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Abstract: Waste heat recovery is one of the possible solutions to improve the efficiency of internal combustion engines. Instead of wasting the exhaust stream of an energy conversion system into the environment, its residual energy content can be usefully recovered, for example in Organic Rankine Cycles (ORC). This technology has been largely consolidated in stationary power plants but not yet for mobile applications, such as road transport, due to the limitations in the layout and to the constraints on the size and weight of the ORC system. An ORC system installed on the exhaust line of a bus powered by a natural gas spark ignition engine has been investigated. The thermal power available at engine exhaust has been evaluated by measuring gas temperature and mass flow rate during real driving operation. The waste thermal power has been considered as heat input for the ORC plant simulation. A detailed heat exchanger model has been developed because it is a crucial component for the ORC performance. The exergy analysis of the ORC was performed comparing different working fluids: R601, R1233zd(E) and two zeotropic blends of the two organic pure fluids. The model allowed the evaluation of the ORC produced energy over the driving cycle and the potential benefit on the engine efficiency.
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Nomenclature



	Symbol
	Quantity         SI unit



	CAC
	Charge air cooling     −



	EAS
	Exhaust aftertreatment   −



	GWP
	Global warming potential  −



	mfr
	Mass flow rate       kg/h



	n
	Engine speed       rpm



	ODP
	Ozone depletion potential   −



	ORC
	Organic Rankine Cycle    −



	P
	Power          kW



	pmax
	Maximum ORC pressure   bar



	RHX
	Recovery heat exchanger   −



	Teng
	Engine torque       Nm



	Tex
	Exhaust temperature     K



	UA
	Overall conductance    W/K



	v
	Vehicle speed        km/h



	η
	Engine efficiency      %



	τ
	Percent residence time    %



	τ’
	Normalized residence time   %




1  Introduction

The exhaust streams of energy conversion systems are at temperatures higher than the ambient one. Exploiting the residual energy and exergy contents of the exhaust stream would maximize the efficiency of energy conversion systems, with consequent reduction of greenhouse gases and pollutant emissions [1]. Transport is responsible for 33% of primary energy consumption in the European Union, mainly coming from oil [2], with negative effects on air quality and human health, particularly in urban areas. Internal combustion engine efficiency can attain a maximum value of around 40%, but the values are usually lower in real operating conditions as the engine often operates at part load [3,4]. The heat wasted by the exhaust gases is about 34%–45% of the chemical fuel energy for spark ignition (SI) engines and 22%–35% for diesel engines. Organic Rankine Cycles (ORC) could recover this heat for additional power generation: the pressurized working fluid evaporates into a recovery heat exchanger, expands producing mechanical power and then it is condensed, returning to the initial conditions. ORC plants are a well-established solution but their use in road vehicles is still difficult due to installation problems. Considering the stringent regulations in the automobile industry, ensuring the safety of equipment is crucial. Size and mass constraints, very rigorous for cars, are less severe for marine propulsion [5], buses and trucks [6]. To reduce ORC cost, weight and size and to improve efficiency and reliability, the system design should be optimized [7–10]. The integration of an ORC plant on the exhaust pipe increases the complexity and weight of the system, causing additional backpressure, and consequently a performance deterioration. The selection of the working fluid has important effects on cycle efficiency, system safety and environmental impact [11]. Working fluids are classified according to the slope of the saturation curve in the Temperature-Entropy diagram, with dry and isentropic fluids expanding with no condensation [12]. Working fluids are classified in accordance with the National Fire Protection Association (NFPA) 704 Standard [13] and by a global warming potential index (GWP) [14]. Energy can be recovered in internal combustion engines from distinct heat sources at different temperatures [15]. Usually alcohols (e.g., ethanol, methanol), water steam and hydrocarbons are well suited to recover waste heat from exhaust gases, even though some fluids show flammability issues. Refrigerant fluids are generally more convenient for low temperature heat, such as coolant and CAC. Hot exhaust gas has significant changes in temperature in the heat exchanger with large exergy destruction because of the finite temperature difference between hot and cold fluids. The use of mixtures as ORC working fluid in place of pure fluids makes variable temperature heat transfer possible, diminishing the temperature difference between hot and cold streams, which consequently reduces the exergy destruction [16]. However, the selection process to choose the mixture components and their concentrations is very complicated, requiring research to adopt such solutions [17]. ORC systems also require a convenient control strategy: the superheating at the evaporator outlet must be controlled by adjusting the pump speed and the expander energy output monitored by regulating the mass flow rate at the expander inlet to stabilize the operation during transients [18]. This study deals with the performance evaluation of an ORC system bottoming a spark ignition natural gas engine installed on a bus, using experimental data acquired during road tests. Aim of the paper is to estimate the mechanical power recovered by the ORC system and the consequent increase in engine efficiency. For this purpose, a detailed heat exchanger model has been developed. The exergy efficiency using different working fluids has been compared.

2  Analysis and Modelling

The ORC system integration with the engine is represented in Fig. 1: energy is recovered from the exhaust gas into a recovery heat exchanger (RHX) specifically designed for this purpose. There is no regeneration and low-temperature heat sources were not exploited, preferring a simple system layout. Table 1 shows engine characteristics. Engine torque and speed, exhaust flow rate and temperature have been measured over the road test by the engine control unit (ECU) at a frequency of 1 Hz; vehicle speed profile is represented in Fig. 2. The RHX is crossflow type, composed of two units in series of length L1 and L2, as sketched in Fig. 3. The fluid attains the saturated liquid condition in the first unit and leaves the second one as dry saturated vapour. The RHX design has been performed considering the engine operating condition of point 6 in Table 2.
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Figure 1: Sketch of the integrated ORC-ICE system for exhaust energy recovery
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Figure 2: Vehicle speed vs. time over the entire driving cycle
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Figure 3: Sketch of the RHX
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A limited number of exhaust flow rate and temperature conditions have been chosen as input for the ORC model by considering a 10-point grid on the engine torque-speed plane in Table 2. The reduction of the real engine operating conditions to a limited number of grid nodes in the engine torque-speed plane is performed assigning each operating condition to the adjacent grid nodes. Residence time is inversely proportional to the distance between actual operating points and grid nodes. Engine work in the operating point is imposed equal to the sum of work in the adjacent grid points [19]. The effects of load transient on fuel consumption have been neglected. In the present study, the tested ORC working fluids are n-pentane (R601), trans-1-chloro-3,3,3-trifluoroprop-1-ene (R1233zd(E)), and two zeotropic mixtures of the previous fluids. The adoption of zeotropic fluids allows a reduction of the thermodynamic irreversibility, with a consequent increase of the exergy efficiency [6,16]. R601 is a hydrocarbon with excellent thermodynamic properties but with a high flammability index. It shows a low health hazard, with no chemical instability; it does not have Ozone Depletion Potential while the GWP 100 is 5 [6,20]. R1233zd(E) is a hydrofluoroolefin (HFO). HFOs have been developed for replacing flammable fluids with high ODP and GWP in refrigerant applications. Both R601 and R1233zd(E) belong to the dry fluid class in Table 3.
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3  Results and Discussion

The ORC performance over the road test is evaluated considering the heat recovered from the exhaust gases of the internal combustion engine in operating conditions corresponding to the grid nodes listed in Table 4, in which the ORC is active for energy recovery. The table shows the residence time spent by the engine at each operating condition over the driving cycle. The normalized residence times (τ’) are used for calculating the average ORC delivered power, calculated by Eq. (1). The available heat in the exhaust gases is dependent on engine operating conditions: exhaust flow rate and temperature increase with engine load and speed, therefore the ORC power is higher.
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PORC=P6⋅τ6′+P7⋅τ7′+P9⋅τ9′+P10⋅τ10′
(1)

Fig. 4 shows the effect of the maximum cycle pressure on the ORC power, in the range 10–30 bar, for all the working fluids. The power produced by the Rankine cycle is higher when using R601 as working fluid, at all operating conditions. The ORC power increases with the maximum cycle pressure for all the fluids due to the resulting increase of the average temperature of heat adduction. The cycle thermodynamic efficiency improves consequently, see Fig. 5.
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Figure 4: ORC power vs. maximum cycle pressure, for the evaluated working fluids
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Figure 5: ORC thermodynamic efficiency vs. maximum cycle pressure, for the evaluated working fluids

For maximum cycle pressure close to the critical pressure value, superheating is required for avoiding condensation during the expansion. This constraint is unnecessary in case a volumetric expander is adopted. The performance for the two zeotropic mixtures is similar and close to the performance of R1233zd(E), which is always the main constituent of the fluids. The zeotropic mixture with higher n-pentane mass content shows slightly better performance. A maximum ORC power of 2 kW can be produced using R601, and 1.65 kW with the mixture 60% R1233zd(E)-40% R601. The corresponding thermodynamic efficiencies are 14.5% and 13.4%, respectively. The exergy efficiency, defined as:


ηEX=PORC/Δ⁡E˙xex
(2)

reproduces the trend of the cycle thermodynamic efficiency, see Fig. 6, with values higher than ηORC for all the working fluids, since its maximum theoretical value is 1.
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Figure 6: ORC exergy efficiency as a function of the maximum cycle pressure, for all the working fluids

The ORC power produces an increase of the overall internal combustion engine efficiency, according to the following equation:


Δη/Δηηη=PORCPMCI⋅100
(3)

It was assumed that the engine operated at steady state conditions at the grid node’s points, neglecting the effect of transients on engine and ORC performance. Although the increase in engine efficiency is below 2% at the maximum pressure of 30 bar with the zeotropic mixture 60% R1233zd(E) and 40% R601, the available ORC power can still be exploited for supplying energy to auxiliary devices, see Fig. 7.
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Figure 7: Variation of engine efficiency due to the recovered ORC power, as a function of the maximum cycle pressure, for all the working fluids

4  Conclusions

A numerical investigation has been presented for an Organic Rankine Cycle bottoming an internal combustion engine to estimate the recoverable mechanical power and the resulting engine efficiency increase. Data for exhaust mass flow rate and temperature have been obtained from experimental tests. Results have been achieved considering two pure fluids, R601 and R1233zd, and their zeotropic mixtures. The best performance is attained using pure R601, but the fluid shows a very high flammability index. Thus, its zeotropic mixtures with 40% and 20% mass content of R601 show worse thermodynamic performance, but are still comparable with the pure R601, reducing the flammability risk. In fact, the recoverable ORC power ranges between 1 and 2 kW. The exergy efficiency has been estimated between 15% and 25%, showing a large recovery of the exhaust energy stream.
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Table 1: Engine characteristics

Engine Spark 1gnition 4-stroke turbo-charged

Displacement 7800 cm’

No. of cylinders 6

Peak Torque [Nm] 1300 at 1200 rpm
Rated Power [kW] 243 at 2000 rpm
Bore [mm] 115

Stroke [mm] 125

Compression ratio  11:1

Fuel Natural gas
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Table 3: Properties of the Rankine cycle working fluids [13,20]

R601 R1233zd(E)
Category alkane hydrofluoroolefin
Fluid type dry dry
GWP 5 4.5
ODP 0 0.0003
ASHRAE class A3 Al
NFPA health index 1 2
NFPA flammability index 4 0
NFPA chemical reactivity index 0 0
Freezing point —129.7°C —107°C
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Table 4: Engine operating points with the ORC active for energy recovery

Point T [%] T [%]
6 12.83 44 31
7 7.91 27.31
9 5.30 18.30
10 2.92 10.08
6+7+9+10 28.96 100.00
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Table 2: Engine speed (n), torque (T.y), exhaust mass flow rate (mfr.,), exhaust gas temperature (Te,), exhaust
gas exergy (Exg,), percent residence time (1) for each grid point, product between Exg,s and T (Exgas* 1%)

Point n Teng mfrg, Tex ExgaS T Exgas*r%
[rpm] [Nm] [kg/h] [°C] [kW] [%] [kW]
1 600 0 10.3 329 0.44 37.41 16.32
2 900 150 68.5 373 3.21 8.41 26.99
3 900 500 176.5 393 9.30 9.11 84.70
4 900 850 284.5 418 15.56 3.28 51.02
5 1250 150 102.5 413 5.15 8.47 43.61
6 1250 500 246 435 14.15 12.83 181.58
7 1250 850 389.5 456 24.43 5.3 129.50
8 1600 150 155.5 462 10.01 4.36 43.66
9 1600 500 350 483 21.88 7.91 173.04
10 1600 850 544 .4 494 35.84 2.92 104.66
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