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Abstract
Organic Rankine cycle (ORC) engines in real applications experience variable heat-source conditions. In this paper,
the off-design performance of small/medium-scale ORC engines recovering heat from a stationary internal combustion
engine (ICE) is investigated. Of interest are the employment of screw vs. piston expanders, and two heat exchanger
(HEX) architectures. Unlike previous studies where the expander and HEX performance are assumed fixed during offdesign operation, we consider explicitly their varying and interacting characteristics within the overall system. Nominal
sizing results reveal indicated isentropic efficiencies >80% for twin-screw and >85% for piston expanders. Following
nominal design, ORC engine operation is optimised for ICE part-load (PL) operation. Although the heat transfer
coefficients in the evaporator decrease by 30% at PL, the effectiveness increases by 20% due to the larger temperature
differences in this component. The screw expander efficiency reduces by up to 3% at off-design operation, whilst that
of the piston expander increases by up to 16%. Optimised off-design maps indicate that the ORC engine power output
reduces to 77% (piston) or 68% (screw) of full-load when the ICE operates at 60% PL, and that ORC engines with
plate HEXs generate 5-11% more power than those with double-pipe HEXs. Under variable ICE operation, smaller
ORC engines with piston expanders generate more power than larger engines with screw expanders, highlighting the
resilient off-design operation of piston machines. The tool can predict ORC performance over a wide operating
envelope and provides performance maps that can be used by operators to optimise ORC engine operation in variable
conditions and by ORC vendors to inform component design decisions.
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Nomenclature
Abbreviations
CHP

Combined heat and power

DPHEX

Double pipe heat exchanger

GWP

Global warming potential

HEX

Heat exchanger

HTC

Heat transfer coefficient

ICE

Internal combustion engine

LMDT

Logarithmic mean temperature difference

ODP

Ozone depletion potential

ORC

Organic Rankine cycle

PHEX

Plate heat exchanger

PL

Part load

PR

Pressure ratio

RPM

Revolutions per minute

VR

Volume ratio

Symbols
A

Area

(m2)

Bchis

Chisholm parameter

(-)

Cd

Discharge coefficient

(-)

cp

Specific heat capacity

(J/kg⋅K)

𝐶⃗

Constraints vector

(-)

D

Tube diameter

(m)

Dh

Hydraulic diameter (piston)

(m)

𝐹⃗

Objective function

(-)

f

Friction factor

(-)

𝐹⃗

Objective function

(-)

h

Specific enthalpy

(J/kg⋅K)

hlg

Specific enthalpy of vaporisation

(J/kg⋅K)

L

Length

(m)

M

Molar mass

(kg/kmol)

m

Mass

(kg)

ṁ

Mass flow rate

(kg/s)

Nu

Nusselt number

(-)

P

Pressure

(Pa)
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PP

Pinch Point

(K)

Pr

Prandtl number

(-)

Pr

Critical pressure ratio

(-)

PR

Pressure ratio

(-)

Q̇

Heat transfer rate/thermal load

(W)

Q̇loss

Losses

(W)

q̇ w

Gas-to-wall heat flux density

(W/m2)

R

Gas constant

(J/kg⋅K)

Re

Reynolds number

(-)

r

Volume ratio

(-)

s

Specific entropy

(J/ kg⋅K)

SHD

Superheating degree

(-)

Sf

Suppression factor

(-)

t

Time

(s)

U

Overall heat transfer coefficient

(W/m2 ⋅K)

u

Velocity

(m/s)

V

Volume

(m3)

v

Kinematic viscosity

(m2/s)

Ẇ

Power

(W)

x

Quality

(-)

Ẋ

Exergy rate

(W)

𝑋⃗

Optimiser decision variables vector

(-)

Xchis

Chisholm parameter

(-)

Xtt

Martinelli parameter

(-)

Ychis

Chisholm parameter

(-)

z

Corrugation depth

(m)

Greek symbols
α

Local heat transfer coefficient

(W/m2 ⋅K)

β

Corrugations angle

(rad)

γ

Ratio of heat capacities

(-)

Δ

Difference

(-)

ε

Effectiveness

(-)

η

Efficiency

(-)

λ

Thermal conductivity

(W/m⋅K)

µ

Dynamic viscosity

(Pa s)
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ρ

Density

(kg/m3)

σBoltz

Stefan-Boltzmann constant

(W/m2⋅K4)

𝜑chis

Chisholm parameter

(-)

ω

Rotational speed

(rad/s)

Subscripts
Boltz

Stefan-Boltzmann

c

Condensing two-phase zone

comp

Compressor

cond

Condenser

crit

Critical

cw

Condenser/cooling water

d

Duration

dest

Destruction

DP

Double pipe heat exchanger

drp

Drop

dsh

Desuperheater

el

Electrical

elg

Electric generator

evap

Evaporator

ex

Exhaust gases

exp

Expander

FC

Forced convection

G

Gas

g

Gas part of two-phase flow

h/ph

Heater/preheater

hs

Heat source

hyd

Hydraulic

in

Input/inlet

is

Isentropic

jw

Jacket water

L

Liquid

l

Liquid part of two-phase flow

lim

Limit

loss

Losses

max

Maximum

mech

Mechanical
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min

Minimum

NB

Nucleate boiling

net

Net

out

Output/outlet

pist

Piston

PH

Plate heat exchanger

sat

Saturation

sec

Section

sh

Superheater

screw

Twin-screw expander

th

Thermodynamic

v

Vapour

w

Wall

wf

Working fluid

z

Axial direction
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Superscripts
ac

Acceleration pressure drop

fr

Frictional pressure drop

‘

Off-design operation value

⃗

Vector quantity
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1. Introduction
Organic Rankine cycle (ORC) engines are a promising technology for recovering low-to-medium grade renewable
or waste heat for power generation [1]. There is prolific literature on the design, sizing and associated cost of ORC
systems, where performance is optimised for given (fixed) heat-source conditions. Nevertheless, in real
applications ORC engines experience continually varying heat-input conditions; this may be from an inherently
variable solar input, waste heat from industrial processes, or the exhaust-gas stream of internal combustion engines
(ICEs) or boilers, in combined heat and power (CHP) applications. Key for the wider adoption of the technology
is the maximisation of a system’s operating hours once installed, to improve its economic proposition [2]. This
requires ORC engines that can follow the heat-source variations, and maintain high efficiency, not only at design
conditions, but also during off-design operation.
The off-design performance (e.g. power output) of an ORC engine is influenced by: i) the ability of the evaporator
heat exchanger (HEX) to extract heat from a time-varying heat source, and ii) the expander efficiency under varying
operating conditions of the working fluid (degree of superheat, pressure, mass flow rate, etc.). In this context, various
operating/control parameters must 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 optimal ORC engine off-design operating points.
Studies in the ORC off-design literature have considered either: i) the optimisation of ORC designs for given heatsource conditions, and a new ORC configuration was obtained for every new heat-source condition (e.g. in an ICEORC CHP, for every part-load (PL) point operation of the ICE), instead of subjecting the nominal design ORC engine
into off-design operation [3]; or ii) the ORC engine design for nominal conditions was subjected to off-design operation
assuming that the components’ performance will stay constant and equal to that at the design point [4,5]; or iii)
particular focus has been given only on one ORC engine component under off-design operation, normally on the
expander [6] or the evaporator [7,8] , but in isolation from each other. The aforementioned approaches can lead to suboptimal 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 variable performance of
components is captured explicitly within a complete engine model, the most well-documented expanders are turbines
[9–11]. Song et al. [12] evaluated the off-design performance of an ORC engine with a radial-inflow turbine and
plate heat exchangers (PHEXs) recovering heat from a steam-turbine plant. However, the authors did not perform
off-design performance optimisation, but instead focused on parametric analyses. ORC engines with axial turbines
and plate-and-fin HEXs have also been investigated, e.g. in Ref. [13], in an effort that was mainly concerned with
off-design control strategies for the turbine. Koppauer et al. [14] considered the off-design performance of ORC engines
with a double-stage evaporator, PHEXs and a turbine, without optimisation on the working-fluid side, while Pili et al.
[15] considered the off-design performance of an ORC engine with turbine expanders and PHEXs in waste heat
applications, and Guopeng et al. [16] performed an off-design performance analysis of an ORC engine recovering
heat from the exhaust-gas stream of an ICE. In this study, a turbo-expander and PHEXs were designed for the rated
ICE capacity, and the system was subjected to off-design operation, accounting for varying expander and HEX
performance. The transient operation of ORC engines with turbines was explored in Refs. [17,18] in relation to
waste-heat recovery from ICEs and in Ref. [10] in relation to ships.
Although volumetric expanders are a promising candidate for small/medium-scale ORC engines, studies of the offdesign operation of volumetric machines are relatively scarce, with most of these focussing on scroll or singlestage screw expanders and very limited literature available on the off-design operation of piston expanders. Refs.
[19,20] investigated the performance of ORC engines with scroll expanders and plate/helical coil heat exchangers.
Single-stage single screw expanders in off-design operation were also considered by Ziviani et al. [21] for smallscale, low-temperature ORC systems, with particular focus on the control strategy of the expander to maximise
power output or efficiency. In Ref. [22], the same authors presented an ORC engine framework including a notional
volumetric expander and PHEXs for performing off-design analysis. Finally, Refs. [23,24] also investigated the
6
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off-design operation of ORC engines employing single-stage screw expanders, but the focus of these studies was
on the design of the expander, without considering performance of other components or the wider system.
The literature review reveals that only a limited number of studies have investigated the interactions of ORC
engine HEXs and volumetric expanders at off-design conditions in high-temperature stationary power generation,
with most of the available studies assuming a fixed performance for the ORC system components, during offdesign operation. Therefore, simulation tools are required which are capable of: i) capturing the interactions of
key ORC components; and ii) provide ORC system off-design performance maps and correlations, to be used in
real applications, and optimise the complete system performance. These performance correlations can be also
used, when evaluating investment decisions, to account for the variability in power generation of the ORC system
on an annual basis, instead of assuming a constant power output.
In this context, the aim of this work is to develop ORC engine off-design performance maps and simplified
performance correlations that can be used to optimise system performance under variable heat-source conditions,
in particular by capturing the interactions of key system components. This work differs from previous efforts in
that: i) it considers explicitly the variable (quasi-steady state) performance characteristics of alternative HEX
architectures combined with the variable (quasi-steady state) performance of piston and screw expanders to obtain
optimum ORC engine off-design performance maps; ii) it compares the performance of alternative component
typologies (HEXs, expanders) in off-design operation that reflects a real operating profile; iii) it provides offdesign ORC engine performance correlations, which can be used in the control systems of ORC plants to optimise
system performance and power output based on the heat-source variations observed onsite, and iv) it provides
performance correlations, which relate the ORC engine PL to the PL of the CHP-ICE, which can be used to assess
the operation of the complete system over a real operating profile of the CHP-ICE, instead of assuming a constant
power output of the ORC engine over a prolonged operating period.
The paper is structured as follows: firstly, the subcritical non-recuperative ORC model considered in this work is
described, along with a presentation of the HEX and expander sizing methodology used for the nominal sizing and the
off-design operation in Section 2. The optimisation problem formulation for both the nominal (design) and off-design
performance exercises is then explained in Section 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 4.
The ORC engine HEXs, and expanders are then designed to deliver the nominal duty, as obtained from the maximum
power optimisation analysis (Section 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, and off-design operation
maps are constructed for ORC engines with piston and two-stage twin-screw expanders in Section 5. The tool
developed is used to obtain ORC PL performance correlations. The correlations are then applied to a UK-based
industrial user case-study, to predict the ORC system’s energy generation in a CHP-ICE system in typical summer and
winter days. The energy generation results for ORC systems with screw expanders are compared to those obtained for
piston expanders in Section 6. Finally, conclusions are drawn based on these findings, in Section 7.

2. Modelling methodology
2.1 Organic Rankine cycle (ORC) engine model
A subcritical, non-recuperative ORC system architecture recovering heat from the exhaust-gas stream of a stationary
CHP-ICE, i.e. an ICE with heat recovery for cogenerated hot-water provision, is considered in this study (see Fig. 1),
following the same rationale as in Ref. [2]. Due to the high temperature of the gaseous heat-source stream leaving the
ICE, other ORC architectures could be also considered as potential candidates, e.g. trans-critical or supercritical cycles,
as well as recuperative configurations which can improve the ORC system efficiency. Since the focus of the present
work is on considering the off-design performance of ORC engines with volumetric expanders rather than exploring
various ORC architectures at off-design operation, a subcritical non-recuperative ORC configuration was selected for
the present study; alternative cycles and architectures may be beneficial depending on the application and are of interest
to explore, in their own right in future work. For a detailed description of the ORC thermodynamic model, the reader
is referred to Ref. [2]. Two types of HEXs are investigated for their off-design performance, namely double-pipe HEX
7
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(DPHEX) and plate HEX (PHEX) designs. For both HEX architectures, the evaporator is modelled as three distinct
zones: i) the preheating section (Process 2-3l); ii) the evaporating section (Process 3l-3v); and iii) the superheating
section (Process 3v-3). Similarly, the condenser HEX has been modelled by dividing the component into two distinct
zones: i) the desuperheating section (Process 4-4v); and ii) the condensing zone (Process 4v-1).
The expander is first modelled by using an isentropic efficiency value of 0.7, which accounting for generator losses
is equal to 0.66. A thermodynamic optimisation is performed using the exhaust-gas conditions leaving the ICE-CHP
when this operates at 100% load. The optimal cycle obtained from this step is used to size the expander and theHEXs
of the ORC engine. At this stage, expander performance maps are generated and are incorporated into the off-design
optimisation, along with HEX models. Two volumetric expanders have been investigated in this work, namely screw
and reciprocating-piston expanders, both of which can tolerate wet expansion. The most commonly used screw
expanders in ORC applications are twin-screw machines rated up to a 100-200 kWs, with some systems employing
single-screw designs [25]. Advantages of screw expanders arise from their efficient operation at volume ratios (VRs)
up to 7 and pressure ratios (PRs) up to 10 (twin-screw) with a compact configuration, the balanced loading of the
main screw (single-screw), their low noise and vibration operation, good durability and lifetime [25,26]. Piston
expanders are another candidate technology for small/medium-scale ORC engines, which benefits from a capability
to operate over a wide range of VRs/PRs, including an ability to operate efficiently at high PRs, mass manufacturing
and a well-established supply chain. However, they are also associated with certain drawbacks related to the
frictional losses from the multiple moving parts, and the requirement for careful valve timing to avoid additional
pressure losses, due to valve-area restrictions during intake and exhaust (see details in Section 2.3). Finally, the pump
is a centrifugal type with a relatively flat curve, which can maintain a constant pressure head across a range of flow
rates. This feature is important, since in the off-design operation analysis that follows, the PRs across the system are
generally maintained at high levels while flow rates vary.
5
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Figure 1: Typical subcritical non-recuperative: a) ORC engine schematic diagram, and b) ORC T-s diagram.
2.2 Heat exchanger models
Two HEX architectures have been compared for their off-design performance, namely DPHEXs and PHEXs. DPHEX
designs have been selected because they provide a counter-flow heat transfer regime, increasing the HEX effectiveness
for given flow conditions [27]. However, they have higher area/volume requirements per kW of heat transferred
(kW/m2 or kW/m3) especially when compared to PHEXs. PHEXs main advantage is their compactness, due to the high
heat transfer coefficients (HTCs) achieved. Nevertheless, potentially higher pressure drops may be observed in PHEXs,
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. 2. For the nominal sizing exercise (Fig. 2a), the optimum thermodynamic cycle states, defined
in the ORC optimisation stage (refer to Section 4.1), are used to size the various components. At this stage, the
HEX area requirements, geometry, etc., are defined, aiming to maintain a maximum pressure drop across the
8
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HEXs. In the case of the evaporator HEX in particular, the heat-source side pressure drop (i.e. exhaust gases) is
restricted to a few kPa (10-60 kPa) at the peak 100% mass flow rate, to reduce any negative backpressure effects
on the ICE operation. The sizing is achieved by discretising the HEX in space into N-sections, and by calculating
for each i-section the corresponding local HTC. The logarithmic mean temperature difference (LMDT) method is
then used to obtain the area requirements for each section (Ai).
For the off-design performance evaluation, the exhaust-gas temperature and mass flow rate vary, following operation
of the ICE at part-load (PL). The ORC engine operating points are then optimised to adjust to the new heat-source
conditions. During this process, the moving-boundaries method for the HEXs is used. With the changes in temperature
and flow rate, the phase boundaries, as defined in the nominal sizing exercise, change, but the overall heat transfer area
available is fixed. The optimiser predicts the PL performance at each section i of the HEX by calculating the new local
HTC (Fig. 2b). During the moving boundaries method, the HEX is spatially split into segments (Fig. 3) and the quality
of the working fluid is estimated in every segment, assuming equal heat input per segment:
𝑄̇ (𝑖)wf = 𝑚̇wf (ℎ(𝑖 − 1)wf + ∆ℎ(𝑖)wf ) .

(10)

By calculating 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.

Input: Heat source conditions, working fluid,
boundary conditions, constraints, etc.

Input: Heat source conditions, working fluid,
boundary conditions, constraints, etc.

ORC thermodynamic optimisation
Decision variables:

ORC off-design thermodynamic optimisation
Decision variables:
=[

Optimisation output/input to HEX design routine:

Assume: Geometry,

Optimisation output/input to HEX off-design routine:

,

Fixed HEX:

Calculation per i-section:

,

,

,

,

,

,

Calculation per i-section:

No

,

,

,
No

&

Yes

Yes

Output:
,

Output:

,

,

(a)

(b)

Figure 2: Heat exchanger design routine for: a) nominal sizing, and b) off-design operation.

Exhaust gases

ORC working fluid
Exhaust gases
sec: i -1

sec: i

sec: i+1

Figure 3: Schematic diagram of typical heat exchanger sections segmentation for HTC calculation. Reproduced
from Ref. [2].
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2.2.1 Evaporator
2.2.1.1 PHEX
For the single-phase flows in PHEXs, the correlations proposed by Chisholm and Waniarchi [28], Martin [29] and
Muley [30] are commonly used in the literature, to estimate the HTCs and thus the heat transfer area requirements. In
this study, the correlation proposed by Chisholm and Waniarchi [28] has been used, since it is found to give
conservative HTC values, when compared to the results obtained with Muley [30] and Martin [29]. These results are
aligned with the findings summarised in Ref. [28]. The Chisholm and Waniarchi correlation has been also compared
to experimental data by Focke [31], and was found to match the recorded values within 15-20%, for Re > 1000 and β
between π/3 and π/6. In Appendix A, the Chisholm and Waniarchi correlation is presented in detail.
Alternative correlations for predicting the HTCs in the two-phase evaporating zone in PHEXs have been compared,
against experimental data, in Ref. [28]. The correlations investigated included, among others, those proposed by Han
[32], Hsieh [33], and Yan and Lin [34], 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 [34] gives the highest HTC
estimates, while the correlation of Han [32], 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 work, the correlation developed by Han [32] has been used, to allow for some contingency in the
surface area estimation of the two-phase PHEX evaporator zone. The correlation of Han [32] is presented in detail in
Appendix A. Details on the pressure drop calculations in PHEXs are also provided in Appendix A.
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
𝑈

=

1
𝛼hs

+ 𝛼wall +

LMDT =

1
𝛼wf

,

(𝑇hot,i −𝑇c,o )−(𝑇hot,o −𝑇c,i )
𝑇
−𝑇c,o
ln( hot,i
)

(1)
,

(2)

𝑇hot,o −𝑇c,i

𝑄̇

𝑖
𝐴𝑖 = 𝑈 LMDT
.
𝑖

(3)

𝑖

2.2.1.2 DPHEX
For the single-phase heat-transfer zones in the DPHEXs (the preheater and superheater sections), as well as for the
heat-source carrier fluid, the well-established Nusselt number correlation proposed by Dittus-Boelter [35] has been
used, which can be also found in other papers in the ORC literature, such as for example, in Refs. [36,37]. The flow
in the HEXs falls clearly, by design, in the turbulent flow regime. To predict the HTCs in the two-phase zone of the
DPHEX 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: i) asymptotic methods, which account for both thermal
mechanisms of convection and nucleate boiling; and ii) 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. [38] for R22. The authors reported that correlations such as those proposed by Cooper [27], Gorenflo [27,29] and
Steiner [29,38] predicted the evaporation saturation temperature with only ±2 °C deviation from experimental data
in corresponding conditions. Therefore, these correlations were deemed suitable for predicting heat transfer during
evaporation in tubes in our work, and were used for the design of the DPHEXs.
A further detailed HTC comparison study has been reported in Ref. [2]. The correlations compared included those
developed by: i) Steiner [29,38], Dobson [27,39], and Chen and Zuber [27,40], for the asymptotic method; and ii)
Cooper [27] and Gorenflo [29] for nucleate pool-boiling. The findings indicated that the Nusselt number correlation
developed by Chen and Zuber [27,40] slightly overpredicted the heat transfer area requirements relative to other
correlations, thus providing conservative estimates of the equipment size. On this basis, the correlation of Chen and
Zuber [27,40] were used in this study. Finally, the U-value for every section of the evaporator HEX, and the area
10
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requirements per section are obtained using Eqs. 1-3, as discussed in previous section. The reader can also refer to the
previous work of the authors in Ref. [2] for full details on the use of these correlations for DPHEX design.
2.2.2 Condenser
2.2.2.1 PHEX
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 [28] has been used, as presented in Section 2.2.1.1. Similarly,
the calculation of the pressure drop for the single-phase flows, in chevron plates with angle β, is calculated using
the correlation developed by Martin [29]. The complete set of equations for the calculation of the HTCs and
pressure drop are presented in Appendix A.
Garcia et al. [28] 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 correlation
developed by Han [41] are in good agreement with the test data. Therefore, in this work, the correlation proposed
by Han [41] has been used, to obtain the condenser two-phase section area requirements. The complete set of
equations is presented in Appendix A.
2.2.2.2 DPHEX
Similarly to the evaporator DPHEX sizing, for the HTC calculation of the single-phase flows in the condenser, the
Nusselt number correlation presented by Dittus-Boelter [35] has been used for the working fluid and the cooling
water circuit. 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 Ref. [2], 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
correlations compared included those proposed by Dobson [39], Shah [36,42] and Chaddock and Chato [27], for
combined shear and gravity driven phenomena; those proposed by Hewitt [27] for gravity only condensation; and
those proposed by Mikheev as presented by Hewitt [27] for shear driven condensation only. All correlations
accounting for both condensing phenomena result in lower heat transfer area requirements, while the deviations
within those predictions are very low. The correlation of Shah is on the high side of the area predictions (excluding
gravity-only correlations), providing conservative estimates of the DPHEX area requirements. Based on these
findings the correlation of Shah [36,42] has been used to obtain the HTCs for condensation inside tubes, which is
also commonly found in the literature, among others, in Refs. [36,37,43]. The reader is referred to previous work of
the authors in Ref. [2], for the mathematical formulations of the Shah Nusselt number correlation. Finally, the
condenser area requirements are calculated using the LMDT method as described in Section 2.2.1.
2.3 Expander model
Two volumetric expander types have been investigated to gain an appreciation of their design and off-design
performance in ORC engines, namely twin-screw and reciprocating-piston machines. For both expander typologies,
the expanders are designed based on the optimal thermodynamic cycles obtained in Section 2.1 (i.e. with a fixed
isentropic efficiency of 70%), which relates to the ICE-CHP engine operating at 100% of its load. Specifically, the
operating conditions of the working fluid (i.e. temperatures, pressures, flow rates, etc.) that relate to the expansion
process in the optimised cycles are used, to size the expansion devices. Once the expanders are sized, their design is
fixed, so performance maps can be obtained, which indicate how each device will operate if subjected to off-design
conditions. These maps used as input to the ORC engine off-design optimisation tool. The ORC system is then
subjected to off-design operation by varying the heat-source conditions. The new optimised operating conditions and
performance of the expanders are obtained using the performance maps/correlations obtained at the design stage.
The off-design operation optimisation of the piston expander is presented in detail in Fig. 4a. The optimiser selects
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 inputs to the piston expander
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maps to obtain the actual new isentropic efficiency of the expander along with the real mass flow rate that can be
achieved. The optimisation continues until the figures obtained from the expander model (and the HEX models
discussed in Section 2.2) converge with those of the 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.
4b) and were compared to the piston expander results. The new operating points are used as input to the screw
expander model, and the new isentropic efficiency and actual power output are obtained. Finally, a fixed conservative
efficiency of 65% has been assumed for the pump at off-design operation [44].
Input: Heat source conditions, working fluid,
boundary conditions, constraints etc.

Input: Heat source conditions, working fluid,
boundary conditions, constraints etc.

ORC Off-design thermodynamic optimisation
Decision variables:
′
𝑋 =[ 3 , hs,
, 3′ , 𝑚̇wf , 𝑚̇hs

ORC Off-design thermodynamic optimisation
Decision variables:
=[
Optimisation output/input to expander off-design routine:

Screw expander model:

F(

Calculation: c ,

,

Optimisation output/input to expander off-design routine:
′
′ ,
𝑊̇ne
, 4 , 𝑚̇′hs
3 , 3 , 𝑚̇
Piston expander map: 𝜂is = F(PR , SHD , RPM )

)

′
Calculation: 𝑚 wf,calc , 𝜂is ,𝑊̇ne
,calc

,
No

𝑚 wf,calc

′
𝑚 wf & 𝑊̇ne
,calc

Yes

′
𝑊̇ne

No

Yes

Output:

′
̇′
is , 𝑊ne

,

Output:
, 3 , 3 , 𝑚̇′ ,

(a)

4

, 𝑚̇′hs

(b)

Figure 4: Off-design expander operation routine for: a) twin-screw expander, and b) piston expander.
2.3.1 Screw expander
The isentropic efficiency of both expanders considered in this work, 𝜂is,ind , is defined based on the indicated
expander power Ẇ and the enthalpy change of an equivalent isentropic expansion process:
𝜂is,ind =

𝑊̇exp,ind
𝑚̇(ℎin −ℎout,is )

,

(4)

where 𝑊̇exp,ind denotes the indicated power, that is, the power generated by the expansion of the working fluid inside
the cylinder chamber, as calculated from a p-V diagram. The expander overall isentropic efficiency that accounts not
only for the internal losses but also for mechanical friction (𝜂mech) and generator losses (𝜂elg ) is defined as:
𝜂is,elg = 𝑚̇

𝑊̇exp,elg
(ℎin −ℎout,is )

.

(5)

In this study, the correlation proposed by Astolfi [45], which is based on available data from commercial screw
compressors, is used to predict the isentropic efficiency of twin-screw expanders at design and off-design operation.
The isentropic efficiency of the expander is obtained by using the following relations:
𝜂exp = 𝑐[0.9403305 + 0.0293295ln(𝑣̇ wf ) − 0.0266398𝑟exp ],

(6)

𝑐 = 1, if 𝑟exp ≤ 7,

(7)
𝑟exp

𝑐 = 1 − 0.264ln (

7

𝑟exp ′

𝑐 ∗ = −0.03229 ( 𝑟

exp

), if 𝑟exp > 7,
4

(8)

𝑟exp ′

) + 0.288 ( 𝑟

exp

3

𝑟exp ′

) − 0.8995 ( 𝑟

exp

2

𝑟exp ′

) + 1.0064 𝑟

exp

+ 0.60558,

(9)

where 𝜂exp is the twin-screw expander isentropic efficiency, 𝑣̇ wf is the working fluid volume flow rate, 𝑟exp is the
VR of the expander at the design point, defined as the ratio of the specific volume of the working fluid at the
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discharge of the expander to the specific volume of the working fluid at the intake, 𝑟exp is the off-design VR of
the expander, 𝑐 is a correction factor used for sizing the screw expander that depends on the VR at the design
point, and 𝑐 ∗ is a post-expansion correction factor, which captures the efficiency reduction of the screw expander,
due to off-design operation effects. Because the correlation developed by Astolfi [45] is based on the efficiencies
of commercial units with maximum VRs of 7, the author suggests that the correction factor 𝑐 is applied to the
expander isentropic efficiency in order to account for additional losses, in cases where the expander operates at
higher VRs. Once the expander design (i.e. built-in VR, flow rate and thus isentropic efficiency) is fixed, its offdesign isentropic efficiency is obtained by applying a correction factor 𝑐 ∗ that captures the efficiency penalisation,
due to off-design operation [45]. In this work, mechanical and electrical losses are also accounted for (via 𝜂mech
and 𝜂elg ) to obtain the overall isentropic efficiency of the expander. The mechanical losses of twin-screw
expanders have been obtained using the ratio of effective power to indicated power observed in the experimental
studies in Ref. [46], where the mechanical losses (including hydraulic losses) of twin-screw expanders were found
to range between 2% to 20% of the indicated power, while the motor tip speed increased from 15-50 m/s. This
(percentage) loss remains constant over a range of operating pressures investigated in the experimental work.
Therefore, in our study we have used a fixed percentage of screw expander mechanical losses of 8% for off-design
operation (i.e. a mechanical efficiency of 92%). In addition, a 95% electrical efficiency for the generator is applied
based on Ref. [47]. Finally, it is noted that due to the screw expander efficiency deterioration at high PRs/VRs, in
the following sections it is found that optimised ORC engines with screw expanders operate with two-stage
expansion, so as to operate each machine at lower expansion ratio and thus higher efficiency.
2.3.2 Piston expander
A lumped-mass model has been used to predict the piston expander isentropic efficiency, which has been presented
and validated in previous work of the authors, e.g. in Refs. [2,48,49]. The model solves dynamic mass and energy
conservation equations to obtain maps of the piston expander indicated isentropic efficiency, over an operating range
of PRs, degree of superheat of the working fluid and speeds (RPM). Additional mechanical losses and electric
generator losses are applied in the post processing stage, to obtain the final power output of the expander. It was
reported in Refs. [50,51] that mechanical losses vary between 13% and 25% of the indicated power. Therefore, in
our study, a mechanical efficiency of 85% has been used to obtain the overall isentropic efficiency of piston
expanders. While some uncertainty exists in the estimation of frictional losses, for fixed-speed operation – as is
assumed in our approach – the frictional loss can be roughly approximated as constant for a given machine [52], and
hence a fair comparison can be made between different operating points at on- and off-design conditions. A 95%
electrical efficiency for the generator is applied, similarly to the twin-screw expander modelling. For details on the
piston expander model, the interested reader is referred to previous work of the authors, in Refs. [2,48].

3. Optimisation formulation
In a typical single-objective optimisation problem there is one objective function (𝐹⃗ ) which we aim to minimise
or maximise, a vector with the decision variables (𝑋⃗), and a set of constraints (𝐶⃗), which ensure that the optimal
mathematical solution is also technically feasible. In this work, the optimisation objective is to maximise the net
ORC power output, during both the nominal (𝑊̇ne ) and the off-design (𝑊̇ne ) operation. While the objective
function is the same for both operating scenarios, the set of decision variables and constraints differ, as discussed
in the following sections. The optimisation was solved in MATLAB [53] using the multistart structure, which
repeatedly runs a local solver from a number of different starting points, predefined by the user. In this work, the
interior-point algorithm fmincon was used as the solver. These algorithms have been used in multiple ORC engine
studies in the literature such as those studies presented in Refs. [14,54,55]. In particular, Ref. [54] compared the
results of the fmincon algorithm to known optimal solutions for ORC engines in geothermal applications, and
reported that this procedure was capable of identifying the optimal designs. The reader can refer to Ref. [56] for
details on the mathematical formulations of the optimisation algorithm. Finally, the working fluids’
thermophysical and transport properties were obtained using the NIST REFPROP [57] database.
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3.1 Nominal operation (design) optimisation
The ORC engine is first optimised thermodynamically for maximum power output (𝑊̇ne ), using the exhaust-gas
stream conditions leaving the CHP-ICE when operating at full-load conditions (CHP-ICE 100% PL). The decision
variables (𝑋⃗) for this exercise include: i) the evaporator and condenser pressures ( evap, c nd, ); ii) the mass flow rate
of the working fluid (𝑚̇wf, ); iii) the normalised superheating degree (SHD); iv) the evaporator pinch point ( evap,);
and v) the expander volume ratio (𝑟exp) for the piston expander. For the screw nominal sizing, due to the low VRs
achievable (5-7) [45], the optimiser has the option to select between single and two-stage expansion. The decision
variable vector (𝑋⃗) includes the same variables as per the piston expander sizing, with the exemption of the last
variable (𝑟exp), which is replaced, by the variable (𝑥exp ), which dictates the number of expansion stages (which can
be up to two). The nominal operation objective function with the associated set of constraints are as follows:
Nominal operation: Maximise
Subject to:

c nd

<

evap

<

{𝑊̇net }
⃗⃗=[𝑃evap, 𝑃cond, ṁwf, 𝑆𝐻𝐷, 𝑃𝑃evap, 𝑟exp /𝑥exp
𝑋

(11)

cri
𝑇 𝑇3v
evap −𝑇3v

0 ≤ 𝑆𝐻𝐷 ≤ 1 , where 𝑆𝐻𝐷 = 𝑇 −𝑃𝑃3−
5

3

(10)

(12)

≤

wf,max

(13)

min

≤

(14)

𝑥wf,3→4 = 1
4v

≤

lim

≤

(15)
(16)

4

(17)

hs,

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. 11). The normalised
SHD over the maximum possible should vary between 0-1 (Eq. 12). For each 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. [57] (Eq. 13). Specifically, based on NIST [57], the following maximum temperatures have been
imposed as constraints within the optimiser for each fluid: 160 oC for R245fa, 270 oC for R1233zd(E), 225 oC for
R152a, 145 oC for R1234ze(Z), 135 oC for R1234yf, 420 oC for toluene, 300 oC for butane, and 320 oC for pentane
and for hexane. Other constraints ensure that there are no pinch point violations across the HEXs (Eq. 14), or exclude
ORC designs with two-phase expansion (Eqs. 15-16), by monitoring the quality of the working fluid through the
expansion process (quality is defined as the ratio of the vapour mass over the total mass of the working fluid). 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 [58,59]. Therefore, 80 °C (353 K) was
selected as the minimum allowable temperature for the exhaust-gas stream, well above the reported dew point 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. A similar approach is deployed for the screw expander
performance. Additional mechanical and electric generator losses are applied as a post-processing factor to obtain
the final efficiency, as discussed in Section 2.3. For the pumping process, a centrifugal variable speed pump with an
assumed fixed efficiency of 0.65 has been used [44], as discussed in Section 2.3.
3.2 Off-design operation optimisation
During off-design operation, the heat-source conditions entering the ORC engine evaporator will vary, following the
CHP-ICE PL operation. On the ORC engine side, the design and size of the system components is fixed to that obtained,
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during the design stage optimisation. The overall HEXs area available for heat transfer is fixed, and the design point
VR/PR of the expanders are defined. Expander performance maps of their indicated isentropic efficiency are also
obtained, over a range of PR/VR, SHD and mass flow rates. For the pumping process, a centrifugal pump is selected
with relatively flat curve which can maintain a constant pressure head across a range of flows. 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 that the cooling water flow rate 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. 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.
⃗⃗⃗⃗⃗′ ) for ORC engines with screw expanders includes the
Based on the above, the decision variable vector (𝑋
′
following parameters: i) working fluid and heat source temperature at the evaporator exit ( 3′ , hs,
); ii)
′
′
evaporator pressure ( 3 ); iii) heat source mass flow rate ( 𝑚̇hs ); and iv) the PR of every expansion stage (𝑥 exp).
For the piston expander off-design optimisation, the same principles apply, with the difference that in the decision
′
⃗⃗⃗⃗⃗′ ) the variable 𝑥 exp is replaced by 𝑚̇wf
variables vector (𝑋
, which is the new adjusted working fluid mass flow rate.
For the off-design optimisation, apart from the thermodynamic constraints, some additional constraints are required,
to ensure that the selected components can deliver the new adjusted duty, and the new optimal operating points. The
objective functions and the additional constrains are presented below:
Off-design operation: Maximise

{𝑊̇net ′}
′
′ ,𝑥
′
⃗⃗⃗⃗⃗
′
𝑋 =[ 𝑇3 , 𝑇hs,out , 𝑃3′ , 𝑚̇hs
exp ′]

Off-design operation: Maximise

{𝑊̇net ′}
′
′ ,𝑚
′
⃗⃗⃗⃗⃗
̇ hs
𝑋 ′ =[𝑇3′ , 𝑇hs,out
, 𝑃3′ , 𝑚̇wf
]

Subject to:

abs(𝑚̇wf,th −𝑚̇wf,exp )
𝑚̇wf,exp
abs(𝐴evap −𝐴evap ′)
𝐴evap

≤ 0.05

≤

(18)

, for piston expanders

(19)
(20)

≤ 0.05

(21)

𝑥wf,3→4 ′ = 1
4v

, for screw expanders

(22)
(23)

4

The additional constraints ensure that the new working fluid mass flow rate in the system, as estimated by the
simple mass and energy balance equations, is equal to the mass flow rate delivered by the expander machine
for the same temperature and pressure conditions, with a contingency of ±5% (Eq. 20). The HEX heat transfer
area required to deliver the new optimal duty, should be equal to that available in the HEXs with a contingency
of ±5% (Eq. 21). The new working fluid operating points should not fall within the two-phase region during
expansion (Eq. 22). The working fluid conditions at the exit of the expander should be above the saturation
temperature at the condenser pressure (Eq. 23).
Finally, the selection of the working fluid can have major impact on ORC system design, size and cost. In this
study, a few working fluids are compared with respect to their design and off-design performance, including
conventional refrigerants (R245fa, R152a), new zero ozone depletion potential (ODP) and low global warming
potential (GWP) compounds (R1233zd(E), R1234yf, R1234ze(Z)), along with selected hydrocarbons (toluene,
butane, pentane, hexane). It is noted that although hydrocarbons are considered ‘natural refrigerants’ they are
listed in Category A3 in the ASHRAE Classification [59], which includes fluids with low toxicity, but high
flammability. Current regulations in the heating ventilation and air-conditioning industry (HVAC), such as the FGas regulation in Europe, have already imposed limitations in the maximum charge of refrigerants and
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hydrocarbons, and have been recently extended to include ORC engines. Therefore, engine designs that comply
with such regulations are required to maximise the market penetration of ORC technology.

4. System optimisation and sizing results: Nominal operation
4.1 ORC power output optimisation
The exhaust-gas conditions of a CHP-ICE 1500 kW engine provided by EnerG [47] have been used as the heat-source
input profile to the ORC engine (Table 1). The data points for 100% and 75% were obtained directly from
manufacturers’ data sheets. The other points have been generated by the CHP-ICE thermodynamic model presented
and validated by Chatzopoulou and Markides [60]. The ORC engine is first optimised and sized at full (100%) load of
the ICE operation, and then off-design performance maps are obtained based on the CHP-ICE PL operation from 100%
to 60% of full load. It is noted that the exhaust-gas temperature increases at CHP-ICE PL (from 682 K at 100% ICE
PL to 727 K at 60% PL), while the mass flow rate reduces (2.16-1.29 kg/s for 100%-60% PL). A summary of the ORC
specification for the nominal system thermodynamic optimisation is presented in Table 2.
Table 1: Part-load operating conditions of CHP-ICE 1520.
Exhaust-gas mass flow rate 𝒎̇𝐡𝐬 (kg/s)
(Heat source)
2.16
1.91
1.70
1.64
1.29

CHP-ICE 1520 PL
100%
90%
80%
75%
60%

Exhaust-gas temperature 𝑻𝐡𝐬 (K)
(Heat source)
682
717
720
720
727

Table 2: ORC engine specification for the thermodynamic optimisation at nominal CHP-ICE operation.
Parameter
c nd (K)
evap (K)
cw,in -Tcw,

𝑚̇hs (kg/s)
hs,in (K)
c n,min

(kPa)

(K)

Value
10
5-30

Parameter
evap,max (kPa)
𝑟exp /𝑥exp (-)

Value
0.95 cri
8-18 / 0-1

288-298

lim (K) (for heat source)
𝜂exp,is (-)

353

From CHP-ICE
From CHP-ICE

𝜂p

0.65

10

𝜂elg (-)

mp,is

(-)

0.70
0.93

The optimum power output of the ORC engine for all fluids investigated is presented in Fig. 5, along with the
ORC thermal efficiency (ηth) achieved, for CHP-ICE 100% load. Optimised ORC engines with two-stage twinscrew expanders (Fig. 5a) generate slightly more power than the piston designs (Fig. 5b). 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 best
performing ORC system with twin-screw expanders generates 115 kW of power with Toluene, followed by
R1233zd(E) and hexane with 108 kW, pentane with 107 kW, and R245fa with 92 kW.
For ORC engines with piston expanders (Fig. 5b), the best-performing hydrocarbon is pentane with 88 kW,
followed by toluene (83 kW), and hexane (78 kW). The best-performing refrigerant is R1233zd(E) (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(Z), the
condensation pressure possible for the given heat sink temperature is higher (600-800 kPa) than that of fluids like
R1233zd(E) and pentane (90-156 kPa). This results in lower PR for the former fluids over the expander and
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explains the low power output of the ORC engine for the same fluids.

(a)

(b)

Figure 5: ORC engine power out and thermal efficiency for engines with: a) screw expanders, and b) piston
expanders, at design conditions (CHP-ICE 100% load).
The thermal efficiency of the optimum cycles is also presented in Fig. 5 for all investigated working fluids. 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(E), toluene and hexane, respectively (with piston expanders). A similar
trend is observed for the thermal efficiency of ORC engines with two-stage twin-screw expanders; the thermal
efficiencies correspond to 15.5%, 15%, 14%, 14%, 12.5%, for toluene, hexane, pentane, R1233zd(E), and R245fa,
respectively. The efficiency findings have been compared to other studies that used R245fa, which is the most a widelystudied 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. [5], the authors report thermal efficiency of 10.5%-12.5%, Ref.
[61] reports efficiencies of 11.5-12.5%, and Ref. [62] 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.
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
HEX requirements for the evaporator and the condenser are presented in Figs. 6-7, with two different HEX
architectures. For all working fluids investigated, the DPHEX area requirements are almost double those of equivalent
PHEXs. These findings highlight the compactness of PHEXs in comparison to DPHEXs, which allows the transfer
of an equivalent amount of heat over smaller heat transfer areas. Thus, they are suitable for applications where the
physical size of the system is important. In terms of the relative heat transfer area requirements of the different fluids,
the trend observed with either HEX design is the same. It is noted that lower PPs (lower LMDTs) result in higher area
requirements. Therefore, even fluids with similar power outputs can have completely different heat transfer area
requirements, which will have significant implications on the cost of such engines.

(a)

(b)

Figure 6: Heat transfer area for: a) evaporator, and b) condenser, with DPHEX and PHEX, for ORC engine
with screw expander at design conditions (CHP-ICE 100% load).
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(a)

(b)

Figure 7: Heat transfer area for: a) evaporator, and b) condenser, with DPHEX and PHEX, for ORC engine
with piston expander at design conditions (CHP-ICE 100% load).
4.3 Nominal expander design and sizing
To predict the off-design performance of twin-screw expanders, the efficiency correlation developed in Ref. [45] has
been used, as presented in Section 2.3. This is a low fidelity efficiency correlation, which, however, is based on real
machines performance, and is one of the very few references that provide correction factors for off-design operation.
The screw expander performance is presented in Fig. 8a for the different expansion stages, at the nominal design point
(100% CHP-ICE PL) for ORC engines optimised for maximum power output. All optimum cycles have two-stage
expansion, aiming to keep the VR of each expander stage between 4 and 5. It is noted that the fluids with the highest
power output do not have the highest screw expander efficiency (ηexp). Although more power is generated from fluids
such as R1233zd(E) or Toluene (ηexp = 0.71-0.79), the expander efficiency is best for fluids such as R1234yf and
R1234ze(Z) (ηexp = 0.80-0.83). These findings suggest that cycles with the former fluids can tolerate lower
specification expander designs, while still generating more power at the design point.
In Fig. 8b, the twin-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 [21].

(a)
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(b)
Figure 8: Screw expanders: a) isentropic efficiency at design conditions (CHP-ICE 100% load), and b)
performance map for best performing fluids. Highlighted points correspond to the design point operating
conditions of the second stage screw expander.
To predict the piston expander performance at off-design operation, the performance maps generated using an inhouse model have been used, as discussed in Section 2.3. The piston expander performance maps for the best
performing fluids are presented in Fig. 9. In line with the results, piston expanders can achieve isentropic
efficiencies of up to 0.9, depending on the working fluid investigated and the operating conditions. As discussed
in Section 2.3, the isentropic efficiency excludes the mechanical losses on the shaft and the losses in the electric
generator. The mechanical losses on the shaft (𝜂mech= 85%), and the electric generator losses (𝜂elg = 95%) are
added in a post processing stage to obtain the overall ORC power generation.
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Figure 9: Piston expander performance maps for: a) R1233zd(E), b) pentane, c) R245fa, and d) toluene, over a range
of pressure ratios and cycle superheats. The maps were generated using the piston model presented in Refs. [2,48].
19

Manuscript submitted to APEN

Chatzopoulou et al.

5. System optimisation and sizing results: Off-design operation
5.1 ICE-ORC CHP off-design performance optimisation
The top performing working fluids, as identified in the nominal operation optimisation in terms of power output,
are selected to be further investigated for their off-design performance. These fluids include well-established ORC
working fluids, such as R1245fa, and toluene, along with R1233zd(E), which is the best performing refrigerant,
and pentane, which is the second best performing hydrocarbon after toluene.
After the sizing of the ORC engine HEXs and expanders, the next step is to subject the system to off-design operation,
by altering the heat-source conditions, following the CHP-ICE PL (see Table 1). The PL power output of ORC engines
with two-stage twin-screw expanders is presented in Fig. 10, for both DPHEXs and PHEX designs. Results indicate
that the fluids that outperform at nominal operation are also those that generate the highest power output at off-design
conditions. Also, when PHEXs are deployed the ORC engines generate up to 5-8% more power output than the
engines with DPHEX designs. It is noted that, as the CHP-ICE PL decreases, the ORC engine power output also
reduces but at a lower rate than that of the CHP-ICE. A case in the point is that for R1233zd(E) with screw expanders
and DPHEX, at 90% CHP-ICE PL, the ORC engine operates at 95% load, for 80% CHP-ICE PL, the ORC operates
with 84% PL, and at 60% CHP-ICE PL, the ORC engine still operates at 68%.

(a)

(b)

Figure 10: ORC optimum power output at off-design operation with screw expander, for CHP-ICE PL 100%60% (left to right) and: a) DPHEX, and b) PHEX.
The power output of ORC engines with piston expanders is presented in Fig. 11, for DPHEX and PHEX designs.
Although the ORC engines with piston generate overall slightly lower power output than the engines with screw
machines, the former present a better off-design performance than the latter. More precisely, while the CHP-ICE
operates at 90% PL, ORC engines with piston expanders and R1233zd(E) operate 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 (Figs. 1213). As discussed in subsequent sections, while the ORC engine operates at off-design conditions the new
optimised piston expander isentropic efficiency improves for all fluids. 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.
It is also noted that ORC engines with R1233zd(E) and R245fa and PHEXs 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.

20

Manuscript submitted to APEN

Chatzopoulou et al.

(a)

(b)

Figure 11: ORC optimum power output at off-design operation with piston expander, for CHP-ICE PL 100%60% (left to right) and: a) DPHEX, and b) PHEX.
Furthermore, results reveal that the optimum ORC operating points with piston expanders, at off-design operation
have lower evaporator pressure than the nominal point, and lower working fluid mass flow rate, helping to maximise
the piston 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, but instead adjusts the evaporator
pressure level to: i) increase the HEX effectiveness; and ii) operate the expander at high efficiency.
In contrast, in the case of twin-screw expanders, the PR either stays the same, or increases slightly, depending on the
fluid (Figs. 12-13). 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 [21], 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.

(a)

(b)

Figure 12: Optimum screw expander PRs 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.
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(a)

(b)

Figure 13: ORC optimum PRs at off-design operation, for CHP-ICE PL 100%-60% (left to right) with piston
expander and: a) DPHEX, and b) PHEX.
5.2 ORC engine off-design performance maps
In this section we present optimum ORC engine off-design performance maps with R1233zd(E), which is the
best-performing low ODP/GWP refrigerant as identified in the optimisation analysis in Section 5.1.
5.2.1 Comparison of DPHEX and PHEX off-design performance
Off-design maps of the evaporator overall heat transfer coefficient (U-value) are shown in Figs. 14-15, for the
two investigated HEX architectures, for screw and piston expanders, respectively. As the ICE load reduces from
100% to 60%, the U-value reduces significantly, i.e. by up to 30%. The PHEX system has higher U-values than
the DPHEX equivalent, which is in line with the lower heat transfer area requirements of the former. It is also
observed that the PHEX U-values are less sensitive to PL conditions, indicating that these systems can operate
efficiently in applications with variable heat-source conditions. 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 twophase 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 HEX U-values, between ORC engines with screw expanders (Fig. 14) and those with piston
expanders (Fig.15) the trends observed are very similar.

(a)

(b)

Figure 14: Evaporator HEX heat transfer coefficient for ORC engine with screw expander at off-design
conditions: a) DPHEX, and b) PHEX. Results presented here refer to R1233zd(E), but the trends observed are
indicative of those obtained for the other working fluids investigated.
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(a)

(b)

Figure 15: Evaporator HEX heat transfer coefficient for ORC engine with piston expander at off-design
conditions: a) DPHEX, and b) PHEX. Results presented here refer to R1233zd(E), but the trends observed are
indicative of those obtained for the other working fluids investigated.
The overall evaporator effectiveness at off-design conditions is presented in Figs. 16-17, for ORC engines with screw
and piston expanders, respectively. Effectiveness (ε) 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 ε increases with PL. This is attributed to the
increase in the temperature difference between the heat source and working fluid streams in the evaporator at ICE PL
(see Fig. 18). The exhaust-gas temperature increases from 680 K to 720 K, while the mass flow rate also reduces,
making the heat transfer more effective, over the same available heat transfer area. For both architectures, the heater
zone has the highest effectiveness, because this is where the minimum PP is recorded, followed by the superheater
and the evaporator sections. Nevertheless, the high HEX effectiveness comes at the cost of a larger and more
expensive HEX (The cost aspects of the different architectures are not within the scope of this present study).
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. 18. While the CHP-ICE PL reduces, the heatsource thermal content is available at higher 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)

(b)

Figure 16: Evaporator HEX effectiveness for ORC engine with screw expanders at off-design conditions: a)
DPHEX, and b) PHEX. Results presented here refer to R1233zd(E), but the trends observed are indicative of those
obtained for the other working fluids investigated.
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(a)

(b)

Figure 17: Evaporator HEX effectiveness for ORC engine with piston expanders at off-design conditions: a)
DPHEX, and b) PHEX. Results presented here refer to R1233zd(E), but the trends observed are indicative of those
obtained for the other working fluids investigated.

(a)

(b)

Figure 18: Evaporator temperature gradient for ORC engine with screw expander at off-design conditions with:
a) DPHEX, and b) PHEX. Results presented here refer to R1233zd(E), but the trends observed are indicative of
those obtained for the other working fluids investigated and ORC engines with piston expanders.
5.2.2 Comparison of piston and screw expander off-design performance
The twin-screw expander isentropic efficiency is presented in Fig. 19 for all investigated fluids and both HEX types.
For all fluids and at all PL operating conditions, the second stage expansion has higher isentropic efficiency than the
first stage, due to the lower superheat, VR and volumetric flow rate of the working fluid. The highest isentropic
efficiency of the twin-screw machine (at the second stage expansion) is recorded for R245fa (76%-77%), followed
by R1233zd(E) with (75%-76%). In the case of the DPHEX design, the twin-screw expander efficiency with pentane
(74%-75%) is only slightly higher than that with toluene (73%-74%), which is considered well within the accuracy
of the present modelling. However, this trend reverses in the case of PHEX designs. The screw expander isentropic
efficiencies achieved with the different fluids are attributed to the variations in the operating conditions associated
with each optimal cycle. 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 as the ICE-CHP PL reduces is
followed by an increase in the superheat in the cycles of those fluids, resulting in higher VRs across the expander
and, therefore, reduced efficiencies. However, power is the product of the multiplication of isentropic efficiency of
the expander and of the enthalpy drop across this component. Typically, there are antagonistic effects between these
two terms; higher pressure ratios will result in higher enthalpy difference, but at the cost of lower isentropic
efficiency. In the case of hydrocarbons, the optimiser selects high PR/VRs at the cost of lower isentropic efficiency
to maximise the power output. More precisely, the increase in the enthalpy difference across the expander
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compensates for this reduction in the expander efficiency. Consequently, the optimiser selects new operating cycle
with higher pressures that allow higher power outputs, even though this appears to slightly penalise the twin-screw
expander efficiency. These findings are consistent with Fig. 12, which illustrates the different operating conditions
(PRs) observed between ORC engines with refrigerants and with hydrocarbons.

(a)

(b)

Figure 19: Screw expander isentropic efficiency maps with: a) DPHEX and b) PHEX, for R1233zd(E), R245fa,
pentane, and toluene.
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. 20. For all fluids investigated the piston isentropic efficiency increases at offdesign conditions. Piston expanders efficiency improves at lower volume flow rates and/or PRs, because the losses
through the valves improve significantly. 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(E). This efficiency improvement partially compensates for the reduction in thermal input.
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. 20a) increases from 0.75 to 0.82 for R1233zd(E), 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.
20b) 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.

(a)

(b)

Figure 20: Piston expander isentropic efficiency maps with: a) DPHEX and b) PHEX, for R1233zd(E), R245fa,
pentane, and toluene.
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5.2.3 ORC engine off-design power output and efficiency maps
Being able to predict the performance of both the HEXs and the expanders under variable heat-input conditions
allows us to generate optimum off-design ORC engine power output maps. ORC power output maps for all fluids
using the time-varying HEX and expander performance are shown in Fig. 21-22, for piston and twin-screw
expanders, respectively. It is noted that ORC systems with PHEXs generate slightly higher power output than the
engine with DPHEX. ORC engines with piston expanders and PHEXs (Fig. 21b), have 5-11% higher power output
at design conditions, than DPHEX designs. The PHEX design allows for different number of plates and
corrugation style being used in the preheater/evaporator section and the superheater, 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.
The optimised ORC power output with twin-screw expanders and two HEX architectures is presented in Fig. 22.
Similarly to the trend observed in ORC engines with piston expander, the power output of the ORC engine with PHEXs
is higher than that achieved with DPHEXs design, at nominal conditions. In the case of ORC engines with screw
expanders, the power output with PHEXs 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. 22). More precisely, in the case ORC engines with piston
expanders, the power output with DPHEX reduces by up to 20% whilst with PHEX reduces by up to 25%.

(a)

(b)

Figure 21: ORC engine off-design power output map for: a) DPHEX, and b) PHEX with piston expander.
Comparing the performance of ORC engines with piston expanders to that of the two-stage twin-screw expanders,
the former 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 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.
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(a)

(b)

Figure 22: ORC engine off-design power output map for: a) DPHEX, and b) PHEX with screw expander.
For all architectures 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. In contrast, for a fixed mass flow rate, decreasing the exhaust-gas stream temperature
reduces the ORC engine power output by less than 10%. 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.
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
(Figs. 23-24), for all fluids investigated and both HEX architectures. For ORC engines with piston expanders the
thermal efficiency varies between 9.5%-14%, whilst for engines with two-stage twin-screw expanders ranges
between 12.5%-16%. However, an important challenge for the realisation of such practices is the design of realtime 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. [21,63,64].

(a)

(b)

Figure 23: ORC thermal efficiency at off-design operation with piston expander with: a) DPHEX and b) PHEX,
for R1233zd(E), R245fa, pentane, and toluene.
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(a)

(b)

Figure 24: ORC thermal efficiency at off-design operation with screw expander with: a) DPHEX and b) PHEX,
for R1233zd(E), R245fa, pentane, and toluene.
5.3 CHP-ICE and ORC engines PL performance correlation
Using the PL performance results of the ORC engine for various CHP-ICE PL operating points (see Table 1),
performance correlations can be constructed to relate the ORC engine PL to the PL of the CHP-ICE. These
correlations can be then utilised in energy performance studies to predict the overall ICE-ORC CHP power
generation, while the CHP-ICE load varies following the demand onsite. This approach allows us to capture the
time-varying aspects of both engines, when working together, instead of assuming that the ORC engine will
always operate at its design point although the CHP-ICE load may vary over the year.
In Fig. 25, performance curves of the ORC engine PL as a function of the CHP-ICE PL are presented, using the
ORC PL performance data presented in the previous sections. While the CHP-ICE PL decreases to 60%, ORC
engines with piston expanders operate at higher PL, than the engines with twin-screw expanders. As
aforementioned this is attributed to the piston expander efficiency improvement at low PL operating conditions.

(a)

(b)

Figure 25: ORC engine PL profile as a function of the CHP-ICE operation for engines with: a) piston expander,
and b) screw expanders.
The performance correlations presented here are used in the subsequent sections, to compare the power generated
by the ORC engines with piston and two-stage twin-screw expanders, in an ICE-ORC CHP application case study.
It is noted that these correlations are valid: i) when the ORC engine is recovering heat from the exhaust-gas stream
of the CHP-ICE, without accounting for the additional heat recovery potential from the engine jacket water circuit;
ii) when the exhaust-gas stream leaving the CHP-ICE is immediately available to the ORC engine, without any
upstream heat-recovery processes taking place, prior entering the ORC engine; iii) when the heat sink temperature
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of the ORC engine is in the range of 288-298 K; and iv) for ORC engines in the range of up to 120 kW, since this
is the typical operating ranges for the expanders considered here.

6. System optimisation and sizing results: ICE-ORC CHP off-design power generation comparison
The ORC engine PL performance curves generated in Section 5.3 are used in a case study for a notional industrial
user in the UK (food retail facility) that has a CHP-ICE installed. The CHP-ICE operating profile is obtained from
Ref. [65] for two typical operating days: i) typical summer day; and ii) typical winter day, and is presented in
Appendix B. Using the CHP-ICE PL curves, the respective ORC engine power generation is estimated at every
hour, using the performance correlations presented in Section 5.3.
The electricity generation profile of the ORC engines with piston and twin-screw expander is presented in Figs. 26-27
on an hourly basis, for a typical winter and a typical summer day respectively. The ORC engines generate more power
during a typical summer day than in a typical winter day, following the CHP-ICE PL variation. For a typical winter
day, ORC engines with piston expanders generate between 58-97 kW of power, whilst those with twin-screw expanders
generate between 70-105 kW. It is noted that the variation of the power output of ORC engines with screw expanders
is closely following the CHP-ICE PL curve, with the ORC power generated varying from 100% of its nominal capacity,
to as low as 80%. On the contrary, the power output of ORC engines with piston expander have smaller variation than
the CHP-ICE PL. The ORC engines with piston expanders operate at 100% of their nominal capacity and as low as
85%. In particular for fluids such as R1233zd(E), the ORC engines power output with piston expanders reduces only
down to 93% of its nominal capacity. These findings are consistent with those presented in previous sections, where
the piston expander isentropic efficiency was increasing by up to 16% at off-design operation, partially off-setting the
reduction in the available thermal input of the heat source.
The ORC engine power output on a typical summer day is presented in Fig. 27, for engines with piston and screw
expanders. For a typical summer day, the ORC engines with piston expanders generate between 58-97 kW of power,
whilst those with screw expanders generate between 69-106 kW. Similarly to the trends observed for a typical winter
day, the power output of ORC engines with screw expanders have higher variability than those engines with piston
expanders. These findings highlight that ORC engines with piston expanders can operate under time-varying heat
source conditions, while maintaining a relatively stable operation, and power output.

(a)

(b)

Figure 26: ORC engine power generation on a typical winter day with: a) piston expander and b) screw expander.
Profiles presented here refer to ORC engines with PHEXs, but the trends are representative of DPHEX
configurations.
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(a)

(b)

Figure 27: ORC engine power generation on a typical summer day with: a) piston expander and b) screw
expander. Profiles presented here refer to ORC engines with PHEXs, but the trends are representative of DPHEX
configurations.
The total power generation of the ORC engines for a typical winter day is presented in Fig. 28, for piston and
twin-screw expanders, with DPHEX and PHEX configurations and all fluids investigated. The ORC engine
designs with twin-screw expanders generate 16-46% more power than that achieved with piston expanders, for
fluids such as R245fa, and Toluene, while ORC engines with pentane generate very similar power output for all
configurations investigated. In contrast, ORC engines with R1233zd(E) and piston expanders generate up to 11%
more power than those with screw expanders, for the same working fluid. There findings highlight that, although
ORC engines with screw expanders for R245fa, Toluene and Pentane generate up to 17%, 76% and 15% more
power output at their design point, respectively, the differences in total power generation of the two different
configurations reduce significantly, when the off-design operation of the ORC engine is considered. This is
attributed to the performance of piston expanders, which as discussed in previous sections, improves significantly
when the ORC engine operates at off-design conditions. Similarly, ORC engines with piston expanders and
R1233zd(E) as the working fluid generate up to 2% more power output at their design point than engines with
screw expanders, for the same fluid. However, when the ORC off-design performance is considered on the daily
overall power generation, the former generates 11% more power than the latter, highlighting again that piston
expanders can maintain their high efficiency, under variable operating conditions.

Figure 28: ORC engine power generation on a typical winter day for all fluids investigated.
The ORC engine power generation for a typical summer day is presented in Fig. 29, for piston and two-stage twinscrew expanders with DPHEX and PHEX configurations. ORC engines with two-stage twin-screw expanders
generate 18-65% more power than that achieved with piston expanders, for fluids such as R245fa, and Toluene, and
9-15% more power, for pentane. The opposite trend is observed for ORC engines with R1233zd(E) and piston
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expanders, which generate up to 4.5% more power than the respective engines with screw expanders. Comparing
these findings to those for a typical winter day, it is noted that during the summer months when the CHP-ICE operates
at higher PL for longer periods of time (see Fig. 26), ORC engines with two-stage twin-screw expanders are favoured.
This is explained as follows: for higher CHP-ICE PL the ORC engines will also operate at higher PL for longer period
of time. Since ORC engines with screw expanders generate more power than those with piston expanders close to
their design point, under a summer day scenario the former will also generate more power than the latter. These results
highlight that depending on the application, and the heat-source variability profile, different system configurations
might be the most suitable.

Figure 29: ORC engine power generation on a typical summer day for all fluids investigated.
Overall, it is found that piston and two-stage twin-screw expanders are very promising candidates for small/mediumscale ORC engine applications. In cases with highly variable heat-source conditions, ORC engines with piston
expanders are more versatile, as their operation is more readily adjust to the new conditions. Finally, it is noted that
the optimised ORC engines with twin-screw expanders evaluated in this study employ two-stage expansion to
maximise power output, whilst those with piston expanders have only one expansion stage. These attributes will
impact the costs of the respective engines, and suggest that a smaller ORC engine with a piston expander may
perhaps more promising from an overall profitability perspective.

7. Summary and conclusions
ORC engines operate under variable heat-source conditions. In this work, an optimisation tool was developed and used
to generate optimised off-design ORC performance maps and performance correlations for small/medium-scale
stationary power generation ORC systems under variable heat-source conditions. This work goes beyond other efforts
in the literature by: i) explicitly accounting for the time-varying and interacting characteristics of two alternative
volumetric expander types and two alternative HEX types in ORC engines; ii) generating optimised off-design
performance maps and correlations, which can be used in the controllers of ORC engines to adjust operation in realtime, given observed heat-source variations; and iii) comparing the behaviour and daily energy generation of alternative
ORC engines under a real-time operating profile, when recovering heat from a CHP-ICE system.
Findings indicate that ORC engines with PHEX designs have 50% lower heat transfer area requirements than DPHEX
equivalents and generate 5-11% more power at their design point. However, ORC engines with DPHEX have better PL
performance; a case in the point is ORC engines with piston expander for which when using DPHEXs the power output
reduction is >5% lower than that with PHEXs. By comparing the off-design performance of ORC engines with two-stage
twin-screw expanders to those with piston expanders, it is revealed that although the former generates more power at the
design point, piston expanders operate more efficiently under variable load conditions. 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 twin-screw expanders under the same conditions reduces by more than 33%.
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Results also suggest 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
flow rates and PRs, because this reduces the valve losses. Findings indicate that their isentropic efficiency can improve
in off-design operation by up to 16% relative to design-point operation, as the flow rate through and PR across these
machines reduces (the latter by 22%). In contrast, the optimum off-design operating points of ORC engines with twinscrew expanders have either similar or slightly higher PRs across the expander in comparison to their design point,
which slightly reduces their isentropic efficiency (by up to 3%). Therefore, it is concluded that for piston expanders,
optimised performance at off-design conditions is associated with operation at lower PRs and flow rates, which
maximises the expander’s efficiency, whereas when employing screw expanders it is beneficial to operate these
machines close to the nominal built-in VR/PR of the screws.
By comparing the performance of various ORC engines, using a real CHP-ICE operating profile, results highlight that
engines with piston expanders have more stable operation, than those with twin-screw expanders. While the heat-source
conditions vary, the latter follow closely the CHP-ICE PL variation, whilst the former have a more stable performance
during the whole 24-hour period. As discussed ORC engines with piston expanders generate less power than those
engines with twin-screw expanders at their design point (by up to 16%). However, when the daily energy generation is
compared, engines with piston expanders and R1233zd(E) can generate equal or even higher power output than their
counterpart screws. This feature makes piston expanders a promising candidate for ORC applications, where the heatsource conditions are highly variable. Finally, results highlight that by capturing the trade-offs between the evaporator
and expander performance, the ORC engine thermal efficiency can even increase at off-design conditions.
In closing, the off-design optimisation tool developed captures the interactions of key ORC engine components and
provides off-design performance correlations, for the complete system and for its key constituent components.
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 fluids have
been considered that have not been the subject of previous off-design studies, and which are important from a regulatory
perspective. The findings are relevant to: i) ORC engine vendors, providing guidance on HEX architecture and
volumetric expanders design; ii) ORC plant operators, who can use the off-design performance maps to optimise ORC
engine power output, given varying onsite heat-source conditions; and iii) ORC investors who are interested in
comparing the annualised performance of various ORC systems by accounting for the real load variations instead of
assuming a fixed operation over the entire year.
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Appendix A. Plate heat exchanger modelling
A.1 Evaporator
A.1.1 Single-phase Nusselt number correlations
For the single-phase flows in PHEXs, the correlations proposed by Chisholm and Waniarchi [28] has been used.
The Chisholm and Waniarchi [28] correlation is presented in the following equations:
𝜆

𝛼wf = 𝑁𝑢wf 𝐷 wf ,

(A.1)

𝑁𝑢wf = 0.724(6𝛽/𝜋)0.646 𝑅𝑒wf 0.583 𝑟wf 1/3,

(A.2)

hyd

𝑅𝑒wf =

𝜌wf 𝑢wf 𝐷hyd
𝑣wf

𝑚̇wf
𝜌wf 𝑆p

𝑢wf =

,

(A.3)

.

(A.4)

Similarly, for the heat source (single-phase flow), the Chisholm and Waniarchi correlation [28] is applied:
𝜆

𝛼hs = 𝑁𝑢hs 𝐷 hs ,

(A.5)

𝑁𝑢hs = 0.724(6𝛽/𝜋)0.646 𝑅𝑒hs 0.583 𝑟hs1/3 ,

(A.6)

hyd

𝑅𝑒hs =
𝑢hs =

𝜌hs 𝑢hs 𝐷hyd
𝑣hs

𝑚̇hs
𝜌hs 𝑆p

,

(A.7)

.

(A.8)

A.1.2 Two-phase Nusselt number correlations
In this work, the correlation developed by Han [32] has been used in the surface area estimation of the two-phase
PHEX evaporator zone. The HTC in each section i is calculated using the quality xi of the working fluid at this
section as follows:
𝛼wf = 𝑐3

𝜆wf,l

0.3
𝑅𝑒wf,eq c4 𝐵𝑜eq
𝑟wf,l 0.4 ,

𝐷hyd

(A.9)

where:
𝑅𝑒wf,eq =

𝐺wf,eq 𝐷hyd
𝜇wf,l

,

𝐺wf,eq = 𝐺wf,p [1 − 𝑥 + 𝑥 (
𝐵𝑜wf,eq =
𝑞̇ wf,eq =

𝑞̇ wf
𝐺wf,eq ℎlg

𝑄̇ev
𝐴ev

𝑐3 = 2.81(𝐷

(A.10)
𝜌wf,l
𝜌wf,v

0.5

)

],

(A.11)

,

(A.12)

,

𝑧

hyd

𝑐4 = 0.746(𝐷

(A.13)
)−0.041 𝛽−2.83 ,

(A.14)

)−0.082 𝛽0.61.

(A.15)

𝑧

hyd

𝑅𝑒wf,eq is the equivalent Reynolds number, 𝐺wf,eq is the equivalent mass velocity, 𝐵𝑜wf,eq is the equivalent
boiling number, 𝑞̇ wf,eq is the specific heat flux, and c3/c4 are coefficients related to the geometry of the PHEX.
A.1.3 Pressure drop correlations
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The pressure drop calculation for the single-phase zones, in chevron plates with angle β, is calculated using the
correlation developed by Martin [29] for both the working fluid and the heat-source, as follows:
drp

1
√ p

𝑟

𝐿p 𝐺p 2

= 4𝑓p

𝐷hyd 2𝜌

,

(A.16)

c s𝛽

= (0.18 an𝛽+0.36sin𝛽+

0 ⁄c

+

s𝛽)0.5

1−c s𝛽
√3.8f1

,

(A.17)

𝑚̇

𝐺p = 𝑆 ,

(A.18)

p

where 𝑓p is the Fanning friction coefficient for one plate (one passage), and 𝐺p is the mass velocity. The Fanning
factor is estimated using the chevron angle β, and the Fanning coefficients (f0/f1) for β=0o and β=90o, respectively:
64

𝑓0 = 𝑅𝑒 and 𝑓1 =

597
+
𝑅𝑒

3.85, for Re < 2,000 ,

𝑓0 = (1.8log10 𝑅𝑒 − 1.5)−2 and 𝑓1 =

39
𝑅𝑒 0.289

(A.19)

, for Re ≥ 2,000 .

(A.20)

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 [32]. The frictional pressure
drop is calculated with:
𝑟

drp,wf

𝐿p 𝐺wf,eq 2
hyd 2𝜌wf,l

= 4𝑓p,wf 𝐷

,

(A.21)

𝑓p,wf = 𝑐1 𝑅𝑒wf,eq 𝑐2 ,

(A.22)

𝑧
𝜋
)−5.27 (
𝐷hyd
2

𝑐1 = 64,710(

𝑐2 = −1.314(𝐷

𝑧

−3.03

− 𝛽)

−0.47

𝜋

hyd

,

)−0.62 ( 2 − 𝛽)

(A.23)

.

(A.24)

The acceleration pressure drop over one plate is estimated with:
drp,wf

𝑎𝑐

= (𝜌

𝐺wf,eq 2 𝑥

wf,l −𝜌wf,out

)

− (𝜌

𝐺wf,eq 2 𝑥

wf,l −𝜌wf,out

) .

(A.25)

in

Finally, the U-value for every section of the evaporator 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
𝑈

=

1
𝛼hs

1

+ 𝛼wall + 𝛼

LMDT =

wf

,

(𝑇hot,i −𝑇c,o )−(𝑇hot,o −𝑇c,i )
𝑇
−𝑇c,o
ln( hot,i
)

(A.26)
,

(A.27)

𝑇hot,o −𝑇c,i

𝑄̇

𝑖
𝐴𝑖 = 𝑈 LMDT
.
𝑖

(A.28)

𝑖

A.2 Condenser
A.2.1 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 [28] has been used, as presented in Section A.1. Similarly, the
calculation of the pressure drop for the single-phase flows, in chevron plates with angle β, is calculated using the
correlation developed by Martin [29], as described in Section A.1.3.
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A.2.2 Two-phase Nusselt number correlations
The correlation proposed by Han [41] has been used to obtain the condenser two-phase section area requirements.
The HTC in each section i is calculated using:
𝜆

𝛼wf = 𝑐7 𝐷wf,l 𝑅𝑒wf,eq c8 𝑟wf,l1/3,

(A.29)

hyd

where, 𝑅𝑒wf,eq is the equivalent Reynolds number estimated using Eqs. 117-118. The coefficients c7/c8 are
calculated as follows:
𝑐7 = 11.22(𝐷

𝑧

hyd

𝑐8 = 0.35(𝐷

𝑧

hyd

)−2.83 𝛽−4.5 ,

(A.30)

)0.23 𝛽1.48 .

(A.31)

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.
A.2.3 Pressure drop correlations
The pressure drop in the two-phase condensing zone (working fluid circuit) is calculated using the correlations
developed by Han [41].
drp,wf

𝑟

= 4𝑓p,wf

𝐿p 𝐺wf,eq 2
𝐷hyd 2𝜌wf,l

,

(A.32)

𝑓p,wf = 𝑐5 𝑅𝑒wf,eq 𝑐6 .
𝑐5 = 3521.1(𝐷

𝑧
hyd

(A.33)

)4.17 𝛽 −7.75 ,

𝑧
)0.0925 𝛽 −1.3
𝐷hyd

𝑐6 = −1.024(

(A.34)
.

(A.35)

Appendix B. Case study: ICE-CHP operating profile for an industrial user
The CHP-ICE operating profile for a notional industrial user in the UK (food retail facility) is obtained from Ref.
[65] for two typical operating days: i) typical summer day; and ii) typical winter day. In Fig. B.1, the CHP-ICE load
profile is illustrated, as a percentage of the rated CHP-ICE capacity, on an hourly breakdown.

(a)

(b)

Figure B.1: CHP-ICE PL profile for: a) a typical winter day and b) a summer day, for a UK-based industrial user.
The data used to generate this figures were obtained from Ref. [65].
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Appendix C. Heat exchanger specification
Table C.1: DPHEX specification for the best performing fluids
R245fa
DPHEX - Evaporator
DPHEX - Condenser

Din (inch)
Dout (inch)
Din (inch)
Dout (inch)

R1233zd(E)
1/4
1 1/8
1/2
7/8

Toluene

Pentane

1/4
1 1/8
3/8
7/8

3/8
1 1/8
3/8
7/8

1/4
1 1/8
1/2
7/8

Table C.2: PHEX specification for the best performing fluids
R245fa
PHEX - Evaporator

PHEX - Condenser

L (m)
W (m)
z (m)
β (rad)
L (m)
W (m)
z (m)
β (rad)

R1233zd(E)
2
0.5
0.015
π/5
2
0.5
0.01
π/5
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2
0.5
0.015
π/5
2
0.5
0.01
π/5

Toluene

Pentane
2
0.5
0.015
π/5
2
0.5
0.01
π/5

2
0.5
0.015
π/5
2
0.5
0.01
π/5

