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Abstract. Almost all new vehicles are equipped with an air conditioning
system to keep drivers and passengers comfortable. However, the Air
Conditioner (AC) system degrades engine performance, increases fuel
consumption and emissions, and reduces the range of electric vehicles.
During this time, efforts have been made to improve or maintain the
performance of AC systems while consuming less power. These efforts
continue to focus on enhancing performance. Consequently, this article
presents an analysis of the Coefficient of Performance (COP) of a water
heating system integrated with an air conditioning system. This water
heating system utilizes heat released from the condenser to supply warm
water to the bus toilet. Low temperatures and humidity inside buses can
decrease passenger comfort, increase the risk of dehydration, and promote
the spread of bacteria and germs. According to the study's findings, the lower
the mass flow rate of water, the faster the refrigerant's pressure and
temperature increase. The findings also emphasize the distinction between
COP calculated using an ideal thermodynamic approach and that obtained
through experimental methods, which account for losses and inefficiencies.

1 Introduction

Air conditioning (AC) systems play a key role in vehicles by improving comfort and safety
for passengers and drivers. They help maintain a pleasant cabin temperature regardless of
weather conditions, especially during hot days when interior temperatures can become
dangerously high. In addition to temperature control, AC systems also enhance air quality
by filtering out dust and pollutants, which helps keep drivers alert and passengers healthy
[1,2]. However, running the AC comes at a cost. It draws significant power from the
engine or battery, reducing fuel efficiency in traditional cars and cutting the range of
electric vehicles by as much as 30-40% [3]. Managing airflow and temperature evenly
throughout the cabin can also be difficult due to thermal gradients and interior layout
[4]. On top of that, components like compressors and condensers require regular
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maintenance to keep the system running efficiently [5]. Most vehicle AC systems use a
vapor compression cycle, involving four stages—compression, condensation, expansion,
and evaporation—outlined in Fig. 1, with blue and red indicating low- and high-pressure
refrigerant areas.
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Fig. 1. AC system cycle

Buses introduce additional challenges for AC systems. Because buses are larger and
carry more passengers, it’s harder to keep the whole cabin at a consistent temperature.
This requires larger and more powerful systems, which use more energy and cost more
to operate [6]. Frequent stops and open doors also make it difficult to maintain a steady
cabin temperature, since cool air escapes quickly [7]. Designing efficient AC systems for
buses, therefore, is more complex and remains a pressing concern in the effort to improve
comfort and energy efficiency in public transportation.

Some long-distance buses are equipped with toilet facilities, which bring their own
set of problems. The limited space often reduces room for passengers and luggage. It’s also
challenging to keep the toilet area clean, well-ventilated, and at a comfortable
temperature. In many cases, the water used in the toilets comes from condensation
collected by the AC system’s evaporator. While this may seem efficient, the water is often
too cold, which can lead to bacteria growth and discomfort for passengers [1,6].

At the same time, there’s a large amount of unused heat in the AC system—especially
in the condenser, where temperatures can reach up to 61.5 °C. Some studies have looked
at using this heat through systems like cascade refrigeration [8] or water spray cooling
[9], but these methods are often too complex or require extra equipment. A smarter
solution would be to reuse the condenser’s waste heat to warm the water for the toilet,
especially using heat pump principles [3]. This would let the AC system do two jobs at
once: cooling the cabin and heating the water—improving energy use without extra fuel
or electricity.

Despite the large amount of recoverable heat from vehicle AC systems, most of it goes
unused—especially in buses, where there’s a real need for warm water in toilets. This
research proposes that an “immersed condenser” design could absorb more heat
efficiently, and that this heat can then be reused to warm water for the onboard toilet.
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To test this, a modified AC system and measure key performance indicators like
temperature, pressure, and Coefficient of Performance (COP) was used. This approach is
different from previous studies on cascade systems or external cooling methods [8],
because it offers a compact, simpler setup that serves dual purposes without adding
significant complexity. The key contribution of this study is to show that we can make
AC systems more efficient and multifunctional helping both passenger comfort and
sanitation without increasing energy use.

This research aims to evaluate an AC system with an immersed condenser can recover
heat and use it to warm water for toilet facilities in buses. Prototype system constructed
and tested under controlled laboratory conditions. The study will involve detailed
thermodynamic measurements at each stage of the vapor compression cycle, including
refrigerant flow, inlet and outlet temperatures, and system pressures. COP will be
calculated for both the conventional and modified systems to assess efficiency gains.
Additionally, the thermal output of the immersed condenser will be analyzed to
determine its effectiveness in meeting the temperature requirements for sanitary water
use. This integrated approach is expected to demonstrate a feasible method of enhancing
the functionality of vehicle AC systems while supporting broader goals in energy
efficiency and sustainable transport technologies.

2 Method

2.1 Set-up experiment

This research uses a small-scale AC system with R134a refrigerant combined with a water
heater. During testing, the condenser, which is generally cooled using a fan, was replaced
with water cooling, where all parts of the condenser were immersed in water. The water
is then circulated with the reservoir via a water pump. Fig. 2 (a) shows the experimental
set up and location of the pressure (P), temperature (T) and humidity (RH) sensors in this
study. Fig. 2 (b) shows the Ph-diagram of an AC system. The pressure and temperature of
the refrigerant entering the compressor are marked with P:1 and Ti. P2 and T2 show the
pressure and temperature of the refrigerant entering the condenser. Meanwhile, P3 and
T3 show the pressure and temperature of the refrigerant entering the expansion valve.
Meanwhile, P+ and T4 show the pressure and temperature entering the evaporator. To
measure the temperature of the water entering and leaving the heat exchanger in the
condenser, it is marked with T5 and T6. Humidity and environmental air temperature
are indicated by RH7 and T7. The humidity and temperature of the air leaving the
evaporator are indicated by RH8 and T8. Temperature was measured using a PT100 3
wire thermocouple, while P1 and P+ were measured using PSAN-V01CA-RC1/8 and P2
and P3 were measured using TPS20-G33F8-00. Humidity (RH) is measured using a
humidity meter. All sensors are connected to the master DAQ as a data logger. The data
used during the research were steady data during testing from the 500" to the 3000
seconds. The water mass flow rates used were 0.025, 0.05, 0.075 and 0.1 kg/s.
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Fig. 2. (a) Set up experiment, (b) Ph diagram

2.2 Analysis method

The COP of the AC system is obtained from the comparison of heat absorption in the
evaporation process and compressor power as formulated in Eq. (1).

cop = Jevar. o)

Weomp
evap Obtained from Eq. (2):
Qevap = . (hy — hy) @

where, 11, = refrigerant mass flow rate; hs = Entalphy on point 4 (entering evaporator);
h: = Entalphy on point 1 (leaving evaporator)
Weomp obtained from Eq. (3):

W =i, (hy — hy) 3

where, m,. = refrigerant mass flow rate; h1 = Entalphy on point 1 (leaving evaporator);
ho = Entalphy on point 2 (entering compressor)
Based on Eq. (2) and Eq. (3), obtained Eq. (4).

my(hy=hy) _ (ha—hy)
my(hi—hz)  (hi—hy)

COP = (@)

In addition, COP can be calculated through the resulting cooling effect compared to
the power required for compressor work as formulated in Eq. (5).

C’OP = Qsensible airtQLatent condensation 5)
Wcomp

Qsensibie air Obtained from Eq. (6)

Qsensible air = Mair- Cp air-AT ®)
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where, m,;,= air mass flow rate (kg/s); C, 4= specific heat of air (kg/m?®); AT= The
difference in inlet air temperature (T7) and outlet air temperature (T8)
Air mass flow rate obtained from Eq. (7).

Mair = Agir- P-Vair @

where, A,;,= Air cross-sectional area (m?); p= Density of air (kg/m?); V,;,= Air velocity
(m/s)
QLatent condensation obtained from Eq (8)

QLatent condensation = Lwater-Mwater ®

where, L,;.= Heat of evaporation of water (kJ/kg); ;= Water condensation rate
(kg/s)

Meanwhile W,,,,,, is obtained from the power needed to drive the compressor, where
the compressor driver uses an electric motor as formulated in Eq. (9).

Weomp = .1 ©)

where, v= Motor drive voltage (volt); I= electric current (ampere)

3 Results and discussion

3.1 Assessment of refrigerant pressure and temperature

Fig. 3 shows the pressure and temperature profiles of the refrigerant with water mass
flow rates of 0.025, 0.05, 0.075, and 0.1 kg/s. The yellow line shows pressure and
temperature at a water mass flow rate of 0.025 kg/s, blue at a water mass flow rate of 0.05
kg/s, black at a water mass flow rate of 0.075 kg/s, while red at a water mass flow rate of
0.1 kg/s. The refrigerant to be compressed is shown in Fig. 3 (a). After passing through
the compressor, the pressure and temperature increase Fig. 3 (b). The temperature is then
lowered in the condenser Fig. 3 (c), followed by an expansion process to reduce the
pressure and a decrease in temperature Fig. 3 (d) so that it can be harvested by the
evaporator.
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Fig. 3. Refrigerant pressure and temperature profile at: (a) entering compressor; (b) entering
condenser; (c) entering expansion valve; (d) entering evaporator

3.2 Assessment of pressure and temperature in the condenser

Fig. 4 shows the pressure and temperature profile in the condenser. The solid line shows
the pressure and temperature profile entering the condenser, while the dotted line shows
the pressure and temperature leaving the condenser at a water mass flow rate of 0.025,
0.05, 0.075 and 0.1 kg/s are shown in Fig. 4 (a) to Fig. 4 (d). Where, the red and blue lines
show the pressure and temperature of the refrigerant, and the green colour shows the
water temperature. The highest temperature that can be absorbed by water is obtained at
a water mass flow rate of 0.025 kg/s with a difference in inlet and outlet water
temperatures of 8.88 °C, while the lowest temperature difference is obtained at a water
mass flow rate of 0.1 kg/s of 1.36 °C. However, the higher the temperature absorption by
water, the faster the change in refrigerant pressure [10]. Where, when the water mass
flow rate is 0.25 kg/s it reaches 1.72 MPa while the water mass flow rate is 0.1 kg/s only
reaches 1.65 MPa at the same time.
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Fig. 4. Pressure and temperature profile in the condenser at water mass flow: (a) 0.025 kg/s; (b)
0.05 kg/s; (c) 0.075 kg/s; (d) 0.1 kg/s

3.3 Assessment of pressure and temperature in the evaporator

Fig. 5 shows the pressure and temperature profile in the evaporator. The solid line shows
the pressure and temperature profile entering the evaporator, while the dotted line shows
the pressure and temperature leaving the evaporator at a water mass flow rate of 0.025,
0.05, 0.075 and 0.1 kg/s are shown in Fig. 5 (a) to Fig. 5 (d). Where, the red and blue lines
show the pressure and temperature of the refrigerant, and the green colour shows the air
temperature. The lowest air temperature coming out of the evaporator and the average
was obtained at a water mass flow rate of 0.05 kg/s, namely 11.8 and 13.4 °C.
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Fig. 5. Pressure and temperature profile in the evaporator at water mass flow: (a) 0.025 kg/s; (b)
0.05 kg/s; (c) 0.075 kg/s; (d) 0.1 kg/s
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3.4 COP analysis based on refrigerant pressure and temperature

Based on the pressure and temperature in Fig. 3, the enthalpy was calculated using online
enthalpy calculator from peacesoftware.de (link). The data used to measure COP used
test data at a test time of 500-3000 seconds during steady state conditions and the average
enthalpy obtained was as shown in Table 1.

Table 1. Enthalpy at various water mass flow rate

‘Water mass flow (kg/s) h4 hl h2
0.025 404 411 427
0.05 404 411 424
0.075 404 411 424
0.1 406 411 424

Based on Table 1, the enthalpy is then substituted into Eq. (4) for each water mass
flow rate to obtain COP as follows:

Water mass flow 0.025 kg/s:
(hi —hy) (411 —404)

COP=(hy—hyy ~ (a27— 1)~ %
Water mass flow 0.05 kg/s:

=
Water mass flow 0.075 kg/s:

COP = G =iy = Gz =411 = 0%
Water mass flow 0.1 kg/s:

cop = (i —he) _ (411-406) _

T (hy—hy) (424 —411)

In modern AC systems, generally the COP produced is more than 2 [11]. The change
in pressure and enthalpy entering the compressor and condenser increases, this indicates
that the refrigerant has been compressed. However, the average difference in
temperature between the water and refrigerant leaving the condenser is 2 °C and
increases as the water temperature increases (Fig. 4). This non-optimal heat release is in
line with the temperature of the refrigerant entering the expansion valve which is still
high. So, even though the refrigerant has been expanded, the temperature drop only
reaches 12.5 °C and the air temperature leaving the evaporator is 9.13 °C. Heat release in
the condenser will be more effective when the water used is controlled at a certain
temperature. In addition, this study uses an ideal approach and is based on
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thermodynamic property data, often without considering actual losses such as pressure
drop, compressor efficiency, and actual work.

3.5 COP analysis based on cooling effect

Meanwhile the COP obtained based on the cooling effect and electrical power to drive
the compressor produced in this research can be calculated using equation (5). Where,
the air mass flow rate in the evaporator is 0.465 kg/s with AT inlet (T7) and outlet (Ts) air
temperatures is 11.753, 13.447, 13.243 and 12.31 °C, at water mass flow rates of 0.025,
0.05, 0.075 and 0.1 kg/s. Meanwhile, the condensation rate is 0.00019, 0.00018, 0.00022
and 0.00025 at water mass flow rates of 0.025, 0.05, 0.075 and 0.1 kg/s. The compressor is
driven using an electric dynamo with an electric current of 7 amperes and a voltage of
220 volts to obtain the following Table 2.

14 0.0003
13.447

135 13.243 0.00025
0.00025 -
13 \E,,
9 0.00022 0.0002 =
N~ o Y
- g 12.31 =
g 125 0.00019 =
£ 0.00018 000015 §
g 1 1175 g
g g
[~ 0.0001 B
115 )
O
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Fig. 6. Average difference inlet (T7) and outlet (T8) air temperature and condensation rate

Table 2. COP based on cooling effect at various water mass flow rate

Water mass flow (kg/s) Qsensible air conle:::::ion Wcomp COP
0.025 0.549 0.419 1.386 0.698

0.05 0.628 0.416 1.386 0.753

0.075 0.618 0.502 1.386 0.808

0.1 0.575 0.555 1.386 0.815

The test results showed that the temperature difference between the inlet (T7) and
outlet (T8) water (Fig. 6), denoted as AT, followed a parabolic pattern. At a water mass
flow rate of 0.025 kg/s, the AT reached a peak of 11.753 °C. This occurs because lower
flow rates allow more time for heat absorption, resulting in a faster increase in reservoir
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water temperature, which is consistent with previous findings [12]. In contrast, at higher
flow rates ranging from 0.05 to 0.1 kg/s, AT gradually decreased. This reduction is likely
due to increased desorption and reduced heat exchange time, as the water moves more
quickly through the system.

The COP produced is less than 1, this can be influenced by the magnitude of the
electric current, which is not measured in real time, along with a decrease in the ability
to release heat in the condenser which is in line with the increase in compressor work.
In addition, this research uses an experimental or practical approach and may include
actual losses such as: mechanical friction; incomplete heat transfer; heat transfer to the
environment; electrical energy for fans or other sensors [13].

This research can be applied to buses that have toilets to increase comfort [14] and
reduce the risk of dehydration due to low humidity on buses [15]. However, a review
needs to be carried out regarding the water temperature needed to keep the air
temperature in the cabin low. As well as measuring compressor work in real time to
obtain more precise COP calculations.

4 Conclusion

Study related to harvesting condenser temperatures using water has been carried out. The
findings also emphasize the distinction between COP calculated using an ideal
thermodynamic approach and that obtained through experimental methods, which
account for losses and inefficiencies. The results show that the lower the water mass flow
rate is in line with the faster increase in refrigerant pressure and temperature at the same
time. The COP calculated based on the ideal thermodynamic approach and experimental
methods is 0.44, 0.54, 0.35, and 0.38 and 0.698, 0.753, 0.808, 0.815 at a water mass flow
rate of 0.025, 0.05, 0.075, and 0.1 kg/s.
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