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H I G H L I G H T S

• Inverted Brayton cycle bottomed to a turbocharged diesel engine.

• About 2% of energy recovered with realistic turbine and compressor efficiencies.

• Analytical equation to optimize pressure ratio according to working conditions.

• Improved layout integrated to the turbocharger.

• Water condensed evaluation in different operating points.
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A B S T R A C T

Energy recovery in reciprocating internal combustion engines is one of the most investigated topics for reducing

fuel consumption and carbon dioxide emissions in the on-the-road transportation sector. An exhaust gas recovery

opportunity is represented by a power unit with a so-called inverted Brayton cycle (IBC). The gas is used as the

working fluid, which expands inside a turbine when it falls below atmospheric pressure; after being cooled by an

external source, it is re-compressed to the atmospheric value. The useful work is the difference between the one

produced by the turbine and that absorbed by the compressor. In this study, a thermodynamic assessment of the

opportunity to apply an IBC-based power unit to a turbocharged diesel engine was conducted, and the most

important parameters affecting the range of possible recovery (turbine and compressor efficiencies, pressure

drops) were evaluated, and the pressure ratio was optimized. A conventional bottomed layout shows a recovery

of approximately 1.5% of the engine’s mechanical power when a homologation heavy duty procedure is per-

formed. An improved integration, in which the IBC turbine is placed upstream of the turbocharger one, makes it

possible to partially recover the energy losses related to the turbocharger control device, which leads to an

average recoverable power of approximately 2% of the engine brake power. Concerns about possible water

condensation in the exhaust have also been thoroughly investigated, and they can be managed in temperate

weather.

1. Introduction

The on-the-road transportation sector accounts for 20% of the

worldwide total fuel consumption and associated CO2 emissions [1]; its

importance has grown to the point that CO2 reduction is now the driver

of the technological evolution of internal combustion engine (ICE) and,

more generally, of fossil-fueled vehicles.

In the freight transportation sector, the benefits of fuel consumption

reduction are certainly more important than in light uses (i.e. passenger

cars) because of the associated long mileages. This aspect should not

appear to be limiting because freight transportation represents an im-

portant part of the overall on-the-road transportation sector: it accounts

for 35% of the energy consumption. Further, approximately 60% of the

energy consumption in the sector is related to the use of heavy duty

vehicles (HDVs) [2].

In order to limit the greenhouse effect of the HDV sector, govern-

ments around the world set limits on CO2 emissions. Progressive reg-

ulations have been issued in two of the major HDV worldwide markets:

North America and China. These regulations contemplate different re-

duction values for each HDV category (tractors, commercial pickups
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and vans, and the engines used in tractors and vocational vehicles) and

fuel type: in the USA and Canada, the Phase II regulation aims to reduce

the CO2 emissions by 10–27%, with the additional introduction of a

mandatory reduction for trailers of 3–9% by 2027 from model year

2017. China also has its own process, moving forward to finalise the

proposed Phase 3 standards, which would reduce fuel consumption by

up to 27% from 2012 trucks [3]. The EU has recently proposed a similar

regulation, which specifies reductions in the average CO2 emissions of

15% by 2025 and 30% by 2030, both relative to a 2019 baseline [4].

To reach these targets, energy recovery on the exhaust gas appears

to be one of the most suitable options from the technical and energetic

points of view [5,6]. In fact, the exhaust gas leaving the cylinders has a

high enthalpy rate, with two main energy contributions. The first is

related to its pressure, and the second is related to its temperature.

Because of these, mechanical work could be recovered by means of

direct expansion [7], which would reduce the pressure and temperature

of the exhaust gas, or by means of indirect heat recovery [8,9]. Usually,

direct expansion would also allow a subsequent indirect stage of heat

recovery, because the temperature of the exhaust after the expansion

would still be much higher than the exhaust gas temperature at the

tailpipe.

Thus, in the first case, exhaust gas energy recovery could be directly

accomplished in a turbocharging system [10,11], and it can be labelled

“direct heat recovery” (DHR). There is a high interest in this recovery

because almost all diesel engines are turbocharged, and the actual

downsizing of gasoline engines requires intake air boosting. Turbo-

charging technology requires the expansion power produced by the

turbine to be equal to the compression power requested by the com-

pressor, and the boost pressure needed at the charge air side (for each

engine speed and load) must be ensured. In fact, this matching is done

using two alternative approaches, but the excess turbine energy is al-

ways wasted: (a) by passing part of the exhaust gas through a waste

gate valve or (b) by throttling the exhaust gas inside a variable geo-

metry turbine (VGT) [12]. Hence, there are many operating points for

an engine in which the available energy from the exhaust gases (and

consequently the work obtained from expansion in the turbine) is

greater than that required by the compressor. Therefore, in both cases,

there is wasted energy, justifying an expected recovery of up to 15% of

the energy required by an ESC-13 homologation cycle [13].

In the second form, the exhaust gas acts as a high-temperature en-

ergy source for a power unit, in which a thermodynamic cycle similar to

the Rankine type is realised by means of an organic fluid. This possi-

bility has been widely considered in the literature [14]. Although the-

oretical studies have been conducted and the potential has been dis-

cussed, there are still important deficiencies at the technological level.

Reliable, proven, and fail-safe solutions are needed for the expander,

which represents the most critical component [15], as well as for the

pump [16]. The control of the plant deserves more investigation, con-

sidering the difficulties of managing the continuous off-design oper-

ating conditions [17,18]. Moreover, to integrate it on a vehicle, it is

necessary to consider other technological constraints that limit the re-

covery, mainly those related to the integration of heat exchangers in the

exhaust line [19] and vehicle [20]. Experiments on the ORC-based

plant bottoming of an F1C turbocharged diesel engine showed the re-

covery of approximately 3–4% of the mechanical energy [21].

A novel technological option, which has not been widely discussed

in the literature, is to recover the thermal energy feeding a power unit

directly with the exhaust gas: inside the plant, it follows an inverted

Brayton cycle (IBC). The power unit is composed of a turbine, cooler

(heat exchanger), and compressor in sequence. The exhaust gas expands

below the environmental pressure inside the turbine, after which it is

cooled and re-compressed to the environmental pressure. The com-

pressor allows the expansion process to proceed below atmospheric

pressure. It restores the ambient pressure of the exhaust gas, allowing

its transit toward the tailpipe. Because the work produced by the tur-

bine is greater than that absorbed by the compressor, useful work is

produced and can increase the power output of the internal combustion

engine. Several studies have referred to its bottomed integration with

the Brayton cycle [22,23] and Otto cycle [24,25]. The thermal energy

that is associated with gas cooling also allows a further energy recovery

option and combined heat and power configurations [26,27]. In this

regard, its utilisation in refrigeration or cryogenic applications has

generated additional interest [28]. The influence of the isentropic ef-

ficiency of the turbine and compressor is well-known, and intercooled

Nomenclature

Abbreviations

CAC charge air cooler

CAT catalyst

DHR direct heat recovery

DPF diesel particulate filter

eB electric boosting machine

ESC European steady cycle

ECU engine electronic control unit

HDV heavy duty vehicle

IBC inverted Brayton cycle

ICE internal combustion engine

IGV inlet guided vane

ORC organic Rankine cycle

VGT variable geometry turbine

Symbols

cp isobaric specific heat

e excess air in combustion

h enthalpy

k specific heat ratio

L work

m mass

M molar mass

ṁ mass flow rate

n number of moles

p pressure

P power

T temperature

x molar fraction

y mass fraction

β IBC pressure ratio

Δp pressure drop

η efficiency

ω revolution speed

Subscripts

ad adiabatic

air engine intake air

C IBC compressor

cond condensed

exh exhaust

dry dry, without humidity

m mechanical

sat saturation

T IBC turbine

TC turbocharger

th thermal
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compression stages have been investigated to improve the IBC perfor-

mance [29,30].

IBC performance assessments are mainly based on thermodynamic

modelling, which represents the turbine and compressor with proper

isentropic efficiencies [31,32], or on numerical calculations, where the

components are described by engineering-based models or off-design

relations, embedded in simulation tools [33,34]. An IBC-based appli-

cation on a reciprocating ICE in the transportation sector has recently

been proposed, but only a preliminary experimental setup has been

developed for a gasoline engine [35].

In this study, a model-based assessment was performed of the po-

tential of using an IBC-based power unit on a turbocharged diesel en-

gine (Iveco F1C 3.0L), which usually has lower exhaust temperature

than gasoline engines, as well as a higher air/fuel ratio. The model was

developed using the experimental data of an engine that was run using

an HDV homologation steady cycle (ESC-13 modes) in order to quantify

the recovery on different working points of the engine. The experi-

mental data defined the boundary of the model, making it possible to

assess the real recovery possibility of the specific engine and find the

operating regions of the IBC-unit in the considered working points of

the engine. The influences of the main IBC parameters were in-

vestigated, including the IBC compression/expansion ratio; pressure

drops the cooler, and efficiencies of turbine and compressor; and

cooling thermal conditions in the heat exchanger (cooler/radiator on

the vehicle). An analytical relation was found in order to optimise the

pressure ratio, relating it to the engine working condition. Therefore, a

further innovation is represented by the introduction of an electrical

machine on the main shaft of the recovery unit, which can be used to

define its control strategy and, in particular, to restore the correct

pressure at the compressor discharge. The results showed an interesting

recovery opportunity and suggested suitable design parameters for the

unit. In addition, thanks to the experimental data of the engine exhaust

gas, water condensation could be precisely calculated along with the

IBC components, which is a critical aspect during real operation.

Finally, this paper discusses and evaluates the possibility of finding

a new ‘position’ for the IBC-based power unit, upstream of the engine

turbocharging group, in order to increase the mechanical recoverable

power. Hence, the basic IBC layout (downstream of the turbocharger) is

compared to the novel one, which partially recovers the energy lost in

the turbocharging regulation. In this case, the conventional turbo-

charging group (with IGV technology) should be replaced with an e-

boost turbocharger, which allows the cross-control of the recovery unit

and turbocharger itself.

2. Material and methods

2.1. Experimental campaign

The analysis started from a wide experimental campaign conducted

on an Iveco F1C 3.0 L turbocharged Diesel engine, used for a Heavy

Duty application. The ESC-13 homologation procedure was applied,

and the most relevant thermodynamic quantities measured by the au-

thors are reported in Table 1. The idle engine point was neglected. In

particular, temperatures and pressures along the intake and exhaust

lines have been measured, as well as the intake air mass flow rate

(through an HFM flow meter) and the fuel consumption (AVL 733s

balance). Therefore, the exhaust mass flow rate is calculated as the sum

of intake air and fuel.

A scheme of the engine tested is sketched in Fig. 1 (where also the

basic proposed IBC-unit is introduced). The knowledge of the pressure

and temperature across the turbine (points 5–6 in Fig. 1) and the

compressor (points 1–2) of the turbocharger consented to evaluate the

efficiencies of the two radial machines, which are reported in Table 1,

for each engine working point considered.

The temperatures of the gas at the engine outlet inside the exhaust

manifold (5), at the turbine outlet of the turbocharging system (6), and

at the turbine inlet of the power unit (7) were measured and are re-

ported in Fig. 2. When the ICE brake power increased, the temperatures

at points 6 and 7 were very close and strictly followed the same trend.

The temperature at the exhaust manifold ranged from 400 °C to 700 °C,

while in the main turbine, it dropped to approximately 200 °C. CAT/

DPF had a negligible effect on the exhaust temperature (approximately

20 °C). The final temperature of the exhaust gas ranged from 200 °C at

the lowest load engine working point to 500 °C when the engine was

run at full load. T6 and T7 followed an almost linear trend with the ICE

brake power, with a similar trend for T5, even though the correlation

was weaker.

2.2. IBC modeling and sensitivity analysis

A power unit in which the gases follow an IBC bottomed to a tur-

bocharged diesel engine is shown in Fig. 1. After the catalyst (CAT) and

particulate filter (DPF), the exhaust gas at almost ambient pressure

expands inside a turbine until the pressure is below the atmospheric

value. The gas is cooled and recompressed inside a compressor up to the

ambient pressure. The suction produced at the compressor allows the

pressure of the gas to be below the atmospheric value, which produces

expansion inside the turbine. The mechanical power produced by the

IBC unit can be recovered by an electrical generator on the same IBC

shaft. This electrical component can also behave as a motor to manage

severe transient operation (IBC unit start-up) and guarantee the correct

outlet final pressure (p10).

Indeed, the pressure at the exit of the compressor (point 10) must be

high enough to guarantee the evacuation of the gas. This requires, at

least, that the shaft of the IBC-based unit be assisted by a generator/

electric motor, which can convert the mechanical energy into electricity

when the unit is recovering energy and should behave as electric motor

to sustain, when needed, the pressure at point (10).

The thermodynamic state of the gas at point 7 and the mass flow

rate of the gas were the inlet conditions for the IBC-based power unit.

Table 1

Experimental data on ESC-13 mode selected working points for the IVECO F1C engine.

# ω [RPM] Torque [Nm] ṁexh [g/s] ṁair [g/s] Excess air ηC,TC ηT,TC ICE power [kW]

2 2175 400 122.9 117.8 63% 0,74 0,75 91.1

3 2175 200 69.8 66.9 63% 0,69 0,66 45.6

4 2175 300 92.1 88.1 53% 0,71 0,75 68.4

5 2175 100 49.3 47.7 114% 0,63 0,63 22.8

6 2750 200 114.0 110.5 122% 0,75 0,71 57.6

7 2750 300 138.1 133.1 86% 0,75 0,73 86.4

8 2750 400 157.5 150.9 58% 0,75 0,70 115.2

9 2750 100 93.9 91.9 230% 0,73 0,69 28.8

10 3325 365 181.8 173.9 53% 0,75 0,64 127.2

11 3325 91 116.9 114.6 238% 0,75 0,63 31.8

12 3325 274 159.9 154.2 87% 0,75 0,67 95.4

13 3325 183 136.0 132.1 133% 0,76 0,68 63.6
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The pressure could be assumed to be equal to the atmospheric pressure.

Assuming as design parameters the IBC expansion ratio (β) and the

turbine and compressor efficiencies (ηC, ηT), the temperature at the

outlet of the IBC turbine (T8) can be calculated by combining the

equations in (1):
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= −
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This results in the Eq. (2),
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−( )T T η β1 1T8 7
k

k
1

(2)

where k is the adiabatic exponent of the exhaust gas, which can be

evaluated if the composition of the exhaust gas itself is known.

In the IBC cooler, the cold source could be represented by external

air or a dedicated low-temperature liquid coolant circuit. In any case,

the final and lowest temperature reached by the exhaust gas (T9) de-

pends on the thermodynamic conditions of the cold source and on the

heat exchanger technology and size. Hence, in this analysis, T9 is con-

sidered to be a design parameter and is used to evaluate different re-

covery conditions. The thermal power to be exchanged in the IBC cooler

is calculated according to Eq. (3).
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Finally, the compressor has to bring the exhaust gas to the en-

vironmental pressure, extracting it from the IBC cooler. Its final tem-

perature (T10) can be evaluated by considering an adiabatic-isentropic

transformation and the appropriate compressor efficiency, as in Eq. (5)
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Finally, the producible IBC mechanical power can be calculated by

considering the IBC compressor and turbine work values (LT and LC), as

in Eq. (6).
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(6)

The IBC expansion ratio is a very important parameter: an analytical

relation can be outlined in order to maximize the net recoverable work,

using Eq. (6) as a function of β (Eq. (7)):
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Therefore, β(L,IBC,max) is equal to Eq. (8):
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In Eq. (8), T9 is fixed by the cooler performances. Thus, β(L,IBC,max)

is dependent on T7, which is related to the ICE working point (Fig. 2).

As the pinch point at the cooler decreases, the value decreases ap-

proaching the coolant temperature at the heat exchanger exit. In Fig. 3,

Eq. (8) has been plotted, and the ESC working points are reported for

T9=45 °C and ηC∙ηT∙ηm=0.7. The values of β < 1 are obviously

meaningless.

The performance of the IBC-based power unit is strongly affected by

the turbine and compressor efficiencies. Considering an average ICE

working point (200 Nm @ 2750 RPM), Fig. 4a shows the percentage of

mechanical power recovered for an expansion ratio equal to 1.2 and for

different machine efficiencies. The ‘white’ region indicates situations in

which the power requested by the compressor is higher than that pro-

vided by the turbine. The maximum recovery is approximately 2.5%

with compressor and turbine efficiencies equal to 0.9, which are close

to being unrealistic. Considering more suitable data (ηC ≈ ηT ≈ 0.75),

the power recovered is residual, and it accounts for 0.5%.

A higher maximum recoverable power can be obtained with a

higher expansion ratio (β=2), but the ‘white’ region is larger in this

case, reducing the field of operation of the IBC-based power unit

(Fig. 4b).

In this case, the maximum recoverable power is equal to 5.4%, but

the operating region of the IBC is narrower. The IBC-based power unit

Fig. 1. Scheme of IBC bottomed to ICE (basic layout).

Fig. 2. Measured exhaust temperatures in engine exhaust line.
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only gives a power benefit in the presence of sufficiently high com-

pressor and turbine efficiencies.

The trend shown in the previous figures was confirmed for a higher

engine working point. Considering ESC working point #12 (brake

power equal to 95 kW), the maximum recoverable power by the IBC is

up to 7%, with an IBC compression ratio equal to 2 and very efficient

machinery. If more realistic machines efficiencies are considered

(0.75), the recoverable power is approximately 1% of the brake engine

power. A wider application range is shown for a lower IBC pressure

ratio (equal to 1.2), where a recoverable mechanical power value of

0.5% is also shown for machines efficiencies of approximately 0.7

(Fig. 5).

The so important influence of the compression and expansion

transformations must meet to the reality of the machines. Therefore,

starting from the measured efficiencies of the turbocharger (Table 1),

IBC compressor and expander efficiency charts were outlined according

to similarity methodology (Fig. 6): different efficiency curves were

derived for fixed speed of each machine. When the IBC works, the

electrical machine on the IBC shaft adjusts the speed sustaining also the

efficiency of the two machines around the maximum value of each

speed curve. Therefore, fitting of the maximum values was extrapolated

(dashed lines of Fig. 6) and used in the range of interest of IBC mass

flow rates in order to evaluate, case by case, the efficiency of each IBC

machine. In Fig. 6, also ESC 13 working points of IBC have been re-

ported.

From this point on, the IBC compressor and expander efficiencies

were evaluated according to the experimental correlations found and

represented in Fig. 6.

3. Applications and results

The IBC model developed in this work was first applied to assess the

mechanical power recoverable by the IBC power unit, when it was

bottomed to the exhaust gas, as in Fig. 1 (‘basic layout’). In this case, the

IBC power unit can be simply plugged-in after the catalyst and

Fig. 3. Evaluation of β(L,IBC,max) for different temperature ratios.

Fig. 4a. Influence of IBC compressor and turbine efficiencies on recoverable

work (pressure ratio equal to 1.2) for average engine working point (ESC#6 -

PICE=58 kW).

Fig. 4b. Influence of IBC compressor and turbine efficiencies on recoverable

work (pressure ratio equal to 2) for average engine working point (ESC#6 -

PICE=58 kW).

Fig. 5a. Influence of IBC compressor and turbine efficiencies on recoverable

work (pressure ratio equal to 1.2) for high engine working point (ESC#12 -

PICE=95 kW).
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particulate filter, as a retrofitting of the existing engine, without mod-

ifying the ICE control strategy. However, the presence of a variable

geometry turbocharger makes it possible to introduce a more effective

recovery, along with modifying the VGT position and exploiting the

energy dissipated into the inlet guided vane (IGV) (‘improved layout’).

3.1. Basic layout

One of the finding of the model developed was the introduction of

an optimised IBC pressure ratio (Eq. (8)). For some of the ICE working

points considered, Fig. 7 shows how the optimal value for the expansion

ratio can be individuated, having considered proper machinery effi-

ciencies for each engine working point (Fig. 6).

Hence, the analyses were conducted considering the best IBC com-

pression ratio, as in Eq. (8), for each engine working point.

The mechanical power recoverable by the IBC is shown in Fig. 8. It

is almost linear with the ICE mechanical brake power, reaching values

close to 4 kW, under high ICE load conditions. The final cooling

temperature T9 shows a noticeable influence on the power recovered, in

the range of 15–20% when it changes in a range of 35–55 °C, with lower

cooling temperatures associated with more recoverable power. The

ratio between the mechanical power recovered by the IBC and the ICE

brake power has a maximum value close to 3.5% for high ICE load. In

the operating range of an average engine, the IBC-based power unit

allows a recovery of close to 1.2%, considering that, in lower operating

conditions, the unit has not positive values and it should be turned off

and by-passed by the exhaust gases.

The temperature after the expansion is reported in Fig. 9. The de-

pendence on T9 is evident only at high load, when the optimized β is

more affected by T9 value; on the other hand, the cooling which must be

ensured for to reach a range of 35–55 °C is significant. Indeed, the

thermal power to be exchanged in the IBC cooler ranges from 10 to

70 kW, and it is very slightly dependent on T9. This can represent a

limiting factor of this technology, with the need to introduce an addi-

tional heat exchanger in the front end of the vehicle [36].

The effect of the pressure drop of the heat exchanger is shown in

Fig. 10. The loss of the IBC mechanical power is approximately 25% for

every 40mbar.

The compressor efficiency and compression ratio influence the

Fig. 5b. Influence of IBC compressor and turbine efficiencies on recoverable

work (pressure ratio equal to 2) for high engine working point (ESC#12 -

PICE=95 kW).

Fig. 6a. IBC compressor efficiency chart derived from turbocharger experi-

mental values and ESC-13 IBC working points.

Fig. 6b. IBC expander efficiency chart derived from turbocharger experimental

values and ESC-13 IBC working points.

Fig. 7. Percentage of recoverable ICE mechanical power as function of the IBC

expansion/compression ratio (T9=45 °C).
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temperature of the gas leaving the exhaust line and flowing to the en-

vironment, T10 (Fig. 11). For β < 1.6, a temperature deficit is shown,

regardless of the compressor efficiency. An average temperature of

approximately 100 °C does not seem to be sufficient for an effective

discharge. From this point of view, β should be increased, with some

benefits to the mechanical power recovered, but this will require strong

compressor suction.

From the results obtained concerning the layout reported in Fig. 1,

the potential recovery of an IBC-based power unit is seriously limited by

the compressor and turbine efficiencies. The IBC pressure ratio can act

as a regulation parameter to increase the operating range of recovery,

but more benefits can be achieved by integrating the IBC unit into the

turbocharger, suggesting the following improved layout.

3.2. Improved layout

A second layout is proposed to improve the recovery performances

(Fig. 12). In this case, the turbine of the IBC-based power unit is placed

before the main one (turbocharger). Hence, the pressure loss introduced

by the VGT of the turbocharger (or by the by-pass of the exhaust gas

through the waste-gate) can be recovered in the turbine of the recovery

unit. Following the path of the exhaust gases after the ICE exhaust

manifold (5), the IBC turbine recovers energy to drive the IBC

Fig. 8. IBC mechanical power that is recoverable (lines represent absolute value

– kW – and dots represent ratio to ICE brake power as percentage).

Fig. 9. Temperature after IBC turbine and thermal power to be exchanged in IBC cooler/radiator.

Fig. 10. Effect of IBC cooler pressure drop on recoverable IBC mechanical

power (T9=40 °C).

Fig. 11. Variation in exhaust temperature T10 with IBC compression ratio,

compressor efficiency, and cooling temperature.
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compressor and produce mechanical power. The gas leaving the IBC

turbine (6′) is then sent to the main turbine of the turbocharger, where

the expansion continues below the environmental temperature (7′).

Hence, the exhaust gas is cooled (8′) and re-compressed to the en-

vironmental pressure (9′) before being introduced in the after-treat-

ment section. In addition, in this case, an electric motor/generator is

placed in the IBC shaft. It is mainly used to recover energy, but can also

control the revolution speed of the IBC shaft in order to guarantee the

evacuation of the exhaust gas after the final compression stage. This

kind of control can also be used to adjust the intermediate pressure and

temperature (p6′ and T6′) in order to fulfil the requirements of the

turbocharger.

The layout presented in Fig. 12 makes the interactions between the

ICE and recovery unit more complex and worthy of discussion. The

literature in this area neglects these important aspects, but the rules for

the controls that are already present on the engine should be kept and

ensured, as is currently done.

During synthesis, two physical quantities must be strictly controlled

regardless of the engine working point: (a) the pressure delivered by the

compressor for the engine charging, and (b) the pressure at the exit of

the compressor of the recovery unit. The first fixes the quantity of air

inside the cylinder, and thus the torque and power of the ICE. Usually, a

look-up table is stored inside the ECU to fix the pressure of the air

entering the intake manifold as a function of many operating para-

meters (engine revolution speed, engine load, temperature, etc.). The

second ensures that the exhaust gases, after having participated in the

energy recovery, have a pressure level suitable for discharging into the

atmosphere. In order to maximise the power recovered, as seen in

Fig. 14, the IGV at the turbine inlet has been removed, and the possi-

bility of bypassing part of the exhaust gas is not considered. Thus, the

control of the turbocharger requires some attention. In Fig. 12, an

electric boosting machine (eB) on its shaft is considered, which is able

to speed up the turbocharger when needed (transient response im-

provement) and ensure the boost pressure of the engine and correct

evacuation of the gas.

A possible control strategy for these two important functions could

follow this rule. The boost pressure is guaranteed by the electric motor

on the shaft when the work produced by the turbine is insufficient. This

appears to be the most straightforward way to ensure the torque and

response time. After performing this important task, the recovery at the

IBC-based power unit is accomplished, and the electric machine on the

correspondent shaft works as a generator. If the pressure at the exit of

the compressor of the IBC-based plant is insufficient, the compressor is

boosted by the electric machine, which works as an electric motor. A

higher rotation speed for the turbine modifies the pressure at the tur-

bine inlet of the turbocharger (the pressure decreases as a result of the

higher rotation speed of the turbine of the IBC-based power unit). The

intervention of the electric machine on the shaft of the turbocharger

will ensure the engine boost pressure.

In the new layout, the intermediate pressure p6′ can be thermo-

dynamically determined using an iterative procedure, which considers

the equilibrium of the turbocharging group. Starting from the energy

balance of the turbocharger, the enthalpy drop across the main turbine

Fig. 12. Improved layout without IGV regulation of turbocharger and with different position for IBC-based power unit.

Fig. 13. Iterative procedure for calculation of intermediate pressure p6′(improved layout).

Fig. 14. Intermediate pressure results from procedure (T8′ = 40 °C).
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can be expressed as in Eq. (9):

− = −
′ ′h h

m c T T

η m

̇ ( )

̇

air p air

m TC exh
6 7

, 1 2

, (9)

Having fixed the power requested by the turbocharger, imposed by

the air flow rate and engine intake pressure (as a function of the engine

speed and load), the following thermodynamic equations apply:
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In this configuration, the expansion ratio of the turbine of the IBC-

based power unit is different from the compression ratio, but the

pressure ratio of the IBC compressor is the same as the parameter used

in the first proposed layout. The lowest pressure level (p7′) can also be

considered as a parameter for the analysis performed and should as-

sume a reasonable value for technological issues. In Eq. (8), the inter-

mediate pressure p6′ is unknown, but it can be found by iteration using

Eq. (11) as verification, after assuming a suitable value for the effi-

ciency of the turbine of the turbocharger group.

⎜ ⎟− = ⎡
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⎥⎥′ ′ ′ ′
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η1p exh T TC6 7 , 6

6

7
,

k
k

1

(11)

The iterative procedure is summarised in Fig. 13.

The p6′ pressure results for the 13 engine working points analysed

are shown in Fig. 14. When an IBC pressure ratio is considered, lower

pressure level p7′ is obtained, and p6′ is lower. In fact, increasing the IBC

compression ratio, the expansion can go further under the environ-

mental pressure, and the intermediate pressure between the two tur-

bines follows this trend.

In the simulations, the efficiency of the turbine of the turbocharger

group was set at 65%, which is an average value of the experimental

activity done on the considered engine [37].

The resulting temperatures across the turbocharger turbine (T6′ and

T7′) are shown in Fig. 15. The temperature difference across the turbine

is slightly lower than that shown in Fig. 2, having recovered the loss in

the IGV.

The resulting mechanical power recovered in the IBC group is

shown in Fig. 16. The average power recovered is approximately

1.5 kW, but the maximum value is 6 kW for the highest load engine

working point. A higher IBC compression ratio does not always lead to

higher recovery.

The thermal power to be exchanged in the IBC cooler is always huge

(higher than 80 kW), which provides an opportunity for a further

thermal recovery section (Fig. 17).

3.3. Water condensation

The cooling realised in the IBC cooler section should be kept under

control, in order to avoid the condensation of water or acid compounds.

Although water condensation could have a significant role in the IBC

compression work reduction [38], it reduces the life of the components.

Knowing the specifics of the fuel and air/fuel ratio at each engine

working point, the molar and mass fraction of the water in the exhaust

can be calculated using the diesel combustion relation (Eq. (12), [39]).

+ + ⎛⎝ + ⎞⎠⎛⎝ + ⎞⎠
= + + ⎛⎝ + ⎞⎠ + + ⎛⎝ + ⎞⎠

C H e O N

CO H O e O e

N

(1 ) 13.5
23.6

4

79

21

13.5
23.6

2
13.5

23.6

4
(1 ) 13.5

23.6

4

79

21

13.5 23.6 2 2

2 2 2

2 (12)

The excess air e is calculated according to the measured air mass

flow rate of each engine working point (Table 1). Hence, the dew point

can be evaluated and compared to the final cooling temperature in the

IBC cooler (Table 2).

The water molar fraction is in the range of 3–7%. The overall pol-

lutant emissions (NOx, HC, CO) are still lower than 500 ppm [40], and

are thus neglected compared to the H2O value. With this exhaust gas

humidity, the dew point of the water is always under 31 °C, considering

an IBC compression ratio of 1.6. This means that under the average

yearly environmental conditions (final cooling temperature T9= T8′ =

40 °C), no water condensation occurs. When the cooling temperature is

lower (winter conditions), the water that can condense is still limited.

The condensed water is strictly dependent on the lowest pressure of

the IBC-based power unit (below the ambient value) and the cooling

temperature (T9= T8). Knowing the molar composition of the exhaust

gases, the mass fraction of water based on dry gas can be evaluated as in

Eq. (13):

= = − = −y
m
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p x
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H O dry
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H O
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,
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The fraction of water that makes saturated exhaust gas at cooling

temperature T9 is found as in Eq. (14):

= −y
p T

p p T

( )

( )
H O sat

H O sat

H O sat
,

H O

exh

, 9

9 , 9
2

2 2

2

M
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Finally, the condensed water flow is expressed considering the dif-

ference between the two previous relations (Eq. (15)).

= −
= − −

m m y y

m y y y

̇ ̇ ( )
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H O cond exh dry H O dry H O sat

exh H O H O dry H O sat

, , , ,

, ,

2 2 2

2 2 2 (15)

The results are represented in Fig. 18, where it can be noticed that

the amount of the water condensed is only significant (> 2 g/s at most

engine working points) under cold conditions (T9 < 20 °C).

Extracting the water condensed after the cooler reduces the flow

crossing the IBC compressor, enhancing the net output power produced

by the recovery IBC group. The condensation of the water has a neg-

ligible effect on the IBC power, as demonstrated in Fig. 19, where the

mechanical power produced by the IBC group is reported for the two

layouts considered under the same conditions: βIBC=1.8; cooler pres-

sure drop: 40mbar, T8′ = T9=20 °C, machines efficiencies were

evaluated according to derived charts of Fig. 6. At the lowest load en-

gine working points, the first layout seems to have higher benefits, but

with higher engine loads the second one shows greater results. The

second layout proposed produces an average of 1.5 kW of mechanical

Fig. 15. Temperatures across turbocharger turbine in second layout.

D. Di Battista, et al. Applied Energy 253 (2019) 113565

9



power, while the first produces approximately 1.3 kW, but it certainly

has a simpler configuration, with the potential of being plugged-in to

the existing engine, without turbocharging modifications. In some

working points, the recovery unit should be turned off, since no useful

thermodynamic work ca be achieved.

4. Conclusions

Energy recovery from internal combustion engines represents a key

opportunity to reduce fuel consumption and emissions in the trans-

portation sector. Among the suitable technologies for this purpose, the

Inverted Brayton Cycle (IBC) has gained attention only recently. It can

be bottomed directly to the exhaust line of an Internal Combustion

Engines, producing useful mechanical work.

This work dealt with a thermodynamic assessment of the potential

of an IBC unit coupled to an Iveco F1C turbocharged diesel engine,

performing an ESC-13 homologation cycle. The analysis demonstrated

the mechanical recovery of up to 3.5% of the brake mechanical power

of the engine, but several concerns were raised:

– the recoverable energy is strongly affected by the efficiencies of the

IBC compressor and turbine: under realistic conditions

(ηT= ηC=0.75), the recovery is not more than 2.5% of the brake

engine power;

– the pressure ratio of the IBC can be optimised according to an

analytical equation, but the lower pressure should be considered

lower than the environmental pressure, leading to the necessity of

completely sealing the duct and cooler;

– the outlet pressure of the compressor should be controlled, in order

Fig. 16. Mechanical power recoverable in second layout proposed.

Fig. 17. Thermal power to be exchanged in IBC cooler.

Table 2

Water dew point temperatures at engine working points considered (βIBC=1.6

- p9=p8′ = 0.66 bar).

ω [RPM] Torque

[Nm]

H2O molar fraction

(xH2O)

H2O mass fraction

(yH2O)

H2O dew point

[°C]

2175 400 6.1% 3.8% 29.1

2175 200 6.1% 3.8% 29.0

2175 300 6.5% 4.1% 30.2

2175 100 4.7% 2.9% 24.5

2750 200 4.5% 2.8% 23.9

2750 300 5.4% 3.4% 26.8

2750 400 6.3% 3.9% 29.6

2750 100 3.1% 1.9% 17.6

3325 365 6.5% 4.1% 30.1

3325 91 3.0% 1.9% 17.3

3325 274 5.4% 3.3% 26.8

3325 183 4.3% 2.7% 23.2

Fig. 18. Effects of cooling temperature and IBC compression ratio on the

amount of water condensation in exhaust gases.

Fig. 19. Comparison of two IBC layouts analysed for 12 working points of ESC-

13 modes (βIBC=1.8; cooler pressure drop: 40mbar, T8′ = T9=20 °C).
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to always have a pressure level higher than the environmental

pressure: if this is not ensured, the engine may shut down;

– an electrical machine can be introduced in the IBC shaft: it should

control the speed of the IBC unit in order to guarantee the operation

of the unit itself, sustain its efficiency and provide to the starting up

of the group; in any case, the possibility to turn off the unit, and let

the exhaust gases to bypass it, should be planned;

– the cooler, which is needed by the IBC unit to cool down the exhaust

gas before compression, has to dissipate a huge amount of thermal

power (up to 80 kW) and should be properly sized and allocated

within the engine bay; moreover, the pressure drops introduced by

the cooler can further reduce the recoverable power by up to 20%;

– water condensation after the cooling stage does not seem to be very

important in temperate weather, but under winter conditions it

should be properly separated from the exhaust gas, in order to

prevent compressor damage and reduce the compression work.

Hence, an improved layout was conceived with the goal of also

recovering the enthalpy, which is usually dissipated in the variable

geometry turbine regulation of the turbocharger of the engine. An

iterative thermodynamic model was developed to evaluate the perfor-

mances of the improved layout, finding more room for recovery. The

IBC mechanical power was approximately 1.8% of the average engine

brake power during a homologation test, and it could reach 5% of the

engine brake power under the maximum power condition. These re-

covery values are in the same order to those of other recovery options

(ORC-based unit, direct-heat recovery, turbocompounding, etc.), so

making this opportunity interesting in particular for the technology of

the components. Indeed, according to the results obtained, these could

be based on the same technology of the turbocharging group, thus using

a radial centripetal turbine and centrifugal compressor. These tech-

nologies (compressor and turbine) are proven, but their theoretical

predictions must be close to the real behaviour when used as a com-

ponent of an IBC-based power unit: this was done by deriving the

machineries performances from those of the existing turbocharger

group, according to a similarity method. In any case, the strong de-

pendence on the machinery efficiency, pressure values, and pressure

drops suggested the need to develop properly designed components,

which would surely bring to more efficient ones and a more effective

recovery.

During operation, a dedicated control device should allow the unit

to operate close to the best efficiency condition. Indeed, also in the

improved layout version, which guarantees the recovery of a larger

amount of power, the shafts of the recovery unit and turbocharger must

be electrically assisted. This is also necessary to meet the request of the

engine, in terms of the boost pressure and minimum pressure to ensure

the discharge of the exhaust gas to the atmosphere. Moreover, this in-

dependent speed control can overcome the concerns related to the start-

up of the unit, increasing the flexibility of the system and its potential

introduction on a vehicle.
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