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ABSTRACT  

 

 The issue of recovering energy lost from large marine diesel engines has been one of 

the topics most tackled recently. The waste-heat-recovery-systems have mostly targeted the 

energy in the exhaust gas of the engine. Recent researches have pointed out the importance of 

recovering the energy lost in other forms rather than the exhaust gas, to be recovered 

alongside the recovery of the exhaust gas energy. In this research, we target to recover the 

energy in the engine’s exhaust gas in one model then to recover the energy in both the 

engine’s exhaust gas and the scavenge air together in  another model. The design of the cycle 

configuration has targeted both the economical side as to design a cycle that is cost-effective 

to be implemented with no extra cost or complexities, and the thermodynamic side where the 

design targets to recover the maximum amount of energy possible. The two models were 

compared then tested the better model at different operating pressures and degrees of 

superheat. 
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scavenge air. 
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INTRODUCTION 

The usage of Waste Heat Recovery Systems (WHRS) has been one of the most important 

topics in modern research, as it aims to make use of the energy that humans, for decades, 

used to drain without any usage. These systems not only aim to recover that once wasted 

energy and turn it into useful work (energy benefit), but it also achieves alongside this target 

reduction in amounts of fuel consumed (economic benefit), which accordingly means 

reduction in amounts of harmful gases (most importantly CO2) emitted to the atmosphere 

(environmental benefit). 
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This principle has been applied heavily on marine diesel engines or HDDE (Heavy Duty 

Diesel Engines) as these engines emit exhaust gases at relatively high temperatures and 

relatively high flow rates, i.e. emit enormous amounts of energy in their exhaust gases, 

accordingly this type of engines has become the focus for research aiming to achieve the 

benefits discussed previously. Besides the already known for decades concept of “Exhaust 

Gas Boilers” which use the engine exhaust gas for generating steam for mainly heating 

purposes, most of the previous research focused on using this steam to operate a relatively 

small Rankine cycle to obtain output net power, that can be later used to generate electricity 

or for any other purpose. Research has gone from proposing different configurations for the 

Rankine cycle (like adding feed water heater or using dual pressure cycles) to varying 

theworking fluid itself, using steam or using organic fluids as the working fluid for the 

Rankine cycle, i.e. Organic Rankine Cycle (ORC). 

While the usage of the engine’s exhaust gases to operate the Waste Heat Recovery System 

(WHRS) used to provide the heat addition for the ORC contributes good energy savings, the 

introduction of the engine’s scavenge air to be cooled (extract its heat energy) into the 

WHRS, rather than in the charge air cooler normally used, has also contributed much better 

results and allowed for enormous energy and fuel savings. 

Organic fluids themselves have a wide range of variation into their very own structure and 

chemical composition, leading to a wide range of variation in their critical pressures and 

temperatures and thermal capacities, therefore selection of the optimum organic fluid for a 

specific application depends mainly on results obtained from previous testing (previous 

literature)[1]for a similar application or on conducting several tests for different organic 

fluids on the very specific application being investigated. 

Other parameters involved into the selection of the optimum organic fluid also include its 

environmental sustainability, ozone depletion potential (ODP) (comparison with the effect of 

R11), global warming potential (GWP) (comparison with the effect of CO2), safety (being 

non-flammable, non-toxic and non-corrosive) andits thermal stability[2]. 

For the selection of the organic fluid, to be used as the working fluid for the WHRS ORC for 

the current research topic, R245fa was selected as it was recommended by multiple previous 

literature[3], and as it provided the best results for the current system being investigated. 

R245fa is considered to be a benchmark refrigerant, with nearly zero ODP, being non-

flammable and of low toxicity while having high degree of thermal and hydrolytic 

stability[4], besides being within the recommended range of critical point properties suitable 

for the system investigated[1]. All the former properties lead to R245fa being selected to be 

the system’s working fluid. 

As of the progress of research in this topic, in 2007, Tien et al. [5]made an iterative method to 

implement a WHRS onboard a ship where the exhaust gas is used to produce steam for 

electricity generation. Also Butcher and Reddy [6]introduced a second-law performance 

analysis of a WHRS for the same purpose. Then Ma et al. [7]introduced a WHRS working 

with a container ship diesel engine exhaust gas while analyzing the operation characteristics 

of the diesel engine. Wei et al. [8]studied the performance of an ORC utilizing the waste heat 

available from the engine’s exhaust gas as the heat source. Also, Etemoglu[9]studied a 

WHRS unit operating on an ORC for the purpose of generating heat and power. Uusitalo et 

al. [10]suggested the usage of the charge air as a heat source for the WHRS discussed. Yang 

[11]suggested to use the exhaust gas, the scavenge air cooling water and the cylinder cooling 

water as heat sources. Later Yang and Yeh[12]introduced an optimization study based on the 

thermodynamic and economic performance of an ORC WHRS using the heat available in the 

exhaust gas of a marine diesel engine.Kyriakidis et al. [13]investigated the same topic with 

multistage system and using exhaust gas recirculation. 
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SYSTEM DESCRIPTION AND MODELLING 

The Marine Diesel Engine used is “Wartsila 6RT-flex58T-E”. This is a two-stroke-diesel-

engine, with constant pressure turbocharging, providing 12457 kW (16728 HP) at engine 

maximum continuous service loading. Table(1) shows the operational characteristics of the 

engine at themaximum continuous service load determined from practical workshop 

measurements. 

 

Table1. The operational characteristics of the engine at themaximum continuous service load. 

 

 Parameter Value Unit 

Scavenge Air Mass flow rate 28.2 kg/s 

Temperature 213 C 

Exhaust Gas Mass flow rate 28.8 kg/s 

Temperature 251 C 

 

A computer model of the system was prepared to simulate the engine and the WHRS being 

studied, first only the energy in the exhaust gas was recovered (Model 1) then the energy in 

both the exhaust gas and the scavenge air was recovered (Model 2). 

In Model 1, the energy in the exhaust gases was recovered till the temperature of the gases 

reached a minimum of 150C to prevent formation of sulfuric acid[14], exhaust gases played 

the role of the heat source for the super heater, the evaporator and the economizer (feed 

heater) of the waste heat recovery system as indicated in figure(1). 

 

 
 

Fig 1: Layout of Model 1 

 

In Model 2, energy in the exhaust gases was recovered till the temperature of the gases 

reached a minimum of 150C ,as in model 1, performing the role of the super heater and the 

gas evaporator, while the energy in the scavenge was also recovered till the temperature of 

the air reached a minimum of 55C, energy from the scavenge air was used to operate an 

auxiliary air evaporator, working in-parallel with the already existing gas evaporator, the 

energy remaining in both the exhaust gases and the scavenge air is used for the economizer 

role (feed heater) as two feed heaters working in parallel. Model layout is indicated in 

figure(2). 
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Fig 2: Layout of Model 2 

 

 

SOLUTION PROCEDURE 

The computer model built was fed with the following set of equations governing the system: 

Superheater balance: 

𝑚 𝑔𝑎𝑠 ∗ 𝑐𝑝𝑔𝑎𝑠  𝑡𝑔𝑎𝑠 1
− 𝑡𝑔𝑎𝑠 2

 = 𝑚 𝑅𝑒𝑓  4 − 3  

 

Air Evaporator balance: 

𝑚 𝑎𝑖𝑟 ∗ 𝑐𝑝𝑎𝑖𝑟  𝑡𝑎𝑖𝑟 1
− 𝑡𝑎𝑖𝑟 2

 =  𝑚 𝑅𝑒𝑓 𝐴𝑖𝑟  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟
(3 − 2) 

 

Gas Evaporator balance: 

𝑚 𝑔𝑎𝑠 ∗ 𝑐𝑝𝑔𝑎𝑠  𝑡𝑔𝑎𝑠 2
− 𝑡𝑔𝑎𝑠 3

 =  𝑚 𝑅𝑒𝑓 𝐺𝑎𝑠  𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟
 3 − 2  

 

Air Economizer balance: 

𝑚 𝑎𝑖𝑟 ∗ 𝑐𝑝𝑎𝑖𝑟  𝑡𝑎𝑖𝑟 2
− 𝑡𝑎𝑖𝑟 3

 =  𝑚 𝑅𝑒𝑓 𝐴𝑖𝑟  𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑧𝑒𝑟
 2 − 1  

 

Gas Economizer balance: 

𝑚 𝑔𝑎𝑠 ∗ 𝑐𝑝𝑔𝑎𝑠 ∗  𝑡𝑔𝑎𝑠 3
− 𝑡𝑔𝑎𝑠 4

 =  𝑚 𝑅𝑒𝑓 𝐺𝑎𝑠  𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑧𝑒𝑟
 2 − 1  

 

Model 1 can be solved using the same set of equations but substituting for (𝑚 𝑎𝑖𝑟  = 0). 

 

RESULTS AND DISCUSSION 

Model 1, the one exploiting only the energy of the exhaust gases, resulted in the WHRS 

output power to reach 581.3 kW. 

In model 2, after making use of the energy in the scavenge air as well, the WHRS reached a 

power output of 1395 kW, resulting in an increase of 139.98 % of power over model 1. 
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As model 2 is the better model to be implemented, a study of the variation the ORC WHRS 

cycle was conducted to check for the effect of varying the cycle operating pressure on the 

cycle resulting output power (Figure (3)) and cycle working fluid mass flow rate (Figure (4)). 

 

 
Fig 3: Effect of varying the cycle operating pressure on the cycle resulting output power 

 

 
Fig 4: Effect of varying the cycle operating pressure on the cycle working fluid mass flow 

rate 
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CONCLUSION 

Cycle configuration is a critical issue to consider while implementing WHR techniques for 

large diesel engines. Also using scavenge air cooling alongside the engine’s exhaust gas has 

resulted in an increase of 139.98 % of power over the model using only the exhaust gas. 
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