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Abstract-This study reports the energy issue of current industrial era. The fast industrial growth and economy 

advancement increases the energy demand. Internal combustion engines (IC Engines) are the back bone of industries, yet 

these are not thermally efficient. This paper presents the study of heat wasted by IC engines and techniques to recover that 

waste heat. The commercially available 3-cylinder Maruti 800 engine is tested with variable load and variable speed in between 

2000-5000 RPM to study the heat balance. It is found that only 25-30% of fuel energy is converted to useful work and 

remaining 70-75% is wasted and dumped to environment through exhaust gases and coolant. Water Jacket heat losses are 

20-55% of total heat supplied by fuel and available energy in cooling water varies from 0-6 kW which is only 0-30% of total 

energy absorbed by water. The energy share of exhaust gas varies in between 20-30% of fuel energy. The available energy in 

engine exhaust is 1.21-21.1 kW depending on speed and load which is 80-90% of energy wasted to engine exhaust. The study 

found that engine exhaust heat can be significantly recovered by various heat recovery techniques (HRT) like TEG, ORG, 

VAbR, VAdR, desalination and combined thermal cycles (CTC). The TEG and VAbR found to be promising techniques as 

per the temperature and mass flow rate of exhaust gases.  
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1. INTRODUCTION 
 

The limited availability and rapid increase in consumption of fossil fuels due to recent industrial growth shifted the 

focus of research towards the proper and efficient utilization of energy. In past century, the major share of fossil fuels around 

the globe is used to power internal combustion engines (IC engine). The growth in IC engines made them the major power 

source for transportation, power plants and agriculture etc. The IC Engines are capable to convert only 30-40% of chemical 

energy of fuel to useful mechanical work and 60-70% of energy is remained unused. The remaining energy is sent to 

atmosphere as heat through engine cooling system and exhaust gases which causes air and thermal pollution. The rise in fuel 

cost and dependency forces scientists and engineers to work on highly complicated engine design to increase fuel & energy 

efficiency and reduce waste heat. They have successfully worked on supercharge, lean mixture and other techniques to reduce 

the emissions but the energy conversion efficiency still varies in between 25 to 35 %. The heat in exhaust gas dominates the 

overall wasted energy from engines. The mismatch of need and supply of energy forced us to take a serious concern towards 

energy efficiency and waste heat recovery techniques (WHRT). The use of WHRT will enhance thermal efficiency and reduce 

the effect of waste heat on environment. Exhaust Heat Recovery systems (EHRS) are new role player to lessen the fuel 

consumption and reduce emissions. The new generation of researchers is working on the various EHRS .Patterson et al. [1] 

used electro turbo generators to generate electricity from engine exhaust gases. Husain et al.[2] studied the Various EHRS 

and suggested thermoelectric generators for Exhaust Heat Recovery. Zhong [3] worked on adsorption air-conditioner system 

operated by engine exhaust of cars and light-duty trucks to enhance the fuel efficiency. He made a modular design with 

working pair of zeolite-water. Pandiyarajan et al. [4] worked on diesel engine to find the quality and quantity of heat wasted 

by exergy analysis. Their study found that selected phase change material can be used to store waste heat from engines. Wu 

et al. [5] reviewed various technologies of combined cooling, heating & power (CCHP) and suggest energy policy maker to 

make favorable policy to increase the use of CCHP technologies for resolving energy-related problems. Hugues et al. [6] 

studied heat recovery by turbo-charging from automotive engines for cabin heating. They modified 10.55 kW (three ton) 

absorption chiller to recover heat from 2.8 L V6 engine. However; the further investigation is needed for scalability and 

reliability issues. I horuz [7] did the experimental investigation of vapor absorption refrigeration system (VAbRS) systems 

for heavy vehicles. He used exhaust waste heat as an energy source to power VAbRS. He compared the performance of 

VAbRS power by Natural gases with the same VAbRS powered by exhaust gases and found that the performance 

characteristics are same for both the energy sources. The research on the engine thermal efficiency has become saturated 

after so many years of continuous focus; now it’s time to shift the focus to recover waste heat from engines.  

 

Despite the key focus of researchers on I.C engine/Automobiles, we are not able to increase thermal efficiency 

more than 30-35% and still the heat loses are higher. This proves that we are wasting more energy of fuel than using it to 

get work. The heat losses in IC engine are due to thermodynamic limitations and equipment inefficiencies. This dumped 

waste heat of engine exhaust gas can be reused by the means of EHRT. Various EHRT which are worked upon by 

researchers are thermoelectric generators (TEG), organic rankine cycle (ORG), vapour absorption refrigeration (VAbR), 

vapour adsorption refrigeration (VAdR), Desalination and combined thermal cycles (CTC) [10]. TEGs are solid-state devices 

which work on “seebeck effect” and generate electricity due to temperature gradient across it. TEG can recover 5% of 

exhaust heat and convert it to electricity. TEG when operated at a temperature difference 400 ºC generates 50 watt of electric 

energy. The latest research in TEG materials increased the conversion efficiencies ranges in 15- 25% ,yet TEG have low 

conversion efficiency but most suited and sustained technology to convert waste heat to electricity [11].ORC is one the most 

widely used  technology for  recovering heat. ORC is bulky and not economically feasible for capacities below than 5MW 

this made it not suitable for smaller automobile engines [12]. VAbR and VAdR are the technologies which use the low grade 

heat to produce chilling effect. These can work at low temperature of 100-250 ºC and the low flow rate of hot fluid [13][14]. 

The working requirements of VAbR and VAdR made them most promising EHRT to recover heat from small engine exhaust 

gases. I.Horuz [7] worked on VAbR power by exhaust gases of vehicle and found it feasible for practical implementation. 

Desalination is technique to get the pure water from sea water. Desalination technologies use the heat input at low 

temperature range. 
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 The evaporator of desalination works at temperature of 90 ºC and 50 ºC for double and single effect units 

respectively [15]. This technology is most suited for fixed engines and where the availability of fresh water is not in abundant. 

CTC is the grouping of two or three technologies to enhance the maximum recovery of waste heat for example TEG and 

Desalination can be uses together. TEG and VAbR may be coupled and powered by engine exhaust gas to increase overall 

efficiency up to 10-20%. 

 

It is concluded from literature that waste heat of engine exhaust have an opportunity of to be recovered using 

various techniques. An experimental work will be done on market available multi cylinder IC engine to find quality and 

quantity of heat wasted in exhaust gas. The objective of this study is to calculate the available energy in the exhaust of engine 

and cooling water jacket of an engine.  

 

                                                   2.0 EXPERIMENTAL TEST SET-UP 
 

 
Figure 3: Experimental engine test bed 

Experiments were performed on computerized engine test bed consists of commercially available Maruti 800 three 

cylinders, four stroke, MPFI Petrol engine. The test bed is fitted with all the necessary instrumentation for performance 

evaluation as shown in figure 1.The speed and load is recorded with the help of Crank angle sensor (Resolution 1 Deg, Speed 

5500 RPM with TDC pulse) and Load cell (strain type gauge, range 0-50 Kg). Fuel and air flow rates are recorded with the 

help of DP transmitter (Range 0-500 mm WC) and Pressure transmitter (Range (-) 250 mm WC) respectively. Piezo electric 

sensor mounted in the cylinder was used to record the pressure inside the cylinder. The heat in exhaust gas is recorded by 

calorimeter fitted on engine tail pipe. The engine was fueled by gasoline and tested for the variable loads from 6 Kg ( ¼ 

load) to 24 Kg (full load) and speed was varied from 2000 RPM to 5000 RPM in a step of 1000 RPM.  All the performance 

parameters were recorded using computer software EngineSoft.  

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Power analysis of engine  
Figure 3.1 (a-d) shows the plots of torque (T), brake power (BP), indicated power(IP) and frictional power(FP) is 

against the different engine speed at different loads. Figure 3.1(a) exhibits that engine torque do not vary with the engine 

speed but increases with increase in engine load. On other hand engine brake power and indicated power shows increasing 

trend with increase in speed and load respectively, shown in fig. 3.1(b & c). The maximum value of BP is 26.89 kW and of 

IP is 31.69 kW obtained at 5000 RPM and full load where as at same speed the minimum value of BP and IP were recorded 

6.87 kW and 18 kW respectively at ¼ load. Figure 3.1(d) reviles that losses due to friction are of high order at low engine 

load at all engine speeds, whereas at full load minimum friction losses were recorded. The plots of FP at ½ load and ¾ load 

display peculiar behavior at low engine speeds ranging up to 3500 RPM.  
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At low engine speed the frictional losses are high at ¾ load in comparison to ½ load . In order to understand the 

reason of such behavior contour for FP for given range of load and speed where developed with the help of design expert 

software shown in figure 3.1(e). It is evident from the figure that as the FP increases frictional losses increases for the given 

range of engine load and speed. 

 

          
Figure 3.1 (a): Plot of torque vs speed         Figure 3.1(b): Plot of Brake power vs speed 

             
Figure 3.1(c): Plot of indicated power vs speed  Figure 3.1(d): Plot of frictional power vs speed  
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3.2 Air and fuel flow rates  
Mass of fuel and air supplied to the engine are responsible for engine performance in terms of power output and 

amount of heat available in exhaust. To study the amount of fuel and air supplied to the engine at different load and engine 

speed plots were developed and shown in figure 3.2(a&b). The curves depict that the consumption of fuel and air increases 

with increase in speed and load. Figure 3.2 (c) shows the plots of specific fuel consumption (SFC) versus speed at different 

engine load conditions. It is clear from the fig that at low load SFC is high and decreases with increase in engine load because 

of obvious reasons. However at ½ load and 2000 RPM the value of SFC is lowest, the probable reason for this behavior is 

error in recording of value. 

 

 
Figure 3.2(a): Plot of fuel flow rate vs speed      Figure 3.2 (b): Plot of air flow vs speed  

 
Figure 3.2 (c): Plot of specific fuel consumption vs speed  

3.3 Heat balance of engine  
Analysis of amount of heat available in the exhaust after extracting the useful power output from the supplied heat is the 

main objective of this study, as specified in previous sections. To draw the complete heat balance of an engine the 

conventional equations [7] are used. 

The total energy supplied to engine in the form of fuel is calculated by the equation (i) 

��� =
��×���

����
         …….. (i) 

The total available energy at the piston of engine is IP and calculated by equation (ii) 

�� =
����×��×�

����
         …….. (ii) 

The total energy converted to shaft by engine is BP and calculated by equation (iii) 

�� =
���∗������

�����
        …….. (iii) 

The loss of available energy at piston is termed as frictional power (FP) is the difference of IP and BP. The energy lost to 

cooling water is calculated by equation (iv) 

�� = �� × ��� × (��_��� − ��_��)     …….. (iv) 

The energy lost as exhaust is calculated by equation (v) 

���� = ��� + ��� × ����� × (���� − ����)    …….. (v) 
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The uncounted losses from the engine is calculated by the equation (vi) 

��� = ��� − �� − �� − ����      …….. (vi) 

 

Table 1 shows the recorded values of varies parameters and calculated values of heat utilized and wasted using above 

equations in the various parts of in engine.  

 

Table 1: Performance and Heat data of engine 

Recorded values Calculated values 

Speed Load mf ma IP BP BMEP Tw_out Texh Qin Qw Qexh Qun 

RPM  Kg/hr Kg/hr kW kW Bar Celcius Celcius kW kW kW kW 

2000 
1/4 

Load 
1.276 17.63 5.99 2.87 2.17 25.5 335.26 15.59 8.69 1.96 2.06 

3000 
1/4 

Load 
1.942 25.32 10.15 4.12 2.14 25.78 427.91 23.74 10.27 4.21 5.13 

4000 
1/4 

Load 
2.861 34.83 14.14 5.45 2.12 33.92 522.66 34.97 13.37 7.13 9.01 

5000 
1/4 

Load 
3.985 46.86 17.72 6.87 2.13 38.18 590.51 48.7 17.71 10.72 13.39 

2000 
half 

load 
1.596 22.16 6.91 5.59 4.21 45.7 392.54 19.5 9.21 2.83 1.87 

3000 
half 

load 
2.625 33.29 11.54 8.08 4.2 44.86 504.24 32.08 11.79 6.06 6.15 

4000 
half 

load 
3.949 45.22 17.89 10.76 4.2 47.23 557.74 48.27 15.96 10.4 11.15 

5000 
half 

load 
5.621 58.21 22.96 13.61 4.3 53.18 618.03 68.7 21.15 16.01 17.93 

2000 
3/4 

load 
2.636 28.2 11.39 8.07 6.31 38.54 444.2 32.22 12.65 5.36 6.14 

3000 
3/4 

load 
3.799 41.66 16.37 11.45 6.27 50.63 559.85 46.43 14.07 9.85 11.07 

4000 
3/4 

load 
5.503 57.02 20.84 15.66 6.28 57.54 592.07 67.25 18.21 15.86 17.53 

5000 
3/4 

load 
7.579 73.1 27.45 20.31 6.28 47.47 643.58 92.63 22.97 23.18 26.17 

2000 
full 

load 
4.149 42.07 15.01 13.15 8.33 54.63 498.15 50.71 15.85 5.36 16.34 

3000 
full 

load 
5.376 53.29 20.03 16.74 8.35 58.03 590.94 65.71 16.87 9.85 22.25 

4000 
full 

load 
7.199 68.76 26.07 21.69 8.36 55.56 630.21 87.99 19.4 15.86 31.03 

5000 
full 

load 
9.17 90.01 34.69 26.89 8.35 41.14 666.94 112.1 22.81 23.18 39.19 

 

Figure 3.3 (a) depicts behavior of heat converted to BP (HBP) Vs speed for gasoline engine with different loads. 

The HBP is low for the low loading ( ¼ load)   and all speed, lowest HBP of 14% is 5000 RPM and ¼ load .  As the load is 

increased the sudden rise results in maximum HBP of 29% at 2000 RPM and ½ load. Further increase in load or speed result 

the decrease in HBP. The energy wasted to water jacket (HJW) is higher at low speed and low load but decreases with 

increases in load and speed as shown in figure 3.3(b). The maximum HJW is 55.76 % at 2000 RPM and ¼ load while the 

minimum 20.35 % is recorded at 5000 RPM and full load.  
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The heat share of exhaust gases (Hexh) increases with speed and load as depicted by figure 3.3(c). The maximum 

Hexh is 27.17 % found at maximum speed of 5000 RPM and full load. Figure 3.3(d) shows the heat share of radiation and 

uncounted loses (Hrad) with different speed and load and depicts that Hrad increases with increase in speed and load. The 

maximum Hrad is 29.26 % at speed 5000 RPM and full load.  

 

   
Figure 3.3 (a): Plot of heat equivalent of brake power vs speed      Figure 3.3 (b): Plot of heat equivalent of engine cooling 

water 

 vs Speed  

  
Figure 3.3 (c): Plot of heat equivalent of engine exhaust   Figure 3.3 (d): Plot of heat equivalent of 

radiations vs speed  

gases vs speed         

 
3.4 Mathematical Equations: 

Available work in any system can be evaluated based on the fact that the portion of input energy can potentially be 

converted in to work. The available work in a given isolated or closed system is calculated when system is not in equilibrium 

with the surroundings. In this case the engine was considered as closed system and total available energy of engine is 

calculated by the following equation  

��� = �� + �� + ���� + ���     …….. (vii) 

Further availability analysis is focused on the two major losses from engine i.e. heat loss to cooling water and exhaust 

.The cooling water has 20-40% share of energy supplied. The available energy in the cooling water (Awater)[8]is calculated 

with the help of equation (viii) 

�� = �� −
��×���×����×���

��_���
��_��

�

����
      …….. (viii) 

The entropy of a system is indicative of unavailable energy in the system and the entropy of cooling water (Swater) can be 

calculated as 

�� = �
��

��_���
�       …….. (ix) 
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The exhaust gases have approximate 20-30% share of total energy of fuel. Equation (x) is used to do further calculation to 

find the available energy in engine exhaust (Awater) [8] which may be recovered to get useful work. 

���� = ���� +
���×�������������×���

����
����

������×���
����
����

��

����
   …….. (x) 

The entropy of exhaust gases is calculated by equation (xi) 

���� = �
����

����
�       …….. (xi) 

The entropy of the system is indicative of the fact that lower the temperature of the system higher will be the entropy, which 

represents the terms of un available work.  

Equation (xii) is used to calculate the availability destroyed  

��� = ��� − ���� + �� + ���� + ���    ……..(xii) 

 
3.5 Available Work Energy in Engine Exhaust Gases 

Using the various equations given is section 3.4 available energy and entropy in the exhaust of engine and cooling 

jacket water were calculated and shown in table 2.  

 
Heat is always considered as low grade energy as it is associated with low conversion efficiency when it is 

transformed into useful work. To analyse the available work based on this fact plots of waste heat, available energy and 

entropy were drawn for jacket cooling water and exhaust gas at different engine speed and shown in fig 3.4 (a) and 3.4 (b), 

respectively.  
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The cooling water jacket heat loss is highest among all other loses as depicted by heat balance graph of engine. The 

figure 3.4(a) shows the heat and available energy in the water from cooling jacket of engine and elaborates that with the rise 

in speed and loads the share of waste heat in water increase from 8 kW at 2000 RPM and ¼ load to 22kW at 5000 RPM and 

full load. At lower speed the available energy is zero as the water temperature is below and ambient temperature. The 

available energy which can be reused by some HRTs varies from 0-6 kW depending on RPM and load on engine. The 

amount of available energy in cooling water varies from 0-32% maximum of the total heat absorbed by cooling water. The 

available energy is less and fluctuating with speed and RPM. High entropy (0.5-2 kW/ºC) of cooling water makes it more 

difficult to reuse it.  

 
Figure 3.4 (a): Plot of waste heat, available heat and entropy of engine cooling water vs speed  

 
Figure 3.4 (b): Plot of waste heat, available heat and entropy of engine exhaust vs speed  

The heat balance graphs of engine shows that exhaust gases have approximate 20-30% share of total energy of fuel 

.The figure 3.4(b) shows the heat and available energy in engine exhaust and depicts that with the rise in speed and load the 

share of waste heat in engine exhaust increase from 1.96 kW at 2000 RPM and ¼ load to 21.21 kW at 5000 RPM and full 

load. The available energy which can be reused by some HRTs varies from 1.5-21 kW depending on RPM and load on 

engine. The amount of available energy in engine varies from 80-90% of the total heat wasted to exhaust. It shows a smooth 

behavior with speed and load of engine moreover the low entropy (0.0058- 0.0360 kW/ºC) of exhaust gases makes it more 

favorable to reuse and recovered by HRT. 
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4.0 CONCLUSIONS 
 

The target of this study is to address the amount of energy available in waste heat from SI engine. The following conclusions 

are made from the study: 

1. Only 25-30% of total energy supplied is converted to shaft work remaining 75-70% is wasted to environment threw cooling 

water, exhaust gases and radiations.  

2. The cooling water absorbs 8-22 kW of energy depending on load and speed out of which maximum 32% energy at high 

entropy is available to reuse. 

3. Engine exhaust gases have 25-30%share of total energy supplied by fuel. This exhaust gas heat is “dumped” into the 

environment at the temperature of 350-700ºC and mass flow rate of 18.91 - 99.81 Kg/hr depending on speed and load. The 

available energy in engine exhaust is 1.5-21kW having negligible entropy. The total available energy in engine exhaust is 80-

90% of energy wasted as exhaust gases. 

4. The available energy in exhaust is good enough to be recovered by Various EHRT like TEG, VAbR, VAdR Desalination and 

CTC for doing some useful work and increases overall thermal efficiency. The temperature and mass flow rate of exhaust 

made the TEG and VAbR most favorable to recover waste heat. VAbR have higher heat recovery and reduce the dumping 

temperature of exhaust to atmosphere this made VAbR most promising above all other EHRT.  Further detailed study and 

specific design is to be required for implementation of VAbR on engine exhaust gases. 
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