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Abstract 
The current environmental context dictates to reduce the pollutant emissions by improving thermal 
efficiency of the energy production units. The authors present some studies of cogeneration applications 
using gas turbines and thermal engines. The on-going research concerns a detailed study of 
thermodynamic modelling cycles with energy recovery. These combined cycles with gas turbine and ICE 
can generate a potential increase of about 10% of the energy efficiency. They will generate a 
technological complexity and the over-charge must be estimated. At last, the authors insist on the 
necessary synergy between gas turbines and thermal engines. 
 
Keywords: gas turbine, internal combustion engine, combined cycles, combined heat and power plants, 
cogeneration, efficiency. 
 

Nomenclature 
T [K]   Temperature 
S [J.kg-1.K-1] Entropy 
q [J.kg-1] Heat 
Ex [J.kg-1] Exergy 
An [J.kg-1] Anergy 
En [J.kg-1] Chemical energy 
Ec  Cogeneration efficiency 
η  Efficiency 
k  Coefficient 
m� [kg/s]  Mass flow rate 
P [Pa]  Pressure 
U [J/kg]  Internal energy 
H [J/kg]  Enthalpy 
H [W/m2.K] Heat exchange coefficient 
V [m/s]  Velocity 
Vol [m3/kg] Specific volume 
Nu  Nusselt number 
Pr  Prandtl number 
Re  Reynolds number 
� [W/m2] Heat flux density 
�  Surface emissivity 
 
Subscripts 
c   Carnot 
ex   Exergy 
i   Internal 
k  Indice 
m  Mechanical 
th  Thermal 
c  Cogénération 
0  Upstream 
∞   Infinite 
w  Wall 
 
1. Introduction 
 
The expression of the efficiency η of a thermal engine arises from the combination of both laws of thermodynamics 
(relation 1) where T and T 0 are the average exchange temperatures between the active fluid and the sources [1, 2]. The 
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amount of heat generated by the combustion reaction is q, ∆iSk are the entropy production generated by the 
irreversibilities of the energy transformation on each engine subassembly k. The thermal efficiency can then be written 
by reference to Carnot, following relation (2), as the product of the Carnot efficiency ηc and of the exergetic efficiency 
ηex which depends on the level of losses given by the term of entropy production ∆iS. 
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The chemical energy En is split up into two contributions described by relations 3 to 5. The exergy Ex (4) of the heat 
flux q at the temperature T corresponds to the mechanical energy produced on the engine crankshaft. The anergy An (5) 

represents the thermal energy which is lost due to the intrinsic term 
T
Tq 0  on one hand and by the major entropy 

production ∆iS due to the irreversibilities on the other hand [3, 4].  
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The global energy balance (3) shows that a fraction of these anergy An can be used partially for energy recovery 
applications. The energy balance applied in open system on a steady state operating condition (relation 6) shows that if 
the fraction Ex of the chemical energy En of the fuel is transformed into mechanical work, the anergy An rejected as heat 
to the outside remains preponderant, U being the internal energy, V the velocity of fluid particle, P its pressure and Vol 
its volume. 

[ ]
22

2
1

111

2
2

222

2

1
21

V
VolPU

V
VolPUEn AnEx −−−++=+=∆

→

(6) 

 
Relations (7) and (8) describe the entropy evolution balance in steady state operation of the engine where dAn 
represents the energy which is not transformed into work, TdS the entropy variation at the temperature level T which 
results from the convective contribution deS of the heat and mass transfer to the outside and of the internal entropy 
production diS. In this relation (8), qk� is the thermal power exchanged at the local entropic temperature T k  by each of 

the engine subassembly k with the outside, m�  the gas mixture mass flow rate, S i
�  the source term of internal entropy 

defined as a flux, the indices 1 and 2 identifying the energetic states of the matter transfer at the inlet and at the outlet of 
the thermal engine. 

dAnTdS =     (7) 

�� ∆+−+
�
�

�

�

�
�

�

�
=

k
i

k k

k SmSmS
T

q
k
���

�

22110   (8) 

 
The associated modeling of the heat exchanges  by convection and radiation with the outside is most often based on 
correlations established in steady state (relation 9). Many authors assume that the energy radiated to the walls of the 
engine during combustion represents only a small fraction of the order of 4 to 20 % of the total energy released during 
the cycle [5]. The convective flux density to the walls is restricted, with this simplification that remains to be proved, to 
the formulation (10) in which ϕ is the flux density, hi the internal heat transfer coefficient, Tg and Tw the respective gas 
and wall temperatures. The heat transfer coefficient hi is evaluated from correlation (11) between the non dimensional 
numbers Nusselt Nu, Prandtl Pr and Reynolds Re in which the velocity is taken as the mean piston speed. In this 



ACCEPTED MANUSCRIPT 
 

�

 
 
3 
 

simplified modeling, which supposes a steady-flow forced-convection heat-transfer approach, the Prandtl number varies 
little and is about 0.7 for gases. 
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The application of the above mentioned balances (1) to (11) in full load operation for a Diesel engine (Fig. 1) shows 
that a noticeable part of the thermal energy provided by the combustion reaction is rejected to the cylinder outside as 
energy not transformed into work (Fig. 2). An exergetic analysis is then necessary to calculate the efficiency of the 
devices aiming at recovering at least a portion of this thermal energy at the exhaust of the engine and in its cooling 
system [3, 4, 6, 7]. 
 
 
2. Energy recovery 
 
2.1. Concept of thermal insulation 
The engine cylinder head and cylinders can operate correctly only if they are cooled by water circulation. This cooling 
is considered as an unavoidable drawback, harmful to the engine efficiency. A currently widespread but however wrong 
idea is that the heat transferred to the cylinder walls can be transformed into work. A premature analysis can lead to 
wrong conclusions, by stating that one can reduce the anergy An transferred to the engine cooling circuit to increase the 
mechanical exergy production Ex, keeping the same internal energy variation ∆U (relation 8). This led to some attempts 
of thermal insulation developed in the sole objective of improvement of engine thermal efficiency. The reduction of this 
heat transfer at the water cooling jackets mostly led to deceiving results. Results were on the contrary encouraging when 
the objective was to increase the thermal energy level recoverable at the engine exhaust [6, 8, 9] (Fig. 3). 

 
As a matter of fact, the experiments show that a reduction of the anergy An transferred to the cooling circuit of the 
engine whose general shape of the thermodynamic cycle most often leads to an increase of the internal energy of the 
gases rejected in the exhaust. The production of mechanical exergy Ex is maintained at best, but it is also often 
degraded [10, 11]. Moreover, Diesel [12] has considered a combined isothermal and adiabatic compression cycle in his 
initial report, before recommending his famous constant pressure cycle. 
 
The analysis of the energy balance of a thermal engine shows more than of the chemical energy is lost depending upon 
the application. A usual case of energy recovery concerns the simultaneous production of electrical energy and thermal 
energy [13, 14]. That is the case of the cogeneration applications such as the production of steam and hot water on one 
hand and trigeneration with additional cold energy production on the other hand. 
 
The experience shows that the comparative efficiency of energy recovery applications between gas turbines and thermal 
engines is a function of output of the machines [15, 16]. In a first approach, the thermal efficiency of a Diesel engine is 
better than the efficiency of a single gas turbine in the range of the low output power, particularly at partial loads. This 
trend inverses for a range of output power, which is higher than some MW and more. 

 
2.2. Gas turbine 
Figure 4 shows the diagram of a usual scheme applied to a cogenerated gas turbine used in a power plant unit [16]. In 
this example, the electrical power is equal to 1000 kW and the thermal losses are mostly concentred in the exhaust gas. 
The mass flow rate of the exhaust gas is 5.45 kg/s and the thermal recovery power is equal to 2175 kW when the 
exhaust gas are water-cooled form 500°C to 150°C. The mass flow rate of the hot water is equal to 95000 kg/h and the 
saturated steam production at 0,4 MPa is about 33000 kg/h. The overall efficiency of the power plant unit can reach 
80%. 

 
2.3. Diesel engine 
Figure 5 shows the diagram case of an industrial turbocharged Diesel engine with energy recovery on water and oil 
cooling, exhaust and supercharging circuits. This thermal unit produces electrical energy and hot water to an urban city 
[13, 17]. The thermal efficiency of the engines is equal to 45%. The engine with 18 cylinders operates on heavy-duty 
fuel with a viscosity equal to 180 centistokes at 50°C and a sulphur content less than 1.5%. The electrical power is 
equal to 38.5MW. The cogeneration process allows to obtain a simultaneous thermal power equal to 30MW of hot 
pressurized water at 120°C and 1MW of water at low temperature at 70°C. The overall efficiency of this power plant 
unit is around 80% and the annual fuel saving compared with a non-cogeneration application is about 10 000 tonnes 
equivalent petroleum. 
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2.4. Waste energy compared 
We have seen that the major source of heat losses within a gas turbine is concentrated on the exhaust gas unlike an ICE, 
which imposes a more complicated technology to recover waste energy. Then, the levels of the temperature and the 
exhaust mass flow rate of the gas turbine can be adapted on the same machine as a function of user’s needs with a 
simple branch circuit on the heat exchangers [18, 19]. The cogeneration efficiency Ec (relation 12) which is the ratio 
between recovery thermal energy Eth and mechanical work Em, is higher in a gas turbine than thermal engines. This 
cogeneration efficiency, which can be evolved from 2 to 6, is distinctly higher than the cogeneration efficiency of an 
ICE which is about 0.5 to 2, but to the detriment for the gas turbine for its higher fuel consumption [18, 19]. 

E
E

Ec
m

th=     (12) 

 
3. Combined cycles with gas turbine 
 
It is possible to model a series of cogenerated cycles having real industrial application possibilities [18, 19] and all the 
results of modelling program which are presented use systematically the thermodynamic balances (1) to (11).  The first 
simulation (Fig. 6) concerns the evolutive range of waste heat recovery as a function of the ratio of the thermal energy 
recovered on the exhaust gas which is taken on the turbine circuit. The entropic diagram illustrates the case without 
derivation and with derivation toward the inlet of the combustion chamber (Fig. 7). 
 
The performance of the machine can evolve as a function of the mass flow, which is by-passed in the exchanger (Fig. 
8). The outlet temperature is a function of the level of the by-passed exhaust gas at the exchanger. The outlet 
temperature reaches a maximum value of 900K when non derivation is realised. 
 
It is a linear decreasing function of the by pass ratio and the thermal energy is also maximum when there is no 
derivation. The calculation results give a potential increase of the thermal efficiency about 20% from 0.4 to 0.482. The 
ratio of the recovery thermal energy and mechanical work increases to 40% when the levels of gas temperature evolve 
from 500 to 900K. 

 
 

4. Combined cycles with I.C.E. 
 
4.1. Depressurised cycle 
 
Fig. 9 illustrates the schematic diagram applied to an ICE and Fig. 10 shows the thermodynamic depressurised cycle 
which is proposed in this application. 
 
The calculation is done for an exhaust temperature of 1200K before variable geometry turbine. The pressure at the exit 
of the turbine is equal to 0.069 MPa and the temperature is 980K. Additional mechanical energy production realised on 
the rotor of the turbomachinery increases progressively from 2% to 8% of the energy generated on the crankshaft as a 
function of the load. In last, thermal energy recovery is realized in order to feed an exterior circuit. 
 
The depressurised cycle is realised without preliminary compression [18, 19] and the heat is supplied at constant 
pressure P0. The under expansion is realised until a level inferior to the ambient pressure (point D). An amount of 
thermal energy can be extracted from (D) to (E) for a cogeneration application at constant pressure. A cooling or non 
cooling compression can be operated until atmospheric pressure P0 (point F). 
 
For a maximum temperature of the cycle that is fixed by the technology of the material, the level of pressure at the end 
of expansion is of course low compared to a classical cycle with exchanger. The density of the flow is also low and 
imposes the usage of a larger geometry of turbine and compressor to transfer the mass flow rate. We note that this 
increasing of the dimension of the machine is an advantage to decrease the losses within the blades and therefore the 
rotating speed is reduced by a factor of 3. 
 
 
4.2. Over expansion cycle 
Over expansion cycle [18, 19] is illustrated at first on a combined and power scheme (Fig. 11). The thermodynamic 
cycle is presented in Fig. 12. This cycle consists of  a preliminary compression (A-B) followed by a heat transfer at 
constant pressure (B-C). The expansion of the combustion gas is realised in three steps. Mechanical energy produced 
between (C-D) is used to compress the turbocharging air (A-B). 
 
The work produced between (D-E) corresponds to the mechanical energy to be supplied to an exterior electrical circuit. 
The under expansion (E-F) correspond to the mechanical energy needed to operate the second compressor (G-H) that 
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will recompress the gas from the under expansion until ambient pressure Po. The expanded gas at point F are cooled at 
constant pressure until G by means of an exchanger that extracts energy for cogeneration. 

 
This cycle can improve the output power of the energy production unit as well as its efficiency by the choice of an 
optimum expansion ratio, which is a function of temperature levels and pressure ratio of the machine. Figure 13 
illustrates the diagram of the combined cycle machine. Fig. 14 shows the thermodynamic over-expansion cycle. The 
modelling is led with an efficiency of the exchanger equal to 0.9 and the pressure losses progress from 2 to 7% in 
accordance with the studied application. 
 
The level of temperature at the exhaust gas of the engine is fixed at 1000K and the cycle of the power unit is an over 
expansion cycle. The ratio of recovered thermal energy to work production is illustrated as a function of the temperature 
and the calculation shows that an additional recovery can be obtained. The optimal point is a function of the 
temperature level, pressure ratio and the amount of exchangers and the calculations show a potential thermal energy 
recovery from 10 %  of the mechanical power. 
 
 
5. Modelling results compared 
 
The objective of depressurised and over-expansion cycles is to increase the turbocharging rate as well as the 
efficiencies. Table 1 illustrates the comparison between depressurised, over-expansion and simple exchanger cycles, 
taking into account frictional, mechanical and aerodynamic losses, variations in specific heat values (Cp) and exact 
calculation of the Fuel / Air ratio (F/A). Optimum flow rate, efficiency, F/A ratio and rotational speed values are given 
for a power of 50 kW and a heat exchanger efficiency of 85%. 
 
The technology of the exchanger cycle is the simplest, but with higher consummation and pollution rates and its angular 
rotational speed stays prohibitive for a power of 56 kW. The depressurised cycle can be suitable for a power range 
higher than 50 kW with a rotating speed reduced by a factor of 1,5-2 for the turbomachinery. The performances of the 
over expansion cycle are the best, but this expansion cycle is more suitable for a range of output power which is higher 
than 150 kW and more.  
 

Cycle Mass flow 
rate 
(g/s) 

Efficiency Fuel / Air 
ratio 

Speed (rpm) 
rotor 

Exchanger 229 0,409 
 

0,0127 64000 

Depressurised 194 0,414 
 

0,0147 31000 

Over 
expansion 

193 0,431 0,0143 46000 

 
Table 1. Compared performances of thermodynamic cycles 

 
6. Conclusion 
 
In this work, waste heat recovery aiming to increase the availability of the combined cycles and cogeneration has been 
studied. Non usual depressurised and over-expansion cycles have been studied and they can improve sensibly the 
efficiency of the power unit. Calculations show that thermal efficiency of the engine is increased by 4 to 5 points on its 
optimum working condition. These cycles can be used on a thermal engine with high supercharging at lean burn 
conditions, with cogeneration applications to produce cold energy and additional electrical energy. 
 
The next step of this study will concern experimental work of the performances of a supercharging and combined unit. 
A variable geometry turbine dedicated to operate on an over expansion cycle will be realised. The authors intention has 
been also to suggest a real synergy between alternative engines and gas turbines in thermal and mechanical energy 
production domain. At last, Georges Descombes would like to honour the memory of Professor Serge Boudigues. 
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 Fig. 1. Thermodynamic cycle of a volumetric engine 
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Fig. 2. Energy balance of an automotive engine at full load  
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 Fig. 3. Insulated thermal engine 
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Fig. 4. Waste heat recovery within a gas turbine 
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Fig. 5. Waste heat recovery within a thermal engine 
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Fig. 6. Waste heat energy recovered on the exhaust gas of a gas turbine 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
(a) without heat exchanger   (b) with heat exchanger 

 
Fig. 7. Entropy diagram as a function of the ratio 

of the thermal energy recovered 
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Fig. 8. Thermodynamic values as a function of 
the heat energy recovered on the exhaust gas 
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Fig. 9. Diagram of a depressurised cycle 

applied to a thermal engine 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 10. Theoretical depressurised cycle 
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Fig.11. Over expansion scheme of 

a combined application 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 12. Entropy diagram of the over-expansion cycle 
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Fig. 13.  Over-expansion cycle applied to a combined application 
C Compressor 
ICE Internal combustion engine 
T Turbine 
E Exchanger 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14. Entropy diagram of an over-expansion cycle 
applied to a combined application 

 

 

 

  


