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Abstract

The paper studies and analyzes the effects of adsorption air conditioning system instead of the classical
compression unit on the vehicle internal combustion engine (ICE) performance. The adsorption system
uses the residual heat from the ICE cooling circuit to create the necessary thermodynamic conditions
to reduce the temperature in the vehicle cockpit. The proposed system has the advantage of no mobile
parts for operating since it works on pressure difference base. The system improves the coefficient of
performance (COP) of the internal combustion engine since it uses thermal energy released at the
engine cooling to generate air conditioning. The simulation has proved the validity of the proposed
system for current vehicle driving conditions. The system is suitable for low-power engines where
conventional compression units do not fit because of the high power requirements of the air
conditioning system. The new A/C system increases the coefficient of performance of the internal
combustion engine up to 4% when replacing a classical adsorption air conditioning unit and up to 25%
if the replaced A/C system is a compression one. The COP of the ICE increases linearly with refrigerant
mass flow and decreases with engine power for a given flow mass. The proposed system is more effective
in low power engines, but applies to power range up to 150 kW. The paper shows the influence of low
power ancillary equipment on the internal combustion engine global efficiency.

Keywords: Internal combustion engine, vehicle air conditioning; coefficient of performance
improvement; cooling heat recovering

INTRODUCTION

Vehicle air conditioning system uses the classical compression thermodynamic cycle to remove
thermal energy from the cockpit. This configuration requires a considerable power and energy to
compress the refrigerant fluid circulating through the air conditioning circuit, which reduces the scope
of application to vehicles equipped with internal combustion engine above a certain threshold [1]. This
situation derives from the high power requirements of the air conditioning system, which penalizes the
coefficient of performance of the internal combustion engine, increasing the fuel consumption and
reducing the driving range [2-5].

An interesting fact about air conditioning systems is that there is an alternative to the traditional
compression system, which is called an adsorption
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system [6]. This system requires a heat power
source to operate the thermodynamic cycle. In
vehicles equipped with internal combustion
engines, the heat power is generated by the released
thermal energy at the engine cooling system [7, 8].
Currently, this energy is released to the
environment, but by recovering this heat, we can not
only improve the overall performance of the vehicle
but also reduce thermal emissions to the
atmosphere, which can help preserve the
temperature and reduce the impact of global
heating [9-11].
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Internal combustion engine operation is enhanced [12] by using an adsorption air condition unit
because it requires less energy, which permits the ICE to dedicate the saved power to propel the vehicle
at a higher level or to save fuel to increase driving range [13, 14]. Indeed, since air conditioning takes
the energy for operating from the ICE, the only power source in conventional cars, lowering the air
conditioning requirements can be devoted to the propelling system [15]. This situation is interesting
in low ICE operating regimes, where the ICE delivering power is limited, or in vehicles with a low-
power ICE.

Recovering heat from ICE cooling circuit also benefits internal combustion engine thermal operation
since it lowers the engine compartment temperature, making the ICE to operate at lower thermal level,
which increases its efficiency [16, 17]. Previous work shows the feasibility of using adsorption cooling
system powered by waste heat from ICE; others prove how the recovered heat available in the engine
exhaust gas can be applied to generate air conditioning in vehicles with ICE [18].

THEORETICAL FOUNDATIONS
The vehicle cooling system operates under a thermodynamic cycle basis between high and low-
temperature focus according to the classical diagram of Figure 1 [19].

The thermodynamic diagram corresponding to the air conditioning circuit is shown in Figure 2.

Using classical expression for the Coefficient of Performance (COP) of the air conditioning unit;

COp = 2w, €N

Weomp

The evaporation heat depends on the thermal energy removal from the vehicle cockpit; considering
a comfort temperature, Teoms and a current cockpit temperature Thot:

- (Thot=Tcoms)
Qevap = MyirCair OA—twmf 2

Mair and Cair are the mass and specific heat of the air contained in the vehicle cockpit, and A4¢ is the
cooling time.

Expansion valve

== High pressure side, gas
High pressure side, liquid
= | O pressure side, liquid

Y Low pressure side, gas

Condenser and fan

Figure 1. Schematic view of vehicle air conditioning unit (compression system).
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Figure 2. Mollier diagram of compression air conditioning system.
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The compression power is given by:

T;Lre
I/Vcomp = Te; (pcond - pevap) (3)

7;lref and pres are the mass flow and density of the refrigerant in the air conditioning circuit; pcond and
Pevap are the condensation and evaporation pressure.

Power for operating the air conditioning system comes from the internal combustion engine through
an electric generator that converts mechanical force in electricity. The global conversion process
follows the pattern described in the next diagram (Figure 3):

Conversion at the ICE and generator involves energy losses; therefore, the conversion efficiency
applies to every process; mathematically:

VVcomp = Wchrlch—thr]th—mechngenntr (4)

Sub-indexes ch, th, mech, gen and tr account for chemical, thermal, mechanic, generator and
transmission, respectively.

Adsorption air conditioning system uses a heat source to evaporate a refrigerant fluid from a liquid
mixture as we can see in Figure 4. We notice the adsorption system replaces the mechanical compressor
by a thermal one.
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Figure 4. Layout of adsorption air conditioning system.

The coefficient of performance of an adsorption air conditioning system is:

cop = dinevar (5)

Win+Qin,gen

Qingen represents the heat injection to the generator to evaporate the refrigerant from the liquid mixture
and Qinevap IS the thermal energy extracted from the vehicle cockpit to maintain comfort temperature.
W in corresponds to the pump power to elevate liquid mixture pressure.

For an adsorption air conditioning system:

Win = ==L Ap (6)
Pref
Qin,gen = mrefLref (7)

Ap is the pressure increase for the liquid mixture and Ly is the latent heat of refrigerant.

Internal combustion engine operates under variable thermal efficiency within the range of 38% to
50% [20-23] depending on the fuel type, gasoline or diesel. Nevertheless, if we include mechanic
conversion, the ICE engine efficiency reduces to 20%-40% for gasoline engine [24-26] and up to 45%
for diesel engines [27]; however, the most current average diesel efficiency operates in the range from
25% to 35% for medium and low power engines [28].

In global terms, we have:

m
7’]ICEQf ﬁ = Winecn (8)

5'“E is the ICE global efficiency, m¢ and Qf are the fuel mass and combustion heat, and to, is the
operation time.
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When the air conditioning system operates, a fraction of the energy generated by the ICE derives to
the A/C unit to supply power for working according to diagram of Figure 3. In such a case, we have:

m L]
ni5Qs ﬁ = Wineer — Wayc 9)

1477 is the ICE effective efficiency for driving and air conditioning operation.

Comparing equations 8 and 9:

ICE

n w
=1 - AL (10)
n Wimech

Equation 10 shows how the ICE efficiency reduces when using the air conditioning system.

Combining equations 3, 6, 7 and 8 and comparing compression and adsorption air conditioning
systems, we obtain:

(Pcond—Pevap)

ICE A -

77eff|::omp _ Wimech—Mref Pref.comp (11)
1CE . . Ap+Pref,adslref,ads

Nef s ads Wmech_mref< Pref,ads

(pcond_pevap)a Ap+pref.adslref,ads
and

are important factors in determining the effective ICE efficiency
Pref,comp Pref,ads

ratio for compression to adsorption air conditioning system use, as per the given expression. Comparing
both terms, we have:

Ap+pref,adslref,ads ICE

(pcond_pevap) ICE
- neff comp < neff ads

>
Pref,comp Pref,ads

(pcond_pevap) Ap+pref,adslref,ads ICE ICE
< - neff > neff ads (12)

comp

Pref,comp Pref,ads
In present days, the most commonly used refrigerant fluid for vehicles' air conditioning systems is

tetrafluoromethane, also known as norfluorane (INN), R-134a, or Freon 134a [29], whose properties
may be consulted in literature [30].

Retrieving data from literature for the R-134a and the LiBr/H,O and applying to equation 10, it results:

(PeonaPevap) _ 3¢ g , BP*Prefadslrerads _ 590 (13)
Pref,comp Y Pref,ads

Therefore, ICE efficiency is higher when working with a compression air conditioning system. This
statement, however, changes if the thermal energy required for evaporating the refrigerant in the
adsorption air conditioning unit comes from the engine cooling circuit residual heat; in such a case,
equation 9 should be expressed as:

(Pcond—Pevap)

ICE W —m
nefflcomp mech™ref Pref,comp

ICE = . . 2 (14)
n w -m P

eff ads mech ref

Pref,ads
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And the equation 12 modifies consequently in:

(pcond_pevap) Ap ICE ICE
> = Neff comp < Tleff ads

Pref,comp Pref,ads

(pcond_pevap) < Ap

ICE ICE
- > 15
Pref,comp Pref,ads neff comp neff ads ( )

Now, applying data from literature for R-134a and LiBr/H.O dissolution:

(Peona—Pevar) _ 369, 22 _ 007 (16)

Pref,comp Pref,ads

Which results in the conclusion that ICE efficiency is higher working with an adsorption air
conditioning system if heat is supplied by the residual heat from the engine cooling fluid.

SYSTEM DESIGN

In this work, we propose a new air conditioning design which uses the residual thermal energy from
engine cooling system. Although the idea of using the recovered heat from ICE cooling system to power
the adsorption air conditioning unit is not new [10, 31-33], we propose a novel design focused to lower
the energy consumption to operate the air conditioning system to the minimum possible; therefore, we
reduce the energy requirements from the ICE, thus improving the effective internal combustion engine
efficiency. To this goal, the following diagram applies (Figure 5).

The great advantage of the new design is the absence of mobile parts since it does not require a
mechanic compressor nor a fluid pump because it operates on pressure difference basis. The only power
requirement comes from the outdoor and cockpit air fan.

Current operating conditions are listed in Table 1.

SIMULATION
Working with the new design, we eliminate the heat energy dependence on external source, the ICE;
therefore, equation 5 transforms in:

cop = %inevar (17)
Win

And the ICE effective efficiency ratio is:

1’;’1 .
ICE repr"'mrefLref
Meffi Pref
ICE =1+- - ; (18)
effolgds Wmech—<#:jfﬂp+mrefl4ref>

Table 1. Operating conditions for the vehicle adsorption air
conditioning prototype (**).

Temperature (°C) | Pressure (kPa) | Flow (kg/h)
Condenser 40 2.4po0 3.4mo
Evaporator 15 Po Mo
Boiler 80 6.67po *)
Vapor injector 126 3.2po 2.4mg

(*) Set up by ICE cooling system design
(**) Because the design is under patent pending process, technical data
are not available at this time
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Figure 5. Layout of the adsorption air conditioning prototype.

Sub-indexes i and o account for the conventional and new design adsorption air conditioning system.
Applying the condition of thermal energy supply by the engine cooling fluid:

7;"ref
—A
(Pref p)

nICE
I =14 ; (19)
Terf.o ads Wmech_<:r)lrej:ﬂp>
re

Simulation runs for a refrigerant mass flow from 1 kg/s to 5 kg/s to fit the different vehicle brand and
model. The results of the simulation are shown in Figure 6.

We notice the ICE effective efficiency improvement reduces with the engine output power. These
results are consistent with the expected values for an adsorption air conditioning system since the
required power for the A/C unit does not depend on the engine power.

We observe that efficiency improvement depends linearly on the refrigerant mass flow independently
on the engine power. The simulation results show that the new air conditioning design improves the
ICE performance with the A/C power requirements increase. Indeed, when the user moves the A/C
selector to a higher air conditioning flow, the system reacts, generating a higher global performance of
the internal combustion engine.

Repeating the comparison for the compression air conditioning system (Figure 7).

We observe that ICE effective efficiency improvement follows the same linear dependence on mass
flow for all the engine power with the only difference of higher values. The influence of the new air
conditioning system on the ICE performance, when comparing to a conventional compression unit, is
similar to the case of using a non-modified adsorption system; nevertheless, the increase of the ICE
effective efficiency is higher in the former case.
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Figure 6. Improvement of the internal combustion engine's effective efficiency for various engine
power by using a modified design of the adsorption air conditioning system.
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Figure 7. Improvement of the internal combustion engine's effective efficiency for various engine
power comparing the use of a new adsorption and a conventional compression air conditioning system

We have compared the improvement in ICE performance when replacing a compression A/C system
by an absorption one to validate the simulation process. Literature provides a current reduction in ICE
performance for a compression A/C system between 2% and 25% depending on engine power and air
conditioning demand [34-36]. If we compare these values with the lowest and highest results from the
simulation for the compression A/C unit comparison, we observe a close agreement, within 96%
accuracy. Figure 8 shows the comparison between predicted and simulated values of the ICE efficiency
improvement for a compression air conditioning system use.

We appreciate the good matching between predicted values (solid lines) and simulated results (dashed

lines) for the entire range of engine power, proving the validity of the proposed methodology
(Figure 8).
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Figure 8. Comparison between predicted and simulated values of the ICE efficiency improvement for
a compression air conditioning system use.

CONCLUSIONS

A new adsorption air conditioning system has been applied to reduce energy consumption and
improve internal combustion engine performance. The system lowers the power demand due to a new
design, eliminating mobile parts and operating under pressure difference base. The engine effective
performance increases up to 4% when replacing a classical adsorption air conditioning system by the
new device; this increase raises up to 25% if the replaced system is a conventional compression air
conditioning unit.

The engine global efficiency enhances linearly with refrigerant mass flow independently on the
engine power. The engine efficiency lowers with the output power for a specific refrigerant mass flow.
The lowering is more significant as the engine power increases. For high engine power the new air
conditioning design barely improves the ICE efficiency compared to a classical adsorption air
conditioning system; however, as the engine power decreases, the influence of the new A/C design on
the ICE efficiency increases.

Simulations tests run for engine power from 50 kW to 150 kW; the simulation produces accurate
results in predicting the ICE efficiency improvement. Simulation results and predicted data matches
within 96% accuracy. The developed work proves the importance of having low energy consumption
ancillary equipment, like an air conditioning system, to enhance the internal combustion engine
performance.
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