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WAYS OF USING WASTE ENERGY FROM I.C. ENGINES EXHAUST GASES

In present study the power conversion methods was investigated which could be applied as a bottoming cycle in com-
bination with the WHR systems of diesel and gas engines to produce additional electrical power from the excess heat.
It has been identified that there are large potentials of energy savings through the use of waste heat recovery tech-
nologies. Waste heat recovery defines capturing and reusing the waste heat from internal combustion engine for
heating, generating mechanical or electrical work and refrigeration system.

Introduction

Out of all the available sources, the internal com-
bustion engines are the major consumer of fossil fuel
around the globe. Out of the total heat supplied to the
engine in the form of fuel, approximately, 30 to 40% is
converted into useful mechanical work.

The remaining heat is expelled to the environ-
ment through exhaust gases and engine cooling sys-
tems, resulting in to entropy rise and serious environ-
mental pollution, so it is required to utilized waste heat
into useful work. The recovery and utilization of waste
heat not only conserves fuel, usually fossil fuel butalso
reduces the amount of waste heat and greenhouse gases
damped to environment. It is imperative that serious
and concrete effort should be launched for conserving
this energy through exhaust heat recovery techniques.
Such a waste heat recovery would ultimately reduce
the overall energy requirement and also the impact on
global warming.

Presently, high fuel costs and concerns about for-
eign oil dependence have resulted in increasingly com-
plex engine designs to decrease fuel consumption. For
example, engine manufacturers have implemented
techniques such as enhanced fuel-air mixing, turbo-
charging, and variable valve timing in order to increase
thermal efficiency. However, around 60-70% of the
fuel energy is still lost as waste heat through the cool-
ant or the exhaust. On the other hand, legislation of
exhaust emission levels has focused on carbon monox-
ide (CO), hydrocarbons (HC), nitrogen oxides (NOX),
and particulate matter (PM).

Energy conservation on engine is one of best
ways to deal with these problems since it can improve
the energy utilization efficiency of engine and reduces
emissions [1] . Given the importance of increasing
energy conversion efficiency for reducing both the fuel
consumption and emissions of engine, scientists and
engineers have done lots of successful research aimed
to improve engine thermal efficiency, including super-
charge, lean mixture combustion, etc.

However, in all the energy saving technologies
studied. Engine exhaust heat recovery is considered to
be one of the most effective. Many researchers recog-
nize that Waste Heat Recovery from engine exhaust

has the potential to decrease fuel consumption without
increasing emissions, and recent technological ad-
vancements have made these systems viable and cost
effective [2].

Possihility of heat recovery from internal com-
bustion engines

Waste heat is heat, which is generated in a pro-
cess by way of fuel combustion or chemical reaction,
and then “dumped” into the environment even though
it could still be reused for some useful and economic
purpose. This heat depends in part on the temperature
of the waste heat gases and mass flow rate of exhaust
gas. Waste heat losses arise both fromequipment inef-
ficiencies and from thermodynamic limitations on
equipment and processes. For example, consider inter-
nal combustion engine approximately 30 to 40% is
converted into useful mechanical work. The remaining
heat is expelled to the environment through exhaust
gases and engine cooling systems [3]. It means approx
imately 60 to 70% energy losses as a waste heat
through exhaust (30% as engine cooling systemand 30
to 40% as environment through exhaust gas).

BExhaust gases immediately leaving the engine can
have temperatures as high as [450-600°C]. Conse-
quently, these gases have high heat content, carrying
away as exhaust emission. Efforts can be made to de-
sign more energy efficient reverberatory engine with
better heat transfer and lower exhaust temperatures;
however, the laws of thermodynamics place a lower
limit on the temperature of exhaust gases [4]. Total
energy distributions from internal combustion engines
is shown on Fig.1
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Fig. 1. Total energy distributions from internal
combustion engines
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Benefits of ‘waste heat recovery’are:

1. Direct Benefits:

Recovery of waste heat has a direct effect on the
combustion process efficiency. This is reflected by
reduction in the utility consumption and process cost.

2. Indirect Benefits:

a) Reduction in pollution: A number of toxic
combustible wastes such as carbon monoxide (CO),
hydrocarbons (HC), nitrogen oxides (NOX), and par-
ticulate matter (PM) etc, releasing to atmosphere. Re-
covering of heat reduces the environmental pollution
levels.

b) Reduction in equipment sizes: Waste heat re-
covery reduces the fuel consumption, which leads to
reduction in the flue gas produced. This results in re-
duction in equipment sizes.

¢) Reduction in auxiliary energy consumption:
Reduction in equipment sizes gives additional benefits
in the form of reduction in auxliary energy consump-
tion [5].

Heat recovery in diesel engines

In general, diesel engines have an efficiency of
about 35% and thus the rest of the input energy is
wasted. Despite recent improvements of diesel engine
efficiency, a considerable amount of energy is still ex-
pelled to the ambient with the exhaust gas. In a water-
cooled engine about 35 kW and 30-40% of the input
energy is wasted in the coolant and exhaust gases re-
spectively.

The amount of such loss, recoverable at least
partly, greatly depends on the engine load [6]. the
wasted energy represents about two-thirds of the input
energy and for the sake of a better fuel economy, ex-
haust gas from Internal Combustion engines can pro-
vide an important heat source that may be used in a
number of ways to provide additional power and im-
prove overall engine efficiency. These technical possi-
bilities are currently under investigation by research
institutes and engine manufacturers. For the heavy duty
diesel engines, one of the most promising technical
solutions for exhaust gas waste heat utilization appears
to be the use of a useful work.

Availability of Waste Heat from I.C. Engine The
quantity of waste heat contained in a exhaust gas is a
function of both the temperature and the mass flow rate
of the exhaust gas:

Q=mxC,xAT, 1)
where, Q is the heat loss (kJ/min); mis the exhaust gas
mass flow rate (kg/min); Cp is the specific heat of ex-
haust gas (kJ/kg°K); and AT is temperature gradient in
°K. In order to enable heat transfer and recovery, it is

necessary that the waste heat source temperature is
higher than the heat sink temperature. Moreover, the

magnitude of the temperature difference between the
heat source and sink is an important determinant of
waste heat“s utility or “quality”.

The source and sink temperature difference influ-
ences the rate at which heat is transferred per unit sur-
face area of recovery system, and the maximum theo-
retical efficiency of converting thermal from the heat
source to another form of energy (i.e., mechanical or
electrical). Finally, the temperature range has im-
portant function for the selection of waste heat recov-
ery systemdesigns [7-8].

Types of recovery system for internal combustion
engines

Large quantity of hot flue gases is generated from
internal combustion engine etc. If same of this waste
heat could be recovered, a considerable amount of pri-
mary fuel could be saved. It is depends upon mass flow
rate of exhaust gas and temperature of exhaust gas. The
internal combustion engine energy lost in waste gases
cannot be fully recovered. However, much of the heat
could be recovered and losses be minimized by adopt-
ing certain measures. There are different methods of
the exhaust gas heat recovery namely for space heat-
ing, refrigeration and power generation. The mass flow
rate of exhaust gas is the function of the engine size
and speed, hence larger the engine size and higher the
speed the exhaust gas heat is larger. So heat recovery
system will be beneficial to the large engines compara-
tively to smaller engines. The heat recovery from ex
haust gas and conversion in to mechanical power is
possible with the help of Rankine, Stirling and Brayton
thermodynamic cycles, vapour absorption cycle.

These cycles are proved for low temperature heat
conversion in to the useful power. Engine exhaust heat
recovery is considered to be one of the most effective
means and it has become a research hotspot recently.

For example, Doyle and Patel [9] have designed a
device for recovering exhaust gas heat based on Ran-
kine cycle on a truck engine. The commissioning ex-
periment of 450 kilometers showed that this device
could save fuel consumption by 12.5%. Cummins
Company has also done some research on waste heat
recovery on truck engines, and the results showed that
engine thermal efficiency could improve by 5.4%
through exhaust heat recovery. James C. Conklin and
James P. Szybist [10] have designed a six-stroke inter-
nal combustion engine cycle with water injection for
in-cylinder exhaust heat recovery which has the poten-
tial to significantly improve the engine efficiency and
fuel economy. R. Saidur et al [11] Rankine bottoming
cycle technique to maximize energy efficiency, reduce
fuel consumption and green house gas emissions.

Recovering engine waste heat can be achieved via
numerous methods. The heat can either be reused with-
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in the same process or transferred to another thermal,
electrical, or mechanical process.

Waste heat can be utilized for some useful works
and it is reduces pollution. The diesel engine exhaust
gas waste heat recovery rate increase with increasing
diesel engine exhaust gas emission rate.

The increasing fuel costs and diminishing petro-
leum supplies are forcing governments and industries
to increase the power efficiency of engines. A cursory
look at the internal combustion engine heat balance
indicates that the input energy is divided into roughly
three equal parts: energy converted to useful work,
energy transferred to coolant and energy lost with the
exhaust gases. There are several technologies for re-
covering this energy on a internal combustion engine,
where as the dominating ones are: Waste heat can uti-
lized for heating purpose, power generation purpose,
refrigeration purpose, etc.

Using of exhaust gas for heating purpose

Waste heat can be utilized for the heating purpose
like space heating, Preheating intake air and fuel, dryer
etc. Typical examples of use would be preheating of
combustion air, space heating, or pre-heating boiler
feed water or process water etc. waste heat recovery
system can utilized for pre heating intake air and intake
fuel.[12]

Heat energy is recovered from the exhaust gases,
which causes lower heat addition, thus improving en-
gine thermal efficiency. Low grade fuel, such as, kero-
sene can be used in diesel engine by blending with
conventional diesel fuel. Using the air preheating sys-
tem and 10% kerosene blend as fuel, the thermal effi-
ciency is improved and exhaust emissions (NOx and
CO) is reduced as compared to neat diesel fuel without
using air preheating system[13].

Waste heat recovery is useful for preheating al-
ternative fuel so reduce viscosity of fuel, better fuel
atomization and low volatility of fuel.

Using of exhaust gas for Power Generation Pur-
pose

Waste heat can also be utilized indirectly for the
power generation using rankine cycle. Bryton cycle,
Stirling cycle and directly used for thermoelectric gen-
erator etc

Comparisons between steam Rankine, ORC,
Kalina and TFC cycles

The differences between Kalina-type bottoming
cycle configurations designed for different gas engine
and gas diesel enginetypes have studied in [13]. One of
their key focuses was to demonstrate the potential of
the Kalina cycle to produce more power than the Ran-
kine cycle as an engine bottoming cycle. Four different
power plant configurations were studied, all based on
Wairtsild engines with gas engine models 16V25SG

and 18V34SG and gas diesel engine models 18V32GD
and 18V46GD.

The characteristics of the heat sources differ for
the four engine models and the optimal Kalina cycle
configuration is unique to the engine. Cycle configura-
tions that use all engine heat sources are complex and
include many heat exchangers. Low heat source tem-
peratures should be to the advantage of the Kalina cy-
cle relative to the Rankine cycle. In most cases the gas
engine with a Kalina bottoming cycle produces more
power compared to the Rankine cycles than the gas
diesel engine. The Kalina cycle can use more of the
heat in the exhaust gas streamthan the Rankine cycle.

In [14] has compared the Kalina and ORC cycles.
The OCR model is based on a system without regener-
ation. Isopenthane is assumed as the working fluid. A
saturated vapor Kalina cycle is used. As a result, the
maximum power generated for a given source is great-
er for the Kalina cycle. The Kalina cycle is well posi-
tioned against an ORC for a base load application. The
Kalina is better than the ORC when the heat source
stream has finite heat capacity, but similar when the
source is condensing steam (constant temperature). In
[14] compared the thermodynamic performance of the
Kalina cycle and ORC (hexamethyldisiloxane as work-
ing fluid) in the case of heat recovery from two Wirt-
sild 20V32 89 MW diesel engines with exhaust gas
mass flow of 35 kg/s for both engines, at 346°C. In
order to facilitate the comparison, only the heat recov-
ery from the exhaust gases was considered. An almost
equal net electric power of 1615 kW (with a cycle effi-
ciency of 19.7 %) and of 1603 kW (with cycle effi-
ciency of 21.5 %) for the Kalina and ORC cycles was
calculated, respectively. In this case, the Kalina cycle
requires a very high maximum pressure in order to
obtain high thermodynamic performances: 100 bar
against the about 10 bar of the ORC cycle. The turbine
design also favours the ORC cycle, as the isentropic
enthalpy drop is definitely higher for the Kalina (575
kJ) than for the ORC (92 kJ). For the Kalina cycle, the
required turbine rotational speed is very high (> 60000
rom) thus requiring a gear box, and therefore adding
gearbox losses. The use of the Kalina cycle for medi-
um and high temperature thermal sources seems unjus-
tified because there is no gain in performance instead,
a complicated plant scheme, large surface heat ex
changers and corrosion resistant materials, such as tita-
nium in the turbine, result.

In [15] have compared the TFC, four ORCs and a
Kalina cycle, all operating under the same conditions
in the both heat sink and source. The same flow rate
and temperature at source inlet and an isentropic effi-
ciency of 70 % for the expander were assumed. Cycle
pressures were selected to maximize exergy efficiency
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for each fluid. The cycle efficiencies (1), power out-
puts (P) and heat inputs (Q) are listed in Table 1[115].

Table 1. Comparison of TFC, four ORCs and a
Kalina cycle

Cycle (fluid) 1(%) P (kW) Q (kW)
ORC (R141b) 10 13 132
ORC (R123) 9 17 179
ORC (R245ca) 9 18 189
ORC (R21) 9 18 108
Kalina (NH:-H;0) 3 13 373
TFC (NH;-H:0) 8 38 477

An ORC with R141b has the highest efficiency of
10 %, but extracts the least heat from the source, while
the trilateral flash cycle receives the most, i.e., 3.6
times more. The TFC uses the most of the source’s
exergy because both the source fluid (water) and the
working fluid (ammonia—water) are in liquid state and
have similar specific heats, and thus the temperature
difference in the heat exchanger is minimized. Since
the source stream exergy is fixed, the cycle that con-
verts the most of it into work (or useful exergy) is the
best. The TFCrecovers the most of the source’s exergy
(93 %), the Kalina cycle being the second best (76 %).

Conclusions

In present study the power conversion methods
was investigated which could be applied as a bottom-
ing cycle in combination with the WHR systems of
diesel and gas engines to produce additional electrical
power from the excess heat. Next crucial conclusions
were made:

1. The steam Rankine cycle is a well-known, and
the most developed and widespread bottoming cycle,
typically combined with a gas turbine. It is most suita-
ble for plant sizes of several hundreds of megawatts of
electrical power. The steam Rankine cycle can also be
applied with diesel engines, however, with less effi-
ciently due to the lower exhaust gas temperature and
flow.

3. Ranking cycle is offered in present study as
waste heat utilisation unit to get more electricity from
Hyundai power plant of total power output 2.7 mW.

2. The organic Rankine cycle (ORC) applies the
principle of the steam Rankine cycle but uses organic
working fluids instead of water. Among low-grade heat
bottoming cycles, the ORC is so far the most commer-
cially developed one. It is simpler and economically
more feasible than the steam Rankine cycle.

3. Kalina cycle is a ‘modified’ Rankine cycle us-
ing mixtures as the working fluid, typically water-
ammonia. The use of a mixture having a varying boil-
ing point results a good thermal match in the waste
heat boiler, but requires a recuperator after the turbine
and distillation condensation subsystem to avoid exer-
gy loss at the heat sink. This makes the plant scheme
more complex

4. The Kalina Cycle is reported to achieve better
performance and smaller plant size than a steam Ran-
kine plant with equal output. Order of superiority be-
tween the Kalina Cycle and the ORC is contradictory.
Ammonia is toxic and highly corrosive, which has to
be taken into account in material selection.

5. The Kalina Cycle has some references in waste
heat and geothermal power plants. In the trilateral flash
cycle (TFC) the working fluid is heated under pressure
to a temperature above boiling point. The expansion
phase in the expander starts from saturated liquid state
and flashes to the condenser pressure. The power re-
covery potential of the TFC highly depends on the two-
phase expansion inside the expander. The lack of a
suitable expander with high adiabatic efficiency is the
main obstacle for the TFC in becoming reality. A twin
screw expander is predicted to have sufficient adiabatic
efficiency.

10. It has been identified that there are large po-
tentials of energy savings through the use of waste heat
recovery technologies. Waste heat recovery defines
capturing and reusing the waste heat from internal
combustion engine for heating, generating mechanical
or electrical work and refrigeration system.
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