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Abstract: 

Organic Rankine cycle (ORC) engines are an efficient means of converting low-to-medium renewable or 
waste heat to useful power. In practical applications, ORC systems experience varying thermal input profile, 
due to the dynamic nature of real heat sources. Maximising the uptake of this technology requires optimised 
ORC designs and sizing to maintain high efficiency and power output, not only at full-load operation, but also 
under off-design conditions. Key for maintaining the efficient operation of the system is the maximisation of 
heat extraction from the heat source, in the ORC evaporator. In this paper, the off-design operation of an 
ICE-ORC combined heat and power (CHP) system is investigated, to optimise the ORC performance under 
varying ICE load conditions. First, the ORC engine thermodynamic design is optimised for the 100% load 
operation of the ICE. Alternative working fluids are investigated, including low ODP/GWP refrigerants and 
hydrocarbons. The ORC system is then sized using two different heat exchanger (HEX) architectures; tube-
in-tube (DPHEX) and plate (PHEX) designs, at design conditions. The sizing results reveal that the PHEX 
area requirements are almost 50% lower than the respective ones for DPHEX, while recovering equivalent 
quantities of heat. Next, the ORC engine operation is optimised at part-load ICE conditions, and the HEX 
heat transfer coefficients (HTCs) are predicted. Results indicate that: i) PHEX HTCs are up to 50% higher 
than DPHEX equivalents; ii) HTCs decrease at part load for both HEXs, but because the average 
temperature difference increases, the overall HEX effectiveness improves; and iii) the ORC system with a 
PHEX evaporator has slightly higher power output than the DPHEX equivalent at off-design operation. 
Overall, the modelling tool developed here can predict ORC performance over an operating envelope and 
allows the selection of optimal designs and sizes of ORC HEXs. 
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1. Introduction 
There has been a growing interest in improving energy-efficiency in the recent years, aiming to reduce 

the global fossil fuel consumption and our impact on the environment. However, there still remains a 

significant amount of waste heat that is being rejected into the atmosphere, both in the industry and the 

wider building sector. These waste heat streams may be the output of industrial processes, or thermal 

surplus of internal combustion engine (ICE) driven combined heat and power (CHP) systems, or the 

exhaust of high temperature boilers, etc. Among the available technologies for waste heat recovery, 

organic Rankine cycle (ORC) is one of the most promising candidates, suitable for electricity generation 

while utilising heat streams at temperatures ranging between 373-773 K [1]. 

In this context, there is a plethora of ORC design studies in the literature (such as those presented in 

Refs. [2–5]), where the authors aim to maximise the ORC engine performance by identifying the 

optimum thermodynamic operating points of the cycle i.e. pressure and temperature levels, and working 

fluids mass flow rates. In these studies, the influence of the ORC components on the performance is not 

incorporated into the analysis. Other studies incorporated the design and sizing of ORC components in 

the thermodynamic optimisation, performing the so-called thermoeconomic analysis. Imran et al. [6], 
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Chatzopoulou and Markides [7], and Quoilin et al. [8] (among other Refs. [9–11]) investigated the ORC 

components sizing and costing, when recovering heat from ICEs exhaust gases, while examples of 

thermoeconomic analysis for ORC units in geothermal applications can be found among others in Refs. 

[12,13], and for solar driven ORC applications in Refs. [14–16]. Common characteristic in all the 

aforementioned studies is that the ORC engine optimisation, components’ sizing and performance 

analysis were done for a specific operating point, given the heat source characteristics. Nevertheless, in 

real applications, ORC units experience varying heat inputs, due to the dynamic nature of real heat 

sources. To maximise the ORC unit’s penetration into the market, and to improve their financial 

proposition, the optimum ORC design should also maintain high efficiency, under various off-design 

operating conditions. Therefore, maximising the running hours of the ORC requires units which can 

adjust their operation to the heat source variation, while still maintaining high efficiency. 

Key for maintaining ORC performance during off-design operation is to maximise the heat extraction 

rate from the heat carrier fluid in the evaporator heat exchanger (HEX), and transfer it to the working 

fluid. In a typical ORC design problem, the nominal conditions of the heat source (mass flow rate and 

temperature) are used to obtain the optimum ORC thermodynamic cycle points that maximise the power 

output. The sizing of the evaporator and condenser HEXs to deliver the required duty then follows, 

along with the expander and pump unit selection (system design point). Once the components are 

selected, the HEXs size, geometry etc. are fixed. During off-design operation, the heat source 

temperature and/or mass flow rate entering the evaporator HEX will change. The ORC unit should be 

able to adjust its operation to the new heat carrier fluid operating conditions, given the fixed components 

size/geometry. Therefore, to maximise the ORC power output, given the expander performance, the 

evaluation of the heat transfer phenomena in the evaporator HEX is of paramount importance. 

There is limited literature available on ORC performance evaluations under off-design conditions, 

with some studies focusing on the expander performance and others on the HEXs. Lecompte et al. 

[17] evaluated the off-design operation of a low-temperature ORC unit, including basic components 

sizing and costing. Walraven et al. [18] focused on the performance of ORC units with alternative 

HEX architectures -shell and tube HEX and plate heat exchangers (PHEX)- but did not consider off-

design operation. Kim et al. [19] investigated the off-design operation of ORC units in a cogeneration 

plant, and Manente et al. [20] in geothermal applications. An example of detailed, dynamic ORC off-

design investigation can be also found in Ref. [21] for ORC units on LNG carrier ships. 

By reviewing the literature, it is revealed that there are only limited efforts available investigating the 

HEXs performance in an ORC off-design problem. In this context, the aim of this paper is twofold: i) 

to evaluate the off-design performance of ORC units that recover heat from an ICE-CHP system, with 

two candidate evaporator HEX architectures, double-pipe HEX (DPHEX) and PHEX; and ii) provide 

optimum ORC operation maps under varying heat source conditions. To achieve this, the paper is 

structured as follows; first the subcritical non-recuperative ORC system modelled in this work is 

presented, followed by the DPHEX and PHEX modelling methodology. The optimisation problem set 

up is then discussed. Next, the optimum sizing results are presented for the two HEX architectures, for 

the design point. The off-design operation results follow, along with the off-design performance maps 

analysis. Finally, conclusions and recommendations based on these findings are discussed. 

2. Methodology 

2.1. Organic Rankine cycle (ORC) system design 

The subcritical non-recuperative ORC system considered in this study is illustrated in Fig. 1. The 

ORC engine recovers heat from the exhaust gas stream of an internal combustion engine (ICE).The 

ORC T-s diagram is presented in Fig. 1a, while the schematic diagram of the unit is illustrated in 

Fig. 1b. The system is composed of four main components: i) the evaporator HEX, where the 

working fluid absorbs heat; ii) the expander unit, where the working fluid expands to generate 

power; iii) the condenser HEX, where low grade heat is released from the cycle to a cooling water 



circuit; and iv) a pump, which maintains the pressure levels in the system. For the detail description 

of the ORC thermodynamic model refer to previous work of the authors, in Ref. [22]. 

   
 (a) (b) 

Fig. 1. Typical subcritical non-recuperative ORC: a) T-s diagram, and b) schematic diagram. 

Two types of HEX units were investigated for their off-design performance; the double-pipe HEX 

(DPHEX) and the plate HEX (PHEX). To predict the HEXs performance and size the units, the 

evaporator model has been split into three distinct zones: i) the heater section, where the liquid 

working fluid is heated up to its evaporation saturation temperature (Process 2-3l); ii) the 

evaporating zone where the phase change occurs (Process 3l-3v); and iii) the superheating zone 

(Process 3v-3), where the saturated working fluid vapour is further heated into the dry vapour zone. 

For the condenser unit a similar approach has been used. The HEX is split into two zones: i) the 

desuperheating zone where the dry vapour cools down to reach the saturated vapour state (Process 

4-4v); and ii) the condensing zone where the vapour changes phase and becomes saturated liquid 

(Process 4v-1). The expander is assumed to be reciprocating piston machine with isentropic 

efficiency of 0.7 (for expander losses mechanisms refer to [23]). This type of expander is selected 

due to its efficient operation at high pressure ratios, and relatively low working fluid mass flow 

rates. Finally, the pump is a centrifugal unit with relatively flat curve, which can maintain a 

constant pressure head across a range of flows. This feature is important, since for the off-design 

operation analysis that follows, the pressure head of the system is maintained at the design point 

levels, while the flow rates/temperatures are allowed to alter. The pump efficiency used is 0.65 [5]. 

2.2. Heat exchanger (HEX) design 

The modelling approach used for the initial system sizing and optimisation (design point operation), 

and for the off-design optimisation is presented in Figs. 2a and 2b, respectively. For the initial 

design exercise, the optimum thermodynamic cycle points defined in the ORC optimisation stage 

(refer to Section 2.3) 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 

HEX of 1 bar (on the working fluid side) and up to 0.7 bar on the heat source side. The sizing is 

achieved by discretising the HEX in space into N-sections, and by calculating for each i-section the 

corresponding local heat transfer coefficient (HTCi). The logarithmic mean temperature difference 

(LMTD) method is then used to obtain the area requirements for each section (Ai). By summing the 

subsections area requirements, the total HEX heat transfer area is calculated. For the off-design 

performance evaluation, the exhaust gases temperature and mass flow rate vary following the ICE-

CHP unit part load (PL) operation, and the ORC unit operating points are optimised, to adjust to the 

new heat source conditions. During this process, the moving boundaries method for HEXs is used. 

With the changes in temperature and flow rate, the subsection boundaries as defined in the system 

sizing exercise change, but the overall heat transfer area available is fixed. The optimiser by 

calculating the new HTCi predicts the revised HEX performance at each section, and thus the 

amount of heat that the system can actually recover, given the new operating conditions. 
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2.2.1. Double-pipe heat exchanger modelling 

A key advantage of double-pipe HEXs arises from their counter-flow design, which increases the 

HEX effectiveness [24]. They are simple in construction, and suitable for high pressure applications. 

They can also be finned, but this increases their construction cost. Their key drawback is the high 

space requirements per kW of heat transferred, especially in comparison to PHEXs. 

  
 (a) (b) 

Fig. 2. ORC heat exchanger (HEX) design and sizing decision tree: a) system design point 

operation, and b) off-design operation optimisation. 

Key for estimating the area requirements of the HEX is the calculation of the HTCs mentioned 

above. For the single phase zones, the Nusselt number correlation developed by Dittus-Boelter has 

been used in this study [25]. For the evaporator, two main phenomena are responsible for the heat 

transfer, namely convective boiling and nucleate boiling. Depending on the temperature regime and 

heat flux normally one phenomenon will prevail over the other. Chatzopoulou and Markides [7] 

compared alternative correlations for a range of heat source temperatures, and it is found that for 

high temperature levels (approx. 473 K) nucleate phenomena prevail, and therefore the asymptotic 

correlation developed by Zuber [24] has been used to calculate the HTCs. For the condensing zone, 

the correlation developed by Shah [26] for condensation in tubes has been used. This correlation has 

been compared to other available correlations in the literature [7] and proved to fall within the 

medium-low range of HTCs, slightly overestimating the potential heat transfer area requirements. 

Finally the pressure drop calculation for the single phase zone has been done using pressure drop 

functions for flows in tubes [24] and the pressure drop correlations for the two phase flows has 

conducted following the analysis developed by Chisholm in Ref. [24]. 

2.2.2. Plate heat exchanger modelling 

PHEXs are provided in a great range of designs depending on the application. The plates are 

corrugated to improve rigidity and heat transfer, at the expense of higher pressure drop. The plates 

design and the narrow passages developed result in high U values, enhancing the heat transfer rate. 

Therefore, they are suitable for applications where physical size of the system is important. Generally 

half, or a third of the area requirement of shell-and-tube HEX is needed in a PHEX arrangement with 

corrugations [24,27], which is a key advantage for applications in packaged ORC units, where space 

availability within the ORC unit can be of a premium. The key disadvantage of the gasketed PHEXs 

is limitations in operating temperature and pressure levels, which will affect the integrity of the seals 

(of typical pressed plate fabrication). Welded PHEXs can be used instead for higher duties to 

withstand high pressure and temperature levels, resulting however in higher costs. 

For the single phase zone, the correlations of Chisholm [28], Martin [29] and Muley [30] are 

commonly used in the literature. In this study, the Chisolm [28] correlation has been used which is 

found to give the most conservative HTC values, when compared with the results of Muley [30] and 
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Martin [29]. These modelling results are aligned with the results summarised in Ref. [28]. The 

Chisolm correlations has been also tested against experimental data by Focke et al. [31] and was 

found to match the recorded values within 15-20%, for Re>1000 and β between π/3 and π/6. The 

pressure drop calculation for the single phase zones has been calculated using [29].  

A number of alternative correlations for the two-phase evaporating zone have been compared in 

Ref. [28]. The correlations investigated include among others, those developed by Han et al. [32], 

Hsieh et al. [33], and Yan and Lin [34]. Comparison results indicate that the Han et al. [32] 

correlation gives conservative predictions of HTCs, whereas the one developed by Yan and Lin [34] 

gives the highest HTCs. When comparing the same correlations to experimental data it has been 

observed that the temperature level prediction for all correlations was within 2 °C from the 

recorded values, proving the suitability of such correlations for PHEX design studies. In this study, 

to allow for some contingency in the evaporator PHEX area estimation, the correlation of [32] has 

been used, for the two-phase zone. For the condensing zone, the correlation of Han et al. [35] has 

been used. Garcia et al. [28] compared alternative correlations for the two-phase condensing zone 

with experimental data and results indicate that Han et al. [35] is in good agreement with the test 

data. Finally, the pressure drop calculations in the two-phase zone has been done using [32,35]. 

2.3. Optimisation problem definition 

A typical single-objective optimisation problem includes one objective function, which we seek to 

minimise or maximise, a vector with the decision variables, i.e. the variables which the optimiser is 

allowed to alter while seeking for the optimum problem solution, and a number of constraints, which 

shall not be violated in order for the mathematical solution to be technically feasible. In this study, the 

optimisation objective is to maximise the net ORC power output, during both the design (�̇�net) and the 

off-design (�̇�net′) optimisation. What changes between the two optimisation problems is the decision 

variables vector, and the set of constraints. The two optimisation functions are presented in Eqs. 1 and 7. 

The decision vector for defining the design point operation includes: i) the evaporator and condenser 

pressure (𝑃evap, 𝑃con [kPa]); ii) the working fluid mass flow rate (�̇�wf [kg/s]); iii) the superheating 

degree (SHD); iv) the evaporator pinch point (𝑃𝑃evap [K]); and v) the expander volume ratio (𝑟exp). In 

the case of the off-design optimisation, the pressure levels in the cycle, PP, the HEX size and geometry, 

and the expander pressure ratio are fixed, and the decision variable vector includes: i) new working-

fluid and heat source temperatures at the evaporator exit (𝑇6 ′, 𝑇hs,out′ [K]); and ii) new working-fluid 

and heat-source mass flow rates (�̇�𝑤𝑓′, �̇�hs′ [kg/s]). It should be highlighted that the expander 

efficiency has been kept fixed and equal to the design point operating conditions. The constraints listed 

in Eqs. 3-6 are indicative only. The full list of constraints has been omitted here for brevity. 

Design point operation: Maximise: 
 {�̇�net}

𝑃evap, 𝑃con, �̇�wf, 𝑆𝐻𝐷, 𝑃𝑃evap, 𝑟exp
 (1) 

Subject to: 𝑃con < 𝑃evap < 𝑃crit  (2) 

 𝑃𝑃min ≤ 𝑃𝑃  (3) 

 
𝑃evap

𝑃con
 ≤ 𝑟exp

𝛾  (4) 

 𝑇4 ≤ 𝑇4v  (5) 

 𝑇lim ≤ 𝑇hs,out  (6) 

Off-design operation: Maximise 
{�̇�net

′
}

𝑇6
′, 𝑇hs,out

′ , �̇�wf
′, �̇�hs

′ 
 (7) 

Finally, a number of alternative working fluids have been selected, including refrigerants and 

hydrocarbons. Conventional refrigerants such as R245fa and R152a have been compared against 

new low ODP/GWP ones, such as R1233zd, R1234ze, and R1234yf. Also, some hydrocarbons have 

been investigated, including Toluene, Butane, Pentane and Hexane. 

 



3. Design point operation performance and sizing results 

3.1. ORC design point power optimisation 

The ORC engine examined in this work operates as a bottoming cycle to an ICE-CHP unit of 

1520 kWel. The ICE-CHP 1520 exhaust-gas temperature and flow rate at different design points are 

summarised in Table 1. The data is generated from an in-house ICE-CHP tool developed and 

validated in Ref. [22]. It is observed that while the ICE-CHP part load (PL) drops the exhaust-gas 

mass flow rate drops, whilst the temperature increases. This unsteadiness is expected to have a 

strong impact on the ORC performance as will be discussed in subsequent sections. 

Table 1. ICE-CHP 1520 unit summary of operating conditions. 

ICE-CHP 1520 load (%) Exhaust gases (heat source)  �̇�hs (kg/s) Exhaust gases (heat source) temperature 𝑇hs (K) 

100 % 2.16 682 

90 % 1.91 717 

80 % 1.70 720 

75 % 1.64 720 

60 % 1.29 727 

The optimum ORC power output for every fluid investigated is presented in Fig.3, along with the 

thermal (ηth) and exergy (ηex) efficiency of the cycle, using the 100% operating conditions of the 

ICE-CHP 1520. The best performing refrigerants are R1233zd (99 kW) and R245fa (87 kW), while 

the best performing hydrocarbons are Pentane (103 kW), Toluene (97 kW), followed closely by 

Hexane (92 kW) and Butane (87 kW). By looking at the optimum cycles, it is observed that the high 

performing fluids have also the highest pressure ratios (PR). This is explained as follows; the 

optimiser will first try to maximise the PR over the expander until the constraint for subcritical 

ORC are active, prior increasing the working fluid mass flow rate in order to increase the power 

output. For fluids such as R1234yf, R152a and R1234ze, the condensation pressure at which the 

pinch point in the condenser unit is not violated (given the cooling water temperature) is higher than 

the respective one of fluids, such as R1233zd and Pentane, resulting in lower PR for the former over 

the expander. The thermal and exergy efficiency trends follow the power output trends, as expected. 

 
Fig. 3. Optimum ORC net power output for the design point conditions and various working fluids. 

3.2. ORC design point heat exchanger sizing  

3.2.1. Evaporator design 

The next step in the ORC design problem is the components sizing, to deliver the aforementioned 

duties. The evaporator HEX heat transfer area requirements for the fluids investigated are presented in 

Fig. 4. Comparing the PHEX evaporator results sizing (Fig. 4b) to the DPHEX results (Fig. 4a), it is 

observed that the former area requirements are almost half of the respective ones for the latter. This is 

in line with the U-values calculated which indicate that in PHEXs we can achieve better HTCs. These 

findings are in line with those reported in the literature where one of the most important advantages of 

the PHEXs reported is their compactness, i.e. lower area requirements than tube/shell HEXs to transfer 



equivalent amount of heat. In terms of the relative heat transfer area requirements of the different 

fluids, the trend observed in the PHEX and the DPHEX design is the same. The highest area 

requirement is observed for Toluene, which also operates with the minimum LMTD in the heater 

section. The trend is consistent in showing the interdependence of the temperature difference across the 

HEX, with the heat transfer area required. Even fluids with similar power output have different area 

requirements, due to the different temperature levels they operate. A case in the point is fluids R1233zd 

and Pentane, which both generate at their design point approximately 100 kW of power output, but the 

heat transfer area requirements of the former are approximately 25% higher than the latter. 

 
 (a) (b) 

Fig. 4. ORC heat transfer area requirements breakdown for: a) DPHEX evaporator unit, and b) 

PHEX evaporator unit. 

3.2.2. Condenser design 

The condenser heat transfer area requirements are illustrated in Fig. 5. A similar trend is observed 

when comparing the condenser PHEX and a DPHEX arrangement, with the former being about 40% 

lower than the latter. It should also be noted that the area of the condenser is lower than the respective 

one for the evaporator (for both architectures), due to the very high HTCs achieved in the 

desuperheater and the condensing zone during the phase change. In contrast with the evaporator HEX 

design, where the two-phase zone available enthalpy is low, due to the high operating pressure, in the 

condenser unit there is high latent heat available during phase change, which results in a high 

percentage of the heat rejection to be done in the two phase zone with high HTCs. Finally, it is noted 

that Toluene has the lowest condenser area requirements, due to the high LMTD observed, in 

comparison to the other fluids, which have similar condensation saturation temperatures. 

 
 (a) (b) 

Fig. 5. ORC heat transfer area requirements breakdown for: a) DPHEX condenser unit, and b) 

PHEX condenser unit. 

4. Off-design system performance results and discussion 

4.1. ICE-ORC CHP off-design operation power optimisation 



The power output optimisation results at off-design operation are presented in Fig. 6, for various ICE-

CHP PL conditions. The results indicate that while the ICE-CHP PL drops down to 60% the ORC unit 

PL drops down to 72%, revealing that by optimising the ORC to adjust to the heat source variation we 

can maximise its performance. In terms of power output at off-design conditions, for all fluids the ORC 

with PHEX (Fig. 6b) seems to recover heat slightly more efficiently, resulting in a small increase of the 

power output at PL in comparison to the ORC with DPHEX (Fig. 6a). It is also noted that the same 

working fluids that outperformed at full load, still generate more power at off-design conditions. 

 
 (a) (b) 

Fig. 6. Optimum ORC net power output at off-design operation: a) DPHEX design, and b) PHEX 

design. 

The HEX moving boundary results are shown for Pentane in Fig. 7a for the DPHEX and Fig. 7b for the 

PHEX design. While the ICE-CHP PL is reduced, the optimum ORC cycle has a higher superheating 

degree, due to the higher exhaust-gas temperature entering the evaporator. Adding to this, the working 

fluid mass flow rate decreases, because there is less available heat for recovery from the heat-source 

stream. These results indicate that the lower mass flow rate working fluid will exit the heater section (as 

defined at the design conditions) already in the two-phase zone, and it will enter the dry superheated 

vapour zone prior to entering the superheater section (as designated during the design operation). 

  
 (a) (b) 

Fig. 7. ORC evaporator heat transfer area boundaries at off-design operation for Pentane: a) 

DPHEX design, and b) PHEX design. 

4.2. ORC off-design operation performance maps 

In Section 4.1, the ORC off-design performance for specific PL points has been analysed. The next step 

is the generation of off-design performance maps for predicting the ORC unit optimum operation under 

varying heat source conditions. Maps for the overall heat transfer coefficient (U) of the evaporator HEX 

for R1233zd are presented in Fig. 9 (the results are representative of the trend observed for the other 

fluids as well). The evaporator two-phase zone has the highest U-value, followed by the superheater and 

the heater section. It is highlighted that the PHEX U-values are more than double the respective ones of 

the DPHEX, which is in line with lowest area requirements results discussed in Section 3.2.1, for similar 

temperature difference and total working fluids flow rates. More precisely, the two-phase zone U-value 



for the PHEX is almost three times higher than the respective one for the DPHEX. The superheater 

section U-values range between 70-100 W/m2 K in the case of the PHEX design, while they vary 

between 35 and 50 W/m2K in the DPHEX case. Finally, the heater zone U-values correspond to 70-100 

W/m2K in the PHEX case, and only to 30-45 W/m2K in the DPHEX case. Due to the high evaporating 

pressure of the working fluid, the heater load is very high, and the impact of high Uh-values for similar 

LMTD is significant on the heat transfer area requirements. In terms of the PHEX performance 

variation, in off-design conditions the behaviour is similar to that of the DPHEX. While the ICE-CHP 

engine moves to PL and the exhaust-gas mass flow rate drops, the U-value in all the HEX sections 

drops. The increase of the exhaust-gas temperature has only minor effect on the U-value. 

  
 (a) (b) 

Fig. 8. ORC evaporator overall heat transfer coefficient performance map for R1233zd at off-

design operation: a) DPHEX design, and b) PHEX design. 

Although the U-values drop at off-design operation, the HEXs effectiveness either stays the same or 

improves (Fig. 9). These findings are explained by the increase of the LMTD in all HEX sections, 

while the exhaust-gas temperature entering the evaporator increases. This increase balances the drop 

in U-values observed above, resulting in a slight improvement of the HEX overall effectiveness. It is 

noted that the highest effectiveness is reported for both HEXs in the heater section where also the 

minimum PP is located, followed by the superheater and the evaporator sections. 

 
 (a) (b) 

Fig. 9. ORC evaporator effectiveness map for R1233zd at off-design operation: a) DPHEX design, 

and b) PHEX design. 

The power output maps of the ORC unit for R1233zd with the PHEX and DPHEX are presented in 

Fig. 10. As discussed above, the optimum operating points at off-design conditions for an ORC with a 

PHEX evaporator generate slightly higher power output. It is also observed that the impact of the 

lower heat-source mass flow rate on the power output is greater than the respective increase of the 

exhaust-gas temperature. For fixed heat-source temperature, while the exhaust-gas mass flow rate 

decreases, the power output is reduced by up to 40%, while for a fixed mass flow rate an increase in 

the exhaust-gas temperature can result in a power output increase of up to 20%. It should be 



highlighted that for those maps the efficiency of the expander has been kept fixed and the time-

varying performance characteristics of the HEXs have been only considered. Therefore, the actual 

power output at low loads may differ from that reported in the figures.  

 
 (a) (b) 

Fig. 10. ORC net power output map for R1233zd at off-design operation: a) DPHEX design, and b) 

PHEX design. 

5. Summary and conclusions 
ORC systems in waste-heat recovery applications experience variable heat-source conditions 

(temperature and mass flow rate). Therefore, maximising ORC system performance under off-design 

conditions is of key importance for the financial viability and wider adoption of these systems. In this 

study, a subcritical non-recuperative ORC unit was examined that recovers heat from the exhaust-gas 

stream of an ICE-CHP engine, with two HEX evaporator configurations. The ORC unit was first 

optimised thermodynamically for multiple working fluids, for 100% loaded ICE-CHP. The system 

components were then sized to deliver the design duty. The initial sizing results revealed that the PHEX 

arrangement requires almost half the heat transfer area of the DPHEX, due to the higher HTCs achieved. 

The time-varying heat-source profile was then used as an input to an ORC off-design optimisation 

tool, which aimed to identify the new optimal operating points, accounting for the time-varying HEX 

operation. For this exercise, the pressure levels in the system were maintained constant and equal to 

those used at design conditions. The off-design results indicated that the optimiser increased the 

working fluid superheating, in order to maximise the heat input to the cycle, provided that none of the 

PP constraints were violated. It was also observed that the ORC PL power output reduction was lower 

than the respective one for the ICE-CHP unit, and this was attributed to the performance of the 

evaporator HEX. Specifically, with the ICE at 60% PL, the ORC unit operated at 72% PL. 

Off-design performance maps for the evaporator were then generated to illustrate how the various 

subsections of the HEX perform at off-design conditions. It was found that the evaporator U-value 

decreased at ICE PL by up to 34% depending on the working fluid and that the U-values achieved in 

the PHEX design were twice those of the DPHEX. Furthermore, the LMTD observed over the various 

sections of the evaporator increased by up to 40%. The increase of the temperature difference across 

the HEX, along with the overall decrease in the heat input, outweighed the impact of the lower U-

values, resulting in an overall increase of the HEX effectiveness for both the PHEX and DPHEX, 

which explains why the ORC PL power output reduction is lower than that of the ICE-CHP at PL.  

The effectiveness improvement was also shown to influence the ‘zone’ borders over the length of the 

HEX, indicating the changes of end of the preheater zone, the evaporator zone and the superheater 

zone. The same trend was observed in both PHEX and DPHEX designs. The evaporator moving 

boundary calculation indicated that the working fluid started to evaporate before the end of the 

preheater section (as designated at the design point), and that it entered the superheated state before 

the end of the evaporator two-phase zone (again based on the design point operation). 



Finally, ORC off-design power output maps were generated, accounting for the evaporator HEX 

performance variations, with the expander efficiency kept constant among the investigated scenarios. 

The optimum ORCs with PHEX generated slightly higher power outputs than the respective ones 

with DPHEX. It was also noted that for a fixed heat-source temperature, as the exhaust-gas mass flow 

rate decreased, the power output was reduced by up to 40%, while for a fixed heat source mass flow 

rate, increasing the heat source temperature, increased the power output by up to 20%. 

To conclude, this work has shown that the time-varying HEX performance should be incorporated in 

the off-design modelling of ORC units. Next steps will incorporate the off-design performance of the 

expander when evaluating the operating conditions that yield the highest power output from the ORC. 
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