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Abstract. With rising urban temperatures and the lack of climate control in
two-wheelers, riders particularly in the developing world experience high
thermal discomfort. Conventional vapour compression-based systems are
not feasible for two-wheelers because of space and power constraints. In
spite of widespread work on automotive waste heat recovery, very little
work has been done on rider-centric, compact, and sustainable two-wheeler
cooling systems. This work fills that void by presenting a new vapour
absorption refrigeration system (VARS) using waste energy from a two-
wheeler's exhaust gases. The system uses a lithium bromide—water (LiBr-
H20) couple to provide localized cooling through a wearable jacket-type
evaporator. A thermoelectric generator (TEG) additionally adds self-
sufficiency by driving the VARS pump, rendering the system almost energy-
autonomous in nature. Thermodynamic analysis indicates the maximum
COP 0f 0.944 and practical COP of 0.7365. This paper offers a sustainable
and innovative method for enhancing rider comfort without sacrificing the
performance of vehicles, offering energy-efficient and climate-resilient
transport solutions.
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1 Introduction

In light of rising global temperatures, the surge in urban mobility, and swelling environmental
pressures, the need for energy-saving and comfort-improving technologies in transport has
never been more urgent [1]. Two-wheelers make up a substantial share of daily travels in
developing nations, be inclined to expose riders to extreme heat since they do not consist of
built-in climate control systems. As opposed to cars, two-wheelers have inherent constraints
of usable power, volume, and body strength that discourage the application of traditional
vapour compression refrigeration systems (VCRS) [2, 3]. These systems, which are
mechanically powered and of high power consumption, offer reduced fuel economy and
higher engine load making them less suited for two-wheeled vehicles [4].

Under these conditions, there is a strong demand for compact, low-power, vehicle-
independent refrigeration technologies [5]. Vapour absorption refrigeration systems (VARS)
represent a good option by converting thermal energy specifically low-grade waste heat
directly into work rather than mechanical work [6]. Of the different working fluid pairs, the
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lithium bromide—water (LiBr—H20) pair is especially notable for its low toxicity and non-
flammability, as well as having zero ozone depletion potential. Through the utilization of
exhaust heat from internal combustion engines, the VARS cycle can be powered without
supplementary fuel use or considerable energy input, converting a generally wasted resource
into an effective one [7, 8].

Aly et al.'s [3] study investigated using waste heat from motor vehicle exhaust systems in
vapour absorption refrigeration. Their study highlighted the environmental advantages and
energy efficiencies possible through such waste heat recovery systems. Mohammadi et al.
[4] inspected a solar-powered VAR system for air conditioning purposes. They focused on
problems of low-pressure maintenance and recommended design changes to enhance system
efficiency. Ajay et al. [9] conducted a thermodynamic simulation for an office cooling single-
effect LiBr-H20 VAR system under the climatic conditions of Ludhiana. The study exhibited
that as the room temperature raised from 22°C to 30°C, the coefficient of performance (COP)
went up from 0.55 to 0.75, emphasising the sensitivity of the system to ambient conditions.
Alfaris et al. [10] evaluated the performance of a LiBr-H.O VAR system driven by a
parabolic trough solar collector. The system generated an average Coefficient of Performance
of 0.47, exhibiting the promise of solar energy in powering VAR systems with reference to
efficiency optimization considerations. Singh and Verma [11] used artificial neural networks
to perform energy analyses of a LiBr-H.O VAR system. Their method demonstrated precise
estimates of thermodynamic properties, showing the effectiveness of ANN in improvement
of system performance.

Zhou et al. [12] did an advanced exergy and exergo-economic evaluation of a coupled LiBr-
H>0 VAR and organic Rankine cycle system for low-grade heat recovery. It has been found
that considerable investment cost reductions are possible by optimizing the system design.
Yadav et al. [13] studied the performance of a VAR system for waste heat recovery from
internal combustion engines. They emphasised the high potential of the utilization of exhaust
heat, which is a huge percentage of energy losses in the engines. Dubey and Arora [14]
conducted a parametric study of solar-powered LiBr-H-O cooling systems for commercial
establishments. From their research, they found that the use of such systems would result in
up to about 74% energy savings in comparison to conventional electric compression chillers.
Staudt et al. [15] created and experimentally validated a control-oriented LiBr-H.O
absorption heat pumping device model. Their research focused on the improvement of
modulation and part-load operation, tackling issues in dynamic operating regimes.

The system under consideration in this research is to harness and utilize waste heat from a
two-wheeler engine exhaust to power a VARS that provides personal cooling by using a
jacket-type evaporator worn by the rider. The idea converts passive thermal loss into active
thermal comfort that adds to the well-being of the rider without any reduction in the
performance or efficiency of the vehicle. In addition, to provide energy independence, the
system has a thermoelectric generator (TEG) that harnesses waste exhaust heat to drive the
VARS pump. This integrates a completely autonomous, waste-heat-powered refrigeration
system.

In spite of considerable study on automotive waste heat recovery and absorption cooling for
buildings and heavy-duty vehicles, there has been extremely minimal research focused on
portable, rider-based cooling for two-wheelers. This research fills that knowledge gap by
reporting the conceptual design and thermodynamic study of a LiBr—H.O-based VARS
appropriate for miniaturized vehicular platforms. The research not only suggests a new
application of known thermodynamic laws but also illustrates the system's efficiency
parameters and energy feasibility under actual engine operating conditions.
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2 Heat Recovery from Exhaust Gases of a Four-Stroke Single
Cylinder Cl Engine

In internal combustion engines, even a small percentage of fuel energy is used to produce
mechanical work, while a very large amount—about 30—40%—is lost as exhaust waste heat.
There is a strong potential for such waste heat recovery and utilization. For the purpose of
this project, a four-stroke single-cylinder compression ignition (CI) engine is taken into
account and its exhaust heat is utilized to power a lithium bromide-water-based vapour
absorption refrigeration system (VARS). To efficiently harness the exhaust heat, one has to
estimate the thermal energy that is available based on the operational conditions of the engine
and the thermodynamic characteristics of the exhaust gases. The subsequent section gives a
step-by-step analytical method of determining the recoverable exhaust heat energy. Engine
parameters are discussed in table 1.

Table 1. Engine parameters

Type Four Stroke, Single Cylinder CI Engine
Power output 4.4 kW
Engine speed 150 RPM
Specific fuel consumption 0.22 kg/kW-hr
Compression ratio 17.5:1
Density of air 1.16 kg/m®
Specific heat of gases 1.1 kJ/kg.K
Exhaust gas inlet temperature 450°C
Ambient temperature 45°C
Heat exchanger effectiveness 0.85

The heat recovery estimates are aimed at approximating the thermal energy potential of
engine exhaust gases for powering the VARS generator. Beginning with the engine's power
and specific fuel consumption, the fuel mass flow rate is determined. By applying the swept
volume and engine speed, the volumetric flow rate of intake air is obtained, followed by its
mass flow rate from air density. The exhaust gas flow rate is derived by adding fuel and air
mass flows. Total recoverable heat is calculated using temperature difference between
exhaust and ambient air and specific heat capacity. The last step uses heat exchanger
effectiveness to calculate usable heat input into the generator. The conclusion verifies that
adequate waste heat is generated for refrigeration. These calculations provide an accurate and
realistic energy balance for system design. The step by step calculation is discussed as follow.

Step 1: Fuel Mass Flow Rate

The mass flow rate of fuel is calculated using the engine's specific fuel consumption (SFC)
and power output:

= SFC x Power

my =220 g/kWh x 4.4 kW =968 g/h =968/3600 = 0.269 g/s = 0.000269 kg/s

Step 2: Air in-take Volume Rate

Swept Volume, Vs = 6.61 x 10* m?

Engine Speed, N = 1500 rpm

Volumetric flow rate of air is calculated as:

Q=(VsxN)/2=(6.61 x 10 x 1500) / 2 = 0.49575 m3*/min = 8.2625 x 1073 m%/s

Step 3: Air Mass Flow Rate
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My = Pair X Q=1.16 x 8.2625 x 1072 = 0.00959 kg/s

Step 4: Total Exhaust Mass Flow Rate
Mexhaust = M + M, = 0.000269 + 0.00959 = 0.00986 kg/s

Step 5: Heat Available in Exhaust Gases
Qexhaust = 1’illexhaust X Cp X (Texhaust = Tambient)

Qexhaust =0.00986 x 1.1 x (450 - 45) =438 kW

Step 6: Effective Heat Supplied to Generator
Qgenerator = Qexhausl X Mhex = 4.38 x0.85=3.72 kW

3 Design of Vapour Absorption Refrigeration (VAR) System

The configuration of a vapour absorption refrigeration (VAR) system comprises
thermodynamic modelling of every component of the system, such as the absorber, generator,
condenser, evaporator, solution heat exchanger, and pump. The schematic of VAR is shown
in fig. 1.
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Figure 1 Schematic of VAR system

The refrigerant used in this system is water and the absorbent used is lithium bromide (LiBr).
To design a workable VAR system, the most important factor is to find the mass and energy
balances at each state point at steady-state conditions. This part describes the sequential
modelling process and contains only the basic equations required for design and analysis of
the system performance. Major inputs are temperatures, pressures, solution concentrations,
and enthalpies. Negligible pressure drops and ideal heat exchangers are assumed where
applicable. The design is carried out on a cooling load and accessible waste heat from engine
exhaust. Thermodynamic property information is obtained from standard LiBr-H-O plots and
steam tables.

Step 1. Mass balance across absorber :

ms = m; + My

Where, ms = mass flow rate of strong solution, m, = mass flow rate of refrigerant, my =
mass flow rate of weak solution

Step 2. Mass fraction balance :
ms * X =y * Xy
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Where X = LiBr concentration in strong solution, X, = LiBr concentration in weak
solution

Step 3. Energy balance at evaporator :

Qe = 1/i'lr * (hl = h7)

Where h; = enthalpy of refrigerant vapour, h; = enthalpy of liquid refrigerant entering
evaporator

Step 4. Energy balance at generator:

Qg =m; * h3 — (1h; * hg + iy * hs)

Where, h; : Enthalpy of strong solution entering generator

h4: Enthalpy of refrigerant vapour exiting generator and entering condenser
hs: Enthalpy of weak solution exiting generator and returning to absorber

Step 5. Energy balance at condenser:

Qc =i * (h4 - he)

Where hs: Enthalpy of liquid refrigerant exiting condenser and entering evaporator
Step 6. Energy balance at absorber:

Qa=rh,*h1+rhw*h5-r'ns*h2

Step 7. Pump work:
Wp =t * (Pg-Pa)/ p
Where P, = pressure at generator, P, = pressure at absorber, p = density of solution

Step 8: COP of the system:
(COP)actual = Refrigerating effect/Work input
(COP)actwat = Qe/ (Qg + Wp)

4 Results & Discussion

The effectiveness of a vapour absorption refrigeration system (VARS) is highly influenced
by the operating temperatures of its main elements and internal heat exchange effectiveness.
This chapter shows the influence of altering generator, condenser, evaporator, and absorber
temperatures on the COP. It also examines how the heat exchanger effectiveness and
variations in pump work influence system performance. System performance under different
operating parameters are evaluated to extract engineering insights. The conclusions are based
on theoretical modelling and substantiate the viability of waste heat utilization for cooling.
The effect of each parameter is critically estimated to determine optimal design and operating
ranges.

4.1 Effect of Variation in Generator Temperature on COP:

Figure 2 represents variations in COP with generator temperature. Since the temperature of
the generator varies in the range of 90°C to 115°C, the reversible COP shows a improving
trend, which is about a 20% rise, while the theoretical COP decreases by about 8%. This
phenomenon happens since increasing generator temperatures improve the separation of the
refrigerant from the absorbent but raise irreversibility with greater temperature gradients.
Above 110°C, the performance declines due to redundant thermal energy that does not create
useful work and increases exergy destruction. Thus, there exists an optimal generator
temperature (~105°C) that optimizes energy input versus effective refrigeration. This
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knowledge helps to ensure maximum system efficiency without suffering from excessive
thermal stress.
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Figure 2. Variation in COP with generator temperature
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Figure 3. Variation in COP with evaporator temperature

4.2 Impact of Evaporator Temperature Variation on COP:

A rise in evaporator temperature from 5°C to 15°C causes COP to improve linearly as shown
in figure 3, with a rise of approximately 25%. This is due to the increased evaporator
temperature reducing the pressure difference throughout the system and the required
circulation work. It also increases the vapor pressure of the refrigerant, hence enhancing the
absorption process. But too much increase in evaporator temperature can decrease the cooling
effect and limit its utility. Therefore, keeping evaporator temperatures near the desired
cooling level ensures high system efficiency.

4.3 Effect of Variation in Condenser Temperature on COP:

With a rise in condenser temperature from 30°C to 50°C, reversible COP falls considerably
by 35%, whereas theoretical COP falls slightly by 10% as depicted in figure 4. Condenser
temperatures higher than this require additional energy for condensation, increasing the heat
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load of the generator and decreasing overall efficiency. Furthermore, high condenser
temperature elevates condensing pressure, which becomes detrimental to refrigerant flow.
Thus, it is essential to keep the condenser temperature low through efficient cooling systems.

4.4 Effect of Variation in Absorber Temperature on COP:

Raising absorber temperature from 23°C to 43°C decreases COP by almost 30% in theoretical
terms, whereas reversible COP is close to being unchanged as shown in figure 5. The reason
is that increased absorber temperature decreases the absorption capacity of the solution, so
strong solution circulation will be required in greater amounts to keep it performing. This is
associated with increased energy input and pump work and, therefore, decreased net
efficiency. Keeping the absorber close to ambient temperature is therefore of prime
importance for maximizing absorption.
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Figure 4. Variation in COP with condenser temperature
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Figure 5 Variation in COP with absorber temperature

4.5 Impact of Variation in Effectiveness of Solution Heat Exchanger on COP:

Enhancing the effectiveness of the solution heat exchanger from 0.6 to 0.85 makes the COP
improve by approximately 15% as shown in figure 6. This is because the high-effectiveness
exchangers improve the pre-heating of the concentrated solution, thereby lowering the
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generator thermal load. Since less external heat is needed to achieve the boiling point, system
efficiency improves. Such exchangers with high effectiveness therefore play a major role in
system optimization with a relatively low mechanical complexity.

4.6 Impact of Temperature Fluctuations on Pump Work:

Variation in pump work with change in absorber, generator, condenser, and evaporator
temperature is exhibited in figure 7. Pump work is at variance with temperature variation.
Pump work rises by 12% with increased absorber temperature because of decreased solution
density and inefficient absorption. A generator temperature increase first decreases pump
work by 10% but tapers off after 95°C. An elevated condenser temperature increases pump
work by 8% by increasing pressure difference, whereas a rise in evaporator temperature
decreases pump work by 15% because of improved pressure balance. Therefore, reducing the
absorber and condenser temperatures and optimizing generator and evaporator conditions
results in reduced auxiliary energy input.
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Figure 6. Variation in COP with heat exchanger effectiveness
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Based on the theoretical results of this research, subsequent work will consist in the
fabrication and experimental verification of the proposed VARS to determine real-time
performance, particularly under hot climatic conditions and high traffic conditions where
exhaust heat is always present. The versatility of the system across various engine sizes and
vehicle types, like delivery scooters or e-rickshaws, offers a thrilling prospect, though there
are challenges like spatial integration, fluctuating heat availability, and component scaling
that need to be overcome. Opportunities also exist to create hybrid systems by integrating
VARS with traditional vapour compression systems for increasing cooling responsiveness
and dependability at low-load operation. Additionally, environmental safety in terms of
usage, leakage, and disposal of LiBr will be deeply analyzed during the prototype
development. Overall, this idea opens the door to sustainable, scalable, and application-
specific cooling solutions for the personal mobility industry.

5 Conclusion

This paper proposes a conceptual configuration and thermodynamic evaluation of a lithium
bromide-water (LiBr—H20) vapour absorption refrigeration system (VARS) designed for
two-wheelers, using waste engine exhaust gas heat. The system is shown to have an actual
COP of 0.7365 and theoretical limiting COP of 0.944 under practical conditions. The cooling
is provided by a wearable jacket-type evaporator, and it presents a bespoke thermal comfort
solution. Although the research is theoretical, it sets the possibility of utilizing low-grade
thermal energy for sustainable, rider-oriented cooling without supplementary mechanical or
electrical power inputs. Energy autonomy is enhanced further by including a thermoelectric
generator (TEG). Environmental needs have also been considered by considering LiBr as
working substance due to it’s non-toxic, non-flammable, and ozone-friendly characteristics.
While no physical prototype has been developed at this stage, the analysis exhibits a solid
basis for subsequent development, experimental validation, and real-world deployment
across several vehicle platforms and climatic conditions.
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