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Abstract: The methods of increasing the efficiency of internal combustion engines through heat
utilization are examined. A proposed classification of heat utilization systems for mobile energy
vehicles is presented. External utilization harnesses the heat generated by a diesel engine to fulfill the
needs of consumers not directly related to the engine, such as interior heating and air conditioning
systems. Internal recycling focuses on enhancing the power, environmental performance, and
economic performance of an engine and its related systems. Various heat utilization schemes are
compared. For the economic conditions of the European Union (EU), a turbocompounding diesel
engine is acceptable if its agricultural tractor rated power is more than 275 kW and its combine
harvester rated power is more than 310 kW. Steam injection into the combustion chamber is utilized
to improve the technical and economic performance of gas turbine engines. This technology is also
produced in Ukraine and is proposed for use in internal combustion engines. It is suggested to inject
water vapor into a turbocharger turbine. This approach reduces the number of components in the
heat recovery system, thereby lowering its cost. A recycling chiller can be employed to cool the
air after it passes through the air cleaner, enhance the efficiency of the air cooler, and improve the
performance of the thermoelectric generators. This device is particularly effective at relatively high air
temperatures and can be recommended for agricultural machinery that operates in such conditions,
such as combines. With the application of this new technology, it is possible to increase the power of
diesel engines by 15. . .20% and reduce fuel consumption by up to 14%. Further research will focus
on substantiating the parameters of recycling systems for different classes of vehicles. Developing
a methodology to justify the effective application of heat utilization systems in agricultural mobile
energy vehicles is advisable.

Keywords: diesel; efficiency; mobile energy vehicle; recycling

1. Introduction

Modern agricultural machinery is equipped with thermal piston engines of internal
combustion, which use engines with relatively low efficiency: diesel engines reach up to
42. . .44%; gasoline engines reach up to 27%. Thus, exhaust gases, the heat of the cooling
system, lubrication, and air cooling result in energy equivalent to approximately 875,000 tons
of diesel fuel and 292,000 tons of gasoline being lost annually [1].

At least 50% of the heat of fuel combustion is lost to exhaust gases and coolant.
Therefore, there are significant reserves for improving the efficiency of diesel power plants.
Work to reduce these heat losses has been carried out in two main directions: the creation of
engines with a higher values of efficiency and the development of heat recovery systems for
existing engines. The latter direction does not require the radical modernization of the engine [2].

A number of leading machine-building companies (Scania, Ford, BMW, Cummins,
Navistar Advanced Technology, etc.) and scientific centers of universities are dealing with
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issues of heat utilization in mobile energy vehicles. For instance, specialists at the Navistar
Advanced Technology company consider the use of heat recovery systems to be one of the
main components of achieving their ambitious goal of 50% diesel efficiency [3].

The diesel engines of agricultural machinery have their own characteristic features
during operation that significantly distinguish them from other vehicles. For instance, the
engines of tractors and combines are used at load factors of 60. . .90%, while most trucks
and passenger cars operate at 17%. When performing technological operations, the engine
of an agricultural power tool works at a constant frequency of the rotation of the crankshaft.

Today, disposal systems are developed mainly for trucks equipped with powerful
engines. Thus, at the present time, there are no proven circuit solutions and equipment that
could be used in agricultural machinery for efficient heat utilization. The theoretical aspects
of the specified direction of increasing efficiency have been insufficiently worked out. In
addition, there is no classification of recycling systems, which complicates the general idea
and analysis of this direction of increasing efficiency [4].

The purpose of this work is to analyze and classify heat utilization systems and to
determine promising areas of application in mobile energy vehicles for agricultural purposes.

2. Presentation of the Main Material
2.1. Research Methodology

This study utilized several technical and economic indicators. The technical indicators
included the exhaust gas energy utilization factor (ψg), the coolant energy utilization
factor (ψc), and the specific power of the heat recovery device. The economic indicators
comprised return, investment, and the simple payback period.

The exhaust gas energy utilization factor is calculated as follows:

ψg =
Tg − Tb

Tg − Ta
, (1)

where Tg is the exhaust gas temperature, K, Ta is the ambient temperature, K, and Tb is the
exhaust gas temperature after passing through the heat recovery system, K.

The coolant energy from an engine can be applied for heating purposes, such as space
heating or fuel preheating. The coolant energy utilization factor is determined by the following:

ψc =
TP1 − Th

TP1 − TP2

, (2)

where TP1 is the coolant temperature at the engine outlet, K, TP2 is the coolant temperature
at the engine inlet, K, and Th is the coolant temperature at the outlet of the waste heat
recovery exchanger, K.

The exhaust gas temperature must exceed the dew point temperature of sulfuric acid
vapors. The minimum permissible exhaust gas outlet temperature is calculated by the formula:

Tb = TS + 98.5 × 3√S + ∆TS, K, (3)

where TS is the steam dew point temperature, K, S is the sulfur content in diesel fuel (%),
and ∆TS is a temperature margin set at 25 K.

We propose using the total waste heat utilization factor to evaluate the energy efficiency
of a heat recovery system. This factor represents the ratio of the system’s power to the total
input energy from fuel, calculated as:

ξ =
Phr × ηe

Pe × (1 − ηe)
, kW/kW, (4)

where Phr is the power of the waste heat recovery unit, kW, ηe is the efficiency of the diesel
engine, and Pe is the rated power of the engine, kW.
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The capacity of the waste heat absorption chiller can be calculated using the formula:

Pa = ε × Geg × Gpg ×
(
Tg − Tb

)
, kW, (5)

where ε is the power coefficient, Geg is the exhaust gas mass flow rate, kg/s, and Gpg is the
specific heat capacity of the exhaust gases, kJ/(kg·K).

Standard methods were used to evaluate engine efficiency at different intake tempera-
tures. An economic analysis was performed by calculating the simple payback period and
determining the maximum acceptable investment cost.

2.2. Research Results

There are two main schemes for the utilization of secondary energy resources: conven-
tional and deep. For a long time, they have been developed mainly for ships and stationary
power plants.

The system of deep heat utilization (SDHU) provides consumers only with thermal
energy. The system of deep utilization of heat (SDUH) is designed to provide consumers
with thermal and mechanical/electrical energy. Water or liquids with a low boiling point
(e.g., refrigerants) can be used as the working fluid [5].

The advantage of SDUH is its more efficient use of heat; its disadvantage is the
complexity of the design, high initial cost and high operating cost. It is also more sensitive
to changes in engine operating mode [6,7].

The following methods of heat utilization are widely used today. In energy systems
of mobile energy vehicles with frequent stops, especially cars, the efficiency of recycling
systems can be increased by using heat accumulators. This can significantly reduce fuel
consumption for engine heating, especially in the winter [8–11]. The most common schemes
that allow only partial utilization of spent thermal energy are cabin heating and fuel heating
(when using gaseous fuel or highly viscous components).

More complex engineering solutions are also used. For example, engineer Bruce Krauer
proposed a six-stroke engine for heat recovery. He used water injection into the engine cylinders
after the fourth stroke. The water is supplied at a pressure of up to 15 MPa, which evaporates
and performs the working stroke. This allows the power of the engine to be increased by up to
40%, which leads to improvements in its economic and environmental indicators [12].

For a long time (since the 1980s), recycling thermoelectric generators (TEG) were
considered promising. However, their widespread implementation is restrained by their
relatively low efficiency (10–15%). The generated electrical energy produced can be used to
power on-board electrical systems, traction electric motors, fuel heating, etc. Thus, electric
fuel heaters have a power of up to 0.28 kW [13]. Today, several projects of TEG integration
in cars are being implemented. These include the Ford Fusion 3.0-V 6, BMW X6, Chevrolet
Suburban, Renault Trucks, etc. Standard-sized series of TEGs are being developed, which
differ in power for different types of cars: for diesel passenger cars—200. . .300 W; for
gasoline passenger cars—500 W; for trucks—1000 W. It is expected that the specific price of
TEG will be at the level of 0.3. . .1.3 USD/W [14–17].

The current specific cost of TEG stands at approximately EUR 8.4 per watt. The
acceptable range of specific costs has been estimated to be from EUR 0.5 per watt for gasoline
vehicles to EUR 3 per watt for standard diesel taxis. Some research institutions are striving
to develop low-cost modules with the goal of reaching USD 1 per watt. Consequently,
TEGs are not currently a financially viable option for agricultural machinery (Figure 1).

The idea of injecting hot water is promising. For example, Alfa Power Systems B.V.
(Bakersfield, CA, USA) has developed SwirlFlash technology. SwirlFlash is a combustion
technology mainly used in gas turbines to improve fuel efficiency and reduce emissions.
It involves the use of a swirl mixer combined with a flash vaporization process, where
liquid fuel is mixed with superheated steam before being injected into the combustor. This
process improves fuel atomization and mixing, resulting in more efficient combustion
with lower levels of nitrogen oxides (NOx) and other pollutants. SwirlFlash technology is
particularly beneficial in applications where fuel flexibility and low emissions are critical,



Appl. Sci. 2024, 14, 8717 4 of 16

such as in engines. The improved mixing and vaporization provide a more complete
burn, resulting in achieving higher thermal efficiency and lower environmental impact
compared to conventional combustion methods. Its principle is simple and effective. Water
at a temperature of 150 to 250 ◦C is injected under a pressure of 10 to 15 MPa into the air
flow upstream of the turbocompressor. It evaporates and cools the circulating air [18].
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Tests on a 400 kW rated diesel engine showed the following. At a water consumption
of 14 g/s (50.4 kg/h), the NOx emission was reduced by 30% without any noticeable
decrease in specific fuel consumption. The above scheme makes it possible to dispense with
the inflatable air cooler without changing the parameters of the working process. Coolant
and exhaust gases can be used to heat water [19].

Booster (power) turbines, as part of the so-called turbocompound system, are being
developed by a number of leading companies. The turbocompound system is a technology
used in internal combustion engines, particularly diesel engines, to improve fuel efficiency
and increase power output. This system captures some of the energy that would otherwise
be lost in the exhaust gases and converts it into additional mechanical power. They may be
mechanical or electrical. Volvo [20], Iveco, Caterpillar, Cummins, Scania, Detroit Diesel, etc.,
are working in this direction. The use of mechanical turbocompound systems has resulted
in a reduction in specific fuel consumption (% by company): Caterpillar—4.7 [21,22] at
nominal power mode; Cummins—6 [23]; Scania—5 [24]. The minimum rated power of the
engines equipped with a mechanical turbocompound system is Scania’s DSC 1121 diesel (rated
power—235 kW; specific fuel consumption—195 g/(kWh); rated crankshaft speed—1800 rpm).

Similar work has been carried out on the domestic diesel engine SMD-31 (6XH12/14)
(Kharkiv Tractor Plant, Kharkov, Ukraine). Using the TS-12.5 power turbine, it is possible
to increase power by 10% and reduce fuel consumption by 3.5% (or 8 g/(kWh) [25].

The main drawback of turbocompounding equipment is its relatively high cost, mainly
due to the specialized hydromechanical transmission. Therefore, the use of a power turbine
to drive the fan of a diesel engine cooling system is of practical interest. The fan consumes
up to 7% of the effective power of the diesel engine, which is comparable to the power
produced by the power turbine. For a diesel engine with a rated power of 397 kW, it has
been found that the use of a turbofan can reduce specific fuel consumption by 5.9% at rated
power and by 1.5% at a 45% load factor [26].

The power of the power turbine depends on the rated power of the diesel engine. Its
relative value is built on the basis of experimental data of the company Caterpillar Inc.
(Irving, TX, USA), which is shown in Figure 2 [27]. As it can be seen, this dependence is
not linear. It can be used for the initial determination of power turbine power.

The main disadvantage of turbocompound power plants is the high complexity and
cost of a required special hydromechanical transmission. In this regard, the use of a power
turbine to drive such an energy-intensive unit as a fan of a diesel liquid cooling system of
a powerful mobile energy vehicle is of practical interest. The possibility of such a solution
is confirmed by the fact that at the rated power of a diesel engine with compressed air cooling,
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about 7% of the effective power of the engine is used to drive of the fan of the liquid cooling
system. This is quite close to the power in turbines of turbocompound power plants. Obviously,
in this case, the use of a special hydromechanical transmission is not required [28–31].
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Modeling the characteristics of a diesel engine with a 12XH13/14-type engine with
a rated power of 397 kW, it was found that the use of a turbofan for the engine liquid cooling
system can reduce the specific fuel consumption at the power from 45% to a nominal level
by 1.5% and 5.9%, respectively, comparable with a turbodiesel without a power turbine. In
the range of engine power from idle to 45%, it is advisable to use an auxiliary electric fan
drive (with a power of about 0.8 kW) with a periodic mode of operation [32].

Consider a possible application of diesel engines with a power turbine in agricultural
machinery. It is obvious that the turbocompound system is inefficient when using engines
with rated power not exceeding 100 kW (Figure 2). The maximum rated power of diesel
tractors of the CIS countries is, in kW, as follows: KhTA-300—183.8; Belarus-3022DV—222;
K-710S—236; K-704-4R—294. Thus, at the present stage of technical development, it is
advisable to use turbocompound engines on general-purpose wheeled tractors with a traction
class of at least 5.

With regard to combine harvesters, the following should be noted. Combines with
a harvesting capacity of up to 10. . .11 kg/s have a rated diesel power of up to 200 kW.
For example, the power of the engines of combine harvesters with the indicated har-
vesting capacity is, in kW, as follows: “Skif-230”—169; “Skif-250”—184; Vector-410—154;
DON-680—213; GS-812-16—176. More productive machines are also equipped with more
powerful engines, as follows, in kW: ACROS-580—221; TORUM-740—294; GS-12—243, etc.
It is recommended to use turbocompound engines [33–37].

The Caterpillar company has developed the concept of an electric turbocompound system
(Figure 3). Its implementation is expected to reduce specific fuel consumption by 5. . .10% [38].

Let us evaluate the effectiveness of waste heat recovery systems. The simple payback
period (SPP) is influenced by both investment cost and revenue and is calculated as follows:

SPP =
IR

R − OE
, h, (6)

where R is the return in USD per year, IR is the investment cost in USD, and OE refers to
the annual operating cost in USD.
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For turbocompound diesel engines, the investment costs range from USD 2000 to
3400 [22], while for the organic Rankine cycle systems, the costs range from EUR 2000 to
3000 [31], with annual operating costs of EUR 100 for the latter.

The return (R) is calculated using the following formula:

R =
∆be × Pe × Pυd f × L f

ρ
, USD/h, (7)

where ∆be is the reduction in specific fuel consumption, kg/kWh, Pe is the rated engine
power, kW, L f is the engine load factor, Pυd f is the price of diesel fuel (USD/L), and ρ is the
density of diesel fuel, kg/L.

Currently, the rated power of truck engines with turbocompounding ranges from 265
to 460 kW [32–35]. The simple payback period was calculated based on diesel fuel for the
U.S., Germany, and Ukraine, which were USD 0.84, 1.51, and 1.04 per liter, respectively [36].
The calculations show that for engines with a rated power above 370 kW, the payback
period remains relatively stable and is less than 750 h. Within this power range, fuel prices
have a minimal impact on the payback period. However, for engines with a power rating
below 300 kW, fuel prices play a more significant role (Figure 4).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 16 
 

 
Figure 4. Simple payback period (PBP) for turbocompound system. Source: developed by authors. 

If the relative power output of turbocompound systems varies between 4% and 11.5% 
(Figure 5), and the diesel engine efficiency is 0.4, the total waste heat utilization factor 
ranges from 0.0267 to 0.0767, while the exhaust gas energy utilization factor is 0.171 (at 𝑇௚ 
= 873 K, 𝑇௔ = 288 K, and 𝑇௕ = 773 K). 

Companies are increasingly adopting energy-saving technologies, and a longer pay-
back period is becoming more acceptable. In the USA, 56% of respondents reported a 
maximum payback period of three years or less. In Europe, 70% of companies are consid-
ering a payback period of up to five years or less [37]. 

The estimated lifetime of agricultural tractors is about 10,000 h [38], while that of 
combine harvesters it is approximately 3000 h [39]. In the European Union, the average 
annual use for a combine harvester is 188 h [40], and for agricultural tractors with a rated 
power of over 202 kW, it is around 306 h [12]. Outside the EU, the average annual use of 
tractors is higher. In India, for example, the average annual use of tractors is 856 h [13]. 

 
Figure 5. Maximum rated power (diesel fuel price—USD/L). Source: developed by authors. 

For combine harvesters, turbocompounding can be cost-effective if the rated power 
is above 300–320 kW and the simple payback period is less than five years. For agricultural 
tractors, the technology becomes appealing when the rated power of the diesel engine 

Figure 4. Simple payback period (PBP) for turbocompound system. Source: developed by authors.



Appl. Sci. 2024, 14, 8717 7 of 16

If the relative power output of turbocompound systems varies between 4% and 11.5%
(Figure 5), and the diesel engine efficiency is 0.4, the total waste heat utilization factor
ranges from 0.0267 to 0.0767, while the exhaust gas energy utilization factor is 0.171 (at
Tg = 873 K, Ta = 288 K, and Tb = 773 K).
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Companies are increasingly adopting energy-saving technologies, and a longer pay-
back period is becoming more acceptable. In the USA, 56% of respondents reported
a maximum payback period of three years or less. In Europe, 70% of companies are
considering a payback period of up to five years or less [37].

The estimated lifetime of agricultural tractors is about 10,000 h [38], while that of
combine harvesters it is approximately 3000 h [39]. In the European Union, the average
annual use for a combine harvester is 188 h [40], and for agricultural tractors with a rated
power of over 202 kW, it is around 306 h [12]. Outside the EU, the average annual use of
tractors is higher. In India, for example, the average annual use of tractors is 856 h [13].

For combine harvesters, turbocompounding can be cost-effective if the rated power is
above 300–320 kW and the simple payback period is less than five years. For agricultural
tractors, the technology becomes appealing when the rated power of the diesel engine
exceeds 275 kW (Figure 5). In addition, the higher the annual usage, the lower the required
power threshold. If the machines are operated for more than 150–300 hours per year, this
reduction occurs gradually (Figure 6).
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Work on the development of a Rankine cycle heat recovery system began back in the
1970s. It was funded by the U.S. Department of Energy and conducted by Mack Trucks and
Thermo Electron Corporation [39].

BMW engineers tested a system using a recycled steam engine on a passenger car. This
resulted in a 10% increase in torque and a 15% reduction in specific fuel consumption. The
mass of the additional components exceeded 100 kg. This scheme was called Turbosteamer,
and its first version was adapted for a BMW 3 series passenger car [40].

Research in this direction is being carried out by a number of companies, including
AVL Power Train Engineering, Inc. (Plymouth, MI, USA); Cummins (Columbus, IN, USA);
Navistar Advanced Technology (Lisle, IL, USA), etc. Simulations of recycling systems
using the Rankine cycle show that the potential reduction in specific fuel consumption
ranges from 6 to 11%, depending on the type of working fluid [41]. Organic Rankine Cycle
systems are already in commercial use in marine and stationary power plants. However,
their application in agricultural vehicles is still being researched and is expected to enter
the market by 2020.

Cooling by injecting water into the airflow at the compressor inlet is widely used in
gas turbines [42]. The temperature drops to the dew point temperature and does not exceed
10 ◦C in most climates.

Air cooling in recuperative heat exchangers provides greater temperature reduction.
The cold needed to cool the outside air can be obtained in a heat-utilizing refrigerating
machine (HRM) by using the heat of the exhaust gases. Studies show that the HRM ejector
is the simplest and most reliable, with the working medium being a liquid with a low
boiling point [43]. Modeling of the process shows that the decrease in air temperature for
gas turbines (at an exhaust gas temperature of 450 ◦C) is 40. . .60 ◦C [44].

This technology can also be used for engines of agricultural machinery (Figure 7). Cal-
culations based on standards [18] show that in summer, it is possible to increase the power
of diesel engines by 10% and reduce the specific fuel consumption by up to 9% (Figure 8).
This is because summer temperatures can help cool the air better, allowing the engine to
operate more efficiently. In warm weather, the air is generally less dense, which can help
the fuel burn better if the engine’s injection and cooling systems are optimized. Summer
temperatures can improve cooling systems, helping the engine run more consistently and
efficiently. More consistent operating conditions can result in increased power and lower
specific fuel consumption. When technologies such as water vapor injection or improved
cooling systems are used, they can help ensure more complete and efficient combustion of
the fuel. This can result in increased engine power and reduced specific fuel consumption.
In some cases, fuel with improved properties or additives can be used in the summer to
help burn more efficiently and improve overall engine performance.
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The recirculating chiller can be used to cool the air after the air cleaner, improving the
efficiency of the air cooler and TEG. Obviously, this device is most effective at relatively
high air temperatures and can be recommended for agricultural machinery that works at
high air temperatures, such as combines.

Steam injection into the combustion chamber is used to improve technical and eco-
nomic indicators of gas turbines. Such equipment is also produced in Ukraine [45], which
is suggested to be used for an internal combustion engine (Figure 9). Steam is proposed to
be injected into the turbocharger turbine. This makes it possible to reduce the number of
elements of the heat recovery system and, consequently, its cost.
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By injecting steam vapor directly into the turbine, it can be used more efficiently
for cooling and improving combustion. This results in more optimal system operation
and a reduced need for additional heat recovery components. The use of steam allows
functions that previously required separate components to be integrated into the turbine
itself. This simplifies the system design and reduces the number of components required,
such as additional heat exchangers and pumps. Fewer components means lower costs
to manufacture and install the system. This reduces the overall cost of the heat recovery
system by reducing the number of complex and expensive components. By injecting steam
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into the turbine, the system becomes more compact and efficient, reducing its cost and
simplifying its design.

A portion of the exhaust gases is recirculated for internal disposal. This allows
improvements in the efficiency of the engine only at partial loads. It should be noted that
the mentioned solution is mainly used to reduce the level of toxicity of diesel engines of
agricultural mobile energy vehicles [46]. Exhaust gas recirculation is used as an internal
recycling tool to reduce the toxicity level of diesel engines. It allows a portion of the
exhaust gases to be returned to the engine’s combustion chamber. This reduces the oxygen
concentration and increases the carbon dioxide content in the combustion chamber, which
helps to reduce the formation of nitrogen oxides (NOx), which are toxic substances. At
partial loads, the engine operates under conditions that may be less than optimal for
reducing toxicity. Exhaust gas recirculation helps maintain a more stable and cleaner
combustion under these conditions. This technology is particularly relevant for mobile
agricultural machinery, where the need to reduce exhaust toxicity is high due to the long
and intensive use of the engines under various conditions.

The devices for injecting water vapor into the internal combustion engine include: a reducer 1,
a compressor 2, a recovery boiler 3, a feeding pump 4, a water tank 5, an internal combustion
engine 6, a turbine 7 and an overtaking clutch 8. The overtaking clutch 8 in the device for injecting
steam into the internal combustion engine is used to transmit rotary motion and prevent reverse
torque from the turbine to the engine.

Figure 9 shows that Tg1—temperature of exhaust gases before turbine 7, Tg2—temperature
of exhaust gases after expansion in turbine 7, Tg3—temperature after recovery boiler 3, and
TS—temperature of saturated steam.

The device works as follows [45]. When the internal combustion engine 6 is running
with fuel from the combustion chamber, the exhaust gases flow to the turbine 7, which is
rigidly mounted on one shaft with the compressor 2, which injects air into the combustion
chamber of the internal combustion engine 6. After the combustion engine 6 has been
heated up and discharged from the water tank 5 with the help of the feed pump 4 to the
nominal operating power (the temperature of the exhaust gases is about 925 K), the water is
pumped to the boiler 3, where the water begins to turn into saturated steam due to heating
from the exhaust gases. The saturated water vapor formed is fed to the turbine 7 and is
thus combined with the exhaust gases coming from the combustion chamber of the internal
combustion engine 6. At the same time, the compressor 2, which is rigidly mounted on
one shaft by the turbine 7, begins to rotate at an additional increased speed and pumps
a larger amount air into the combustion chamber of the internal combustion engine 6.
Due to the excess power of the turbine 7, it transmits the torque of the drive shaft of the
reducer 1, to the driven shaft of the reducer 1, which is connected to the crankshaft of the
internal combustion engine, through the overtaking clutch 8.

The mathematical model for determining the effect of the specified recycling scheme
on the economic and performance indicators of the engine showed that the temperature of
the exhaust gases of the internal combustion engine before the turbocharger at the rated
power mode is approximately 925 K. The temperature of gases Tg2 after expansion in the
turbine can be determined as follows:

Tg2 = Tg1 − ∆Tad · ηT , (8)

where Tg1 is the temperature of exhaust gases in front of the turbine, K;
∆Tad—is the adiabatic temperature drop in the turbine, K;
ηT is the efficiency factor of the turbine.
The decrease in temperature during the adiabatic expansion of gases is:

∆Tad = Tg1 − Tad = lad ·
(k − 1)

k · R
, (9)

where Tad is the gas temperature at the exit from the turbine during adiabatic expansion, K;
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lad—specific work of expansion, J/kg;
k is the adiabatic coefficient;
R is the specific gas constant, J/(kg·K).
The maximum value of the specific work of expansion in one stage of the turbine is

300 kJ/kg. Under such conditions, the temperature of the gas during expansion decreases
by about 263 K.

In real internal combustion engines, the expansion of gases in the turbine is not
complete. Then, the temperature of the gases after the turbine is:

Tg2 = Tg1 ·
(

P2

P1

) n−1
n

= Tg1 · π
1−n

n
T , (10)

where P1, P2 are gas pressure before and after the turbine, respectively;
n—coefficient of polytropy;
πT is the degree of pressure reduction in the turbine.
Let us consider the processes of producing steam, injecting it into the turbine and

expansion along with gases. Steam is produced in the recovery boiler. Let us determine
the temperatures at the nodal points. The temperature of the mixture of exhaust gases and
steam in front of the turbine is determined from the equation:

Ts · Cps · Gv + Tg1 · Cp · Gg = (Gv · Cps + Gg · Cp) · Tm, (11)

where Ts is the temperature of saturated water vapor, K;
Cp, Cps—specific isobaric heat capacity of exhaust gases and steam, respectively, kJ/( kg·K);
Gv, Gg—consumption, respectively, of steam and waste gases, kg/s;
Tm is the temperature of the steam–gas mixture, K.
Specific isobaric heat capacities of steam and gases differ by a factor of almost two.

Then, the desired value of the temperature of the steam–gas mixture will be:

Tm =
Ts · Gv · Cps + Tg1 · Gg · Cp

Gv · Cps + Gg · Cp
. (12)

Let us determine the amount of steam that can be obtained in the utilization boiler.
The heat balance of its production is described by the following equations. The amount
of heat that is used in steam formation is determined by the formula (from the side of the
steam–gas mixture):

Qg = (Gv · Cps + Gg · Cp) ·
(
Tg2 − Tg3

)
· ηub, (13)

where Tg3 is the temperature behind the utilization boiler, K;
ηub is the efficiency factor of the utilization boiler.
The temperature behind the recovery boiler Tg3 is determined from the condition of

low-temperature corrosion and is approximately 403 K.
Low-temperature corrosion can occur when the exhaust gas temperature is too low,

causing acidic components in the gases, such as sulfuric and carbonic acids, to condense,
which can damage system materials. The optimum temperature of 403 K minimizes the
risk of corrosion while maintaining system efficiency.

The amount of heat that goes into the formation of saturated steam is determined by
the equation

Qv = Gv · (Cpw · ∆T + r), (14)

where Cpw is the specific isobaric heat capacity of water, kJ/(kg·K);
∆T is the heating of water from the initial temperature to the boiling temperature, K;
r is the specific heat of vaporization of water, kJ/kg.
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Equating Equations (13) and (14), we determine the amount of steam formed in the
utilization boiler:

Gv =
Gg · Cp ·

(
Tg2 − Tg3

)
r+Cpw·∆T

ηyκ
− Cps ·

(
Tg2 − Tg3

) (15)

Equation (13) contains the value of the temperature Tg2 after the turbine, which
depends on the amount of steam. Therefore, it can be solved only by numerical methods,
namely the Newton–Raphson Method. It is well suited for solving nonlinear Equation (15)
because it uses derivatives to iteratively find the roots of the equation and can be effective
if there is a sufficiently good initial approximation.

Let us consider how the injection of steam will affect the parameters of the turbocharger
and the diesel engine as a whole. The power of the turbine depends on the adiabatic
operation of gases and their consumption:

Nm = G · k
k − 1

· R · Tg2 ·
(

1 − π
1−k

k
m

)
· ηT . (16)

where ηT is the efficiency factor of the turbine.
Consider the work of compression in a compressor. The power consumed by the

compressor is determined by the equation:

Nk =

GB · k
k−1 · R · TB ·

(
π

k−1
k

κ − 1
)

ηK
, (17)

where πk is the degree of pressure increase in the compressor;
ηK is the efficiency factor of the compressor.
The injection of steam into the turbine leads to an increase in its power. It can be

transmitted to the crankshaft of the engine.
Calculations for tractors of the third traction class show that at operating power, it is

possible to obtain saturated steam in the amount of 0.0145 kg/s (52.2 kg/h). This allows the
power of the diesel engine to be increased by 2%. Specific fuel consumption will decrease
by the corresponding amount.

Thus, the use of the proposed device will allow the fuel consumption per unit of
engine power (specific fuel consumption) to be reduced, as well as the emission of toxic
greenhouse gases into the atmosphere; the effective power and thermal efficiency of the
internal combustion engine to increase; and the design of the internal combustion engine
combustion to be simplified due to additional equipment.

The potential increase in power and decrease in specific fuel consumption under
various heat utilization schemes are shown in Table 1.

Table 1. Potential change in technical parameters of engines under different heat recovery schemes
and possible use.

Heat Recovery System Power Increase, % Reduction in Specific
Fuel Consumption, % Type of Equipment

Mechanical turbocompound * 4.8 Tractors of traction class at least 5
and combines with a harvester
capacity of more than 11 kg/sElectric turbocompound * 6.9

Rankine cycle on water 5.4 6. . .9
All types of equipmentThe Rankine cycle on the refrigerant 11.4 9. . .11

Water vapor injection into TK ** 3.8 1.9

Circulating air cooling ** 17 14.6 Harvesters

Thermoelectric generator 0.3 0.3 All types of equipment

Note: * See Figure 2, ** According to the author’s calculations.
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Based on the above, the following classification system of heat recovery systems is proposed.

I. According to the source of secondary heat: coolant; engine oil; heat engine parts;
exhaust gases.

II. According to the type of energy resource that can be obtained: hot water; coupling;
mechanical energy; electrical energy.

III. Use of the obtained energy resources: hot water (heating system, power supply
system, including heating of both liquid and gaseous fuels); injection at the input
of a centrifugal compressor; heat accumulator; steam: steam engine/turbine; injec-
tion into the turbocharger turbine; electric energy (on-board electrical system power
supply, traction electric motor power supply, fuel heating); mechanical energy (trans-
mission to the crankshaft of the engine, fan of the cooling system).

IV. By types of recycling systems cycles: open (injection of superheated water into the
compressor, injection of steam into the turbine); closed (Rankin cycle).

V. By type of working fluid in utilization cycles: water; liquids with a low boiling point.
VI. By type of disposal: external; internal.
VII. According to the purpose of the disposal system: improvement in environmental

indicators; improvement in economic indicators of the engine; ensuring the needs of
external consumers.

VIII. According to the thermal potential of the secondary coolant: high temperature (ex-
haust gases); low temperature (coolant, compressed air, engine oil).

The classification by type of disposal (external and internal) requires some explanation.
External utilization uses diesel heat to meet the needs of consumers not related to the
engine (interior heating system, air conditioning system, etc.). Internal recycling is aimed at
increasing the performance and environmental and economic indicators of the engine itself
and related systems. The given scheme does not consider in detail the classification of gas
turbine supercharging systems, as it is given in many scientific works and training manuals.

3. Conclusions

Intensive work is being performed in the world to increase the efficiency of engines of
mobile energy vehicles, including through the use of heat. Based on the analysis of existing
and proposed heat utilization schemes, their classification has been developed. The use
of such heat utilization schemes as the injection of water vapor into the turbocompressor
turbine and the use of a utilization refrigerating machine are proposed.

Agricultural vehicles have different operating characteristics. This study identifies
several advanced technologies for such vehicles, including turbocompounding and system
heating. Their efficiency is influenced by annual usage and fuel cost. For turbocompound-
ing to be economically viable in the EU, the minimum rated power required is 308 kW for
agricultural tractors and 388 kW for combine harvesters, and engines of this power are
already in production.

In cold climates or seasons, heat accumulators (for initial heating) and exhaust gas
heat recovery systems for warming transmission are recommended. Thermal storage is
currently in production. Waste heat recovery to heat the lube oil in hydraulic clutches offers
high economic efficiency at low temperatures, but this technology is not yet commercially
available, despite significant research and testing.

In hot climates or seasons, particularly for combine harvesters, absorption refrigeration
systems are feasible for air conditioning and intake air cooling. These systems, with
a coefficient of performance of about 0.2, show potential for economic efficiency.

It is necessary to continue work on the substantiation of parameters of disposal systems
for different classes of mobile energy vehicles. It is advisable to develop a methodology
for the substantiation of the range of effective application of heat utilization systems in
agricultural mobile energy vehicles.

In order to increase the efficiency of the internal combustion engine, it is possible to
use the heat of exhaust gases with a minimum amount of additional equipment. For this
purpose, steam obtained in the recovery boiler is injected into the turbine.
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Directions for further research:

- Development of calculation methodology and computer program for its implementation;
- Determination of the influence of turbocompressor parameters on the efficiency of the

proposed disposal system;
- Determination of the direction of use of excess turbine power (increase in air pressure

after the compressor and its performance or transfer to the engine crankshaft);
- Economic efficiency depending on the engine and turbocharger parameters.
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