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Abstract. Most transportation is performed by heavy-duty trucks equipped with powerful diesel engines that consume large amounts of fuel. A rational solution to this problem can significantly reduce overall fuel consumption and, consequently, the cost of ton-mile transportation. Moreover, decreasing diesel fuel consumption will substantially lower pollutant emissions into the environment and contribute to solving the decarbonization problem. Although modern heavy-duty diesel engines are highly sophisticated, a considerable amount of energy – up to 45% – is still released into the atmosphere with exhaust gases. This paper presents research and development results on a continuously operating metal hydride system designed for low-grade heat recovery. Based on mathematical modeling, the main performance indicators of such a system were determined. The analysis shows that the efficiency of low-grade heat recovery can reach up to 16.7% of the exhaust gas heat, enabling the generation of additional mechanical and electrical energy.  Using the TWD1744GE engine as an example, it was demonstrated that implementing this system can increase engine power from 574 to 654.3 kW and reduce specific fuel consumption from 0.194 to 0.170 kg/kWh. It should be noted that these results are optimistic and that further experimental and design research is required to obtain more accurate and validated outcomes.
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Introduction
At present, heavy-duty trucks remain the most efficient means of transporting a wide range of cargoes. These vehicles are equipped with high-performance diesel engines that feature low specific fuel consumption and improved environmental characteristics. The fuel efficiency of modern diesel engines can reach up to 45% [1–3], and according to data provided by the Chinese company Weichai Power [4], may even attain 53.09%.
However, a substantial portion of the generated heat is lost through exhaust gases, charge air, lubricating oil, and water-cooling systems. Although the total amount of this waste heat is considerable, its temperature level is relatively low, which makes conventional recovery methods and equipment inefficient.
The implementation of metal-hydride technology offers a promising solution to this issue by enabling the development of efficient systems for low-grade heat recovery. This technology is based on the fundamental properties of metal-hydride alloys, which can desorb high-pressure hydrogen when heated and absorb it when cooled. A significant number of reversible metal-hydride alloys are currently known, allowing the selection of the most efficient materials for the desired temperature range.
Although several technical solutions for metal-hydride systems designed to utilize low-grade heat have been proposed [5–8], most of these systems operate cyclically and are characterized by high mass and dimensional parameters, as well as elevated costs. In recent years, our research group has focused on the development of continuously operating metal-hydride systems. This approach allows for increased efficiency and reduced mass, size, and cost of the installation.
Preliminary estimates suggest that the implementation of continuously operating metal-hydride equipment for low-grade heat recovery can be highly effective when integrated with heavy-duty truck diesel engines. The most efficient configuration appears to be a trigeneration cycle, which enables the production of additional electricity and cooling power for air-conditioning systems.
A PROBLEM STATEMENT
In this study, we consider the efficiency of a metal-hydride system designed for recovering low-grade heat from a heavy-duty truck engine. The main focus is the application of a trigeneration system based on the reversible properties of metal-hydride alloys, enabling the conversion of low-grade heat into mechanical or electrical energy, as well as cold for air-conditioning purposes. Unlike conventional metal-hydride systems for low-grade heat recovery that employ solid powdered hydrides, this work proposes the use of slurry of hydride-forming material dispersed in an inert organic liquid. The slurry is circulated through heat exchangers and other components of the system. This approach increases heat recovery efficiency while significantly reducing the system’s mass, dimensions, and overall cost.
The proposed metal-hydride slurry is based on the high-temperature synthetic inert liquid Therminol VP-1. This fluid operates stably at temperatures up to 673 K (400 °C), with a excellent kinematic viscosity of 0.65 mm²/s at 623 K (350 °C), a density of 0.651 g/cm³, and a specific heat capacity of 3.07 kJ/(kg×K) [9]. The optimal concentration of the metal-hydride material in Therminol VP-1 should be within 5–15 weight percentages to ensure satisfactory pumping characteristics. These properties enable the formation of stable slurry over a wide temperature range.
The physicochemical processes of metal-hydride formation and decomposition have been extensively studied and are well documented in scientific and technical literature [10, 11]; therefore, they are not considered in detail in this paper.
Currently, Volvo Cars and Volvo Group are among the leading manufacturers of heavy-duty trucks and diesel engines. The Volvo FH16 Aero is a representative model used for freight transportation, equipped with the new high-performance and efficient 17-liter D17 (TWD1744GE) engine. The principal schematic diagram of the proposed metal-hydride system for low-grade heat recovery, applied to this diesel engine, is shown in Figure 1.

	


	
FIGURE 1. The diagram of the thermochemical metal-hydride system for low-grade heat from heavy duty truck diesel engine
Volo TWD1744GE recovery and refrigeration system for cabin air conditioning.
1– Heat exchanger for hydrogen desorption energy supplying, 2 – High temperature liquid energy carrier pump, 3 – Poor hydrogen content slurry recovery energy hydro-motor, 4 – Hydrogen desorption reactor, 5 – Heat exchanger for hydrogen superheating, 6 – Hydrogen expansion engine, 7 – Electricity generator, 8 – Heat exchanger for air-condition system cold supplying, 9 – Refrigerating agent pump, 10 – Hydrogen absorption reactor, 11 – Closed  cooling system pump, 12 – Closed  cooling system heat exchanger, 13 – Fresh air fan, 14 – Reach hydrogen content slurry pump,15 – Auxiliary electric motor.


The operation process of the recovery system is as follows. Exhaust gases from the diesel engine enter heat exchanger 5, where they heat the high-pressure hydrogen before it flows into the expansion engine 6. The partially cooled hydrogen then passes through heat exchanger 1, where it transfers heat to the high-temperature liquid energy carrier and is subsequently released into the environment.
The warmed liquid energy carrier enters the hydrogen desorption reactor 4, where the hydrogen-rich slurry releases high-pressure hydrogen gas. The pressure level of the desorbed hydrogen is determined by the temperature of the heat carrier. The released high-pressure hydrogen is then directed back to heat exchanger 1, where it is further heated before being supplied to the expansion engine 6. In the expansion engine, the potential energy of the hydrogen is converted into mechanical work and subsequently into electrical energy by generator 7. As a result of deep expansion, the hydrogen temperature drops significantly – well below 0 °C – allowing the use of cold hydrogen in the comfort air-conditioning system through heat exchanger 8.
Afterward, the hydrogen enters the absorption reactor 10, where it is absorbed by the depleted metal-hydride slurry. Circulation of the slurry is provided by a pumping unit, which includes the low-hydrogen-content slurry recovery hydro-motor 3, the high-hydrogen-content slurry pump 14, and the auxiliary electric motor 15. The hydro-motor 3 partially recovers the potential energy of the low-hydrogen-content slurry and drives the high-hydrogen-content slurry pump 14. Any remaining power demand is supplied by the electric motor 15.
The hydrogen absorption reactor 10 is cooled by a fresh-air system that includes pumps 11, fan 13, and heat exchanger 12. An important consideration in the development of this system is the selection of the metal-hydride material, as it has a decisive impact on overall system performance and efficiency. A range of efficient reversible metal-hydride alloys with suitable thermodynamic properties is available for low-grade heat recovery applications. Some of these alloys are presented in Figure 2.

	


	
FIGURE 2. A range of the efficient reversible metal-hydride alloys for low-grade heat recovery:



 High temperature,   Middle Temperature and   Low Temperature Alloys.


The alloy Mg₂Ni and its corresponding metal hydride Mg₂NiH₄ appear to be quite effective, exhibiting a high hydrogen absorption capacity 3.84 wt %, satisfactory density 2570 kg/m³, and an acceptable level of specific absorption/desorption heat energy 31,810 / 31,960 kJ/kgH₂. However, the maximum attainable hydrogen desorption pressure is below 2 MPa at 753 K (450 °C), which is insufficient for the efficient operation of the hydrogen expansion engine. Consequently, the overall efficiency of the system would be significantly reduced.
Another promising alloy, TiFe, and its hydride TiFeH₁.₉, also demonstrate favorable characteristics: hydrogen absorption capacity 1.75 wt %, density 5640 kg/m³, and specific absorption/desorption heat energy 13,760 / 13,840 kJ/kgH₂. Nevertheless, its practical application is limited due to its relatively low critical temperature and its susceptibility to degradation during cyclic operation.
Based on our experimental research and development with hydride-forming alloys, it can be assumed that the most suitable alloy for this application is LaNi₄.₅Al₀.₅ and its metal hydride LaNi₄.₅Al₀.₅H₆. The main thermodynamic properties of this alloy are as follows:
· Specific absorption enthalpy, ΔHₐ = 19,840 kJ/kgH₂;
· Entropy of absorption, ΔSₐ = – 64.48 kJ/(kgH₂×K);
· Specific desorption enthalpy, ΔHd = 19,980 kJ/kgH₂;
· Entropy of desorption, ΔSd = – 63.22 kJ/(kgH₂×K);
· Hydrogen capacity, υhd = 1.43 wt %;
· Density of hydride phase, ρhd = 7700 kg/m³.
It should be noted that different sources report varying data for the thermos-physical properties of metal hydrides with identical chemical compositions. These discrepancies arise from several factors, including the purity of the constituent elements, synthesis methods, and experimental conditions. Therefore, the calculated data presented below should be considered approximate, with a certain degree of uncertainty.
The operating principles of the metal-hydride system for low-grade heat recovery are based on Van’t–Hoff's fundamental equation (1) [10, 12, 14].


	.	(1)

After conversion and simplification, the Van’t–Hoff's equations for the practical estimation of adsorption and desorption processes can be expressed as follows [11]:   


	,	(2)


	,	(3)

were Pa and Pd  are the equilibrium pressure at  temperature level Ta and Td , accordantly, ΔHa and ΔHd are the absorption and desorption enthalpy, ΔSa and ΔSd are the absorption and desorption, R is universal gas constant, accordantly. In addition, it is crucial to ensure high rates of hydrogen sorption and desorption from the hydride material. The kinetics of these processes can be described by the differential equation (4), which defines the kinetic rate level [14]:


	,	(4)

were  – hydride formation velocity, k0  proportionality coefficient, Ea – activation energy, R – universal gas constant, T – absolute temperature, f(X) – function, which depends from conversion level X, g(Peq/Pop) – function, which depends from ratio equilibrium pressure Peq and operation pressure Pop .
The following assumptions were used in the modeling:
· gas phase and hydrogen pressure are homogeneous or given as an external parameter;
· local equilibrium at the surface is established between the gas and the surface content accordantly to Sievert's law;
· diffusion in the body described by Fick equations with a constant or concentration-dependent diffusion constant.
To ensure acceptable kinetic characteristics, the sorption and desorption temperatures and pressures for the LaNi₄.₅Al₀.₅H₆ hydride and its hydride-forming alloy LaNi₄.₅Al₀.₅ were optimized. In addition, the design elements of the system were developed to provide high heat and mass transfer coefficients.
The main parameters of the D17 (TWD1744GE) engine are as follows: maximum power output at 1700 rpm – 574 kW; number of cylinders – 6; bore – 149 mm; stroke – 165 mm; displacement – 17.3 dm³; and compression ratio – 17.3:1 [3]. Fuel consumption, as well as heat and mass flow parameters, are as follows: specific fuel consumption at full load – 0.194 kg/(kWh); exhaust gas temperature – 734 K (461 °C); and heat rejection to exhaust – 480 kW at prime power, respectively [3]. These data were used as the basis for the calculations of the metal-hydride exhaust heat recovery system.
One of the most critical issues in system design is the selection of the optimal temperature and pressure for hydrogen desorption from the hydride, as these parameters determine both performance and overall efficiency. Preliminary estimations indicate that the optimal hydrogen desorption temperature and pressure are within the ranges of 500…550 K (227…277 °C) and 10.0…20.0 MPa, respectively. The operating process of the metal-hydride heat recovery system is illustrated in Figure 3.
The Van’t Hoff's lines for the alloy LaNi₄.₅Al₀.₅ (during absorption) and its hydride LaNi₄.₅Al₀.₅H₆ (during desorption) differ due to the hysteresis phenomenon, meaning that at the same alloy temperature, the absorption and desorption pressures are not equal.
The fundamental feasibility of implementing metal-hydride systems for low-grade heat utilization has been extensively studied and confirmed [15–18]. However, most existing technical solutions involve discrete (batch-type) metal-hydride systems. Such systems have several disadvantages, including large mass and dimensions and, consequently, high cost, which complicates their use in transportation applications. In contrast, continuously operating metal-hydride systems are free from these drawbacks.
Let us consider a case where the metal hydride is fully saturated with hydrogen. The equilibrium hydrogen pressure and temperature are P₁ = 15 MPa and T₁ = 555 K (282 °C), respectively. After superheating, the hydrogen temperature reaches T₂ = 667 K (400 °C). The high-pressure, high-temperature hydrogen then enters the expansion engine 6, where, during the expansion process, its parameters decrease to T₃ = 226 K (–47 °C) and P₃ = 0.6 MPa, respectively. In this stage, the potential energy of the hydrogen is converted into mechanical work.
Next, the hydrogen flows to the special refrigeration heat exchanger 8, where its temperature increases to T₄ = 316 K (43 °C) due to heat absorption from the air-conditioning system. Subsequently, the hydrogen releases heat in the auxiliary equipment of the system, and its parameters reach the equilibrium absorption conditions: T₅ = 370 K (97 °C) and P₅ = 0.6 MPa. The heat of the hydrogenation reaction is removed in this final stage as well.

	


	
FIGURE 3. The operation process of low-grade thermochemical metal-hydride recovery system for heavy duty trucks.
Q1 – Hydrogen desorption heat inputting, Q2 – Hydrogen overheating inputting, Q3 – Heat inputting from refrigeration unit, 
Q4 – Heat inputting from auxiliary equipment, Q5 – Hydrogen absorption heat outputting. 


To confirm the fundamental operability of the metal-hydride equipment, experimental studies were carried out on hydrogen absorber and desorber models in the Laboratory of Advanced Energy Technologies. The results were very encouraging: the deviation of the experimental data for all key parameters did not exceed 10% compared to the values obtained from mathematical modeling. A sufficiently high level of simulation reliability was achieved by adapting the model to realistic experimental conditions, while the reliability of the experimental data was ensured through the use of a modern control and measurement system.
A mathematical model was developed to analyze the energy balance of the metal-hydride heat recovery system. In the modeling process, the average properties of the hydride-forming materials were used as input data, based on a comparative analysis of values reported by different authors. In addition, energy losses in both the main and auxiliary components of the system were taken into account.
The main functional relationships of the model are presented below. The exhaust gas mass flow rate is determined by Equation (5):


	,	(5)

were cpgas – exhaust gas caloric capacity [kJ/(kg×K)], T0g – exhaust gas output from engine [K], T2g – exhaust gas output from absorber [K]. 
	The mass flow rate of desorbed hydrogen is determined by the following equation (6)


	,	(6)

were Q1g – part of exhaust gas energy entering in desorber [kW], ΔHd – hydrogen desorption enthalpy [kJ/kg].
	The output power of the expansion engine is determined by the following equation (7)


	,	(7)

were cpH2 – hydrogen caloric capacity [kJ/kgK], T2H2  – inlet hydrogen temperature to expansion engine [K], T3H2  – outlet hydrogen temperature from expansion engine [K], ηee – expansion engine efficiency.
	The refrigeration power is determined by the following equation (8)


	,	(8)

were T4H2 – outlet hydrogen temperature from chiller [K], ηrf – chiller efficiency.
	The results of modelling are shown on Figure 4.

	


	
FIGURE 4. Results of thermochemical metal-hydride recovery system energy balance estimation for heavy-duty trucks.


Analysis of these results makes it possible to determine the additional mechanical energy power Nout=94 kW generated by the expansion engine, as well as the cooling capacity Qref =12.8 kW at a medium temperature level of 253 K (–27 °C). However, it is necessary to take into account the power consumption required for driving pumps 2, 9, and 11, as well as the losses in the pump unit, which include the hydraulic motor 3, pump 14, the auxiliary electric motor 15, and the air fan 13. The total energy consumption of this equipment is determined by Equation (9) as part of the overall energy balance.


	 kW. 

Thus, the actual additional mechanical power obtained as a result of implementing the metal-hydride low-grade heat recovery system is 80.3 kW. This energy can be either transmitted to the main diesel engine through a special gearbox or used for electricity generation. The refrigeration capacity of 12.8 kW can be effectively utilized for the air-conditioning system of the heavy truck driver’s cabin or for other auxiliary cooling needs.
The calculations make it possible to evaluate the efficiency of the metal-hydride heat recovery system at 16.7%. If the total engine power of the truck is increased to 654.3 kW due to the expansion engine operation, the specific fuel consumption decreases from 0.194 to 0.170 kg/kWh, which corresponds to a reduction of 0.024 kg/kWh, or 12.3%.
CONCLUSION
The principal schematic diagram of a metal-hydride continuous-operation system for low-grade heat recovery from a heavy-duty diesel engine (TWD1744GE) has been elaborated, investigated, and developed.
The estimations demonstrated a positive effect of implementing this system, leading to a 12% decrease in specific fuel consumption, an increase in total engine power output up to 654.3 kW, and the generation of a refrigeration capacity of 12.8 kW for air-conditioning purposes.
To further improve the efficiency of the metal-hydride recovery system, it is proposed to utilize the reverse flow energy of the hydride-forming material suspension to drive the hydride suspension circulation pump.
For this purpose, a hydraulic motor (unit 3) is included in the system, which partially compensates for the energy required for suspension pumping.
The remaining energy demand is covered by the auxiliary electric motor (unit 15). If this energy recovery is not applied, the efficiency of the entire system decreases significantly, making its implementation questionable. The analysis of calculation accuracy showed that the error does not exceed 10%, which confirms the sufficient reliability of the obtained results.
This accuracy can be further improved by conducting a series of experimental studies and prototype development of the system, which will also make it possible to evaluate its mass and dimensional characteristics and estimated cost.
Based on the results of this research and development, it can be concluded that the proposed system offers a promising solution for efficient low-grade heat recovery in heavy-duty trucks, contributing to reduced fuel consumption and lower pollutant emissions into the environment.
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