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Abstract: The focus of today’s agriculture is to reduce fuel consumption and pollutant emission.
More than 50% of the fuel energy is lost with the exhaust gas and coolant of diesel engines. Therefore,
waste heat recovery systems are a promising concept to meet economical and ecological requirements.
Agricultural vehicles have an operating cycle that is quite different from on-road trucks (higher engine
load factor and less annual utilization). This has influence on the efficiency of waste heat recovery.
The purpose of this paper was to analyze different waste heat recovery technologies to be used in
agricultural applications. In the study, technical and economic indicators have been used. According
to suggested classification, four pathways for utilization were studied. Turbocompounding, electric
turbocompounding, and heating of transmission oil for hydraulic clutch gearboxes have proved to
be effective for agricultural vehicles. For the economical conditions of the European Union (EU),
a turbocompounding diesel engine is acceptable if agricultural tractor rated power is more than
275 kW, and combine harvester rated power is more than 310 kW. In cold climates, heat recovery
transmission warm-up may be recommended. Waste heat absorption refrigerators have proven to be
a viable technology for air conditioning and intake air cooling systems.
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1. Introduction

Agriculture, especially crop production, is an energy-intensive industry. Heavy-duty diesel
engines (HDDE) of agricultural vehicles are among the main contributors to harmful emissions.
Therefore, energy saving technologies and energy effective machines needed to be developed and put
into practice. For this reason, engine manufacturers work to increase their energy efficiency, fuel costs
and emission reduction. They follow several strategies: alternative fuels application [1]; increasing
engine thermal performance [2,3]; and engine bottoming technologies [4].

The modern HDDEs of agricultural machinery have relatively low efficiency. A significant part of
fuel energy is lost with exhaust gases (Figure 1).

Right here, there is the potential to improve the engine economy. Engine bottoming technologies or
waste heat recovery technologies are under development. The organic Rankine cycle, turbo-compounding,
thermoelectric generators, and so on, belong to the above. Waste heat recovery systems have been
adopted for marine and stationary power plants. However, their application for agriculture has not
been sufficiently investigated.
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Figure 1. The energy balance of internal combustion engines. Source: adapted from [5,6]. 
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Figure 1. The energy balance of internal combustion engines. Source: adapted from [5,6].

Engineering companies (Scania, Ford, BMW, Cummins, Navistar Advanced Technology, etc.) and
associated research centers are engaged in the study and development of waste heat recovery systems
for vehicles. Navistar Inc. considers it as one of the main components to achieving an ambitious
goal—diesel engine efficiency of 55% [7].

The typical operating cycle of agricultural tractors and combine harvesters is quite different
as compared with on-road trucks. The average load factor for on-road trucks amounts to 0.23 [8].
Their annual hours of operation range from 2400 to 4000 [9]. The agricultural tractors and combine
harvester diesel engines run most of the time at 75–90% of load [10,11] and their annual utilization is
substantially less [12,13].

In general, heat recovery technologies were classified within three domains: exhaust gas
temperature; equipment; and recovery purpose [14]. The main heat sources in HDDE are categorized
into two classes: high-temperature heat sources (exhaust gases) and low-temperature sources (coolant,
lube oil, and charge air cooling) [10]. The benefits of waste heat recovery are classified into two
categories: direct benefits (reduction of fuel consumption) and indirect benefits (reduction in pollution,
reduction in auxiliary energy consumption, etc.) [15]. Possible ways of using heat recovery technologies
for internal combustion engines were selected by J.S. Jadhao and D.G. Thombare [16]. The dominating
ones are heating purpose, electric power generation, mechanical work, and refrigeration. There are
classifications of heat utilization systems, involving their advantages and description of heat recovery
methods for heat engines [17]. However, they are general and do not take into account the peculiarities
of the operation of agricultural machinery. This complicates their overall analysis and suitability.

The aim of this study is to clarify the classification of the waste heat recovery systems and to
determine the profitable directions of their application by agricultural tractors and combine harvesters.

2. Materials

In the study, some indicators were used: technical (exhaust gas energy utilization factor Ψg;
coolant energy utilization factor Ψc; specific power of a utilization machine (device)) and economic
(return, investment, and simple payback period).

The exhaust gas energy utilization factor is equal to:

ψg =
Tg − Tb

Tg − Ta
, (1)

where Tg is the exhaust gas temperature, K; Ta is the ambient temperature, K; and Tb is the outlet
temperature of an exhaust gas after heat recovery system, K.
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The coolant energy of an engine can be used for the purpose of heating, such as space heating,
preheating fuel, and so on. The coolant energy utilization factor is calculated as:

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 waste heat recovery exchanger outlet, K.

The exhaust gas temperature has to be higher than the dew point temperature of sulphuric acid
vapors. Thus, the permissible minimum exhaust gas outlet temperature is determined as follows:

Tb = TS + 98.5× 3√S + ∆TS, K, (3)

where TS is the dew point temperature of steam, K; S is the sulfur content in diesel fuel, %; and ∆TS is
the temperature reserve, ∆TS = 25 K.

We propose to use the total waste heat utilization factor. It assesses the energy efficiency of the
heat recovery system. It is a ratio of its power to total input fuel energy, and is calculated as:

ξ =
Phr × ηe

Pe× (1− ηe)
, kW/kW, (4)

where Phr is the power of the waste heat recovery machine (device), kW; ηe is the efficiency of a diesel
engine; and Pe is the rated power of the engine, kW.

The capacity of the waste heat absorption refrigerator can be determined as:

Pa = ε× Geg × Gpg × (Tg − Tb), kW, (5)

where ε is the coefficient of performance; Geg is the mass flow of exhaust gases, kg/s; and Cpg is the
heat capacity of exhaust gases, kJ/(kg·K).

Standard methods were used to evaluate the efficiency of an engine at different intake
temperatures [18]. Economic evaluation has been carried out by means of the determination of
a simple payback period and maximum acceptable investment costs.

3. Results

We propose to classify heat recovery systems according to their applications:

(1) Mechanical work;
(2) Electricity generation;
(3) Heating and cooling generation.

3.1. Mechanical Work

The principle methods for exhaust gas recovery use either kinetic energy flow or thermal energy
flow (Figure 2). The kinetic energy flow can be transformed by a power turbine. It can either provide
additional power to an engine (mechanical turbocompounding) or generate electricity (electrical
turbocompounding). A number of companies (Volvo, Iveco, Caterpillar, Cummins, Scania, Detroit
Diesel, etc.) work out the above technologies [19–22].
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Figure 2. The principle methods for exhaust gas recovery. Source: developed by authors.

3.1.1. Turbocompounding

The use of mechanical turbocompounding systems allows reduction in the specific fuel
consumption (at the nominal power mode) by 4.7–7.5% [20–23]. The minimum rated power of a
mechanical turbocompounding engine (currently in operation) is 235 kW (Diesel DSC1121 (Scania AB,
Södertälje, Sweden), with the specific fuel consumption of 195 g/kWh). MTU, Detroit Diesel, Mack
Truck and Volvo manufacture more powerful engines: MTU 6R 1500—400–460 kW; DD15—334–411
kW; MP8 Mack Truck—334 kW; D13TC—312.8 kW [23–26].

The power-turbine power depends on the rated power of the diesel engine and its load. According
to Caterpillar Inc.’s research data, this function is not linear. (Figure 3) [27].

Agriculture 2018, 8, x FOR PEER REVIEW  4 of 18 

 
Figure 2. The principle methods for exhaust gas recovery. Source: developed by authors. 

3.1.1. Turbocompounding 

The use of mechanical turbocompounding systems allows reduction in the specific fuel 
consumption (at the nominal power mode) by 4.7–7.5% [20–23]. The minimum rated power of a 
mechanical turbocompounding engine (currently in operation) is 235 kW (Diesel DSC1121 (Scania 
AB, Södertälje, Sweden), with the specific fuel consumption of 195 g/kWh). MTU, Detroit Diesel, 
Mack Truck and Volvo manufacture more powerful engines: MTU 6R 1500—400–460 kW; DD15—
334–411 kW; MP8 Mack Truck—334 kW; D13TC—312.8 kW [23–26]. 

The power-turbine power depends on the rated power of the diesel engine and its load. 
According to Caterpillar Inc.’s research data, this function is not linear. (Figure 3) [27].  

 
Figure 3. The relative power-turbine power as a function of rated power of an engine. Source: adapted 
from [27]. 

The main disadvantage of turbocompounding equipment is a relatively high cost (mainly due 
to a special hydro mechanical transmission). That is why the use of a power turbine to drive a fan of 
a diesel cooling system is of practical interest. The fan consumes up to 7% of diesel effective power. 
It is close enough to the power-turbine power. For a diesel engine (rated power—397 kW), it has been 
established that the use of a turbofan can provide a reduction of the specific fuel consumption (rated 
power—5.9%; 45% load factor—1.5%) [28]. 
  

4
5
6
7
8
9

10
11
12

100 150 200 250 300 350

Re
la

tiv
e 

po
w

er
,%

Rated power, kW
Figure 3. The relative power-turbine power as a function of rated power of an engine. Source: adapted
from [27].

The main disadvantage of turbocompounding equipment is a relatively high cost (mainly due
to a special hydro mechanical transmission). That is why the use of a power turbine to drive a fan of
a diesel cooling system is of practical interest. The fan consumes up to 7% of diesel effective power.
It is close enough to the power-turbine power. For a diesel engine (rated power—397 kW), it has been
established that the use of a turbofan can provide a reduction of the specific fuel consumption (rated
power—5.9%; 45% load factor—1.5%) [28].

3.1.2. Rankine Cycle

For a waste heat recovery system, the Rankine cycle began to be studied in the 1970s. These studies
were funded by the US Department of Energy and were sponsored by Mack Trucks and Thermo
Electron Corporation [29].
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Today, a number of companies (AVL PowerTrain Engineering, Inc.; BMW; Cummins; Navistar
Advanced Technology; etc.) study and develop this technology. According to the study, the Rankine
cycle utilization system can provide a reduction of the specific fuel consumption by 11% [30].

Engineers from BMW have tested a car with a waste heat recovery steam engine. It was
named Turbosteamer and adapted for the BMW 3 Series car. This allowed reducing the specific
fuel consumption by 15% [31]. Organic Rankine cycle systems are currently in commercial use in
marine and stationary power plants. Agricultural vehicle applications are currently in the research
phase and are expected to enter the market around 2020 [4].

3.1.3. Economic Efficiency

Let us consider the efficiency of waste heat recovery systems. The simple payback period depends
on the investment costs and return,

SPP =
IR

R−OE
, h, (6)

where R is the return, USD/year; IR is the investment cost, USD; and OE is the annual operating
cost, USD.

The investment costs are USD (2000–3400) for the turbocompounding diesels [22] and EUR
(2000–3000) for the Rankine organic cycle [31]. Operating annual costs for the last device are EUR100.

The return is determined by the formula:

R =
∆be× Pe× Pvd f × L f

ρ
, USD/h, (7)

where ∆be is the reduction of specific fuel consumption, kg/kWh; Pe is the rated power, kW; Lf is the
engine load factor; Pvdf is the price of diesel fuel, USD/L; and ρ is the density of diesel fuel, kg/L.

Truck turbocompounding engine rated powers currently range from 265 to 460 kW [32–35].
The simple payback period was calculated at current prices (June 2018) for diesel fuel in the United
States, Germany and Ukraine, USD/L: 0.84; 1.51, and 1.04, respectively [36]. The results of calculations
show that the simple payback period is almost constant for engines with rated power more than
370 kW and does not exceed 750 h. In the above power range, it slightly depends on the fuel prices.
The fuel price is substantial if engine power is less than 300 kW (Figure 4).

If relative powers of turbocompound systems range from 4% to 11.5% (Figure 3) and the diesel
engine efficiency is 0.4, the total waste heat utilization factor ranges from 0.0267 to 0.0767 and the
exhaust gas energy utilization factor is 0.171 (at Tg = 873 K, Ta = 288 K, and Tb = 773 K).

Companies are becoming more flexible towards energy saving technology. Additionally, a longer
payback period is becoming acceptable. In the USA, for 56% of respondents, the maximum payback
time is three years or less. European companies (70%) say about five years or less [37].

The estimated service life for agricultural tractors is 10,000 h [38], and for combine harvesters,
3000 h [39]. In the Europe Union, annual utilization for a combine harvester is around 188 h [40],
and for agricultural tractors (rated power more than 202 kW) it is around 306 h [12]. Outside the EU,
average annual tractor utilization is higher. For example, in India, average annual use of tractors was
856 h [13].
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Figure 4. Simple payback period (PBP) for turbocompound system. Source: developed by authors.

So, turbocompounding diesels may be profitable for combine harvesters if the simple payback
period is five years and their rated power is more than 300–320 kW. The above technology is attractive
for agricultural tractors if their diesel rated power exceeds 275 kW (Figure 5). The increase of annual
utilization results in the decrease of acceptable power. Additionally, if annual use is more than
150–300 h, the above decrease is gradual (Figure 6).
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3.2. Electric Power Generation

To generate electricity aboard, kinetic and thermal energy can be used (Figure 7).
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3.2.1. Electric Turbocompounding

Caterpillar has developed a concept for an electric turbocharger system. It is expected that its
implementation will reduce the specific fuel consumption by 5–10% [27]. Electric turbocompounding
systems generate electricity.

Bowman Power Group Ltd. designs and manufactures the above. The developed technology is
suitable for engines in the 150–2000 kW range. It generates up to 10% additional power and reduces
fuel consumption by 4–7%. The system consists of a turbo-generator and a power electronics unit [41].

Electric turbocompounding systems can be applied on agricultural tractors with electromechanical
or electric powertrains. Now there are some models which meet these requirements. The Belarus
3023 tractor has an electromechanical drivetrain. Its 300-hp engine powers a 220-kW generator.
The Rigitrac EWD120 tractor is powered by a diesel-engine-driven generator. This generator can also
provide electric power for external implements [42].

The economic efficiency of the electric turbocompounding depends on the reduction of fuel
consumption, fuel price, annual utilization, rated power, and so on. The maximum acceptable
investment costs can be determined as:

I ≤
∆be× Pe× AU × Pvd f × SPP

ρ
, USD, (8)
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where AU is the annual utilization, h.
We made calculations for the following initial data: rated power—100–350 kW; annual

utilization—150–600 h; reduction of fuel consumption—4%; simple payback period—3 and 5 years.
According to our calculations, the maximum cost of the above system should be less than the values in
Figures 8 and 9. It can be seen that for conditions in the EU, application of electric turbocompounding
may be profitable.
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Manufacturers have been investigating the electrification of agricultural tractors and implements
to improve their efficiency. John Deere has developed new tractors: the 7430 E Premium
(rated power—200 hp) and the 7530 E Premium (rated power—213 hp). A particular generator
(flywheel-mounted generator) produces up to 20 kW of electric power. It is used to power an
electric-driven fan, air compressor, air conditioning system, and a power takeoff (PTO). Electrification
of the PTO can improve some agricultural processes [43].
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Electrified implements have a lot of advantages, such as controllability, high efficiency, overload
capability, and so on. [44]. Some companies have developed implements with electric drive, such as:

• Trailers with electrically powered axles (Fliegl Agrartechnik GmbH) [45];
• Kinze’s 4900 planter is available with electrically driven seed and insecticide metering for high

accuracy [46];
• UX eSpray trailed sprayer is powered independently with electric motors (Amazone) [47];
• Kuhn/Rauch twin-disk fertilizer spreader [48].

To improve the efficiency of electrified tractors, electric turbocompounding systems can be used.
An acceptable payback period can only be achieved with intensive use of tractors (Figures 8 and 9).

3.2.2. Thermoelectric Generators

Recovery thermoelectric generators (TEGs) look to be promising, although their widespread
implementation is currently restrained by relatively low efficiency (10–15%) and high price.
The generated electric energy can be used for power supply of the on-board network, traction electric
motor, heating of fuel, and so on. Electric fuel heaters have a power of up to 0.28 kW [38]. Today,
several TEG integration projects are being implemented on cars. These include the Ford Fusion 3.0-V6,
BMW X6, Chevrolet Suburban, Renault Trucks, and others. A standard size TEG for cars of different
types has been developed, that is, for diesel passenger cars—200–300 W; for gasoline cars—500 W;
for trucks—1000 W. It is expected to achieve a specific price TEG at the level of 0.3–1.3 USD/W [49].

A current specific cost of the TEG is around EUR8.4/W. The maximum accepted specific cost
range has been estimated as follows: from EUR0.5/W (for gasoline cars) to EUR3/W (conventional
diesel taxi). Some research centres aim to develop low-cost modules with the target of one USD per
W [50]. That is why TEG for agricultural machinery is currently not economically attractive (Figure 10).
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3.3. Heating and Cooling

Exhaust gases and coolant can be used for heating and cooling purposes. The main methods that
have been practiced are shown in Figure 11.



Agriculture 2018, 8, 199 10 of 18Agriculture 2018, 8, x FOR PEER REVIEW  10 of 18 

 
Figure 11. Heat recovery for cooling and heating. Source: developed by authors. 

3.3.1. Heating 

A diesel engine has some systems (fuel, cooling, electrical, etc.) that consume energy. Waste heat 
recovery systems can reduce its consumption. Coolant and exhaust gases can be used in the fuel 
system to reduce the viscosity of liquid fuels, evaporate propane or heat compressed natural gas (to 
ensure the reliability of the fuel system) [17]. The use of exhaust gases for the thermochemical 
convection of fuels from a liquid state into a gaseous one is also promising [51]. 

The increase in fuel consumption can be up to 13.5% during the warm-up phase of an engine (in 
the case of cold start at ambient temperature around 0 °C). Therefore, a number of potential technical 
solutions have been proposed to shorten the engine warm-up time [52]. Preheating the engine during 
cold start can be done with a heat accumulator, which can improve the fuel economy. According to 
one study, when the outdoor the temperature was −7 or −10 °C, the fuel savings could be up to 15% 
[53]. 

Heat accumulators (HAs) are currently being mass produced. HAs are being prepared for 
various engine capacities. Their cost depends on the above value. So, a heat accumulator (UOPD-0,8 
for an engine capacity of 4 l) costs USD400 [54]. 

The energy utilization factor of the heating systems is relatively small due to their low energy 
demand. For example, preheating fuel consumes around 3% of coolant energy. It means that the 
coolant energy utilization factor is 0.03, and the total waste heat utilization factor is around 0.0075. 

The main indicator of transmission performance is its efficiency. The loss of power in a tractor 
unit depends on its thermal state. Tractors which are equipped with hydraulic clutch gearboxes and 
hydromechanical transmissions suffer the most, as these systems depend heavily on the viscosity of 
the oil. The most promising solution is recovering the waste heat of the exhaust gases to heat the oil. 

In operating conditions, transmission oil is, as a rule, heated after operation has started. 
Transportation is the main type of work done in winter. When, for example, the T-150K tractor (the 
T-150K tractors and its modifications are made in Private Joint Stock Company Kharkiv Tractor Plant, 
Ukraine; rated power—132 kW) moved in eighth gear at an ambient temperature of −25 °C, the oil 
temperature increase in the gearbox with the standard lubrication system lasted for 160 min and 
stabilized at +51 °C. During this time, the power losses in the gearbox fell from 52.4 to 12.1 kW. 

A lubrication system with heating from exhaust gases allows one both to ensure the operation 
of the gearbox in the optimum temperature range (60–80 °С) with minimal losses of power, and to 
significantly reduce the time to stabilize the oil temperature. Thus, at an ambient temperature of −25 
°C, the stabilization of the oil temperature in the gearbox took place at the level of +80 °C in 57 min, 
with power losses reduced to a minimum value of 4–5 kW (Figure 12) [55]. 

Reduction of fuel consumption is defined by: 

Figure 11. Heat recovery for cooling and heating. Source: developed by authors.

3.3.1. Heating

A diesel engine has some systems (fuel, cooling, electrical, etc.) that consume energy. Waste heat
recovery systems can reduce its consumption. Coolant and exhaust gases can be used in the fuel
system to reduce the viscosity of liquid fuels, evaporate propane or heat compressed natural gas
(to ensure the reliability of the fuel system) [17]. The use of exhaust gases for the thermochemical
convection of fuels from a liquid state into a gaseous one is also promising [51].

The increase in fuel consumption can be up to 13.5% during the warm-up phase of an engine (in
the case of cold start at ambient temperature around 0 ◦C). Therefore, a number of potential technical
solutions have been proposed to shorten the engine warm-up time [52]. Preheating the engine during
cold start can be done with a heat accumulator, which can improve the fuel economy. According to one
study, when the outdoor the temperature was −7 or −10 ◦C, the fuel savings could be up to 15% [53].

Heat accumulators (HAs) are currently being mass produced. HAs are being prepared for various
engine capacities. Their cost depends on the above value. So, a heat accumulator (UOPD-0,8 for an
engine capacity of 4 l) costs USD400 [54].

The energy utilization factor of the heating systems is relatively small due to their low energy
demand. For example, preheating fuel consumes around 3% of coolant energy. It means that the
coolant energy utilization factor is 0.03, and the total waste heat utilization factor is around 0.0075.

The main indicator of transmission performance is its efficiency. The loss of power in a tractor
unit depends on its thermal state. Tractors which are equipped with hydraulic clutch gearboxes and
hydromechanical transmissions suffer the most, as these systems depend heavily on the viscosity of
the oil. The most promising solution is recovering the waste heat of the exhaust gases to heat the oil.

In operating conditions, transmission oil is, as a rule, heated after operation has started.
Transportation is the main type of work done in winter. When, for example, the T-150K tractor
(the T-150K tractors and its modifications are made in Private Joint Stock Company Kharkiv Tractor
Plant, Ukraine; rated power—132 kW) moved in eighth gear at an ambient temperature of −25 ◦C,
the oil temperature increase in the gearbox with the standard lubrication system lasted for 160 min
and stabilized at +51 ◦C. During this time, the power losses in the gearbox fell from 52.4 to 12.1 kW.

A lubrication system with heating from exhaust gases allows one both to ensure the operation
of the gearbox in the optimum temperature range (60–80 ◦C) with minimal losses of power, and to
significantly reduce the time to stabilize the oil temperature. Thus, at an ambient temperature of
−25 ◦C, the stabilization of the oil temperature in the gearbox took place at the level of +80 ◦C in
57 min, with power losses reduced to a minimum value of 4–5 kW (Figure 12) [55].
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Reduction of fuel consumption is defined by:

∆G f = be×
τ∫

0

(P0(τ)− PWHP(τ))dτ, kg, (9)

where P0(τ) is the power consumed by a conventional hydraulic clutch gearbox, kW; PWHR(τ) is the
power consumed by a hydraulic clutch gearbox with heating, kW; and τ is the time of heat recovery
system operating.

Its cost is calculated as:

C f =
∆G f × Pvd f

ρ
, USD. (10)
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The above waste heat recovery systems are not currently in manufacturing. It can be made to
order. The experience of the Novosibirsk Region (Russian Federation) shows the following. Investment
costs in the above system amount to around USD2000. The annual return on the automatic system
for maintaining the optimal temperature of the oil in the gearbox is about USD2200. So, the payback
period is less than one year.

The disadvantage of this method is the relatively low utilization factor. This is due to the fact that
it works for a short period of time (up to several tens of minutes per shift). Therefore, the exhaust gas
energy utilization factor is:

ψ =

n
∑

i=1
(ψi × ∆τi)

n
∑

i=1
∆τi

, (11)

where Ψi is the utilization factor in the ith period of time; ∆τi is duration of the ith period of time,
minutes; and n is the number of time periods.

The utilization factor during the heating of the lubricant transmission is ψ = 0.305, after warming
up the system—ψ = 0. The average utilization factor is ψa = 0.038.

3.3.2. Waste Heat Recovery Absorption Refrigerators

The feature of climate control systems is that they are in operation for only part of the calendar
year. The heating system uses only the energy of the coolant. The air-conditioning system works only
in the warm seasons and uses a waste recovery absorption refrigeration machine. The disadvantages
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of this air-conditioning system include the need to have a backup source of thermal energy to ensure
its operation at stops.

Practical experiments on an adsorption air conditioner powered by the exhaust gases from a
diesel locomotive have been carried out by Lu et al. [56]. The system had been installed in the DF-4
diesel locomotive (rated power—320 kW). The refrigeration power was up to 4.2 kW. Its relative power
(ratio of refrigeration power to diesel rated power) was 0.0131; relative mass −52.02 kg/kW.

In addition, we propose to use a waste heat absorption refrigerator (WHAR) to cool intake air.
The increase in the ambient air temperature (especially in summer) results in the decrease in the
engine power and the increase of specific fuel consumption. Their changes can be determined with
the methods from “Tractor and combine diesel engines. Methods of bench tests. GOST 18509-88” [18].
This standard is an analogue of SAE J 1349 [57].

Pe =
Pe0

K
, kW, (12)

be = be0 × K, kg/kWh, (13)

where Pe0 is the engine power at standard atmospheric conditions (p0 = 99 kPa, t0 = 25 ◦C), kW; beo is
the specific fuel consumption at standard atmospheric conditions, kg/kWh; and K is the atmospheric
correction factor.

The atmosphere factor is calculated by the formula:

K = ( fa)
fm , (14)

where fa is the atmospheric coefficient, and fm is the boost coefficient.
The boost coefficient can be accepted as fm = 1.2. The atmospheric coefficient for engines without

a supercharger is:

fa =

(
99
Pa

)
×
(

Ta

298

)0.7
, (15)

and for turbocharged engines,

fa =

[(
99
Pa

)0.7
×
(

Ta

298

)1.5
]1.2

, (16)

where Ta and Pa are the absolute temperature and atmospheric pressure, respectively.
The coefficient of performance (COP) for a waste heat absorption refrigerator ranges from 0.08

to 0.2 [58]. So, the potential power of the refrigerator ranges from 4.8% to 12% of an engine’s power.
This is enough to cool the intake air. WHAR can also be used to cool engine coolant. That improves
engine performance. The exhaust gas energy utilization factor for this variant may be up to a maximum
value. The total utilization factor ranges from 0.032 to 0.08.

This technology can also be used for agricultural machinery engines (Figure 13). The calculations
made on the basis of standards [18] show that in the summer, it is possible to increase the capacity of
diesel engines by 10% and reduce the specific fuel consumption by up to 9% (Figure 14).
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Figure 13. Waste heat absorption refrigerator for intake air cooling: 1—evaporating air cooler;
2—condensate drain; 3—engine; 4—compressor; 5—turbine; 6—exhaust gas boiler; 7—pump;
8—working fluid condenser; 9—throttle valve; 10—ejector. Source: developed by authors.
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Figure 14. Power and specific fuel consumption as a function of air temperature. Source: developed
by authors.

It is obvious that the technology is most effective at relatively high ambient air temperatures. So,
it can be recommended for agricultural machinery that operates at high air temperatures, especially
for combine harvesters.

Intake air is currently cooled with the WHRAR for stationary power plants. They provide a
decrease in its temperature by 10–17 ◦C [59].

3.4. Classification of Waste Heat Recovery for Agricultural Machinery

The classification of methods for improving the technical and economic indicators of the engine is
presented in Figure 15.

The pathways for energy utilization have different efficiencies (energy and economic). Heating of
transmission oil has the highest total utilization factor—from 0.038 to 0.31. This system has the best
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economic parameters too. Preheating the engine during a cold start by means of a heat accumulator
can give a similar result.
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Figure 15. Pathways for waste energy conversion. Source: developed by authors.

The turbocompounding systems are characterized by a relatively low total utilization factor (from
0.04 to 0.06). However, their exhaust gases utilization factor is up to 0.171. The payback period is
higher as compared with the heating of transmission oil and the turbocompounding systems.

Waste heat-driven absorption machines have high potential. Their total utilization factor ranges
from 0.027 to 0.077. They are currently under development for practical application.

The exhaust gas energy utilization factor depends on the exhaust gas temperature at the tailpipe,
ambient temperature and permissible minimum exhaust gas temperature. This is a nonlinear function
(Figure 16). For this calculation we used the following temperatures: Ta = 288 K; Tb = 353 K (for diesel
fuel Euro-5, S = 0.001%).
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It can be seen that the energy efficiency of waste heat recovery systems depends on exhaust gas
temperature. The temperature value depends on the engine load factor. Agricultural vehicles have a
relatively high load, therefore, exhaust gas recovery systems are more appropriate as compared with
road trucks.

4. Conclusions

Waste heat recovery systems have a huge potential for fuel consumption improvement and,
therefore, pollutant emission reduction. Several bottoming technologies are under development.

Agricultural vehicles have a specific operational profile. According to our study there are
currently some mature technologies for agricultural vehicles: turbocompounding, and the heating
of systems. Their efficiency depends on annual utilization and fuel price. To ensure profitability of
turbocompounding under the conditions of the European Union, the minimum rated power of a
diesel engine is 308 kW for agricultural tractors and 388 kW for combine harvesters. Such engines are
currently being manufactured.

In cold climates or during cold seasons, the heat accumulator (for start warming up) and the
exhaust gases heat recovery transmission warming up systems are recommended. Heat accumulators
are currently being produced. The use of waste heat recovery to heat the lubricating oil of the
hydraulic clutch gearbox has high economic efficiency at low ambient temperature. For cold seasons,
heating of transmission oil for the hydraulic clutch gearbox can be effective. However, these systems
are not currently produced. Despite extensive research and numerous tests, this technology is not
currently mature.

In hot climates or during hot seasons, especially for combine harvesters, the absorption
refrigeration system is feasible. It may be a prospective technology for air-conditioning systems
and intake air cooling. A coefficient of performance around 0.2 can endow economical effectiveness.

Electric turbocompounding systems are appropriate for tractors operating with electro-driven
implements. They are also suitable for tractors with electromechanical or electric powertrains.
However, they are currently not economically attractive.
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