temperature of the hot fluid. Although the U-value drops with PL and one may
expect the effectiveness of the HEX to drop accordingly, the findings reveal that & increases with PL. The
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higher effectiveness is attributed to the increase of the LMDT in the HEX subsections, and especially in the
superheater and two-phase zone (Fig. 64 for DPHEXs and Fig. 65 for PHEXSs). The higher heat-source
temperature entering the evaporator at CHP-ICE PL increases the temperature difference between the two

working fluids, increasing the heat transfer taking place over the same heat transfer area.

When comparing the effectiveness results of the two approaches, in Fig. 61a,c (fixed expander isentropic
efficiency) while the ICE PL reduces, the effectiveness in the superheater increases by 10%, in the preheater
by 5%, whilst the effectiveness of the evaporator two-phase zone stays almost constant. In Fig. 61b,d
(variable expander isentropic efficiency), the preheater effectiveness behaves similarly to that in Fig. 61a,c,
but the increase of the evaporator effectiveness, while the ICE PL reduces, is higher, almost increasing by
up to 50% (for DPHEX). This is explained by the lower evaporator pressure in the system at off-design
operation, which results in lower evaporator temperature and larger fraction of heat transfer occurring in the
two-phase zone with better HTCs, and with higher temperature gradient across the HEX. The superheater
effectiveness is either similar or lower in Fig. 61b,d, owing to the lower superheat and temperature of the

working fluid, dictated by the piston expander optimum operating point.
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Fig. 61: Evaporator effectiveness map for DPHEX with: a) fixed expander efficiency, and b) variable
expander efficiency; and for PHEX with: ¢) fixed expander efficiency, and d) variable expander

efficiency, for R1233zd at off-design operation.
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Fig. 62: DPHEX evaporator effectiveness map at off-design operation with variable piston expander

efficiency for: a) R1233zd, b) R245fa, c) pentane, and d) toluene.

For both HEX architectures, the preheating zone has the highest effectiveness, because the minimum pinch

point is observed in this area (Fig. 62 for DPHEXs and Fig. 63 for PHEXSs). Toluene in particular presents

the highest effectiveness, which is aligned with the high evaporator area requirements obtained at nominal

design (Section 5.4) and the very low evaporator pinch point of the optimum ORC cycle. Nevertheless, the

high HEX effectiveness comes at the cost of a larger and more expensive HEX. The cost aspects of the ORC

systems, should also be considered in the design process and are further investigated in Chapter 6.
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Fig. 63: PHEX evaporator effectiveness map at off-design operation with variable piston expander

efficiency for: a) R1233zd, b) R245fa, c) pentane, and d) toluene.
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Fig. 64: DPHEX evaporator temperature gradient map at off-design operation with piston expander for:

a) R1233zd, b) R245fa, c) pentane, and d) toluene.

The lowest effectiveness is recorded in the superheater zone. This is attributed to the high temperature
difference between the working fluid and the heat source as illustrated in Fig. 64 for DPHEXSs and in Fig. 65
for PHEXs. While the CHP-ICE PL reduces, the heat-source thermal content is available at higher
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temperature, but this cannot be fully utilised by the ORC engines, because the working fluid temperature
cannot increase any further. The limiting factors may be: i) the maximum allowable working fluid
temperature before decomposition phenomena occur; or ii) the expander performance that may dictate lower
pressure levels and superheating degree for maximising the power output. A case in the point is fluids such
as R245fa (Fig. 62b, and Fig. 63b) which operates with an effectiveness of 0.19-0.22 (DPHEX) or 0.2-0.28
(PHEX) in the superheater section, because the system cannot increase the temperature any further than 440
K, which is the maximum limit for R245fa to avoid chemical instability issues. In contrast, pentane (Fig. 62c
and Fig. 63c) operates with superheater effectiveness of 0.45-0.55 (DPHEX) and 0.35-0.45 (PHEX), because
its maximum allowable temperature is 600 K. In the case of toluene, although its maximum temperature is
700 K, the optimiser chooses a low evaporator pressure level (and temperature) to maximise the expander
efficiency. Therefore, toluene’s superheater effectiveness (Fig. 18d) is also low in the region of 0.15-0.25.
Finally, the evaporator effectiveness is higher than that of the superheater. A better matching is achieved
between the evaporating temperature and the heat-source temperature in the two-phase zone, increasing the

HEX effectiveness, while higher U-values are also observed in the two-phase zone.
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Fig. 65: PHEX evaporator temperature gradient map at off-design operation with piston expander for:

a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.
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5.5.2.2 Power output performance maps

Using time-varying modelling for the evaporator HEX (given the specific HEX design), the actual HEX
performance and heat recovered by the ORC engine is obtained. The optimum power output of the ORC engine
at off-design operation in estimated by: 1) assuming fixed piston expander efficiency across all load conditions;
and ii) incorporating piston expander performance maps in the optimisation to predict the new expander
efficiency at every operating point. In Fig. 66, the ORC power output map is illustrated for both approaches,
and two HEX architectures, for R1233zd (findings are representative of all fluids investigated). In Fig. 67, the

power output of all fluids investigated using the time-varying expander and HEX analysis are then presented.
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Fig. 66: Optimum ORC power output performance map for R1233zd at off-design operation, with

temperature (K)

DPHEX: a) fixed piston expander efficiency and, b) variable piston expander efficiency; and PHEX: ¢)

fixed piston expander efficiency and, d) variable piston expander efficiency.

When the isentropic efficiency of the expander is fixed, the power output of the ORC is underestimated
by up to 17% (Fig. 66), particularly for low CHP-ICE PL. As the CHP-ICE power output decreases, so
does the ORC power output, but at a lower rate. This is owing to the improvement of the efficiency of the
evaporator HEX, and the piston expander at lower mass flow rates and PRs (see also Section 5.5.1 and
5.5.2.1). As expected, the highest power output is recorded for high mass flow rate and high temperature

on the heat-source side. The power output ranges from 90 kW down to 55 kW for fixed expander efficiency
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and DPHEX (Fig. 66a), and from 95 kW to 65 kW for PHEX (Fig. 66¢). For variable expander efficiency
with DPHEX, the ORC engine power output varies between 97-65 kW (Fig. 66b), and with PHEX between
110-62 kW (Fig. 66d). Additionally, fixing the heat-source temperature, but increasing the heat-source
mass flow rate, increases the power output by up to 50%. In contrast, increasing the heat-source
temperature, with fixed heat-source mass flow rate, increases the power output by up to 17%, within the

range of conditions considered. This trend is consistent between both approaches and HEX architectures.

ORC power output maps for all fluids using the time-varying HEX and expander performance are shown
in Fig. 67. In Fig. 67a, the optimised ORC engine power output map for DPHEX is presented. The best
performing fluid is R1233zd, followed very closely by pentane, then R245fa and toluene. Similar trend
is observed in the ORC engines with PHEXs (Fig. 67b), but the absolute values of power output are
higher by 5-12%, at high PL conditions. The PHEX design allows for different number of plates and
corrugation style being used in the preheater/evaporator section and the superheater, in order to
maximise heat transfer, but also maintain the pressure drop of the working fluids within the maximum
pressure drop limitation. This allows for slightly higher mass flow rates on the organic fluid side, which
results in higher PHEX effectiveness, recovering slightly more heat from the heat source, and thus
generating more power. For all fluids investigated, the power output is significantly affected by the heat-
source mass flow rate drop at PL. The power output of the ORC engine reduces by approximately 30%,
from 100% ICE operation down to 60% ICE PL operation. These findings are important because: i) they
can be utilised by the ORC systems operators to identify the optimum design point given the heat-source
conditions; and ii) they can inform decisions about the system sizing and schematic to ensure that the

optimum mass flow rate and temperature reaches the ORC evaporator.
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Fig. 67: Optimum ORC power output performance maps at off-design operation with variable piston

expander efficiency and: a) DPHEX and b) PHEX design for R1233zd, R245fa, pentane, and toluene.
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5.5.2.3 Efficiency maps

The piston expander isentropic efficiency off-design maps, for fixed RPM (1500 RPM), with regards to
the heat-source conditions variation are presented in Fig. 68. For all fluids investigated the piston isentropic
efficiency increases at off-design conditions. Therefore, the power output reduction is lower than that in
the ‘fixed efficiency’ scenario. More precisely, while the heat-source mass flow rate drops, and the
temperature increases with the CHP-ICE PL, the expander efficiency in ORC engine with DPHEX (Fig.
68a) increases from 0.75 to 0.82 for R1233zd, from 0.62 to 0.74 for R245fa, from 0.73 to 0.81 for pentane
and from 0.61 to 0.72 for toluene. This behaviour is explained by the working fluid optimum pressure and
mass flow rate during off-design operation. In ORC engines with PHEX (Fig. 68b) it is noted that although
the piston expander efficiency achieved is higher at nominal and high PL conditions, than that of the

DPHEX design, the latter outperforms the former at lower PL conditions.
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Fig. 68: Piston expander isentropic efficiency maps with: a) DPHEX and b) PHEX, for R1233zd, R245fa,

pentane, and toluene.

The expander performance map at off-design conditions, with respect to the inlet PR and working fluid
flow rate is presented in Fig. 69 (for fixed RPM and fixed condenser pressure). The findings reveal that
for all fluids investigated the optimum ORC operating points at off-design operation have lower evaporator
pressure than the nominal point, and lower working fluid mass flow rate, helping to maximise the expander
isentropic efficiency. When the variable performance of HEX and expander is incorporated into the
analysis, the optimiser no longer seeks to maximise the cycle PR, as in the case of assumed fixed
expander efficiency, but instead adjusts the evaporator pressure level to: i) increase the HEX
effectiveness; and ii) operate the expander at high efficiency. Piston expanders efficiency improves at
lower volume flow rates and/or PRs, because the losses through the valves improve significantly. For
example, for R1233zd and pentane, where the expander isentropic efficiency increases with superheat

temperature, the optimal PL cycle operates at high superheat, but decreasing PR. For R245fa and
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toluene, the expander efficiency is less sensitive to superheat and a lower superheat is selected as

optimal, associated with lower pressure at the evaporator.

Finally, by considering the components time-varying characteristics during the off-design operation
optimisation, we manage to maintain or even slightly increase the thermal efficiency of the ORC engine
at off-design conditions (Fig. 70), for all fluids investigated and both HEX architectures. Nevertheless,
an important challenge for the realisation of such practices is the design of real-time controllers, capable
of monitoring the heat-source variations, and adjusting the ORC engine operation accordingly. Some

interesting work on these aspects can be found in Refs. [79,112,113].
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Fig. 69: Piston expander optimised operating points at off-design conditions for: a) R1233zd, b) R245fa,
¢) pentane, and d) toluene. The filled dot indicates the nominal design point, found using a fixed isentropic

efficiency. Results presented here refer to DPHEX designs, and are representative of the PHEX designs.
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Fig. 70: ORC thermal efficiency at off-design operation with variable piston expander efficiency with

a) DPHEX and b) PHEX, for R1233zd, R245fa, pentane, and toluene.

5.6 System optimisation and sizing results — III: Off-design operation with

screw expander

A similar off-design performance analysis for ORC engines with screw expanders has been performed,
following the optimisation methodology described in Section 5.3, and using the nominal sizing results
presented in Section 5.4, for optimised ORC engines with screw expanders. In the following sections
the off-design performance maps for the ORC engine with screw expanders are presented, and compared

to those recorded for ORC engines with piston expanders.
5.6.1 Evaporator performance maps

The U-values obtained in the ORC engine with screw expander are very similar to those achieved in the
piston expander designs, with the former being slightly lower. This is attributed to the different operating
points of the two cycles as discussed in subsequent sections. The U-values achieved in the ORC
evaporator HEX with screw expanders are presented in Fig. 71 for toluene, which is the best performing
fluid with screw expander. Similar trends have been recorded for the other fluids investigated, and the

findings are presented in detail, in Appendix A.

The overall heat transfer coefficient varies between 30-50 W/m? K and 50-120 W/m? K, for DPHEX and
PHEX designs, respectively. Similarly to the findings for piston expanders, the evaporator two-phase
section has the highest U-value at all PL points, followed very closely by the superheating section. The
preheating section presents the lowest U-value, mainly due to the higher fluid density in the HEX that leads
to smaller volume flow rates, and thus velocities in the tubes/channels, decreasing the Reynolds number
and the convective heat transfer rate. Additionally, in the preheater zone the temperatures of both the heat
source and the working fluid are lower than those in the other HEX sections. Looking at the variation of the

U-value with PL, the mass flow rate reduction at off-design operation has significant influence on the overall
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heat transfer coefficient. While the heat-source mass flow rate reduces from 2.1 kg/s to 1.29 kg/s (CHP-ICE
PL 100% to 60%), the U-value reduces by up to 30%. In contrast, for fixed heat-source mass flow rate, the

temperature increase has on only marginal impact on the U-value achieved.
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Fig. 71: Evaporator overall heat transfer coefficient map at off-design operation, with variable screw

expander efficiency and toluene for: a) DPHEX and b) PHEX.

The evaporator effectiveness is presented in Fig. 72. The highest effectiveness is observed in the preheating
section, exceeding 0.9, where the pinch point of the evaporator HEX is also observed. The superheater section
has the lowest effectiveness ranging between 0.15-0.22. The evaporator effectiveness is relatively high (0.6-
0.7) for toluene, due to the operating conditions of the cycle for this fluid. Toluene can operate at higher
evaporating saturation temperatures than the refrigerants investigated (while still being in the subcritical
region), and thus the optimiser can increase its operating temperature, following the heat-source temperature
increase at PL. This improves the temperature match of the evaporating zone, to the heat-source, maintaining
a fairly constant LMDT across all PL conditions (Fig. 73). Finally, it is noted that this operating profile is
different to that observed in ORC engines with piston expanders, where the optimum off-design operating

points have lower evaporation temperature/pressure than the nominal point, to improve the piston efficiency.
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Fig. 72: Evaporator effectiveness map at off-design operation with variable screw expander efficiency

and toluene for: a) DPHEX, and b) PHEX.
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Fig. 73: Evaporator temperature gradient map at off-design operation with screw expander and toluene

for: a) DPHEX, and b) PHEX.
5.6.2 Power output performance maps

The optimised ORC power output with screw expanders and two HEX architectures is presented in Fig. 74.
Similarly to the trend observed in ORC engines with piston expander, the power output of the ORC engine
with PHEXSs is higher than that achieved with DPHEXs design, at nominal conditions. In the case of ORC
engines with screw expanders, the power output with PHEXSs is 5-8% higher than that achieved with
DPHEXs (depending on the fluid), for operating conditions close to the nominal design point. On the
contrary, at low PL (e.g. CHP-ICE 60%) the power output of the two HEX architectures is comparable (Fig.
74), with the DPHEX designs performing better for fluids such as toluene. Similarly, in ORC engines with
piston expander, PHEXSs perform better at high PL by generating up to 11% more power output, but at lower
PL the power output of the two architectures is comparable (Fig. 68).
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Fig. 74: Optimum ORC power output performance maps at off-design operation with screw expander

and: a) DPHEX and b) PHEX design, for R1233zd, R245fa, pentane, and toluene.

As discussed, ORC engines with piston expanders generate overall slightly lower power output than that

of the two-stage screw expanders, by approximately 5-15%, with the exemption of toluene which generates
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approximately 38% lower power output (at the design point). However, by comparing the power output
reduction at off-design operation of ORC engines with screw expanders, to that of piston expanders, it is
noted that in the former design (screw expanders) the power output reduces with a higher rate than the
latter (piston expanders), for all fluids investigated. A case in the point is pentane, for which when the
ORC engine operates with piston expander, while the CHP-ICE PL decreases from 100% to 60% the
power output of the ORC engines decreases from 100% to 76%, whilst with screw expander for the same

fluid, the power output reduces down to 67% (Fig. 74) (figures quoted reflect DPHEX designs).

Results also reveal that although in ORC engines with piston expander the system aims to reduce the PR
over the expander at low PL, to increase the piston expander efficiency, in the case of screw expanders, the
PR either stays the same, or increases slightly, depending on the fluid (Fig. 75). For a given screw expander
design, the impact of variable volume flow rate on the efficiency of the expander is minimal, in comparison
to the impact of deviating from the machines’ built-in VR [79], by changing the operating temperature and
pressure levels. Therefore, in all off-design points, refrigerants operate with VRs (and PRs) very close to
the design point (built-in VR), while in the case of hydrocarbons, VRs increase slightly. The hydrocarbons’
VRs increase at off-design operation, because these operate at higher evaporator temperature, while the
heat-source temperature increases at CHP-ICE PL. Because pentane and toluene can tolerate higher
operating temperatures than refrigerants, before decomposition phenomena start occurring, the optimiser
chooses to increase the temperature/pressure of these fluids when recovering heat, to increase power output,

but at the cost of reducing the screw expander efficiency, as discussed in the next section.
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Fig. 75: Optimum screw expander pressure ratios at CHP-ICE PL operation for: a) first stage expansion,
and b) second stage expansion. The findings presented here refer to PHEX designs, but also reflect those

recorded for DPHEX architectures.

Finally, although the best performing fluids between screw design and piston are similar, the relative
magnitude of the power output generated with these fluids varies significantly between the two
configurations. In ORC engines with piston designs, R1233zd seems to outperform all refrigerants

generating 98 kW (at the design point), while having comparable power output to pentane (90 kW),
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followed by R1245fa (72 kW) and toluene (67 kW). In contrast, in screw designs toluene outperforms
all fluids (115 kW), followed by pentane (100 kW), R1233zd (98 kW) and R245fa (88 kW). And this
trend is consistent for the full spectrum of the CHP-ICE PL operating conditions.

5.6.3 Efficiency maps

The screw expander isotropic efficiency is presented in Fig. 76, for all fluids investigated and both HEX
architectures. For all fluids investigated and at all PL operating conditions, the second stage expansion has
higher isentropic efficiency than the first stage, due to the lower superheat, and thus VR and volume flow
rate of the working fluid. The highest isentropic efficiency of the screw machine (at the second stage
expansion) is recorded for R245fa (76%-77%), followed by R1233zd with (75-76%). In the case of DPHEX
design, the screw expander efficiency of pentane is higher than that of toluene, corresponding to 74-75%
and 73-74%, respectively. However, this trend reverses in the case of PHEX designs. The findings highlight,
that the best performing fluids can tolerate lower isentropic efficiencies of the expander, and still generate
more power output. Consequently, lower specification of the expander can be incorporated in the design of
ORC engines without impacting negatively the engine performance. This is attributed to the different
operating conditions of the cycle among the various fluids. In the case of hydrocarbons (toluene and
pentane), which can operate at higher temperatures and pressures than the refrigerants, the increase in the
heat-source temperature at PL is followed by an increase in the superheat of those fluids, resulting in higher
VRs over the expander, reducing its efficiency. However, the increase of the enthalpy difference over the

expander compensates for the reduction in the expander efficiency. Consequently, the optimiser selects the

new operating points at higher pressures, although this may penalise the screw expander efficiency.
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Fig. 76: Screw expander isentropic efficiency maps with: a) DPHEX and b) PHEX, for R1233zd, R245fa,

pentane, and toluene.

The ORC engine thermal efficiency with screw expanders is presented in Fig. 77. As expected, the best

performing fluids in terms of power output are those achieving the highest thermal efficiencies. Toluene
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operates with 15-16% efficiency, followed by R1233zd and pentane with 14% and R245fa with 13%.
Results highlight that by accounting for the interactions of the HEX and the expander, the ORC engine

can maintain its efficiency at off-design operation, maximising its performance.
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Fig. 77: ORC thermal efficiency at off-design operation with variable screw expander efficiency with:

a) DPHEX and b) PHEX, for R1233zd, R245fa, pentane, and toluene.
5.7 Summary and conclusions

ORC engines in real applications experience a variable heat-source profile, in terms of mass flow rate and
temperature. To maximise their market penetration, and improve their economic proposition, optimising
the engines performance at design and off-design conditions is of paramount importance. In this work, an
optimisation tool has been developed, which captures the interactions of key ORC engine components,
under varying heat-source conditions, aiming to identify the new optimum operating points of the engine
that maximise its performance. This work goes beyond previous efforts in the literature by: 1) accounting
explicitly for the evaporator HEX and expander time-varying performance and interactions; and ii)
investigating the integration of piston expanders in stationary power generation applications, at design and
off-design operation. Two HEX architectures have been evaluated; DPHEX and PHEX designs, while the
ORC engine examined is recovering high-grade heat from the exhaust-gas stream of a CHP-ICE. The
framework is then also used to predict the optimum off-design performance of ORC engines with screw

expanders, and the findings are compared to those obtained for piston machines.

First, findings reveal that when the interactions between the evaporator HEX and the piston expander
are not considered, by assuming a fixed/constant performance of the system components at off-design
operation, the ORC engine power output is underestimated by up to 17%. Additionally, the optimal
operating points, when the components time-varying characteristics are not incorporated in the design
are different to those obtained when the fully integrated system is considered. In the former case, the

optimiser always aims to maximise the PR over the piston expander to increase the engine’s power
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output at off-design operation, while in the latter case the optimum PR decreases with PL, to increase

the piston expander isentropic efficiency.

Results also reveal that different operating strategies should be adopted, when optimising the off-design
operation of ORC engines with piston or screw expanders. Piston expanders at off-design conditions operate
efficiently at lower mass flow rates and PRs, because this reduces the losses through the valves, thus
improving the piston expander isotropic efficiency. Findings indicate piston expanders’ isentropic
efficiency improvement from nominal, to off-design operation, of up to 16%, while the PR reduces by 22%.
In contrast, the optimum off-design operating points of ORC engines with screw expanders, have either
similar or slightly higher PRs over the expanders in comparison to their design point, which slightly reduces
their isentropic efficiency. However, the higher enthalpy difference over the screw expander for higher PRs,
compensates for the expander isentropic efficiency reduction. Therefore, it is concluded that in the former
case (piston expanders) the optimised ORCs at off-design conditions should operate at lower PRs and
volume flow rates, to maximise the piston efficiency at off-design conditions, while in the latter case (screw

expanders) the control strategy should aim to operate close to the nominal built-in VR/PR of the screws.

Looking at the evaporator HEX performance at off-design conditions, results highlight that ORC
engines with PHEXs can generate more power than those with DPHEX at the design point, by up to
12%. However, PHEX designs have similar power output with that of engines with DPHEX designs at
low PL, with the latter generating up to 4% more power output, depending on the fluid. It is also noted
that the impact of the heat-source and working fluid mass flow rates reduction at off-design operation,
on the HEX U-value is significant. While the CHP-ICE operates from 100% load down to 60% the U-
value drops by up to 30%. In contrast, for fixed heat-source flow rate, as the temperature increases, the
U-value stays fairly constant. These findings are recorded for both HEX architectures examined.
Therefore, to select the most suitable HEX architecture, aspects such as that of the ORC engine operating
profile over its lifespan should be considered, along with the cost of each design, since depending on

the application, one configuration may be more suitable than the other.

By comparing the off-design performance of ORC engines with screw expanders to those with piston
expanders, it is revealed that although the former generate more power at the design point, for all fluids
investigated, piston expanders can operate more efficiently under variable load conditions than screw
machines. The power output reduction of ORC engines with piston expanders does not exceed 25%,
while the CHP-ICE PL reduces from 100% to 60%. In contrast, the power output of screw expanders
under the same conditions reduces by more than 33%. This feature makes piston expanders a very robust

and promising candidate for ORC applications, where the heat-source conditions are varying.

The best performing fluids in terms of power output differ between the screw and piston expander
designs. Therefore, suitable components and fluid selection matching should be performed, to obtain

the best performing ORC engine configuration, given the operating conditions of the application. It is
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highlighted that piston expanders can operate efficiently with new low GWP/ODP working fluids (such
as R1233zd), making them a promising expander technology for the next generation of ORC engines,
which would need to abide by the new regulations for the use of working fluids with low environmental
impact. Finally, results highlight that by capturing the trade-offs between the evaporator and expander
performance, the ORC engine thermal efficiency can remain constant and equal to the nominal (design)

operation, or even increase at off-design conditions.

To conclude, the off-design optimisation tool developed here captures the interactions of key ORC
engine components and provides off-design performance maps, for the complete system and for its
constituent components. These maps can be used by ORC manufacturers to inform decisions on
component or system design, and by ORC plant operators to inform decisions on optimum system
operation, given their specific site conditions. Additionally, the potential of piston expanders in
stationary power generation application has been revealed, and insights on the optimum operation of
these expanders have been provided. Finally, some modern low-GWP ORC fluids have been considered
that have not been the subject of previous ORC off-design studies, and which are very important in
terms of their use in practical applications also from a regulatory perspective. In the next chapter the

economic aspects of the various configurations examined here are evaluated.
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Chapter 6

Organic Rankine cycle engine thermoeconomic

evaluation
“To truly transform our economy, protect our security,
and save our planet from the ravages of climate change,
we need to ultimately make clean, renewable energy the
profitable kind of energy.”
— Barack Obama, former President of the United States
6.1 Introduction

Key for the wider adoption of organic Rankine cycle (ORC) systems, apart from their thermodynamic
performance, is their financial proposition, which depends on the system’s capital expenditure
(CAPEX), operating and maintenance (O&M) costs and the overall project profitability against other
competitive technologies. Currently, there is only limited data publicly available in the literature, related
to ORC engine purchase or installations costs. Therefore, the lack of actual ORC engine cost data renders
the development of credible cost correlations, capable of predicting the ORC system costs with a

reasonable level of confidence very important.

In the efforts available in the literature aiming to evaluate ORC engine costs, the cost of each ORC
engine component is first obtained, using relevant cost functions. Then some cost correction factors are
applied, to capture variations in operating conditions (temperature/pressure) and materials, between
different system configurations. Next, some cost multipliers are applied to the overall cost, to capture
the ORC engine assembly costs. There is a variety of costing methods and correlations available in the
ORC literature [117], with the module costing technique (as provided in Refs. [115,116]), being the
most commonly used, although it originates from the chemical industry and was developed for costing
major chemical plants and components. However, the validation of those cost predictions is an onerous

task, since it requires available data from real ORC projects and installations.
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As discussed in previous sections (Chapter 2), in the majority of thermoeconomic studies in the ORC field,
such as those presented, among others, in Refs. [8,118,121], the type of each ORC component is preselected,
and their geometric characteristics are predefined, before proceeding to the thermoeconomic evaluation of
the ORC system, instead of forming the output of the optimisation exercise. There is very limited literature
available on the simultaneous ORC thermoeconomic optimisation and components selection and sizing,
with a couple of studies focusing on the heat exchanger (HEX) design optimisation only [51,53] and others
focusing on the expander design [48]. Braimakis et al. [48] presented a thermoeconomic analysis of ORC
engines using plate HEXs (PHEXSs) only, and compared alternative expander machines, while Zhang et al.
[53] investigated alternative HEXSs configurations, while fixing the expander selection to turbine. It can also
be concluded that not a single ORC system design can be identified as the optimal one. On the contrary, the
most suitable HEXs and expander type vary with the application, and the heat-source conditions. Finally, it
is revealed that there is not a consistent costing methodology used when assessing alternative ORC designs.
These findings highlight the need for integrating the component selection, sizing and costing of ORC

engines, to obtain the best performing designs for alternative applications.

In this chapter, a systematic ORC engine component selection, sizing and costing optimisation framework is
presented, covering a range of HEXs and expander devices configurations. This work goes beyond other
efforts in the literature in that the HEX typology, expansion stages, and components’ sizing, are
simultaneously optimised with the complete ORC system design for maximum power output or/and
minimum SIC, instead of forming a designer predefined input. This allows the simultaneous selection of the
best performing system configuration and size, given the application specific constraints, since the optimiser

screens alternative components typologies, configurations and sizes to identify the best performing design.

In this chapter, we first compare alternative costing methods, while presenting new cost correlations, based
on vendors’ price lists and real ORC engine cost data, aiming to establish cost functions, which can provide
realistic cost estimates for the CAPEX of ORC engines. In Section 6.2, the new correlations developed as
part of this thesis are presented and compared to the cost predictions obtained, when using the module
costing technique, a method widely used in the ORC literature. The details of the module costing technique
have been previously presented in Section 3.8 (Chapter 3). To illustrate the framework developed, it is
applied on a cogeneration system driven by an internal combustion engine (ICE-ORC CHP system), where
the ORC engine recovers heat from the ICE exhaust-gas stream (Section 6.3). The cost correlations
developed are used to obtain the specific investment cost (SIC) of optimised ORC systems, using the
following objectives: i) ORC engines optimised for maximum power output; ii) ORC engines optimised
for minimum SIC; and iii) multi-objective optimisation to obtain the Pareto front between the ORC engines
power output and SIC (Section 6.4). The findings of the single-objective optimisation exercises are
presented in Section 6.5, and of the multi-objective analysis in Section 6.6. The profitability of ORC
engines in waste heat applications is assessed in Section 6.7, for a notional UK-based industrial user.

Finally, a summary of the main findings and conclusions are discussed in Section 6.8.
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6.2 Organic Rankine cycle engine overview

The ORC design considered here is for a subcritical non-recuperative engine, which recovers heat from
the exhaust-gas stream of a CHP-ICE engine. The ICE-ORC system schematic considered has been
previously presented in Chapter 5, in Fig. 29, while the thermodynamic equations that describe the

system performance are listed in Section 3.3.

Two HEX architectures have been investigated, as suitable candidates for the small-medium power
range scale ORC engines examined in this work; i) DPHEX; and ii) PHEX designs. The sizing of the

HEXs is performed using the Nusselt number and pressure drop correlations presented in Chapter 3.

Two types of volumetric expander machines have been compared for their performance from
thermoeconomic perspective, namely 1) piston expander and ii) screw expander. It should be noted that
in this chapter we consider the ORC engine design at nominal conditions only, and we compare

alternative designs in terms of power output, equipment selection, sizing, and cost, at their design point.

To obtain reasonable estimates of the piston expander efficiency at nominal operating conditions and
use these as input to the thermoeconomic optimisation, the piston expander efficiency findings presented
in Chapter 5 have been used. The results of the piston expander analysis at nominal conditions indicate
that it can achieve isentropic efficiencies of up to 0.9 depending on the working fluid investigated. In
Fig. 78, example piston expander performance maps are presented for R1233zd and pentane, indicating

that isentropic efficiencies of 0.6-0.9 are feasible for piston expanders
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Fig. 78: Piston expander performance maps for R1233zd and pentane, over a range of pressure ratios
and working fluid superheat. Maps have been generated using the piston model presented in Refs.

[138,151].

Based on these, in this work the piston expander efficiency at the design point is assumed to be equal to
0.7 (including mechanical losses), while further losses from the electric generator operating with an

efficiency of 95% are allowed. Additionally, the expander operation is obtained for 1500 RPM, as the
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design point, which is the typical operating speed of electric generators [9]. The screw expander
performance is predicted using the correlations developed by Astolfi [65], as previously presented in
Chapters 3 and 5. Because in this chapter we only compare ORC engines at their design point, the off-
design correction factor is not incorporated. Similarly to the piston expanders design, additional losses
from the electric generator operating with an efficiency of 95% are allowed. Finally, the pump is

assumed to be centrifugal variable-speed unit with an efficiency of 0.65 [40].
6.3 Organic Rankine cycle engine component costing

The aim of this section is to identify the cost correlations which can provide credible estimates of the
ORC engines cost. The cost correlations developed in this thesis using available manufacturers’ cost
data are presented, and compared to the module costing technique results. The details of the module

costing technique have been previously presented in Chapter 3.
6.3.1 Heat exchanger cost correlations comparison

Apart from the module costing technique cost correlations, as provided by Refs. [115,116] and
previously presented in Section 3.8, the correlation of Lecompte et al. as provided in Ref. [8] has been
used to estimate the cost of the various ORC system components. This correlation was based on prices
of the various components in the Belgian market, in 2013. In this work, some new correlations are also
developed for both DPHEX, and PHEX designs, by collating available material and manufacturers’
prices for the various ORC engine HEXs. More precisely, data for the cost of stainless steel (SS)
tubes/plates were obtained from Daccord et al. [52]. The authors had provided a cost breakdown of the
different ORC engine components’ cost for a vehicle waste heat recovery application. On top of the
quoted materials’ cost, an additional 60% of overhead for assembly was added, as proposed by the same
authors. The correlation developed uses the SS mass of the DPHEX to obtain the cost of the unit.
Another cost correlation has been also developed in this study, specifically for SS PHEX designed for
high temperature and high pressure applications (fusion bonded type) based on cost data collated from
Alfa Laval price catalogues [176]. This correlation also uses the mass of the plates to obtain the HEX

cost. A summary of the cost correlations compared in this study is presented in Table 12.

To convert the costs to today’s values the Chemical Engineering Cost Index (CEPCI) has been used.
For Lecompte et al. [8] the base year is 2013 (CEPCl13 = 567), for Daccord et al. [52] is 2017
(CEPCla017=562.1), and for Alfa Laval [176] is 2016 (CEPCla16= 541.71). All costs were converted
to 2017 values, using CEPClz17= 562.1. USD were converted to GBP using: for 2001, the conversion
rate of 0.6944, and for 2013, the rate of 0.63955 [159]. Euros were converted to GBP using: for 2013,
the rate of 1 euro = 0.849 GBP and 2017 rate of 1 euro = 0.85 GBP [159]. At the time of writing, the
CEPCI for year 2018 was not available, therefore the CEPCI of 2017 has been used.
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Table 12: Cost coefficients used for the economic analysis, based on Refs. [8,52,65,115,116,176-178].

Component VA F  FyFun/Fp K K> K3 Ka Ks Ref.
Area (ft2 1 1/2/- 271 1 - - -
ca (f?) 12/ 72718 0.160 6]
DPHEX
Area (m?) 1 1/1.8/- 33444 02745  -0.0472 - - [115]
Preheater/ 52
Desuperheater | HEX Mass (kg) 1.6 (11.82) [52]
Area (m2) 2977 (8]
DPHEX Area (f2) 1 1/1/- 8.0369  0.6994  -0.00004 - - [116]
Evaporator/
Condenser
(forced Area (m?) 1 Fy/3/- 5.0238 03475 0.0703 - - [115]
circulation)
Area (ft?) 10,070 (2)*4 [116]
Area (m?) 1 1/2.4/- 46656  -0.1557  0.1547 - - [115]
PHEX
HEX Mass (kg) 142 Z+ 1733 [176]
Area (m?) 190 +310 Z [8]
Power (Hp) 1 /171 4.6762 1.23 - - - [116]
Reciprocating | Power (kW) 35 /-1 2.2897 1.3604  -0.1027 - - [115]
compressor
Volume flow [177,1
rate (m%/s) 32,769 Z + 565.83 78]
Power (HP) 1 /171 8.2496  0.7243 - - - [116]
Screw Power (kW) 2.5 -/ 5.0355  -1.8002  0.8253 - - [115]
compressor
Volume flow
rate (m3/s) 3,143.7 + 217,423 Z [65]
S
Pump (gpmy/ fthead) 1 2/1.35 12.1656  -1.1448  0.0862 - - [116]
Pump motor Power (HP) 1 /1.4 53992  0.16829  0.110056 0.071413  0.0063788  [116]
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In Fig. 79, the DPHEX cost is presented, as calculated using the cost correlations discussed above. In line
with the results, the single-phase DPHEX correlations provided by Seider [116] and Turton [115]
significantly underestimate the HEX cost, when compared to the correlations developed using market data
for HEXs as provided in Lecompte et al. [8] and Daccord et al. [52]. On the contrary, when using the
forced convection cost correlations for estimating the two-phase zone cost, both Seider [116] and Turton
[115] correlations result in cost figures which extremely overestimate the HEX cost, by being up to 4.5
times higher than those obtained for the DPHEX design, using vendors’ costs. These findings highlight that

the selection of the cost correlation can have major impact on the final ORC engine CAPEX estimates.
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Fig. 79: DPHEX cost prediction comparison using: i) the module costing technique, ii) other cost correlations

in the literature, and iii) the cost correlations developed in this work, using DHEX available cost data.

The PHEX costs are presented in Fig. 80. Similarly to the findings for DPHEX, Turton [115] overestimates
the cost of the PHEX, by up to 400% when compared to the correlations obtained from the cost data
provided by Alfa Laval [176]. Seider [116] seems to overestimate the cost for low area requirements but
has similar cost to the vendors’ data for high area requirements. The findings highlight that the validity of

the various correlations may vary, depending on the range and size of the equipment under consideration.
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Fig. 80: PHEX cost prediction comparison using: i) the module costing technique, ii) other cost correlations

in the literature, and iii) the cost correlations developed in this work using PHEX available cost data.
6.3.2 Expanders cost correlations comparison

Apart from the module costing technique correlations provided in Refs. [115,116], previously presented
in Section 3.8, the correlation provided by Astolfi [65] has been used to estimate the cost of the screw
expander devices. This correlation was generated collating data from manufacturers’ price lists in Europe,
for screw compressors available in the market, in 2013. An additional correlation for reciprocating piston
expanders has been developed in this work, collating data from various types of reciprocating piston
compressors available in the market, used in refrigeration systems. The price lists were provided by Refs.
[177,178]. All values have been converted to today’s values using the CEPCI. For Astolfi [65] the base
year is 2013 (CEPCly13= 567), and for Refs. [177,178] is 2017 (CEPCl017= 562.1). A summary of the

expander cost correlations compared in this study is also presented in Table 12.

In Fig. 81a, the compressor cost for medium-large scale machines is provided, using the module costing
technique cost correlations. It is noted that there is a large deviation in the estimation of the screw
compressor costs between the two well-established references for the module costing technique,
especially for capacities exceeding 130 kW. For lower system sizes, the correlations predict costs
between 20,000 GBP and 200,000 GBP. The costs for reciprocating expanders using Seider [116] are
lower than the respective ones for screw, whilst when using the Turton [115] correlation the costs of the

two machines deviate only slightly, for similar capacities.

In Fig. 82 the cost of piston and screw compressors for small-medium scale systems are presented, using
the cost correlations obtained from manufacturers’ price lists data. For very small machines, piston
compressors are less expensive than screw, but while the working fluid volume flow rate increases, the

former machines have almost double the cost of the latter.

These findings highlight the importance of choosing the correct cost correlation for each one of the ORC

engine components. Therefore, to obtain the ORC engines total cost (TC), SIC, etc. in this thesis, the
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correlations developed using cost data available in the market (from Refs. [52,176]) have been used for

the HEXs, and those developed using data from Refs. [65,177,178] for the expanders.
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Fig. 81: Large scale volumetric compressor cost comparison, using the module costing technique
correlations.
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Fig. 82: Small-medium scale volumetric compressor cost comparison, using vendors’ cost data.
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6.3.3 System profitability analysis

The cost correlations presented in Section 6.3.2 will be used to obtain the TC, and SIC of the various
optimised ORC engine configurations. For the optimised designs, a system profitability analysis is then
performed, for a case study of an industrial commercial user based in the UK, where the ORC engines

recover heat from the exhaust-gas stream of a stationary CHP-ICE.

To quantify the impact of the different ORC engine designs on the project whole life financial viability,
two metrics have been evaluated: 1) the discounted payback period (DPP); and ii) the net present value
(NPV) of the ORCs, in an ICE-ORC CHP configuration. The methodology for calculating the
aforementioned metrics is presented in Section 3.8.2 (Chapter 3). The cash-flows of any given design
are estimated as the savings on the electricity bill of the user, on an annual basis, assuming that the
additional electricity generated by the ORC is utilised by the user, displacing electricity purchase from
the grid. No additional revenue streams are considered from potential sales to the grid or to other users
in the proximity of the CHP facility. Half-hourly data for electricity prices, when purchasing from the
grid, have been obtained for typical week days (WD) and weekend days (WE) of every month, for an
industrial user, from Refs. [160,161], and have been previously presented in Section 3.8.2. Finally,
annual operating and maintenance (O&M) costs of the ORC engine are considered. More details on the

case study assumptions are presented in subsequent sections.
6.4 Optimisation

To quantify the impact of both the ORC thermodynamic operating points, and components selection and
sizing, on the ORC engine power output and cost, three separate optimisation exercises have been
performed: i) single-objective optimisation for maximum power output (Wyet); ii) single-objective
optimisation for minimum SIC; and iii) multi-objective optimisation for maximum power output and
minimum SIC. Vector X contains all the decision variables, i.e. the set of variables the optimiser will alter,
to minimise/maximise the objective function (ﬁ' ()_(> )). For maximum power output optimisation, vector X
contains six variables: i) the evaporating pressure Poyap, [Pa]; i1) the condensing pressure Pong [Pa]; iii) the
working fluid mass flow rate my,s [kg/s]; iv) the superheating degree SHD [-], normalised over the
maximum possible, given the heat-source inlet conditions to the cycle; v) the evaporator pinch point PPey,p
[K]; and vi) the volume ratio of the expander 7oy, [-]. When screw expander is used, the variable Xy, 18
defined instead of 7oy, which corresponds to the pressure ratio (PR) of the expander, normalised over the

total PR in the ORC engine; it takes values between 0 and 1, and indicates the percentage of the expansion
taking place in the first stage of the expansion, with the remaining being done in a second stage (if any).

The decision variables vector for maximum power output is presented below:

X = [Pevap, Pcond, mwf, SHD, PPevap, Texp (OI‘ xexp)] (177)
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For the multi-objective and minimum SIC optimisation, the decision variables vector contains additional
variables related to the specific system components design and geometry. The additional decision
variables are as follows: 1) flagi/flag, to indicate the type of HEX, for the evaporator and the condenser,

respectively; ii) velocity of the working fluid and the heat source in the DPHEX evaporator ( uwf evap

and u}?slf evap [1V8]); 1ii) velocity of the working fluid and the cooling water in the DPHEX condenser

(u?vl;cond and ulc)vs cond MV/s]); 1v) velocity of the working fluid and the heat source in the PHEX
evaporator (uwfh, u‘l,pv}fllev usv%shand uﬁ;lh, uﬁ?ev, uﬁgsh [m/s]); v) velocity of the working fluid and the
cooling water in the PHEX condenser (uwf dsho u&?c and ugx,dsh, ubH . [m/s]); vi) plate width for the
evaporator and the condenser (WiPH, WPH, WEH wPHand W PH [m]); vii) plate corrugation depth for
the evaporator and the condenser (Zg H zPH Zflf{,zggland zPH [m]); viii) corrugation angle for the
evaporator and the condenser (,8 oF ,,8 ,Bdshand LEH [°]); The differentiation of the velocities in
the different sections of the PHEX are capturing the potential of different corrugation patterns, or
number of plates in the various PHEX sub-sections. The decision variable vector for minimum SIC and

multi-objective optimisation is presented below:

v o_ . DP DP DP DP PH
X = [Pevap, Pcona, Mwe, SHD, PPevap, Xexps flag,, flag,, Ut evap’ Uhs,evap Ywf,cond’ Yew,cond’ Yweh

PH _PH _PH PH . PH PH PH
Uty Ut shy Uhehs Unsieys Uboshs Ut dsh Ut o Uemdshy Ueae Wi o, WebH, WEH, Wil wiPH, 2F

PH _PH _PH _PH
Zev 1Zsh »Zdshr Zc B ) eV 'ﬁsh 'ﬁdsh; ] (178)

The objective functions and the optimisation constraints are listed below:

Maximise: *oel (179)
Minimise: (180)
Multi-objective optimisation: M . (181)
Subject to:

Pcond < Fevap < Perit » (182)
PPpin < PP, (183)
0<SHD <1, (184)
Ty <Tyy, (185)
Tiim = Thsout » (186)
Parp < Plim - (187)
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Eq. 182 describes the constraints related to the pressure levels of the cycle; the pressure at the condenser
must be lower than the evaporating pressure, which should be lower than the working fluid critical
pressure, for the subcritical ORC assumption to be valid. Eq. 183 ensures that the minimum pinch point
(PP) of the HEXs is not violated. Eq. 184 is the normalised superheating degree restricted between 0
and 1; it is expressed as the ratio of the superheating degree the cycle actually operates at, over the
maximum allowable, accounting for the PP in the evaporator. The next constraint (Eq. 185) ensures that
the temperature after the expansion is higher than the saturation condensing temperature, while Eq. 186
has been added to limit the exhaust-gas leaving temperature from the evaporator, to minimise the risk
of reaching the dew-point temperature. Studies in the literature report typical exhaust-gas dew point
temperature of approximately 50-70 °C (323-343 K) [179,180]. Typical CHP units with natural gas ICE
cool the exhaust gases down to approximately 100-120 °C (373-393 K) [9,30] to ensure that no
condensation occurs. In this study for the design of the ORC engine, the heat carrier fluid temperature
exiting the evaporator (Tj;,) has been restricted to 80 °C (353 K), which is a temperature well above
the reported dew point levels and close to the current state of the art figures reported in CHP systems
design. In Eq. 187 the pressure drop in the evaporator HEX is restricted to a maximum of 60 kPa on the
heat-source side, to avoid giving rise to backpressure antagonistic effects on the ICE, and to 100 kPa on

the cooling water circuit, in line with typical values available in the literature.

The aforementioned optimisation framework is applied on an ICE-ORC CHP application, where the
ORC engine recovers heat from the exhaust-gas stream of a CHP-ICE unit. The CHP-ICE is an 1500
kW, engine provided by ENER-G [9]. Finally, a summary of the optimisation variables specification is
presented in Table 9.

Table 13: Summary of the ORC engine specification for the thermoeconomic optimisation.

Parameter Value Parameter Value
PPong (K) 10 Pevap,max (kPa) 0.95 Perit
PPeyap (K) 5-30 Texp/Xexp () 8-18/ 0-1
Tew,in (K) 288 Tiim (K) (for heat source) 353
Tew,out (K) 298 Wy (m) 0.1-1

s (kg/s) 2.16 B (rad) =-3

Ths,in (K) 682 z (m) 0.006-0.02
Peonmin (KP2) 30 Ups (M/s) 3-25

Uey (M/S) 0.4-5 Uy s (M/S) 0.2-6

The single-objective optimisation problem was solved using the multistart structure in MATLABO

[128], which calls the finincon solver from multiple starting points, aiming to identify the local optima,
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which are closer to the global optima of the system. The multi-objective optimisation problem was
solved using the gamultiobj structure, which uses the NSGA-II genetic algorithm. In Table 14, the
settings of the genetic algorithm used are presented. More details on the optimisation methodology

deployed in this thesis have been presented in the methodology chapter (Chapter 3).

Table 14: Summary of the genetic algorithm solver settings.

Parameter Value Parameter Value

Population size 500 Generations 5000

Crossover Fraction 0.8 Mutation type Gaussian (scale = 1 & shrink = 1)
Pareto Fraction 0.35 Crossover function Crossover intermediate

6.5 Thermoeconomic optimisation results — I: Single-objective optimisation

6.5.1 Maximum power optimisation

The ORC engines power output, when the system is optimised for maximum power is presented in Fig.
83 a for piston expanders, and Fig. 83b for screw machines. The best performing working fluids operating
with piston expanders, are pentane (110 kW), toluene and R1233zd (102 kW), hexane (93 kW), and butane
(90 kW). On the same graph the estimated SIC values for different HEX configurations are presented. The
SICs vary significantly even for ORC engines with similar power outputs. The SIC of R1233zd is
approximately 2,000 GBP/kW, whilst the SIC of pentane is approximately 2,500 GBP/kW, while hexane
and toluene present SICs of 6,000-7,500 GBP/kW. The reason for these variations are related to the
optimum thermodynamic cycle for each one of those fluids, and its impact on the components design.
Fluids with low LMDT, and PP at the evaporator (Fig. 84), require high heat transfer areas, increasing the
HEX costs. This is the case for toluene, for which the optimised cycle has the lowest temperature difference
between the heat source and the working fluid, among all candidate fluids investigated. Additionally, the
operating temperature and pressure for pentane result in higher volume flow rates in the system than

R1233zd (for similar power output), increasing the expander cost.

The temperature at the condenser also impacts the condenser HEX size and cost. In the maximum power
output optimisation, the optimiser seeks to maximise the PR over the expander i.e. increase the evaporator
pressure (without violating the subcritical ORC operation) and reduce the condenser pressure without
violating the minimum PP at the condenser. The cooling circuit operates at 15-25°C, so working fluids
with high condensation temperature at low condenser pressures, operate with small temperature difference
across the condenser, increasing the HEX area requirements condensing pressure. A case in the point is

comparing the heat transfer areas of toluene, and butane, which generate very similar power output.
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Fig. 83: SIC for ORC engines optimised for maximum power output with: a) piston expander, and b)
screw expander. Subscript ‘DP’ corresponds to all HEXs in the system being DPHEX, ‘PH’ corresponds
to all HEXs in the system being PHEX, ‘PH-DP’ to PHEX evaporator and DPHEX condenser, and ‘DP-
PH’ to DPHEX evaporator and PHEX condenser.

For all fluids investigated, the highest SIC is recorded when DPHEXSs are used for both the evaporator and
the condenser HEXs, while the lowest SIC are reported when only PHEXSs are deployed (Fig. 83). This is
explained by looking at the HEX area requirements for the different HEX designs in Fig. 84. Findings
illustrate that the PHEXs heat transfer area requirements are 40-60% lower than the respective ones with
DPHEX design, for the majority of fluid investigated. The results are aligned with the data reported in the
literature that PHEX design is more compact than DPHEX or shell-and-tube configurations. The SIC of
ORC engines with PHEX evaporator and DPHEX condenser are slightly higher than the all PHEX designs,
followed by ORC engines with DPHEX evaporators and PHEX condensers. The findings reveal the impact
of the HEX configuration and size, on the overall system SIC, and thus its financial viability.

Similarly, the ORC engine power output and SIC for all working fluids for optimising for power with

screw expanders, are presented in Fig. 83b. For all fluids investigated the optimiser selected two-stage
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expansion, aiming to maximise the screw expander isentropic efficiency. In contrast to the piston expander
operation, the screw expanders’ isentropic efficiency reduces significantly for volume ratios (VRs) higher
than 7, therefore for the ORC engine to operate at high PRs the optimiser selects a two-stage expansion
configuration. The best performing fluids are consistent in both designs, but ORC engines with screw
expanders generate slightly higher power output than the designs with piston devices. ORC engines with
screw expanders and toluene generate 123 kW, with hexane 118 kW, and with pentane and R1233zd, 115
kW. The increase in power output in this case ranges between 5-18%, when compared to ORC with
pistons, but the respective SICs either stay constant or reduce slightly. The only exemption is toluene, for
which the SIC reduces by 27%. As it will be discussed later this is attributed to the volume flow rate of

toluene in the two-stage screw expanders.
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evaporator, and b) condenser, with piston expandes. Findings are representative of the HEX area

breakdown in ORC engines with screw expanders.

The absolute costs of each component are illustrated in Fig. 85, for DPHEXs, and Fig. 86, for PHEXs, with

piston and screw expanders. The expander costs dominate the total purchase costs at high temperatures
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(high PRs), amounting to approximately 50% of the ORC unit purchase cost (e.g. toluene and pentane TC).
The evaporator is the second most expensive component (up to 30% of the total), followed by the condenser
and the pump. These findings are in agreement with the cost data reported for a heat recovery ORC facility
in Belgium of 375 kWe in Ref. [14]. When the oil circuit and installation costs are excluded, the expander
and the pump are responsible for approximately 60% of the investment cost, followed by the HEXs [14].
For lower power outputs (low temperature and PRs) the expander costs are comparable to the cost of the
condenser and the evaporator (for fluids such as R152a, R1234ze and butane), corresponding to 30-40%,
15-20%, and 30-50%, respectively.

120

- 100

80

. Evaporator
DCondenserDP

Piston expander
Pump

oW
e

60

et

40

Power output (kW)

20

o
W
)
X
-l

.EvaporatorDP
|:|CondenserDP - 80
. Screw expander (1 S')

DScrew expander (2"%) - 60
Pump

-G_Wnet

Power output (kW)

40

20

)
W
G
~'
&

Fig. 85: ORC engine components TC breakdown for a system optimised for maximum power output
with: a) piston expander, and b) screw expander. Results presented are for DPHEX design of the

evaporator and the condenser.

Based on these findings, it is concluded that for low-medium temperatures, and low pressures, the cost
of'the HEXs is significant, therefore it is of high importance to design them to maximise the heat transfer.
In this study, DPHEXs and PHEXs have been used for both the evaporator and the condenser, so the

results might vary in case other types of HEXs are used. For higher power outputs, on the contrary, the

191



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

selection and design of the expander and then of the evaporator is key factor for reducing the ORC costs.
Finally, in should be noted that the percentage cost breakdown over the various components is very

similar in the cases where a combination of DPHEX and PHEX is used.

- 100

40

—
4+ .EvaporalorPH E
g DCondenserPH leo j’s’
O3l Piston expander -
5 Pump 3
= =W 5]
net =

z

o

~

20

& > > @ N 1) o ) o
S & & ¥ ¥ & & & 5
g & & F TS FE
& & < & 2
(a)

100

. Evaporator, .

I:lCondenserPH
. Screw expander (1 Sl)

Screw expander (Z"d)
Pump

-60

Power output (kW)

40

&
g
&
Q

8,
Uy
e

S

N

® &
& 5
& &

Q@\S}
(b)
Fig. 86: ORC engine components TC breakdown for a system optimised for maximum power output

with: a) piston expander, and b) screw expander. Results presented are for PHEX design of the

evaporator and the condenser.
6.5.2 Minimum specific investment cost optimisation

The ORC engine power output and SIC for systems optimised for minimum SIC are presented in Fig.
87, for engines with piston and screw expanders. The trend in terms of the best performing fluids is
similar to the results obtained in the maximum power output analysis, although the absolute values of
power output and SIC vary significantly. In general, the designs for minimum SIC generate less power
than the designs for maximum power output by 15-50%, depending on the fluid, considering how to
reduce the components’ size. Looking at the ORC with piston expander, the best performing fluid is

butane with 65 kW of power output, and SIC equal to 1,200 GBP/kW. Pentane and R1233zd have similar
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SICs of approximately 1,350 GBP/kW, generating 50-60 kW. These SICs are 30-35% lower than those

obtained for maximum power output optimisation.

The power output of the ORC system with screw expanders is higher than the respective one with piston
expander (Fig. 87b). The best performing ORC engine with piston expander generates 65 kW of power
output with butane, while the same fluid operating with screw expander generates up to 90 kW. However,
the higher power output results as expected in higher total CAPEX for the ORC with screw expander than
in the case with piston expander. The SICs of the former (ORC with screw) range between 1,400 and
2,100 GBP/kW, whilst these correspond to 900-1,700 GBP/ kW for the latter (ORC with piston).
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Fig. 87: SIC for ORC engines optimised for minimum SIC with: a) piston expander, and b) screw expander.

In all cases, the optimiser selected a PHEX design for the evaporator and a DPHEX for the condenser.
In the case of the ORC engine with screw expander, the optimiser favours two-stage expansion, due to
restrictions in the screw expander isentropic efficiency at high PR/VRs. The evaporator area
requirements for the optimised ORC engines are presented in Fig. 88a. The evaporator area requirements
for the optimum ORC with screw expander, is significantly higher than the respective one for piston

expander for all fluids investigated. This is explained by the higher LMDT obtained in the ORC
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evaporator with piston, than with screw and to the fact that ORC engines with screw expanders generate
more power (by 20-30%). Comparing these results to those obtained for maximum power output
optimisation, the heat transfer areas are significantly lower. This is attributed to the fact that the
optimiser aims to identify designs which satisfy low SIC, which result in HEX designs with higher PP.
The condenser heat transfer requirements are also presented in Fig. 88b for both ORC engines. The
requirements for the ORC engines with screw expander are higher than the respective ones for the ORC

engine with piston, but the differences are smaller than those recorded for the evaporator HEX.
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Fig. 88: HEX area breakdown comparison for ORC engines optimised for minimum SIC: a) evaporator,

and b) condenser, with piston and screw expanders.

For the PHEX evaporator design, the heat-source maximum pressure drop constraint is active, while in
the DPHEX condenser the pressure drop on the water side is close to the maximum allowable by the
constraints. The PHEX evaporator corrugation pattern in this case, is the minimum to maximise heat
transfer, while the corrugation angle () is around w/3. Additionally, the pressure at the condenser is
higher than that recorded in the case of maximum power output design. This is in order to reduce the

volume flow rate of the working fluid at the exit of the expander and subsequently reduce the expander
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cost. Higher exit temperature from the expander results in higher temperature difference between the

cooling water and the working fluid, reducing the heat transfer area requirements.

The TC cost of ORC engines optimised for minimum SIC is presented in Fig. 89 , for piston and screw
expander designs. The TC for ORC engines with pistons, optimised for minimum SIC are almost 50%
of the TC obtained when optimising for maximum power output, while the SIC reduces on average by
35%, with some fluids such as toluene the SIC reduction reaching 73%. There is however a respective
power output reduction by 15-30%, with the exemption of the power output of toluene and pentane that
present a reduction of 45-50%. The TC of ORC engines with screw expanders are almost double the
cost of the respective ones with piston (Fig. 89b), although the power output difference between the two
configurations is in the range of 20-30%. Finally, the piston expander is responsible for 35-55% of the
total ORC engine cost, depending on the fluid investigated, followed by the evaporator HEX and the
condenser (with 20-50%). In the case of ORC engines with screw expander, due to the two-stage
expansion two screw expanders are required, which increase their contribution to the total cost of the

system up to 66% (for fluids such as toluene).
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6.6 Thermoeconomic optimisation results — II: Multi-objective optimisation

The Pareto front of the multi-objective optimisation for all fluids investigated, with piston expanders, is
presented in Fig. 90, along with the single-objective optimisation results for: 1) maximum power output
and i1) minimum SIC. The SIC increases while moving towards low power outputs and low efficiency
(reaching 3,000 GBP/kW), while it is minimised for power output in the range of 50-60 kW, reducing
to 1,000 GBP/kW (depending on the working fluid selection). While the power output increases from
60 kW to 100 kW the SIC increases up to 2,500 GBP/kW, with some exemptions of extreme SIC values
reaching 8,000 GBP/kW recorded for toluene, when the ORC design is optimised for maximum power
output. This is attributed to the very low PP observed in the toluene ORC evaporator, as discussed in
previous sections, which increases the heat transfer area requirements dramatically, and subsequently
the HEXs cost. In general, at high power outputs the ORC engine cost increases, because of the higher
pressure/temperature in the system, the larger heat transfer area requirements due to low PP, along with
high volume flow rates. This cost increase cannot be offset by the increase in power output, thus the SIC
increases. Results highlight that the best performing working fluids with regards to power output, such
as R1233zd or Pentane (up to 100 kW), have higher SICs than fluids such as R152a (with up to 65 kW),
when multi-objective optimisation is used. These findings highlight, that depending on the power output

range and the project priorities the best performing fluids may vary.
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Fig. 90: ORC engines SIC and power output with piston expander: i) Pareto front of optimum ORC engine
designs, using multi-objective optimisation; ii) ORC engines optimised for minimum SIC; iii) ORC engines
optimised for maximum power output; and iv) ORC engines market prices. Source 1 refers to prices collected
from ORC vendors quotations, Source 2 to the data provided in Ref. [120] and Lemmens’ data are obtained

from Ref. [117]. The thermal efficiency figures refer to the ORC engines designs obtained in this work.
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On the same graph, ORC engine market prices are plotted using the data provided in Ref. [120] and
from quotes collected from ORC vendors, along with the SIC cost data presented by Lemmens [117]
for waste heat recovery applications, in similar power range. It should be noted that the latter data have
been obtained from various studies in the literature, which also used cost correlations to predict the ORC
engine SIC, rather than from actual cost data from real applications. These also include waste heat
recovery from a range of applications, such as aerobic plant waste heat recovery or transracial CO»
cycles. By comparing the optimisation results of this work, to the real engine cost data, it is noted that
there is a very good agreement with the predicted values in the range of 50-90 kW power output, while
for lower power output the model underestimates the cost of the ORC engine by 10-30% depending on
the power output and the data source. On the contrary, for power output exceeding 100 kW the model
overestimates the SIC of ORC engines by 8% approximately (excluding the extreme SIC figures noted

for toluene), being on the conservative side of the cost estimates.

Some discrepancies recorded between the model cost estimates and the market prices are attributed to
the following reasons: i) the costing model developed in this thesis is based on adding the individual
components cost to obtain the ORC engine total cost, excluding potential profit margins added to the
price of the unit from the ORC vendors; ii) the SICs appear to be lower than the market prices because
also the modelling results are optimised designs, for the expander and HEX simultaneouslys; iii) the ORC
engines for stationary power generation available in the market use different type of expanders (not
piston expanders); and iv) the ORC unit market prices may refer to different ORC engine architectures,
and system configurations, to the subcritical non-recuperative ORC engine, considered in this work.

Therefore, some deviations in the cost predicted from the model were expected.

Looking at the ORC engine design when multi-objective optimisation is used, the system selects the
evaporator pressure to be lower than the maximum power output results, in order to increase the LMDT
of the heat-source and the working fluid, and accommodate smaller HEX heat transfer areas.
Additionally, the pressure at the condenser is higher than in the designs for maximum power output.
This is in order to reduce the volume flow rate at the exit of the expander and subsequently reduce the
piston expander cost. It is also revealed that for most fluids investigated, the optimum evaporator

architecture is PHEX while for the condenser is the DPHEX design.

Results also highlight that there is a region of ORC engine power output from 70 kW to 90 kW
approximately, where the power output increases by almost 30% but the SIC increases by only 10%,
indicating that the high potential of designing ORC engines with these capacities. On the contrary, for
ORC engines with power output lower than 40 kW, the SIC increases by up to 40%.

The multi-objective optimisation results (Pareto front) for ORC engines with screw expanders, are
presented in Fig. 91, for all fluids investigated. The single-objective optimisation results are also

illustrated for maximum power output and minimum SIC analyses. The SIC trend is similar to that

197



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

recorded for ORC engines with piston expanders, although the absolute values of SIC and power output
vary. For power output between 30-45 kW the SIC increases to approximately 2,800 GBP/kW. While
the power output increases from 45 to 90 kW, the SIC reduces down to 1,500 GBP/kW (for the best
performing fluids). It is noted that moving to power output higher than 100 kW results in an increase of
the SIC up to 2,000-5,000 GBP, depending on the fluid investigated. Looking at the minimum SIC
results, the lowest SICs achieved are in the range of 1,400-1,500 GBP/kW for power outputs of
approximately 88-92 kW. On the contrary, when the ORC engine design is optimised for power output,
without considering the impact of the design on the engine cost, although the power output increases to
95-125 kW, the SIC varies from 1,700 up to 5,500 GBP/kW. The multi-objective optimisation results
reveal that there is a range of power output between 75 to 100 kW, for which although power output
increases by 33%, the SIC increases only by 9%, highlighting the potential of those ORC in terms of the
project financial viability. In terms of the best performing fluids based on the multi-objective

optimisation, these are pentane, and R1233zd, followed by R245fa, hexane and butane.
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Fig. 91: ORC engines SIC and power output with screw expander: 1) Pareto front of optimum ORC
engine designs, using multi-objective optimisation; i) ORC engines optimised for minimum SIC; iii) ORC
engines optimised for maximum power output; and iv) ORC engines market prices. Source 1 refers to prices
collected from ORC vendors’ quotations, Source 2 to the data provided in Ref. [120], and Lemmens’ data are

obtained from Ref. [117]. The thermal efficiency figures refer to the ORC engines designs obtained in this work.

On the same figure, prices of ORC engines available on the market, along with other findings in the
literature as reported by Lemmens [117] are also presented. The costing model for the ORC engines
with screw expanders have a good match to the cost data available in the market, sitting on the medium

range of the price-range. The SICs appear to be lower than the market prices in some cases because
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these results are optimised designs, for the expander and HEX simultaneously. The better match is
attributed to the fact that there are ORC engines on the market that operate with screw expanders, whilst

ORC engines for stationary applications with piston expanders are not commercially available.
6.7 Thermoeconomic optimisation results — III: Financial analysis

An economic analysis for all working fluids investigated has been performed aiming to evaluate how
different ORC engine designs, impact the project profitability. The ORC engines optimised for maximum
power output are compared to those optimised for minimum SIC, for a case study of energy intensive
buildings in the UK, where an ICE-CHP 1500 is installed. The system is assumed to operate for 8,000
hours/year at its design capacity (100% loaded), with annual O&M costs equal to 1.5% of the ORC engine
and installation costs, as per Ref. [53]. The ORC engine total installation cost is estimated by allowing an
additional 20% margin to the engine costs estimated in the previous sections, in line with the figures
reported in Ref. [120]. The ORC engines DPPs, and NPV are calculated assuming a range of interest rates
from 5% to 10%, based on a range of interest rates provided in the literature [24,53,120,181]. The
electricity prices used to estimate the annual savings are based on the forecasted 2019 electricity prices for
industrial users in the UK [25]. The profile of the electricity prices has been previously presented in Section

3.8.2. Finally, no subsidies for the system CAPEX have been considered.

The DPP and NPV for ORC engine with piston and screw expander are presented in Fig. 92, when the
systems are optimised for minimum SIC. Similarly, the DPP and NPV for ORC systems optimised for
maximum power output are presented in Fig. 93. For all fluids and systems investigated, although the
high power output engines have high NP Vs, these designs come at the cost of high DPP. On the contrary,
ORC engines optimised for minimum SIC present NPVs which are 25-35% lower than those obtained
for maximum power output optimisation, but also have the lowest DPPs varying between 2.8-4 years.
This highlights that depending on the interests of the project key holders, designs with higher upfront
cost and high DPP, but high annual earnings may or may not be preferred, over ORC engine designs

with low upfront cost and low DPP, but low earnings over the project lifetime.
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Fig. 92: Profitability indicators for optimum ORC engines designed for minimum SIC: a) NPV and b)
DPP with piston expanders; ¢c) NPV and d) DPP with screw expanders.

The impact of the discount rate variation on the DPP is moderate; an increase of the discount rate from
5% to 10% (double) results in an increase of the DPP by only 5-7%. On the contrary, the increase of the
discount rate has significant impact on the system NPV; while the interest rate increases from 5% to
10%, the NPV decreases by up to 30-40%. Overall the ORC engines with screw expanders optimised
for maximum power, have slightly lower DPPs than those recorded for piston expanders (with the
exemption of fluids such as toluene and hexane). On the contrary, when the objective of the optimisation

is to minimise SIC, ORC engines with piston expanders perform better, achieving DPPs of 2.8-4 years.
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Fig. 93: Profitability indicators for optimum ORC engine designed for maximum SIC: a) NPV and b)
DPP with piston expanders; ¢) NPV and d) DPP with screw expanders.
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When evaluating the profitability of the ORC systems, fluids such as R152a and butane stand out as a
good combination of resultant DPP and NPV, for ORC engines with both screw and piston expanders.
These fluids although did not stand out for the highest power output or minimum SIC, present very good
performance from a projects’ profitability analysis perspective. This highlights that other optimisation
objectives such as minimising DPP, or aiming for specific NPVs (over a specified project lifetime) may
be also suitable indicators for the ORC engines design. However, those indicators can only be defined
when specific case studies are available, whilst the optimisation for maximum power output/minimum
SIC can be performed in complete isolation of the exact application. The tool developed in this work is
versatile, since it can be used by: i) designers to obtain the best ORC system configuration, design and
sizing, given the heat-source conditions; and ii) developers to compare the performance and costs of
different ORC engines sizes/designs to assist them in selecting the system that meets their specific key

performance indicators (KPIs).

Finally, in Fig. 94, financial performance maps for ORC engines with piston expanders (Fig. 94a) and
screw (Fig. 94b) expanders are presented, for engines designed for minimum SIC. As discussed, ORC
engines with piston expanders have lower DPPs, but also lower NPV than ORC engines with screw
machines. The maps reveal that engines with similar power output, can have a range of DPPs, and NP Vs,
depending on the components design and working fluids. A case in the point is that an ORC engine
generating 60 kW, can be designed to have DPP of 3.6 years, but annual earnings of 275,000 (n = 15)
GBP, whilst the same power output can be generated by an ORC engine designed for higher annual
earnings of 320,000 GBP (n = 15), but at the cost of higher DPP of almost 4.5 years. (All maps are
generated assuming the same utilisation of the system, same electricity prices, and interest rates).
Findings therefore highlight that ORC engines design can be very versatile and capable of meeting

various KPIs, on a project-by-project basis.
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Fig. 94: Optimum ORC engine profitability maps for: a) piston expanders and b) screw expanders.

Results presented here are based on ORC engines designed for minimum SIC.
6.8 Summary and conclusions

While thermodynamic optimisation and technical feasibility are at the core of ORC technology
development, critical factors for their wider deployment is their CAPEX, and O&M costs. In this work, a
holistic ORC system design, sizing and costing optimisation framework has been developed, covering a
range of HEX and volumetric expander types and configurations. This work goes beyond other efforts in
the literature in that the HEX and expander typology, expansion stages, and size are optimised
simultaneously with the complete ORC system design for: i) maximum power output; ii) minimum SIC;
and iii) multi-objective optimisation, instead of being predefined by the user. This feature allows the
optimiser to scan alternative components’ configuration and sizes simultaneously, to identify the best

performing design, given the objective of interest.

First, new cost correlations have been developed to estimate the ORC engine CAPEX, using up-to-date
manufacturer data-sheets. Findings highlight significant discrepancies between the HEX costs obtained
using manufacturers’ data sheets, and those obtained using the module costing technique cost functions (a
commonly employed costing technique in the literature), with the latter overestimating the cost of DPHEX
by up to 500%, and of PHEX by up to 400%. Similarly, the cost estimates for volumetric expanders are
found to vary significantly, depending on the method used, with existing correlations being relevant mainly
to high power output machines. Therefore, for the small-to-medium range ORC engines, the cost of
volumetric expanders is obtained using the prices of volumetric compressors collated for units available

in the market, in the absence of market prices for volumetric expanders.

Next, optimisation of an ORC engine design has been performed for maximum power output. The SIC
varies between 1,000-7,500 GBP/kW (for piston expanders) and 1,500-5,500 GBP/kW (for screw
expanders). These figures are the highest recorded among all the optimisation exercises performed. For

all working fluids investigated, the optimised ORC engines with screw expanders operate with two
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expansion stages. This is attributed to the fact that the optimiser always aims to maximise the PR over
the expansion machines, and the screw expander efficiency deteriorates significantly for PRs higher
than 7. The best performing fluids - pentane, R1233zd, toluene and hexane- are consistent in both ORC
engine designs with piston and screw expanders, although the absolute values of power output and SIC
may vary significantly. The PHEX designs are also consistently those with the lowest area requirements

(by up to 50% lower than DPHEX) and thus SIC, for all fluids investigated.

When comparing the minimum SIC optimisation results to those obtained for maximum power output, the
SIC of the former varies between 900-1,700 GBP/kW (piston expander) and 1300-2,200 GBP/kW (screw
expander), which is 30-35% lower than the latter, whereas the power output decreases by approximately 15-
50% in comparison to the maximum power optimisation results. The optimiser favours again two-stage screw
expander designs, while, for the majority of the working fluids investigated, the evaporator is selected to be
PHEX (due to its compactness), and the condenser a DPHEX (due to its lower cost). The pressure at the
condenser is higher than in the case for maximum power output design. This is in order to reduce the
volumetric flow rate of the working fluid at the exit of the expander and subsequently reduce the expander
cost. The screw expander results are associated with slightly higher power outputs than the ORC engines with

piston expanders (by 20-30%). However, the former come at the cost of higher TC than the latter (by 20-50%).

By comparing the multi-objective optimisation results to those obtained from single-objective designs and
to available ORC engine prices on the market, it is noted that while the ORC power output reduces below
30 kW, the SIC increases significantly up to 3,500-4,000 GBP/kW (depending on the fluid and design).
Moving to higher power outputs of 100-125 kW can also result in an increase of the SIC up to 4,000-
5,000 GBP/kW. However, findings have revealed a range of power outputs from 70 to 100 kW, over which
increasing the engine capacity by 33% will result in only minor increase in costs by 9%. This highlights
the great potential of ORC engines design at these capacities. When comparing the SIC results for ORC
engines optimised for maximum power output to the available ORC market prices, the cost predictions are
similar or slightly overestimate the cost of the engines (by 8%). On the contrary, the cost predictions for
ORC engines designed for minimum SIC are underestimating the SIC by 10-30%, in comparison to the
same price data set. The multi-objective optimisation results seem to have the best match to the market
prices. Any discrepancies between the cost predictions and actual market prices are attributed to: i) the
costing model developed does not account for profit margins added to the unit cost by the vendors; ii) the
cost results are for optimal designs, indicating there is potential for reducing the engines cost, by deploying
integrated optimisation tools, which simultaneously optimise the ORC thermodynamic cycle, and
components sizing and configurations; iii) ORC engines for stationary applications in the market do not
use piston expanders; and iv) the ORC market prices may refer to system configurations and architectures

different to the subcritical non-recuperative ORC engine, considered in this work.
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Results prove that optimised ORC engines in high temperature ICE-ORC waste heat recovery applications
can achieve DPPs of less than 3 years, making them an appealing waste heat recovery technology and
investment. Additionally, ORC engines with low upfront costs (medium power outputs) result in lower
DPPs, but also have lower annual earnings (NPVs) over the project life. In contrast, ORC engines with high
power outputs (high upfront costs) offer high annual earnings, but they have higher DPPs. DPPs for
minimum SIC designs vary between 2.6-6 years, whilst DPPs for maximum power output result in DPPs
of 3.8-15 years. Findings reveal that increasing interest rates from 5% to 10% have negligible impact on the
DPP of the ORC engine investments, although the NPVs can be affected by up to 30-40% (assuming the
same operating profile). Also, the financial performance maps generated in this work provide insights on
how different ORC engine sizes (capacities) can be achieved with alternative designs, along with the
corresponding DPPs/NPVs achieved. Finally, fluids such as R152a and butane stand out as a good
combination of resultant DPP and NPV, for ORC engines with both screw and piston expanders. These
fluids although did not stand out for the highest power output or minimum SIC, present very good
performance from a projects’ profitability analysis perspective. The findings illustrate that depending on the

project KPIs and optimisation objectives different ORC design, size, and configurations will be suitable.

To conclude, the integrated systematic ORC components selection and sizing optimisation framework
developed in this work can provide insights on the design of next-generation ORC engines. This
framework allows us to answer questions on which components configuration and sizes are the best
performing given the application constraints and alternative objectives. The tool can be used by: 1)
designers to obtain the best ORC system configuration, and size, given the heat-source conditions; and
ii) project developers and planners to compare the performance and costs of different ORC engines

designs, to assist them in selecting the system that meets their specific KPIs.
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Chapter 7

Summary and conclusions

“We cannot solve our problems with the same thinking

’»

we used when we created them.

— Albert Einstein, Physicist

Decreasing our dependency on depleting resources, increasing the efficiency of energy conversion
technologies, and averting the risks caused by excessive emissions are arguably some of the biggest
economical, scientific and political challenges of our time. In this transition towards sustainable energy
systems, there is little question that the power generation sector and the grid of the future, will operate
differently than how they do today. Increasing the share of renewable sources of energy in the energy
mix, and recovering medium-grade or waste heat will play a pivotal role in this transition, as societies
move towards distributed energy systems. The research conducted within this PhD project aims to be a

contribution to this human endeavour towards a sustainable energy future.

This work is concerned with the advancement of distributed combined heat and power (CHP) systems,
via the deployment of technological solutions which can recover the, otherwise, wasted thermal surplus
in the built environment and in industry. The aim of this research is to investigate the potential of organic
Rankine cycle (ORC) engines as bottoming cycles to internal combustion engines (ICEs) within a CHP
system, from technical, operating and economic perspectives. In considering these technologies, whole-
system optimisation modelling tools have been developed, to identify the system design, size,
components typologies, working fluids, and operating strategies, which maximise the performance of
ICE-ORC CHP systems, while also improving their financial proposition. To achieve the main goal of

this research, three main areas of interest have been identified:

e The performance optimisation of integrated ICE-ORC CHP systems, by capturing the interactions
and performance trade-offs between the CHP-ICE and ORC engines, when operating as part of a

single system;
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e The prediction and optimisation of the off-design operation of ORC engines in real installations,
considering the system components time-varying performance, under fluctuating boundary

conditions;

e The thermoeconomic feasibility assessment of ICE-ORC CHP systems, providing suitable design
tools, which can simultaneously optimise the ORC engine design, size and cost, given the specific

project objectives.
7.1 Conclusions and main findings

First, a combined optimisation of an integrated CHP system that consists of interacting ICE and ORC
components has been performed. Both engines are modelled in detail and validated (especially the ICE
which is a dynamic model). The novelty of this research is that the ICE and ORC engines are optimised
simultaneously within the combined system, and key interactions and trade-offs are captured between
the operation of the two engines. This holistic approach gives new insights into appropriate designs and
operating conditions for both engines, for which the optimum performance of the combined ICE-ORC
CHP system can be expected. In particular, we are able to answer questions, such as: i) what is the
difference in the system power output and fuel efficiency, when the integrated ICE-ORC CHP system
is optimised simultaneously, in comparison to the conventional approach where the two engines are
treated separately; ii) is the dominant driver for the integrated ICE-ORC system performance the ICE
design or the ORC design, and how is this affected by the rated power of the ICE; iii) does the overall
ICE-ORC CHP system performance improve equally for the case of small or larger ICEs coupled to
ORCs; and iv) what is the effect of ICE aspiration on the ORC engine design and performance. The

findings of this research reveal that:

e The whole-system optimisation of integrated ICE-ORC CHP systems can increase the combined
system power output by up to 30%, the system electrical efficiency by up to 21% (in comparison to

the stand-alone ICE), or reduce the fuel consumption by 17%;

e When only the ICE power output is maximised, the ICE optimum operating conditions result in lower
exhaust-gas temperature exiting the ICE, which maximises the power delivered to the ICE shaft; in
contrast, when the complete ICE-ORC CHP system is optimised for maximum power output the
exhaust-gas stream leaving the ICE is at a higher temperature and pressure, so as to promote ORC

generation, but at the cost of slightly reduced ICE power output;

e By analysing the waste heat recovery from different ICE capacities, results highlight that the
improvement of the whole-system power output and fuel efficiency is higher in medium-size ICEs,
making them very promising candidates for bottoming ORC:s; this is partially attributed to the better
fuel efficiency of the larger engines in the first place, but also to the fact that the ORC contribution

to the total system power output is higher in smaller scale systems;

206



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

e ORC engines designed for naturally aspirated ICEs, can achieve thermal efficiencies of up to 25%,
due to the high exhaust-gas temperature leaving the engine (up to 1,000 K), relative to the
turbocharged ICEs, with exhaust-gas temperature of up to 700 K, achieving efficiencies up to 20%;

e The higher temperature difference observed in the ORC evaporator designed for naturally aspirated
ICEs will result in lower heat transfer area requirements. In turn, the pressure drop experienced in
this smaller heat exchanger (HEX) by both the exhaust gases and the working fluid will be lower,
while the HEX will be less expensive, reducing the ORC engine capital cost;

e Different optimal pressure ratios (PR) are recorded for bottoming ORCs designed for natural and
turbocharged engines. For the natural aspiration ICEs (higher temperature exhaust gases) the PR in the
ORC ranges between 7 and 55, whilst in the case of turbocharged ICE:s, this varies between 5 and 44. The
latter case with its lower PRs will require a different expander technology and design, while multi-stage

expansion may prove to be an efficient solution for the very high PR cases;

e Working fluids with low global warming potential (GWP) have been examined, and new
hydrofluoroolefins such as R1233zd, are proved to be very promising candidates for high-temperature

ORC applications, while being non-toxic, and having low flammability in comparison to hydrocarbons.

By employing such an integrated ICE-ORC system optimisation approach, insights are provided
simultaneously for: 1) the design of ICEs that are to be coupled with ORC engines, which can be used by
the ICE manufacturers, interested in waste heat recovery projects with ORC technology; and ii) for ORC
manufacturers on design/operational aspects of their engines for optimum coupling to ICEs. Finally, the
tool can be used by decision makers to select between minimising operating costs (fuel consumption) or

maximising power output, given their specific key performance indicators (KPIs) targets.

Next, the ORC engines off-design operation within an ICE-ORC CHP system was examined, given a
real variable heat-source profile, in terms of temperature and mass flow rate. Various operating/control
parameters can be adjusted to optimise the ORC power output/efficiency, at every new heat-source
condition. Such optimisation can be computationally expensive (especially as the number of variables
increases), so performing this exercise in real-time is a challenging task. In contrast, optimum ORC
engine performance maps can be generated and used for predicting the new ORC engine operating points
and performance. In this context, an ORC engine off-design operation optimisation framework has been
developed. This work differs from previous studies in that the tool captures the time-varying
characteristics and interactions between key system components, to maximise the ORC power output at
off-design operation. In particular, the deployment of piston expanders in stationary power generation
applications was evaluated, along with alternative HEXs architectures. The system performance was
then compared to the off-design operation of ORC engines with screw expanders, another volumetric

expander machine used in the industry.
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This approach allows us to answer questions, such as: 1) what is the impact on the optimum ORC engine
operating points between assuming a simplified fixed expander efficiency approach and constant evaporating
pressure, and accounting for the complete interactions of the evaporator and expander performance; ii) how
piston expanders can be integrated in stationary ORC power generation, and how they perform in off-design
conditions; iii) how piston expanders compare to other volumetric expander machines, such as screw
machines, in high temperature waste heat recovery applications; and iv) do the best performing fluids in

nominal design, perform also well in off-design operation. The findings reveal that:

e When the expander efficiency is assumed fixed, the system power output is underestimated by up to

17%, especially at low CHP-ICE part-load (PL) conditions;

e Piston expanders can operate with high isentropic efficiency, exceeding 85%, at PRs 15-35
(excluding mechanical and power generation losses), whilst all optimised ORC designs with screw
expanders operate with two expansion stages, and PR of 4-8 per stage, achieving isentropic

efficiencies up to 80%;

e When the evaporator HEX and piston expander interactions are considered, the optimal operating
points for the ORC at off-design conditions result in lower pressure in the evaporator, for all working
fluids investigated. This has the effect of: i) increasing the evaporator HEX effectiveness by
increasing the percentage of heat transfer performed in the two-phase zone; and ii) maximising the
piston expander isentropic efficiency by moving towards lower PRs and higher superheat. In contrast,
screw expanders operate close to their design point pressure levels, aiming to reduce the deviation
from their in-built volume ratios (VRs), since this has significant negative effect on the screw

expander isentropic efficiency;

e The optimised piston expander isentropic efficiency improves by up to 10-16% at off-design
operation (for a given size machine), depending on the fluid investigated. This highlights the
potential of piston expanders in real applications with varying heat-source profile. In contrast, the
optimised screw expander efficiency at off-design conditions slightly decreases, while VRs deviate

only slightly, from the in-built VR of the machine;

e Although optimised ORC engines with two-stage screw expanders generate slightly higher power
output than those with piston, the latter have better off-design performance; a case in the point is
pentane, for which when the ORC engine operates with piston expander, while the CHP-ICE PL
decreases from 100% to 60%, the power output of the ORC engines decreases from 100% to 76%,

whilst with screw expander for the same fluid, the power output reduces down to 67%;

e By optimising the complete ORC engine operation at off-design conditions, we maintained or even
increased the ORC engine thermal efficiency (with piston expanders) by up to 7%, while the heat-
source mass flow rate reduces by 40% (CHP-ICE at 60% PL);
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e In a similar vein, by optimising the complete ORC engine operation at off-design conditions, the power
output of the ORC engine with piston expander reduces to 70-77% of the design capacity, while the
CHP-ICE operates at 60% PL, or down to 63-71% of the design point, when screw expanders are used,

e The U-values of plate heat exchangers (PHEXSs) are almost double that of the double-pipe designs
(DPHEXSs). The U-values of the evaporator for DPHEXSs reduce by 28-30% compared to the design
point values, and by 25% for PHEXSs, while the mass flow rate of the heat source reduces to 50-60%
of the design point. Additionally, the overall evaporator effectiveness either stays constant or even

slightly increases at the new off-design operating points;

e ORC engines with PHEXs seem to generate 5-12% more power output than those with DPHEX
designs, depending on the fluid and expander type investigated. This is attributed to the different
mass flow rates and operating temperatures in the cycle with PHEXs, which increase its effectiveness

in recovering heat from the heat-source stream;

e The best performing fluids at design point prove to also be the best performing at off-design

operation, in terms of power output.

Based on this work, performance maps have been generated that cover not only the ORC engine overall
performance, but also its constituent components, for the full spectrum of heat-source conditions
(temperature and mass flow rate). These maps can be utilised by: i) ORC engine and component
manufacturers to inform design decisions; and ii) by ORC plant operators to set up the control system

of real ORC plants, and optimise the system operation, given the specific operating profile on their site.

A thermoeconomic analysis of ORC engines in ICE-ORC CHP systems was then performed. To
improve the financial proposition of the next generation ORC systems, we need to answer questions
such as: 1) which components configuration and sizes are the best performing, given the application and
project objectives; ii) can similar ORC engine capacities be achieved with different designs and
components’ selection, and what is the impact of each design on the specific investment cost (SIC),
discounted payback period (DPP) and net present value (NPV) in every case; iii) how the various cost
correlations available in the literature compare to real components’ cost, and which correlations are
more representative of the ORC engine costs; and iv) can we develop a tool where the optimiser scans
the full spectrum of potential ORC designs to identify the best performing configuration given the
project objectives, without requiring the users previous knowledge or input. The latter point will make
the tool accessible to stakeholders, who may not have the technical knowledge to design ORC engines,
but would like to assess alternative design options, but also to ORC vendors, who are interested in

designing the next-generation ORC engines, to be a good fit to real applications.

In this context, a thermoeconomic optimisation framework was developed, which scans alternative

components’ configurations and sizes, simultaneously with the thermodynamic design, and identifies the best
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performing system, given the project objectives. The framework was applied on an ORC engine recovering

heat from a CHP-ICE, optimising for maximum power output or/and minimum SIC. Results reveal that:

e There are significant discrepancies between the HEX costs obtained using manufacturers’ data
sheets, and those obtained using the module costing technique (a commonly used costing technique
in the ORC literature), with the latter overestimating the cost of DPHEX by up to 500%, and of
PHEX by up to 400%;

e ORC engines optimised for maximum power output have the highest SIC varying between 1,000-

7,500 GBP/kW, for engines with piston expanders, and 1,500-5,500 GBP/kW for screw expanders;

e ORC engines optimised for minimum SIC have 15-50% lower power output than the engines

optimised for the maximum power output, but also up to 35% lower SIC;

e The condenser pressure in ORC engines designed for minimum SIC increases, to reduce the working

fluid volumetric flow rate, and thus the expander cost, but also the associated power output;

e Optimised ORC engines for minimum SIC, and those designs on the Pareto front of the multi-
objective optimisation, have PHEXs as the evaporator (due to compactness) and DPHEXs as the

condenser (due to lower cost);

e Optimised ORC engines with screw expanders always operate with two-stage expansion, even when

the optimisation objective is minimising SIC, where the cost of two expanders is considered;

e Optimised ORC engines with two-stage screw expanders have higher power output than those with

piston expanders (by up to 45%), but at higher total cost of the engine (by up to 85%);

e In ORC operating with low-medium temperatures, and low pressures, the cost of the HEXs is
significant, therefore it is of high importance to design them to maximise the heat transfer. For higher
power outputs, the selection and design of the expander machine and then of the evaporator are key
factors, for reducing the ORC engine costs. (In this study, DPHEXs and PHEXs have been used for

both the evaporator and the condenser, so the results might vary in case of other types of HEXSs);

e A range of power output of 70 to 100 kW is revealed in the multi-objective optimisation, where
increasing the power output of the ORC engine by 33% results in the SIC increasing by only 10%,

indicating a promising range of capacities for the next-generation ORC engines;

e The SIC values recorded using the cost correlations developed in this work are well aligned with the
SIC values of real ORC engines, giving confidence that the proposed cost functions can be utilised

in ORC design studies for costing purposes;

e ORC engines with high power output and high upfront costs, have higher NPVs but also high DPP,
whilst engines designed from minimum SIC have DPP of 2.8-6 years, but lower NPVs;
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e The same ORC engine capacity can be achieved with different types of components, but this affects

the system SIC and NPV;

e There are candidate ORC working fluids such as R152a and butane, which although did not stand
out for their highest power output or minimum SIC, present a good performance from a project’s

profitability perspective (good resultant DPP and NPV).

These findings highlight the potential of ORC engines in CHP applications, and the need for a holistic
approach when designing such systems, considering their thermodynamic, operational and cost aspects.
Depending on the application, the most suitable working fluids, components typology and design,
optimum ORC capacity and operating strategy can vary significantly. By optimising the ORC engines
integration within CHP systems, and providing energy-efficient strategies to maximise their utilisation, the
overall efficiency of the system will increase. In turn, this will lower their costs, and reduce payback period,

thus, making these technologies an economically viable proposition.
7.2 Thesis main outcomes

e Integrated ICE-ORC CHP optimisation tool

An integrated optimisation tool has been developed for advanced CHP systems, comprised of ICEs and
ORC engines. The interactions and performance trade-offs between the two engines are captured, aiming
to optimise the combined ICE-ORC system performance, either for maximum power output or fuel
efficiency. The tool developed can be used for the design of new installations of ICE-ORC systems, or in
existing cogeneration facilities, where the designers can optimise the existing CHP-ICE operation, while

selecting the ORC engine. Relevant publications on this tool are listed in the beginning of this thesis.
e Off-design ORC operation optimisation tool

A whole-system computational platform has been developed, comprised of detailed sub-component
models, capable of predicting the ORC engine performance, under varying boundary conditions. ORC
engine off-design performance maps can be generated, for alternative system configurations, to predict
the system performance over an operating profile. The tool can be used: i) to inform decisions about
new systems’ sizing and schematic; and ii) to identify the optimum off-design control strategy of an
installed ORC plant, given the engine specification and the variable heat-source conditions onsite.

Relevant publications on this tool are listed in the beginning of this thesis.
e ORC thermoeconomic optimisation tool

A systematic ORC engine component selection, sizing and costing optimisation tool was developed,
covering a range of HEXs and expander machines configurations. The HEX typology, and components’
sizing, can be simultaneously optimised with the complete ORC design, for maximum power output

or/and minimum SIC, instead of forming a designers’ predefined input. This allows the simultaneous

211



Optimisation of high-efficiency combined heat and power systems for distributed generation |
Maria Anna Chatzopoulou

selection of the best performing system configuration and size, given the application specific constraints,
since the optimiser screens the whole solution space of components typologies, configurations and sizes
to identify the best performing design. The tool can be used by ORC engines’ manufacturers, and
integrators to compare alternative design options from both technical and financial perspective. Relevant

publications on this tool are listed in the beginning of this thesis.
e ORC components sizing and costing models

The components’ model developed in this work, such as the PHEX and DPHEX sizing models, are versatile,
and can be used to study ORC engines in various applications, apart from the ICE-ORC CHP systems that
have been the focus of this thesis. To-date, the components sizing models have been used for predicting the
performance of solar-driven ORC CHP systems, and also in computer-aided molecular design (CAMD)
ORC optimisation studies, in collaboration with other researchers. Finally, the costing models developed in
this thesis have been also applied to solar-driven ORC systems, and to other low-to-high heat recovery

applications. Relevant publications on these areas of research are listed in the beginning of this thesis.
7.3 Recommendations for future work

Several areas of future work have been highlighted as a result of this research.

The off-design ORC modelling tool developed has been applied to a waste heat recovery application from
CHP-ICEs with ORC engines. However, the input vector with the heat-source boundary conditions can be
adjusted, to replicate other applications, such as solar driven ORCs or ORC engines in geothermal plants,
where the heat-source stream also varies. The library of components can be extended, by adding more types
of HEXs and expander machines, to compare various system configurations, under time-varying heat-source
conditions. A further research area identified is the integration of the working fluid charge of the ORC engine,
in the ORC modelling, when optimising at design and off-design conditions. Some work in this area has been
performed in Refs. [109,182]. Another interesting approach is to optimise the ORC engine design,
considering the potential operating profile of the engine, once installed (multi-period design). This can be
added to the capabilities of the existing tool, while some work on this aspect has been presented in Refs.

[106,183], focusing on turbine expanders, and large scale ORC systems.

Another important area of research identified is the design of real-time controllers, which will be capable
of monitoring the heat-source variations, and send signals to the ORC engine, to adjust its operation
accordingly. Overcoming this challenge will fully unlock the potential of ORC engines performance
optimisation, under off-design conditions. Some work on the controls aspects and controller design of
ORC engines can be found in Ref. [39] for engines with turbines, in Refs. [113,184] for ORC engines

with scroll expanders, and in Ref. [79] for engines with single-stage single screw machines.

In this study, the potential of piston expanders in stationary high-efficiency power generation has been

highlighted. Further work on the design of piston expanders and optimisation of their performance
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should be performed. In this research, to obtain the piston or screw expander efficiency within the ORC
engine, we used performance maps of these devices. The next step would be to incorporate the detail

expander sizing model in the ORC design and off-design modelling tool.

The direct heat recovery from the exhaust-gas stream of an ICE, in the ORC evaporator has been evaluated
from technical, operating and economic perspectives. Alternative configurations could be examined in the
future using the same optimisation tools, and compared to this system, in terms of off-design performance
and costs. These configurations include designs with an intermediate oil loop between the ORC engine
evaporator and the exhaust-gas stream, or the use of the ICE jacket water, as a preheater of the ORC.
Although studies that compare such configurations from a thermodynamic perspective exist, literature lacks
efforts that account for their off-design performance, and costs. This will allow identifying the best
configuration for stationary power generation applications. A relevant study can be found in Ref. [174]
comparing heat recovery from ICEs with different ORC configurations at PL operation. Nevertheless, only

the HEXs time-varying performance was modelled in detail, and the system costs were not considered.

The library of components of the thermoeconomic tool developed in this work can be populated with
more types of HEXs and expander technologies, enabling the optimiser to search a wider solutions
space. More options can be added in the tool for the optimiser to be able to choose, not only among
various component types, but also between different ORC architectures, such as subcritical non-
recuperative or recuperative cycles, to evaluate the most well-suited system design. In the present work,
the profitability appraisal of the ORC system was performed assuming a flat all-year round operation of
the system. The next step will be to evaluate the ORC project profitability, by accounting for specific
case-studies annual operating profile. Some work on this aspect can be found in Ref. [24]. In the ORC
thermoeconomic optimisation the objectives were the maximum power output and minimum SIC. An
alternative approach would be to use the project NPV, DPP or other relevant KPIs as the optimisation
objectives, to evaluate the impact on the optimum ORC engine design. Finally, a broader range of ORC
engines and components cost data can be used in the future, to establish further the validity of the costing

methodology presented in this thesis, as these become available.
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Appendix A.

Organic Rankine cycle off-design optimisation:

Additional results

A.1. ORC engine with screw expander: Evaporator heat transfer coefficient

The overall heat transfer coefficient (U-values) achieved in the evaporator heat exchanger (HEX) with
screw expander are presented in Fig. A. 1 (for double-pipe designs - DPHEX) and Fig. A. 2 (for plate-
frame designs - PHEX). The overall heat transfer coefficient for DPHEX ranges between 30-52 W/m? K,
depending on the fluid and the HEX section. As expected the evaporator two-phase section has always the
highest U-value, followed very closely by the superheating section. The preheating sections presents the
lowest U-values, mainly due to the higher fluid density, that leads to smaller volume flow rates, and thus
velocities in the tubes, decreasing the Reynolds number, while also the temperatures are lower for both the
heat source and the working fluid. PHEXs have significantly higher U-values than those achieved in the
DPHEX architecture. This is in line with the findings in Chapter 5, where the PHEX heat transfer area
requirements are significantly, lower than those of DPHEXSs. Finally, the influence of the heat source and
working fluids’ mass flow rate reduction at off-design operation on the U-values is significant; while the
heat source mass flow rate reduces from 2.1 kg/s to 1.3 kg/s (CHP-ICE PL 100% to 60%), the U-value
reduces by up to 30%. On the contrary for fixed heat source mass flow rate the temperature increase has

on only marginal impact on the HTC achieved.
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Fig. A. 1: DPHEX evaporator overall heat transfer coefficient map at off-design operation, with

variable screw expander efficiency for: a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.
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Fig. A. 2: PHEX evaporator overall heat transfer coefficient map at off-design operation, with variable

screw expander efficiency for: a) R1233zd, b) R245fa, c) pentane, and d) toluene.
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A.2. ORC engine with screw expander: Evaporator effectiveness

The effectiveness maps of the evaporator HEX are presented in Fig. A. 3 for DPHEXSs, and in Fig. A. 4
for PHEXs. The findings are similar to those presented for ORC engines with piston expanders, in
Section 5.5.2. The preheater section has the highest effectiveness, followed by the evaporator and the
superheater sections. This is attributed to the pinch point location inside the evaporator HEX, which is
located in the preheating section. It is noted that the toluene has the highest effectiveness in the
evaporator section among all fluids investigated and in both HEX architectures. This is explained by the
high evaporating temperature of this fluid, at a relatively low pressure, which allows a good temperature
match to that of the heat source. Additionally, toluene evaporation pressure is relatively lower than that
achieved by the other fluids, resulting in high latent heat of evaporation being available to the working
fluid. Finally, in contrast with the U-value reduction at off-design operation, the effectiveness of the
HEXs either increases or stays constant. This is attributed to the changes in the LMDT of the HEX at
off-design operation. As illustrated in Fig. A. 5-Fig. A. 6, the LMDT increases at PL, making the heat

transfer over the same area more effective.
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Fig. A. 3: DPHEX evaporator effectiveness map at off-design operation with variable screw expander

efficiency for: a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.
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Fig. A. 4: PHEX evaporator effectiveness map at off-design operation with variable screw expander
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Fig. A. 5: DPHEX evaporator temperature gradient map at off-design operation with screw expander

for: a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.

Preheater Preheater
. Evaporator , Evaporator
(2-phase) (2-phase)

* Superheater * Superheater

Preheater
. Evaporatar

(2-phase) E, 200

Preheater
. Evaporator
(2-phase)

* Superheater E * Superheater
E 150
200 E 100 150
& 50{Prehe
150 g 100
2 0L
£ 720
100 50
Heat source 690680 14 16 Heat somrce %0 "1 4 16
temperature (K} Heat source mass temperature (K) Heat sonrce mass
flow rate (kg/s) flow rate (kgfs)
(©) (d)

Fig. A. 6: PHEX evaporator temperature gradient map at off-design operation with screw expander for:

a) R1233zd, b) R245fa, ¢) pentane, and d) toluene.
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