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Abstract 23 

Cold-start is an inevitable part of the daily driving operation for most vehicles. Given that 24 

exergy analysis can evaluate the sources of losses qualitatively and quantitatively using the 25 

first and second laws of thermodynamics, this study investigated the impact of engine 26 

temperature on energy and exergy parameters during engine warm-up. Using a turbocharged 27 

Cummins engine, the performance and emissions data were measured, and energy and 28 

exergy parameters were formulated from the experimental data. Engine warm-up period was 29 

divided into seven phases, including official hot-start and cold-start, and some phases which 30 

are not considered as cold-start or hot-start by regulations. This study evaluated different 31 

parameters related to energy analysis (brake power, friction mean effective pressure [FMEP], 32 

brake specific fuel consumption [BSFC] and brake thermal efficiency [BTE]), exergy analysis 33 

(fuel input exergy, exhaust heat loss, exergy destruction and exergetic efficiency) and their 34 

correlations. Results showed that as the engine warmed up, the fuel exergy, exhaust heat 35 

losses, and exergy destruction decreased by 2.3, 34.1 and 34.1%, respectively; while, the 36 

exhaust exergy loss increased by 43.5%. The FMEP and BSFC decreased by 56.7% and 14.9% 37 

as the engine warmed up, while BTE and the exergetic efficiency increased by 5.6% and 5.3%, 38 

respectively.   39 

Keywords: cold-start, diesel engine, exergy, exergetic efficiency, exergy destruction 40 

1. Introduction 41 

Thermodynamic principles have been used to quantify the energy of the system in order to 42 

find the right design as per energy demand. In addition, studying exergy concept which is 43 

related to the quality of energy can improve our understanding of thermodynamic systems 44 
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providing insight into the available energy of a system, which can be utilised to increase the 45 

efficiency of the whole system and therefore aid in the optimisation of energy conversion 46 

devices [1]. For this purpose, thermodynamic principles have evolved from the first law, 47 

energy balance, to the second law, which deals with the quality of energy systems. Exergy is 48 

the key to identify the irreversibility of an energy system [2, 3].  49 

One of the most frequently used energy systems is the internal combustion engine which 50 

consumes a significant amount of fuel worldwide; therefore, any effort to increase the 51 

efficiency of this system can be rewarding. This highlights the importance of this study. In 52 

order to determine the availability of energy for an engine, exergy analysis needs to be 53 

conducted based on the working conditions of the engine. In comparison to energy analysis, 54 

which evaluates the energy of the combustion process quantitatively, exergy analysis can 55 

show internal combustion engine inefficiencies by evaluating the source of loss in the process 56 

qualitatively and quantitatively, in addition to the origins of irreversibility.  57 

Cold-start operation occurs regularly through the daily driving schedule for most vehicles. The 58 

significance of cold-start operation was reported by Andre [4] when he studied 55 vehicles 59 

and showed that one-third of drives started and finished within the cold-start period. 60 

However, in engine combustion-related literature, most of the publications are related to hot-61 

start, and not many articles are related to cold-start [5-8], especially when it comes to energy 62 

and exergy analysis during cold-start. 63 

Regulations (EU Directive 2012/46/EU) define cold-start as the first five minutes from the 64 

engine start (after the engine has reached thermal equilibrium with the ambient 65 

environment) or until the coolant reaches 70 ℃. Within cold-start operation, the engine 66 

working condition is not optimal due to the sub-optimal temperature standard of the 67 
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lubricating oil and engine block, which affect engine performance in addition to the exhaust 68 

emissions [9-12]. Roberts et al. [5] reported that an engine cold-start operation consumes 69 

more fuel when compared to a warm engine. It was shown that fuel consumption increased 70 

by 18% when the ambient temperature decreased from 31 ℃ to -2 ℃. Clearly demonstrating 71 

the strong dependence the efficiency has on temperature. A cause of inefficiency during cold 72 

operation has been attributed to incomplete combustion during the cold-start period due to 73 

low fuel and engine temperatures which can lead to higher friction and improper atomisation 74 

and evaporation of the fuel [13]. Compared to the hot-start, higher exhaust emissions, fuel 75 

consumption, and friction losses, in addition to lower engine power, mechanical efficiency 76 

and thermal efficiency during the cold-start period, have been reported in the literature  [6, 77 

11, 14].  78 

In addition to engine performance and emissions parameters, the impact of low engine 79 

temperature during engine cold-start and warm-up on the overall performance and efficiency 80 

of the engine can be studied by analysing the energy and exergy parameters. In order to 81 

investigate engine performance, different researchers have performed energy and exergy 82 

analyses [15-19]. However, most studies in the literature considered the energy and exergy 83 

analyses during hot-start engine operation only. Furthermore, most diesel engine exergy 84 

studies are focussed on the influence of alternative fuels. For example, Meisami and Ajam 85 

[20] investigated the effect of castor oil biodiesel on brake thermal and exergetic efficiencies. 86 

Similarly, several fuels have been studied from an exergy perspective by Odibi et al. [21].  87 

Cold-start is an inevitable part of the daily driving operation for most vehicles, especially in 88 

cities. Given that exergy analysis can evaluate the sources of losses in the process qualitatively 89 

and quantitatively, there is a need in the literature to study engine cold-start and warm-up 90 
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operation from energy and exergy perspectives due to the significance and importance of this 91 

frequent engine operation. Based on energy and exergy principles, this study investigates the 92 

impact of engine temperature on a wide range of energy and exergy parameters during the 93 

official cold-start and hot-start periods based on regulations. This study can potentially show 94 

that the period in which the engine operation parameters (including performance and 95 

emissions) are negatively affected is significantly longer than the official cold-start boundary. 96 

To the best knowledge of the authors, no study currently published in the literature has 97 

investigated the impact of engine temperature on energy and exergy parameters during the 98 

engine cold-start and warm-up operation. This study utilises the first and second laws of 99 

thermodynamics to investigate energy quality and quantity in a diesel engine using various 100 

parameters such as fuel input exergy, brake power, exhaust heat loss, exhaust exergy loss, 101 

exergy destruction, exergetic efficiency, brake-specific fuel consumption (BSFC), brake 102 

thermal efficiency (BTE), and friction mean effective pressure (FMEP). 103 

2. Methodology 104 

2.1 Experimental facility 105 

The current research has been based on both experimental and theoretical analyses of the 106 

first and second laws of thermodynamics. The experiments were conducted on a 107 

turbocharged, common-rail, six-cylinder after-cooled Cummins diesel engine, specified in 108 

Table 1 [22, 23]. In order to control the engine load, an electronically controlled hydraulic 109 

dynamometer was coupled with the engine.  110 

 111 
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Table 1: The experimental engine specification 112 

Model Cummins ISBe220 31 

Cylinders 6 in-line 

Capacity 5.9 L 

Aspiration Turbocharged 

Dynamometer type Hydraulic 

Fuel injection High-pressure common rail 

Bore × Stroke 102 × 120 (mm x mm) 

Maximum torque 820 Nm @ 1500 rpm 

Maximum Power 162 kW 2500 rpm 

Compression ratio 17.3:1 

 113 

A schematic diagram of the test setup used in this study for the engine research in this work 114 

is shown in Figure 1. 115 

In order to measure the gaseous emissions from the engine, CAI-600 CLD NO/NOx and CAI-116 

600 CO2 analysers were utilised. HC, O2, and CO were measured by a Testo 350XL analyser. 117 

To measure CO2, a SABLE CA-10 was used; the measurements from this instrument were also 118 

used to calculate the dilution ratio. The exhaust emissions were passed through a dilution 119 

tunnel prior to the measurement of the particulate matter with a DustTrak II Aerosol Monitor 120 

8530 and a DMS500 MKII. The accuracy of the measurement instruments is shown in Table 121 

A1 in Appendix. 122 

 123 
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 124 

Figure 1: Schematic diagram of the test setup used in this study 125 

 126 

2.2 Fuel properties  127 

Commercial diesel from Caltex in Australia was utilised in this study. Table A2 in Appendix 128 

shows the fuel properties measured in an accredited laboratory using standard methods. 129 

These properties were used to develop the combustion equation in this study. 130 

2.3 Test matrix 131 

Regarding the cold-start experiment, the majority of research publications utilised standard 132 

driving cycles (e.g. WLTC or NEDC) and analysed the cycle’s cold-start part, comparing it to 133 

the hot-start section. These driving cycles include abrupt speed/load variations [24, 25], which 134 

adds more variables to the analysis and consequently can complicate and limit the 135 

investigation of the pure effect of engine temperature on energy quality and quantity 136 
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parameters. In internal combustion engines, the quality and quantity of energy depend on 137 

the operating condition, including engine load, speed and temperature. Given that the engine 138 

cold-start is an unsteady process, a constant speed and load were chosen in this study to limit 139 

the variables as much as possible and better analyse the effect of engine temperature. During 140 

the experiment, the data were collected with the highest sampling frequency—at least one 141 

Hz, depending on the type of equipment—to trace the unsteady process. And for the analysis, 142 

data were averaged over each phase (2 minutes) to include the thermal inertia. In this study, 143 

the first law of thermodynamics is used for all energy-related processes to develop the energy 144 

equations for the diesel engine energy analysis. The whole engine is the control volume, the 145 

fuel energy is considered as the input, and power is the output. And it also considers losses 146 

such as friction losses and exhaust heat loss.  147 

The rationale for choosing 25% engine load among the particular loads of 25, 50, 75, and 100% 148 

was to replicate real-world conditions of the cold-start [26, 27]. This has been seen in standard 149 

driving cycles such as WLTC, which is developed based on actual driving data. In WLTC, the 150 

first part of the cycle is known as the low phase and is specified as the cold-start phase. For 151 

example, the average speed through the 4 phases of the WLTP class 3 cycle are 25.7, 44.5, 152 

60.7 and 94 kph. Therefore, a 25% engine load has been selected to replicate real-world 153 

conditions. 154 

2.4 Experiment 155 

Cold-start preconditioning (EU Directive 2012/46/EU) was conducted to ensure that the 156 

experiment was conducted as per the regulation. This includes running the engine for an hour 157 

and turning it off to be soaked at the ambient temperature for 12 hours of natural soaking (or 158 
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6 hours forced-cooled). Before each test, the coolant and oil temperatures were checked and 159 

measured to be 23 ± 3 ℃.  160 

The cold-start duration is defined in the EU Directive of 2012/46/EU regulation, and according 161 

to that, the cold period is either the first 5 minutes after the engine start operation or once 162 

the coolant temperature reaches from ambient value to the 70 ℃. It can be shown in Figure 163 

2 that the coolant and oil temperatures increase in this period after ignition, which shows 164 

that the engine temperature is not optimum. The figure also shows that the lubricating oil 165 

temperature increases after the defined cold-start period and also when the coolant 166 

temperature is optimal. This lag between the coolant and oil temperatures indicates that the 167 

engine temperature is not optimal for some time after the cold-start period. The impact of 168 

this lag on engine performance and emission parameters has been investigated by some 169 

researchers [7, 14], showing that there are some phases after the defined cold-start phase, 170 

before the engine is fully warmed-up, which need to be investigated.   171 

Figure 2 also has the start of injection data. The injection strategy is commanded by the ECU, 172 

and it can be seen that once the engine temperature reaches 65 ℃, the start of injection 173 

increases to 361 from 353 crank angle degrees. In order to improve the analysis of the effect 174 

of engine temperature, this study divided the engine warm-up period into 7 phases, each 2 175 

minutes. Phase 1 and 2 (the first 4 minutes in which the coolant temperature is lower than 70 176 ℃) represent cold-start operation as per the regulation (EU Directive 2012/46/EU). Phase 7 177 

can be considered as hot-start, given that the engine oil and coolant temperatures in this 178 

phase are optimum. The other intermediate phases cannot be considered as cold-start by the 179 

regulation, also as hot-start, given that the engine temperature within these phases is sub-180 

optimal.  181 
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 182 

 183 

Figure 2: The variation of the temperature versus the start of injection 184 

 185 

2.5 Energy analysis 186 

The first law of thermodynamics is the fundamental basis for the energy analysis for all 187 

energy-related processes, and in this study, it is used to develop the energy equations for the 188 

diesel engine energy analysis. In this study: 189 

- The whole engine, excluding the dynamometer, is in the control volume. 190 

- The exhaust gasses from the combustion engine are considered as ideal gas mixtures.  191 

- Due to the constant height of the engine as well as minimum variation in the gas 192 

velocity, it is assumed both kinetic and potential energies are negligible throughout 193 

the control volume. 194 

- The magnitude of the lower heat value for fuel is determined based on the vapour 195 

saturation for the water that is exhausted from the engine manifold. 196 

 197 
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The first important parameter for the energy analysis of the engine is the total fuel input 198 

energy which is determined by fuel mass flow rate in addition to the lower heating value of 199 

the fuel (LHV), as shown: 200 

 201 

�̇�𝑓 = �̇�𝑓 . 𝐿𝐻𝑉, (1) 

 202 

where �̇�𝑓 is the fuel input energy rate, �̇�𝑓 is the mass flow rate of the fuel in 
𝑘𝑔 𝑠⁄  and LHV 203 

is in  
𝑘𝐽 𝑠⁄ . 204 

 205 

The next critical parameter in relation to the energy analysis that needs to be investigated is 206 

the brake power. This parameter is linked with the conducted work and shown by �̇�. This is 207 

the generated power by the engine that is calculated by torque and the engine rotational 208 

speed:  209 

 210 

�̇� = 2𝜋𝑁𝑇60 (𝑘𝑊), (2) 

 211 

where �̇�is the brake power, 𝑇 is the measured torque in kN.m and N is the engine speed 212 

(rpm). 213 

Integrating the first law of thermodynamics and conservation of mass, the balance of the 214 

energy and mass can be written. The continuity of mass flow for incoming (𝑖) and outgoing 215 

masses (𝑒) can be written as: 216 
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 217 

∑ �̇�𝑖 = ∑ �̇�𝑒 (3) 

 218 

Since the first law of thermodynamics is investigated for the combustion engine. The 219 

conservation of the energy for the system can be written based on reaction and product 220 

terms of the control volume: 221 

 222 

�̇�𝑐𝑣 − �̇� = ℎ𝑝 − ℎ𝑅, (4) 

 223 

For the conservation of energy, where h is the enthalpy, p represents the product, R is used 224 

for reaction items, I and e are used for the inlet and exit, while cv is the control volume for 225 

the system. 226 

Two parameters for the analysis of enthalpy are the product and reaction enthalpies ℎ𝑝 and 227 ℎ𝑅, and they can be written as: 228 

 229 

ℎ𝑝 = ∑ 𝑛𝑒(ℎ𝑓0 + ∆ℎ̅)𝑒𝑝  (5) 

 230 

ℎ𝑅 = ∑ 𝑛𝑖(ℎ𝑓𝑜 + ∆ℎ̅𝑅 )𝑖, (6) 

 231 



13 

 

where 𝑛𝑖  and 𝑛𝑒are the number of moles, i and e represent inlet and exit, while ℎ𝑓0 and ∆ℎ̅ 232 

are the standard enthalpy and enthalpy change. 233 

In order to obtain the enthalpies for the energy calculation, the combustion equation should 234 

be used in which the theoretical amount of air is taken into account for that measurement. 235 

The combustion equation is written as: 236 

 237 

𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 + 𝑦4 − 𝑧2) (𝑂2 + 3.76𝑁2) → 𝑥𝐶𝑂2 + 𝑦2 𝐻2𝑂 + 3.76 (𝑥 + 𝑦4 − 𝑧2) 𝑁2 (7) 

 238 

The values for x, y, and z are determined based on the fuel type, and then the fuel enthalpy 239 

is determined for the rest of the calculation: 240 

 241 

(ℎ𝑓𝑜)𝐹𝑢𝑒𝑙 = 𝑥(ℎ𝑓𝑜)𝐶𝑂2 + 0.5𝑦(ℎ𝑓𝑜)𝐻2𝑂 + (3.76𝑥 + 0.94𝑦 − 1.88𝑧)(ℎ𝑓𝑜)𝑁2 + 𝐿�̅�𝑉 (8) 

 242 

The variation of the enthalpy is utilised to determine the product and reaction enthalpies, as 243 

shown in Equation 9 [28]: 244 

 245 

∆ℎ̅ = ℎ̅(𝑇) − ℎ̅(𝑇𝑟𝑒𝑓) (9) 

 246 

The change in heat released from the fuel in the standard situation will represent the lower 247 

heating value which is shown in Equation (9). 𝑇𝑟𝑒𝑓 is the standard reference temperature at 248 𝑇𝑟𝑒𝑓 = 25℃ in addition to 𝑃𝑟𝑒𝑓 = 1 𝑎𝑡𝑚. By consideration of the standard reference 249 
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condition for the analysis, the requirement of the calculation for the input energy is 250 

redundant. The variable T is the exhaust temperature which is determined through the 251 

experiment via installed sensors in the engine on the reaction and product sides. The heat 252 

loss through the engine can be measured via the energy balance as:  253 

 254 

�̇�𝑒𝑥ℎ = �̇�𝑓 . 𝐿𝐻𝑉 − (�̇� + |�̇�𝐶𝑉|), (10) 

 255 

 where, �̇�𝑒𝑥ℎ  is the heat loss through the exhaust. 256 

The key parameters for the energy analysis of the engine are BTE and BSFC, which can be 257 

determined as per Equations 11 and 12: 258 

 259 

𝐵𝑇𝐸 = �̇��̇�𝑓 (11) 

 260 

𝐵𝑆𝐹𝐶 = �̇�𝑓�̇� 3600 (12) 

 261 

By having the above parameters, the engine's performance for any fuel, such as diesel, can 262 

be determined. The fuel consumption for the engine during the working condition can be 263 

represented with the above parameters which are discussed in the following. 264 

 265 
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2.6 Exergy analysis 266 

In order to conduct the exergy analysis for the existing data, the conditions that have been 267 

set for the energy analysis can be utilised here, and they are valid for the exergy analysis. 268 

Similar to the previous analysis, the reference conditions are the same, and the reference 269 

temperature is 𝑇0 = 298.15 𝐾 in addition to an atmospheric pressure of 𝑃0 = 1 𝑎𝑡𝑚. The 270 

balance of exergy can be written for the current control volume as: 271 

 272 

�̇�𝑄 + �̇�𝑤 = ∑ �̇�𝑖𝑛𝑒𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡 − �̇�𝑑𝑒𝑠𝑡 (13) 

 273 

Where, �̇�𝑄 is known as the total heat exergy of the flow transported via the coolant water 274 

and it is determined as follows: 275 

 276 

�̇�𝑄 = ∑ �̇�𝑐𝑣 (1 − 𝑇0𝑇𝑐𝑤) (14) 

 277 

The other parameter in the exergy balance equation is the �̇�𝑤 which is exergy flow, and it is 278 

determined by conducted work of the system that can be determined as below: 279 

 280 

�̇�𝑤 = �̇� (15) 

 281 
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The fuel chemical exergy determined by Equation 9 will be the basis of the input exergy rate, 282 

which is calculated as: 283 

 284 

∑ �̇�𝑖𝑛𝑒𝑖𝑛 = �̇�𝑓𝜙|𝐿𝐻𝑉|, (16) 

 285 

Since the incoming air to the control volume has the reference temperature, the total exergy 286 

of that would be negligible. For the equation shown above, where  �̇�𝑓 is the mass of fuel rate 287 

and the lower heating value mentioned before is the other parameter that should be 288 

determined. 289 

The major parameter to be determined for the input fuel exergy is 𝜙, the fuel chemical exergy, 290 

and it is formulated as [28]: 291 

 292 

𝜙 = [1.0401 + 0.1728 ℎ𝑐 + 0.0432 𝑜𝑐 + 0.2169 𝑠𝑐 (1 − 2.0628 ℎ𝑐)] (17) 

 293 

In order to obtain the molar fraction parameters, the relevant values for the diesel engine 294 

mentioned in Ref. [21] are used, and therefore, the chemical exergy of the fuel can be known. 295 

The total gas exergy can be determined as the following [28]: 296 

 297 

∑ �̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡 = 𝑛𝑓(�̿�𝑡𝑚 + �̿�𝑐ℎ), (18) 

 298 
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The reference environment and their respective values are calculated. The two main 299 

parameters for the calculation of the total gas exergy are including as thermomechanical, �̿�𝑡𝑚, 300 

and chemical exergies of the fuel, �̿�𝑐ℎ. For the aim of the calculation, each of the parameter 301 

has been calculated accordingly [21].  302 

 303 

�̿�𝑡𝑚 = ∑ 𝑎𝑖[ℎ̅𝑖,𝑟 − ℎ̅𝑖,𝑇0 − 𝑇0(�̅�𝑖,𝑇0 − �̅�𝑖,𝑇00 )]𝑖 + �̅�𝑇0 ln 𝑃𝑃0 (19) 

 304 

The chemical exergy can also be determined by Equation 20: 305 

 306 

�̿�𝑐ℎ = �̅�𝑇0 ∑ 𝑎𝑖 (ln 𝑦𝑖𝑦𝑖,00)𝑖  (20) 

 307 

The two main parameters for the calculation are 𝑦𝑖 and 𝑦𝑖,00 which are determined by the 308 

combustion equation and their respective values are calculated as in Ref. [21]. 309 

Therefore, the exergy destruction can be determined as: 310 

 311 

�̇�𝑑𝑒𝑠𝑡 = ∑ �̇�𝑖𝑛𝜀𝑖𝑛 − �̇�𝑄 − �̇�𝑊 − ∑ �̇�𝑜𝑢𝑡𝜀𝑜𝑢𝑡, (21) 

 312 

, where �̇�𝑑𝑒𝑠𝑡 is the exergy destruction. 313 
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This parameter will assist in the calculation of the exergetic efficiency (𝜂𝑖𝑖) which can be 314 

formulated as below: 315 

 316 

𝜂𝑖𝑖 = �̇�𝑊�̇�𝑓 = �̇�𝑊�̇�𝑓𝑒𝑓𝑐ℎ (22) 

 317 

3. Results 318 

This section first investigates energy parameters (brake power, exhaust heat loss, FMEP, BSFC 319 

and BTE), then, exergy parameters (fuel input exergy, exhaust exergy loss, exergy destruction, 320 

and exergetic efficiency) to study the system inefficiencies by evaluating the source of losses 321 

in the process qualitatively and quantitatively. The correlation between the energy and 322 

exergy parameters is also investigated to understand engine behaviour. 323 

 324 

3.1 Energy analysis  325 

3.1.1 Brake power 326 

The exergy of useful work can be determined by the brake power. It can be seen from Figure 327 

3 that the brake power has the lowest value of 32.9 kW at Phase 1 (cold-start) and increased 328 

by 14.6% when the engine temperature increased at Phase 7 (hot-start). This is similar to 329 

other studies in the literature [29]. For instance, at a constant start of injection, with the 330 

increase of engine temperature from Phase 1 to Phase 2 within the cold-start period, the 331 

brake power increases 5.7%. An increase of 3.9% can be seen while the engine warms up 332 

through Phase 4 to Phase 6 when the start of injection is constant. By comparing the 333 
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intermediate phases with cold-start and hot-start phases, the impact of the sub-optimal 334 

operation on brake power can be evaluated. For instance, the brake power of Phase 4 is 5.8% 335 

lower than Phase 7, whereas it is 7.9% higher than Phase 1. The reason for this trend is the 336 

higher friction during the early stages of engine warm-up. In this experiment, as the engine 337 

warmed up, the engine speed, load and throttle position stayed constant; therefore, the input 338 

fuel flow rate did not change much. Hence, the amount of brake power increased as the 339 

friction power decreased [14, 30].  340 

 341 

 342 

Figure 3: The variation of the brake power at 7 phases of engine warm-up 343 

 344 

3.1.2 FMEP 345 

It can be shown from Figure 4 that the FMEP has the highest value of 160.6 kPa at Phase 1 346 

(cold-start), and it decreases by 56.7% at Phase 7 (hot-start). This parameter decreases with 347 

the increase of engine temperature.  While the engine temperature increases through Phase 348 

1 to Phase 2, the start of injection is constant and the FMEP decreases by 19.7%. A decrease 349 
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of 19.2% can be seen when the engine warms up through Phase 4 to Phase 6 during the 350 

constant start of injection. Comparing intermediate phases with cold and hot-start phases 351 

illustrates the influence of these sub-optimal operations on FMEP. For instance, the FMEP at 352 

Phase 4 is 32.2% higher than Phase 7, while it is 42.8% less than the cold-start (Phase 1). This 353 

finding is supported by previous studies [7, 12].  354 

The observed FMEP trend is due to the higher viscosity of the engine oil, which is because of 355 

the lower temperature in the cold phase. As the engine warms up, the engine oil temperature 356 

increases; therefore, the viscosity of engine oil decreases. This reduces the friction losses [7]. 357 

The progressive reduction in friction power (and therefore FMEP) during warm-up 358 

corresponds to an increased brake power (and therefore BMEP and useful work) during this 359 

process.  360 

 361 

 362 

Figure 4: FMEP variation at 7 phases of engine warm-up 363 
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3.1.3 Brake specific fuel consumption  365 

Figure 5 shows that BSFC has the highest value of 264.4 g/kWh during cold-start (Phase 1) and 366 

it decreases gradually as the engine warms up (decreased by 14.9% at Phase 7 when 367 

compared to Phase 1). BSFC at Phase 4, which is an intermediate one, is 6.1% higher than 368 

Phase 7, while it is 9.7% lower than Phase 1. This parameter decreases with the increase in 369 

engine temperature. For instance, with the constant start of injection, while the engine 370 

temperature increases from Phase 1 to Phase2, the BSFC decreases by 8.4%. This is due to 371 

higher friction losses during cold-start (therefore less generated brake power), which means 372 

that more fuel is needed at cold-start to maintain the power output [6]. 373 

 374 

 375 

Figure 5: Brake specific fuel consumption variation at 7 phases of engine warm-up 376 

 377 
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of 32.9% at Phase 1 (cold-start) and the highest value of 38.5% at Phase 7 (hot-start). The 381 

trend shows that with the increase of temperature, BTE increases. For instance, at a constant 382 

start of injection, with an increase in engine temperature from Phase 1 to Phase 2, BTE 383 

increases from 32.9% to 35.7%. In addition, an increase from 36.3% to 37.6% can be seen 384 

from Phase 4 to Phase 6 when the start of injection is constant. By having the comparison 385 

over the intermediate phases, the effect of sub-optimal operation can be recognised. For 386 

instance, BTE from Phase 4 is 2.1% lower than Phase 7, although it is 3.5% higher than Phase 387 

1 or cold-start. The reason for the observed trend is due to the higher friction during cold-388 

start; as the engine warms up, the generated brake power for the same amount of injected 389 

fuel increases; therefore, the BTE increases [6].  390 

 391 

 392 

Figure 6: Brake thermal efficiency for diesel engine at 7 phases of engine warm-up 393 
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mass flow rate or heat value solely, but also on the chemical exergy factor. Investigating the 398 

energy balance of the system requires an exergy analysis as it can evaluate the sources of 399 

losses in the process qualitatively and quantitatively. 400 

 401 

3.2.1 Fuel input exergy  402 

Error! Reference source not found. shows the fuel exergy variation at 7 phases of the engine 403 

warm-up. The fuel exergy at the early stage of cold-start (Phase 1) is 107.7 kW, while Phase 7 404 

shows that when the engine is fully warmed up, the fuel exergy decreases by 2.3%. There is a 405 

slight change (0.2%) from Phase 4 to Phase 7, whereas from Phase 1 to Phase 4 it decreased 406 

by 2.5%. 407 

The higher fuel exergy during the cold-start phase is because of the higher required fuel to 408 

overcome the friction losses and maintain the power output. The reason for higher friction is 409 

the higher viscosity of the engine oil due to its low temperature [31].  410 

As shown in Figure 7, the start of injection changed during Phase 3, which is the reason for 411 

the fluctuation of fuel exergy in this phase (Figure 7). This start of injection variation is because 412 

of the variation in injection strategy commanded by ECU, which advances the start of injection 413 

when the engine coolant temperature reaches 65 ℃.  414 

 415 
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 416 

Figure 7: Fuel exergy variation at 7 phases of engine warm-up 417 

 418 

3.2.2 Exhaust heat loss 419 

Heat loss from the exhaust of the engine is the major source of inefficiency, which can be 420 

evaluated by looking at the ratio of exhaust energy to fuel input energy. It can be seen from 421 

Figure 8 that the exhaust heat loss has the highest value of 34.9 kW at Phase 1 (cold-start) 422 

and is reduced by 34% at Phase 7. This parameter decreases with the engine temperature. 423 

For instance, as the engine temperature increases through Phase 1 to Phase 2 within the cold 424 

period, the exhaust heat loss decreases by 24.8%. In addition, a decrease of 9.2% is seen from 425 

Phase 4 to Phase 6. By comparison of the intermediate Phases with cold-start and hot-start 426 

Phases shows the impact of these sub-optimal operations on exhaust heat loss. For example, 427 

exhaust heat loss at Phase 4 is 15.2% higher than Phase 7 and it is 28.4% lower than cold-start 428 

(Phase 1). The increasing trend of engine temperature aids the combustion, and a higher 429 

portion of the released heat will be converted to work instead of wasting through the exhaust  430 

[32] 431 
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 432 

 433 

Figure 8: The exhaust heat loss from the engine at 7 phases of engine warm-up 434 

 435 

3.2.3 Exhaust exergy loss 436 

The exhaust heat loss can be better understood by analysing the exhaust exergy loss. It can 437 

be shown from Figure 9 that the exhaust exergy loss has the lowest value of 15.4 kW at Phase 438 

1 (cold-start) and increased by 43.5% at Phase 7. This trend is the opposite of what has been 439 

observed in Figure 8 and confirms the importance of the exergy analysis. While the quantity 440 

of wasted heat decreases from phase 1 to 7 in Figure 8 (first law), the quality increases 441 

according to Figure 9 (second law). So, the energy losses in Phase 7 are of higher importance 442 

as it is wasting more useful work. In any improvement plan, this exergy loss should have the 443 

higher priority to be reduced or recovered, while data from Figure 8 advises otherwise.  It 444 

should be mentioned that turbochargers are used to recover energy from exhaust gas.  445 
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The exhaust exergy loss of Phase 7 is the highest as most of the exhaust is hot, and there is a 446 

great potential for waste heat recovery [33]. A similar result has been reported in the 447 

literature in which the exhaust exergy loss increases with the exhaust temperature [34, 35]. 448 

As the engine temperature increases through Phase 1 to Phase 2 within the cold-start period, 449 

the exhaust exergy loss increases by 10.4%. An increase of 6.4% can also be seen when the 450 

engine warms up through Phase 4 to Phase 6. Comparing intermediate phases with cold-start 451 

and hot-start phases shows the impact of these sub-optimal operations on exhaust exergy 452 

loss. For example, the exhaust exergy loss at Phase 4 is 9.35% lower than Phase 7, while it is 453 

23.7% higher than cold-start (Phase 1).  454 

 455 

 456 

Figure 9: Exhaust exergy loss of the diesel engine at 7 phases of engine warm-up 457 
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3.2.4 Exergy destruction 459 

With a portion of the fuel exergy converted to the brake power of the engine, the rest of the 460 

exergy is lost or destroyed in different ways. Exergy destruction is another important 461 

parameter that illustrates the irreversibility in diesel engine combustion. Exergy destruction 462 

shows the amount of energy that is destroyed and cannot be recovered. Investigation of this 463 

parameter can yield further insight into the effect of temperature on the cold-start operation. 464 

It can be shown from Figure 10 that the exergy destruction has the highest value of 58.7 kW 465 

at Phase 1 (cold-start) and it decreases by 34.1% at Phase 7. This parameter decreases with 466 

the engine temperature increase. For example, as the engine temperature increased through 467 

Phase 1 to Phase 2 within the cold-start period, the exergy destruction decreased by 14.7%. 468 

A decrease of 12.2% can also be seen when the engine warms up through Phase 4 to Phase 469 

6. Comparing intermediate phases with cold-start and hot-start phases, the exergy 470 

destruction at Phase 4 is 12.4% higher than Phase 7, while it is 24.8% lower than cold-start 471 

(Phase 1). 472 

When compared to hot-start, during cold-start, a low engine temperature (less than 65℃) 473 

leads to more incomplete combustion; therefore, the irreversibility is higher, corresponding 474 

to high exergy destruction. However, as the engine warms up, the engine temperature 475 

increase and aids the combustion toward complete combustion; therefore, the level of 476 

irreversibility decreases. Consequently, it is expected to have less exergy destruction at 477 

warmed-up phases when compared to cold-start [36].  478 

 479 
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 480 

Figure 10: Exergy destruction value at 7 phases of engine warm-up 481 

 482 

3.2.5 Exergetic efficiency  483 

Figure 11 shows the exergetic efficiency specified as the fuel exergy converted to work at 484 

different stages of the engine warm-up. It can be seen from the figure that the exergetic 485 

efficiency has the lowest value of 30.7% at Phase 1 (cold-start) and the highest value of 36% 486 

at Phase 7. This parameter increases with the engine temperature. For example, as the engine 487 

temperature increases through Phase 1 to Phase 2 within the cold-start period, the exergetic 488 

efficiency increases from 30.7 to 33.4%. An increase from 34 to 35% can also be seen when 489 

the engine warms up through Phase 4 to Phase 6. Comparing intermediate phases with cold-490 

start and hot-start phases, the exergetic efficiency at Phase 4 is 2% lower than Phase 7, while 491 

it is 2.3% higher than cold-start (Phase 1). The exergetic efficiency has an opposite trend to 492 

the exergy destruction. This means that there is more chance of exhaust exergy loss recovery 493 

when the engine is warmed up [37].  494 
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 496 

Figure 11: Exergetic efficiency variation at 7 phases of engine warm-up 497 
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3.3 Correlation between the analysis  499 

3.3.1 Exergetic efficiency and exhaust heat loss vs brake thermal efficiency 500 

Figure 12 shows a strong linear correlation between the exergetic efficiency and BTE. Further 501 

analysis showed that BTE has an adverse correlation with exhaust heat loss. The reason could 502 

be that as the engine temperature increases, the friction losses decrease, the BTE increases, 503 

and the heat loss through the exhaust drops [6]. 504 
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 505 

Figure 12: The variation of the exergetic efficiency and brake thermal efficiency at 7 phases of engine 506 

warm-up 507 

 508 

3.3.2 Exhaust exergy loss vs exergy destruction  509 

 510 

Figure 13 shows that the exergy destruction has a linear adverse correlation with the exhaust 511 

exergy loss. While the exergy destruction is the highest for the cold start, the exhaust exergy 512 

loss is at the minimum, and with the progression of the engine toward the hot phases, the 513 

exergy destruction is reduced. The engine temperature increase aids the combustion and 514 

leads to less exergy destructions (due to less irreversibility), while a hotter exhaust will leave 515 

the combustion chamber. This brings a trade-off between these two parameters with respect 516 

to exergetic efficiency, as discussed before. 517 
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 518 

Figure 13: Exergy destruction versus exhaust exergy loss at 7 phases of engine warm-up 519 

 520 

 521 

4. Conclusion 522 

This study investigated the impact of engine temperature on energy and exergy principles. 523 

The equations were derived to determine the efficiency of the engine based on the energy 524 

and exergy. The importance of considering exergy analysis rather than only energy analysis 525 

was shown in this study by the opposite trend of exhaust heat loss and exhaust exergy loss. 526 

The first law found that the quantity of the wasted heat decreased from Phase 1 to 7, while 527 

the second law found that the quality increased from Phase 1 to 7, emphasising the higher 528 

priority. 529 

And below conclusions are derived: 530 

• Fuel exergy was maximum (107.7 kW) at cold-start and decreased by 2.3% at hot-start. 531 

• Brake power increased by 14.6% from cold-start to hot-start. 532 
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• Exhaust heat loss and FMEP were maximum (34.9 kW, 160.6 kPa) at cold-start and 533 

minimum (34.1%, 56.7%) at hot-start. 534 

• Exhaust exergy loss increased by 43.5% from cold-start to hot-start.  535 

• Exergy destruction was maximum (58.7 kW) at the cold phase and decreased by 34.1% 536 

as the engine warmed up, while the exergetic efficiency was minimum (30.7%) at cold-537 

start and increased by 5.3% as the engine warmed up. 538 

• BSFC was maximum (264.4 g/kWh) at cold-start and decreased by 14.9% at hot-start. 539 

• BTE increased by 5.6% from cold-start to hot-start. 540 

• The linear relationship between the exergetic efficiency and brake thermal efficiency 541 

was observed. There was a direct linear between these parameters, while that BTE 542 

had an adverse correlation with exhaust heat loss, as the BTE increased when the heat 543 

loss through the exhaust decreased. 544 

 545 
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7. Appendix 646 

7.1 Instrument accuracy  647 

Table A1 shows the accuracy of the instruments used in this study.  648 

 649 

Table A1: The accuracy of instruments and range of gaseous emissions via time flow rate. 650 

Measurement instruments Type of 

exhaust gases 

Range Accuracy and uncertainty Flow rate  (L min−1) 

CAI-600 CO2 Non-Dispersive 

Infrared (NDIR) 

CO2 0-1000/2000/3000 ppm RESPONSE TIME (IR): T90 < 2 s-60 s Adjustable 

(Depending on configuration) 

RESOLUTION Display Five Significant Digits 

REPEATABLITY > 1.0% of Full Scale 

LINEARITY > 0.5% of Full Scale 

NOISE < 1% of Full Scale 

0.25-2.0 

CAI-600 CLD NO/NOx 

Chemiluminescence (CLD) 

Photodiode (thermally 

stabilized with Peltier Cooler) 

NO/NOx 0-1 to 3000 ppm RESPONSE TIME (IR): T90 < 2 s-60 s Adjustable 

RESOLUTION = 10 ppb NO/NOx (Display 5 

significant digits) 

REPEATABLITY > 0.5% of Full Scale 

LINEARITY > 0.5% of Full Scale 

NOISE < 1% of Full Scale 

0.3-3.0 

Testo 350 XL Portable 

Emission Analyser 

SO2 

CO 

CO2 

O2 

NO 

NO2 

HC 

0-5000 ppm 

0-10,000 ppm 

0-CO2 max 

0-25% 

0-3000 ppm 

0-500 ppm 

0-60,000 ppm 

5% of mV 

5% of mV 

- 

0.8% of fV 

5% of mV 

5 ppm 

60 ppm 

1.2 

DustTrakTM II Aerosol 

Monitor 8530 (TSI) 

PM 0.001-400 mg m−3 5% 3.0 

Sable CA-10 CO2 Analyser CO2 0-5% standard 

0-10% optional 

1% of reading 5-500 × 10−3) 

 651 

 652 

7.2 Fuel properties  653 

Table A2 shows the fuel properties.  654 

 655 
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Table A2: Fuel type properties 656 

METHOD TEST SPECIFICATION RESULTS UNITS 

ASTM D5773 Cloud Point (D2500 equivalent) 9                   max 4 deg C 

ASTM D4176 Appearance @25℃ 1                   max 1  

ASTM D4737A Cetane Index (Calculated) 46                 min 53.3  

ASTM D4052 Density @ 15 deg C 0.820-0.850 0.8381 deg C 

ASTM D2624 Temperature at time of measurement Report 23.1 deg C 

ASTM D2624 Conductivity 80                 min 386 pS/m 

ASTM D86 FBP Report 358.3 deg C 

ASTM D1500 Colour (ASTM) 2.0                max L1.0  

ASTM D482 Ash 100              max 1 mg/kg 

ASTM D4530 Carbon Residue (10% Bottoms) 0.20             max 0.01 mass% 

ASTM D2274 Oxidation Stability 25                 max 3 mg/L 

ASTM D445 Viscosity @ 40 deg C 2.0-4.5 2.638 Sq.mm/sec 

ASTM D130 Copper Corrosion (3 Hrs @ 50 deg C) 1                   max 1a kg/L 

ASTM D93 Flash Point 64.0              min 71 deg C 

IP 387 Filter Blocking Tendency 1.41             max 1.00  

Declaration Lubricity Additive-Lubruzol 539M Note 2 130 mg/kg 

IP 450 Lubricity (wsd) 1.4) @ 60 ℃ 0.460           max 0.406 mm 

ASTM D7039 Sulfur (Total) 10                 max 5.9 mg/kg 

Declaration Additives (other) Report 0.0 mg/L 

ASTM D2709 Water and Sediment 0.05             max 0 vol% 

ASTM D6591 Aromatics 15                 min 29.8 mass% 

Calculated Static dissipator content – stadis 450 7                   max 3 mg/L 

ASTM D6591 Polyaromatic Hydrocarbons 11.0             max 4.6 mass% 

ASTM D974 Acid Number (Total) 0.30             max 0.04 mg KOH/g 

ASTM D974 Acid Number (Strong) Nil 0.00 mg KOH/g 

ASTM D86 95% Recovered 360              max 347.8 deg C 

ASTM D86 90% Recovered Report 332.0 deg C 

ASTM D86 50% Recovered Report 272.8 deg C 

ASTM D86 10% Recovered Report 223.2 deg C 
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7.3 Energy and exergy distribution 657 

Figure A1 shows the variation of energy and exergy distribution within the 7 phases of the 658 

engine warm-up. 659 
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Figure 14: Energy and exergy distributions within the 7 phases of the engine warm-up 660 
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As seen in energy distribution, the share of friction power decreases within the engine warm-661 

up period. The reason is that the increasing trend of the engine oil temperature, which 662 

reduces the viscosity of the engine oil, decreases the friction. It can also be seen that while 663 

the exhaust heat loss decreased as the engine warms up (explained in Section 3.2.2), the 664 

exhaust exergy loss increased. This shows the importance of the exergy analysis because it 665 

can be seen that as the quantity of wasted heat decreases (first law), the quality also 666 

decreases (second law). This means that the energy losses when the engine is warmed up can 667 

waste more useful work when compared to cold-start. This shows the importance of exergy 668 

losses analysis (as explained in Section 3.2.3). In exergy distribution, it can be seen that the 669 

exergy destruction decreases as the engine temperature increases. The reason is that the low 670 

engine temperature during cold-start leads to more incomplete combustion, therefore to 671 

higher irreversibility and higher exergy destruction;  while, the increasing engine temperature 672 

trend aids the combustion toward complete combustion leading to lower irreversibility and 673 

lower exergy destruction. 674 


