A\

Ulster
University

A solar powered off-grid air conditioning system with natural refrigerant for residential
buildings: A theoretical and experimental evaluation

Sulaiman, A., Obasi, G., Chang, R., Moghaieb, H. S., Mondol, J., Smyth, M., Kamkari, B., & Hewitt, N. (2023). A
solar powered off-grid air conditioning system with natural refrigerant for residential buildings: A theoretical and
experimental evaluation. Cleaner Energy Systems, 5. https://doi.org/10.1016/j.cles.2023.100077

Link to publication record in Ulster University Research Portal

Published in:
Cleaner Energy Systems

Publication Status:
Published online: 04/06/2023

DOI:
10.1016/j.cles.2023.100077

Document Version
Publisher's PDF, also known as Version of record

General rights

Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy

The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 24/07/2023


https://doi.org/10.1016/j.cles.2023.100077
https://pure.ulster.ac.uk/en/publications/4f6584b8-5d22-4c82-ac56-388e3a5681a5
https://doi.org/10.1016/j.cles.2023.100077

Cleaner Energy Systems 5 (2023) 100077

- o Cleaner
Contents lists available at ScienceDirect Energy

Systems

=3
’

Cleaner Energy Systems

journal homepage: www.elsevier.com/locate/cles

A solar powered off-grid air conditioning system with natural refrigerant )

for residential buildings: A theoretical and experimental evaluation

Check for
updates

Adam Y. Sulaiman®*, Gerard 1. Obasi? Roma Chang?, Hussein Sayed Moghaieb",
Jayanta D. Mondol?, Mervyn Smyth? Babak Kamkari? Neil J. Hewitt?

a Centre for Sustainable Technologies, Ulster University, Belfast, BT15 1ED, UK
b Nanotechnology and Integrated Bioengineering Centre, Ulster University, Belfast, BT15 1ED, UK

ARTICLE INFO

Keywords:

Natural refrigerants
GWP
Air-conditioning
PV panel

Energy storage
Exergy

ABSTRACT

Residential air-conditioning units are essential for providing suitable interior comfort in regions experiencing
hot climates. Nonetheless, these units contribute significantly to CO, emissions in these countries due to their
reliance on non-renewable energy sources and the use of environmentally unfriendly working fluids. This research
aims to evaluate the feasibility of operating an off-grid solar-powered air-conditioning bed unit using low-GWP
refrigerants that can efficiently replace conventional refrigerants. A model was developed to evaluate the vapour
compression cycle’s energetic and exergetic performance. Various refrigerants were employed as feeds to the
mathematical model in order to simulate the unit’s performance if environmentally friendly refrigerants supersede
the conventional substances. An assembled prototype air-conditioning unit was built to provide cold air to a
connected canopy. Two 400 W photovoltaic panels power this system, with battery storage providing electricity
to the unit at night. TRNSYS was used to evaluate the batteries’ energy storage capability, whilst Integrated
Environmental Solutions Virtual Environment (IESVE) was used to estimate the amount of solar energy required
to power the unit. On the basis of the energetic and exergetic findings, R290 and R600a have demonstrated
their suitability as replacements for conventional refrigerants. In comparison to R134a, the system showed a
2.42% improvement in COP when using R290. This improvement was accompanied by a reduction in input
work by 2.31% and an increase in exergetic efficiency by 2.37%. This paper provides a guideline for analytical
design, combined with a coherent process system. This offers an excellent solution to the very real problems
of major energy consumption in warm countries, combining a renewable energy source with an eco-friendly
air-conditioning cycle.

1. Introduction

tration rose to 415 ppm in 2020 from 285 ppm in 1850, leading to
a 1.2 °C increase in the global average surface temperature. Reducing

Greenhouse gas (GHG) emissions have doubled between 1970 and
2010 and their atmospheric concentrations have increased to the highest
level by 1990 (Briickner et al., 2015), which led to a noticeable change in
the earth’s climate over the last decades. The excessive utilisation of fos-
sil fuels is a primary factor raising the atmospheric concentration of CO,,
by 31%, and the atmospheric concentration of CH, by 151% between
1750 to 2000 (Ianc et al., 2020). In 2017, global warming reached 1 °C
above the pre-industrial level and increased by 0.87 °C between 2006
and 2015 (Allen et al., 2019). According to the intergovernmental panel
on climate change (IPCC), the earth is projected to have an increase in
surface temperature by the end of the 21st century (Van Vuuren et al.,
2008). According to (Chen, 2021), the global atmospheric CO, concen-
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GHG emissions globally in 2050 will increase the chance of keeping the
warming below 1.5 °C. This would require at least a 45% reduction from
the 2010 level in 2030 in order to reach net-zero CO, emissions by 2050
(O’Neill et al., 2017). Global decarbonisation would demand different
actions including the reduction of energy demand, decarbonisation of
the electricity sector, and the electrifying of the industrial sector that
utilises fossil fuels. To maintain the global temperature below 2 °C by
2100 (Agreement, 2015), the Paris Agreement designed a framework to
pursue developing countries in their climate mitigation and specifically
increased efforts to maintain the temperature below 1.5 °C because the
slight increase between 1.5 °C and 2 °C could have a massive adverse
impact on low-lying countries. To achieve this goal, conventional miti-
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Nomenclature

area of the enclosed canopy (m?)

B, battery capacity (W-hr.)

p specific heat (kJ/kg.K)

COoP coefficient of performance (-)

D, daily electricity consumption (kW)
E the rate of exergy output (kW)

€qe open circuit voltage at full charge
Ex exergy destruction (kW)

fractional state of charge
small-valued coefficient of (1-F)
specific enthalpy (kJ/kg)
current (A)

Thermal conductivity (W/m-k)
air mass flow rate of air (kg/s)
cell-type parameter

power (kW)

heat transfer rate (W)

rated capacity of a cell

internal resistance at full charge
specific refrigerant effect (kJ/kg)
AC unit running time (hr)
temperature (°C)

thickness of canopy material (m)
temperature difference (°C)
voltage (volt)

air volume flow rate (m?/s)

VHC volumetric heat capacity (kJ/m?)

3 < me 5 g B <
=] a
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< <

w compressor’s specific work (kJ/kg)
Greek symbols

n Efficiency (%)

p supplied air density (kg/m?)

0 reference state point

Abbreviations

AC air conditioning

CFC chlorofluorocarbon

EES engineering equation solver

GHG greenhouse gas

GWP global warming potential
HCFO  Hydrochlorofluoroolefins
HFC hydrofluorocarbon

IPCC intergovernmental panel on climate change
ODP ozone depletion potential
VCC vapor compression cycle
Subscripts

act actual

ave average

cd conduction

comp compressor

cond condenser

cr critical

dest destruction

evap evaporator

evap evaporator

ex exergetic

in inlet

ise isentropic

oce occupants

out outlet

sa supplied air

th theoretical

tot total
vol volumetric

gation technologies are being used to decrease CO, emissions from fossil
fuels (Fawzy et al., 2020).

In developing countries and during the summer, the combination
of high ambient temperatures and poor building architecture, dramat-
ically increases interior rooms temperature. Overheating of the indoor
and outdoor temperature has adverse effects on thermal comfort, health
of the people, electricity consumption for cooling, peak energy demand,
and the worldwide and local economies (Santamouris, 2015). In June of
2022, the Middle East, North Africa, Europe, and Asia were afflicted by
heatwaves, with temperatures exceeding 40 °C and breaking the records
that had been in place for a long time (Nasa, 2022). In addition to an
increase in the intensity and frequency of heatwaves, as well as rising
temperatures averaging, there is a growing demand for space cooling via
the use of air conditioning to mitigate the heatwave’s negative effects on
both health and comfort (Viguié et al., 2020). Commonly accepted tech-
niques for preventing overheating in built environments include using
air conditioning systems to cool indoor spaces and mitigating the effects
of outdoor heat (Santamouris and Feng, 2018). Rising demand for cool-
ing in the future will result in higher energy consumption, leading to
increased greenhouse gas emissions. This will also create considerable
pressure on electricity grids globally as they struggle to cope with the
surge in peak demand (EIA, 2021).

According to a report released by the International Energy Agency
(IEA, 2018), the cooling of buildings contributes to about 20% of the
global electricity consumption, and it is anticipated that by 2050, the
amount of electricity used for cooling will more than triple. Due to the
expansion of urban areas, increased access to electricity, higher incomes,
and declining prices of air conditioners in many developing nations, the
global market for room air conditioners is expanding rapidly. Accord-
ing to survey conducted by (JRAIA, 2022), the total number of duct-less
room air conditioners installed worldwide in 2021 was 95,162, an in-
crease of approximately 1.3% from the previous year. If current trends
persist, there will be a significant increase in the global stock of mini-
split air conditioners by 2030 and 2050. Specifically, the number of units
is projected to rise by 1.21 billion and 3.28 billion, respectively, com-
pared to 2015 levels. By 2050, demand for mini-split air conditioning
is expected to be 3.75 times higher than in 2015, with implications for
electricity generation and peak demand, especially in countries with hot
climates. Additionally, this expansion is predicted to contribute signifi-
cantly to greenhouse gas emissions (IEA, 2018).

The necessity of utilising AC units is contradicting the operational
cost, leaving many lower-income families are unable to afford to cool
their homes, particularly in regions with poor infrastructures, such as
the Middle East, North Africa, and South America. When a population
group operates a large number of AC units simultaneously, the energy
demand overloads the electrical grid, resulting in a potential power sup-
ply failure (Allamraju and Characterization, 2013). To address both the
high cost associated with high electric energy consumption and the neg-
ative impacts associated with burning fossil fuels to generate this electric
energy, reliance on renewable energy is the optimal choice. Solar energy
is one of the renewable energy sources that are a promising alternative to
fossil fuels. Solar energy systems are expected to supply approximately
70% of the world’s total energy consumption by 2100 as a result of
technological advancements, ongoing scientific research, and positive
government support (Clerici and Alimonti, 2015). With such abundant
solar energy available, the challenge is to harness and convert it into
usable forms of energy via cost-effective, efficient, and environmentally
friendly energy conversion systems (Clerici and Alimonti, 2015).

To identify the knowledge gaps related to the present research, it
was essential to review the most recent solar-powered air condition-
ing research activities. Chua et al. (2013) has conducted a comprehen-
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sive literature review and critical assessment of the inherent benefits
of cutting-edge cooling technologies and energy-saving strategies. Sev-
eral renewable energy-assisted air conditioners, including absorption,
adsorption, and mechanically driven vapour compression systems, were
described in the article. In warm, hot countries, solar energy is an ef-
fective heat source for operating these cooling systems, according to
the research. By employing novel technologies and strategies, the en-
ergy expenses associated with running air conditioning systems can be
curtailed, thereby minimising the harmful impact on the environment
and reducing the electricity costs needed to ensure thermal comfort in
developing countries.

An investigation was conducted into a novel solar-powered air con-
ditioner consisting of a hybrid air conditioner and a hybrid solar collec-
tor (Al-Alili et al., 2012). The TRNSYS simulation programme was em-
ployed to simulate the transient charging and discharging of batteries.
The findings of the modelling study indicate that the area of the con-
centrating photovoltaic/thermal collector is the most influential factor
on the system’s performance. The results also indicated that integrating
a desiccant wheel cycle with a conventional VCC is more effective than
the standalone VCC in ensuring building comfort in humid and hot envi-
ronments. In addition, the simulation revealed that the hybrid solar air
conditioner has a higher COP than a VCC powered by PV panels and a so-
lar absorption cycle. The study showed that the typical cooling COPs are
0.68, 0.34, and 0.29, respectively. In addition, Fong et al. (2011) anal-
ysed the feasibility of incorporating a solar-powered ejector into a solar-
electric refrigeration system. The conclusion of the study was that the
annual energy performance of the system could be improved by incor-
porating the ejector. The system with and without an ejector when using
the refrigerants R22, R134a, and R410A was compared and evaluated
using dynamic simulation. Compared to the other candidates, the sys-
tem employing R134a demonstrated the greatest energy efficiency, as
determined by the research.

Further study conducted by Eveloy Valerie and Yusra Alk-
endi. (2021) investigated the effectiveness of a space cooling system
driven by low-grade solar thermal energy that utilizes compression-
assisted, multi-ejector technology for a 36-kW air conditioning appli-
cation. The study evaluated the performance of the system with four
different working fluids: R11, R141b, R245fa, and R600a. The results
showed that the ejector assembly was the main source of exergy de-
struction, but its efficiency improved with compression rose. The system
has the potential to reduce annual electricity consumption for cooling by
more than 40% compared to traditional split air conditioners, which can
lead to significant cost savings and a reduction in greenhouse gas emis-
sions. Additionally, Ghodbane et al. (2021) conducted a study evaluat-
ing a solar-powered ejector air conditioning system to accommodate the
warm climate of southern Algeria. The investigation used water (R718)
as the working fluid and a dynamic model to simulate a 12.5 kW cooling
load unit. Furthermore, Al-Yasiri et al. (2022) carried out an in-depth
assessment of solar-powered cooling and air-conditioning systems for
building applications. The study encompassed the most recent findings
concerning vapour compression, absorption, and adsorption air condi-
tioning systems. The primary approach of operation for each type is
described in this literature, and recent advancements are highlighted.

Based on the review of relevant literature, it is evident that prior
research has primarily investigated the absorption and adsorption of
cooling systems powered by solar panels. However, there is a substan-
tial knowledge gap regarding the integration of mini-split vapour com-
pression air conditioning units with solar panels. To address this gap,
the current study proposes an innovative solution: the development and
assessment of a solar-powered mini-split air conditioning bed unit. This
system has enormous potential for serving low-income households in
developing countries, as it requires considerably less input power. This
system offers a more energy-efficient alternative to conventional split
units by cooling a canopy at night. In addition, the paper examines
the essential aspect of transitioning to natural refrigerants, specifically
R290 as a potential drop-in substitution to conventional refrigerants.

Cleaner Energy Systems 5 (2023) 100077

This investigation is in line with the rising global demand for environ-
mentally favourable air conditioning technologies. Overall, this research
addresses a notable research gap, offers an innovative solution with the
potential for significant social impact, and contributes to ongoing efforts
to develop sustainable air conditioning technologies.

2. Refrigerants under consideration

The outright bans and phase-down of HFCs on the market and restric-
tions on maintenance of equipment using HFCs are the main features of
the fluorinated GHG (F-Gas) regulations. Reducing the F-Gas emissions
by two-thirds of 2010 by 2030 and replacing that using environmentally
friendly alternatives is the main goal of the F-Gas regulations (van Soest
etal.,, 2017). Another serious issue with AC systems is the adverse effects
of using conventional refrigerants as the working medium. Residential
AC systems are thought to consume the most hydrofluorocarbon (HFC)
and thus contribute significantly to GHG emissions, owing to the large
number of units sold in warm- and hot-climate countries. For instance,
the United States emitted 36.7 million metric tons of carbon dioxide in
2014, accounting for approximately 22% of total national HFC emis-
sions due to the use of residential air conditioning units (Isaifan and
Baldauf, 2020). Refrigerants with high GWP contribute significantly to
GHG emissions, which is one of the primary causes of global warming,
specifically when they escape to the atmosphere during operation or
maintenance (98/04207 An experimental evaluation of the greenhouse
effect in R22 substitution, 1998).

In the past few decades, hydrochlorofluorocarbons (HCFCs), such as
R22, and HFCs, such as R134a, were the most common refrigerants used
in AC systems and heat pumps due to their favourable thermodynamic
characteristics (Johnson, 1998). However, developing countries are re-
quired to phase out HFCs and HCFCs by 2010 and 2040, respectively.
In addition, the Kyoto Protocol, in 1997, imposed additional restrictions
on the use of conventional refrigerants due to their GWP value, with
the goal of mitigating climate change. F-Gas regulations targeted sub-
stances that can be released into the atmosphere by ACs, heat pumps,
refrigeration systems, and ORCs, such as R22, R134a, and R410A (F-
Gas Regulations). R32, which is the focus of this study, maybe a viable
alternative to the conventional refrigerants used in residential air con-
ditioning units. It also has no ozone layer depletion (ODP) value and a
GWP of 677, which is less than the 750 limits for F-gas regulation. Even
though R32 is classified as flammable gas, it is difficult to ignite due
to its low value of lower flammable limits (Mota-Babiloni et al., 2017).
In addition, R32 is gaining momentum due to its similarity of thermal
properties and a COP value closer to R410A across various ranges of
operating temperatures. Furthermore, it has a higher heat transfer coef-
ficient value due to its higher liquid thermal conductivity which enables
the AC system to cope with lower condensing temperatures (Pham and
Rajendran, 2012). Moreover, R32 has a relatively lower mass flow rate
leading to lower pressure drops among the AC system. The cost of R32
per kg is relatively lower than that of R410 and R22 (Pham and Ra-
jendran, 2012). The refrigerant also offers a better COP value at higher
ambient conditions, similar system pressure and pressure ratio which
can be an alternative to R410 without major system redesign. One more
advantage is that R32 has a lower system charge requirement due to it is
lower system density value (Xu et al., 2013). Regardless of having zero
ODP and neglected value of GWP, Propane (R290) has a similar capacity
and pressure level of R22 and thus, R290 can replace R22. The non-toxic
with very low GWP and zero-ODP Isobutane (R600a) can be also an al-
ternative substitution for R134a in small AC units (Urchueguia et al.,
2004). Several theoretical and experimental studies analysed and eval-
uated HCs performance for comprehensive heating, ventilation, and air
conditioning (HVAC) application. The literature reveals that using R290
to replace R22 in a commercial refrigeration unit can increase the COP
of the unit by 1-3% and a 13-20% decrease in capacity (El-Morsi, 2015).
The energetic and exergetic performance studies of R290, R600a, and
R134a were conducted, as the results showed that R600a has the high-
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Table 1
The properties of the investigated refrigerants (ASHRAE, 2020; Lemmon et al., 2010).
Molar mass
Refrigerant ~ Formula ODP  GWP/100yrs  Safety,e Te, CC) (g/mol) P, (bar)
R32 CH,F, 0 543 A, 78.11 52.024 57.82
R410A R32/R125 0 2000 A /A 71.35 72.585 49.02
R134a CF;CH,F 0 1320 Ay 101.06 102.03 40.59
R22 CHCIF, 0.05 1780 Ay 96.2 86.468 49.9
R290 C,Hg 0 3 Aq 96.7 44.097 425
R600a C,Hyo 0 3 A, 135 58.12 52.9
60 425
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Fig. 1. Diagrams of (a) P-h and (b) T-s of the refrigerants investigated in this research activity.

est energetic (Joudi and Al-Amir, 2014). Another study compared the
performance of R22, R290, R407A, and R410 in the residential air-
conditioning unit and the results revealed that the power required for
R290 is less than that of the other candidates, while R410 achieved
the highest power required (Cheng et al., 2014). The COP of an air-
conditioning system using R32 and R290 as a replacement for R22 and
R410A was experimentally investigated, and the results exhibited that
the COPs of R290 and R32 were higher than those of R22 and R410A
(Zhou et al., 2010). In another study, R290 was investigated in an AC
split unit and exhibited a higher energy efficiency ratio than that of R22
(Jierong and Tingxun, 2018).

Comparing R32 with the conventional refrigerants used in residen-
tial air conditioning systems is a key parameter to evaluate the rela-
tive performance and to assure that R32 meets the environmental and
thermal criteria. From Table 1, This is clear R32, when compared with
R134a and R410A, has a very high-pressure level and extremely high en-
thalpy, low-pressure drop in pipelines due to the low vapor density, low
mass flow, and higher compressor discharge temperatures (Kibria et al.,
2019). P-h diagram and T-s diagram comparison are shown in Fig. 1 for
the investigated refrigerants.

3. Methodology

The research methodology for the proposed study involves both ex-
perimental and numerical activities to investigate the feasibility and
reliability of using solar-powered air conditioners to cool a canopy at
night-time. Experimental activities were performed utilising the conven-
tional refrigerant "R134a" and its potential drop-in refrigerant "R290."
At various condensation temperatures, testing procedures were carried
out in order to assess the cycle’s COP and exergetic efficiency. On the
other hand, simulation modelling was employed in conjunction with a

variety of modelling platforms in order to provide predictions regarding
the overall performance of the system. TRNSYS was used to simulate the
transient charging and discharging of batteries, and Integrated Environ-
mental Solutions Virtual Environment (IESVE) was used to estimate the
amount of solar energy that was required to power the unit. EES soft-
ware was employed to predict the energetic and exergetic performance
of the vapor-compression cycle using various working fluids. The sim-
ulated COP was validated using various statistical indices to verify the
reliability of the simulation results.

4. System description

This study addressed various aspects, such as renewable energy, va-
por compression cycle, and energy storage, in order to find a solution
to the problem of meeting the demand for electricity required to power
air conditioning systems in countries with extremely hot weather dur-
ing summer months. The proposed system, depicted in Fig. 2, consists
of three crucial units: a solar panel, an energy storage unit, and a VCC
unit. The solar panels are roof-mounted and located outside. The exter-
nal unit includes a compressor, a condenser, an expansion valve, and
an energy storage system consisting of two 130 ah batteries connected
in parallel with a charge controller and inverter. Due to technical bar-
riers that can arise during the summer months in arid climates, which
can shorten the battery life or cause damage, the battery is placed in
the coolest external location and connected electrically to the system
through wires. The batteries are also protected with a heat shield. The
internal unit comprises an evaporator, external ducts, and an indoor
canopy. Figure 3 depicts the P-h diagram of the VCC, which illustrates
the operational processes of the system with R290 as the working fluid.

The stand-alone system contains internal and external components
is illustrated in Fig. 4. The internal components comprise of the canopy,
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Fig. 2. The schematic of the proposed system
comprises the power source, energy storage
and the VCC.

Evaporator
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C——

@
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Fig. 3. P-h diagram for the proposed VCC cycle using R290.

supply and extract flex ducts and the AC unit. Aesthetics components
were considered when designing the internal system to make it suitable
for the end user and certain safety aspects such as rounded edges on the
canopy.

5. Theoretical modelling
5.1. Solar calculation

One of the biggest challenges with utilising PV is the energy stor-
age potential and thermal heat losses (Luerssen et al., 2020). Storing
collected irradiance produced throughout the day can enable the en-
ergy to be distributed at times when there is no irradiance potential,
night-time hours. A methodological approach to calculating the amount
of solar energy on a given surface was investigated via Integrated En-
vironmental Solutions Virtual Environment (IESVE). This commercial
tool was chosen as it implements weather files and can easily calculate
solar irradiance on surfaces. A simple model was constructed in IESVE
to replicate the type of room in this study. The location file input was
Abu Dhabi, a warm arid climate. The room dimensions are 3 m (W) by

Solar Panel

4 m (D) by 2.5 m (H), this was modelled in ModellT as a single zone.
The east facade consisted of a 1m-by-1m single glazed 6mm window at
an elevation 0.9m. The model was input to Apache in IESVE to look at
the internal temperature within the room when no heating or cooling
profile is applied. The results can be seen in Fig. 5. This simulation was
run to indicate the internal room temperature profile throughout the
year and show the zone overheating and thus the requirement for space
cooling. There are 6,403 h out of the year, 73 percent, that the internal
room temperature is greater than 25 °C.There are 5,648 h out of the
year, 65 percent, where room temperature is greater than 28 °C. (CIBSE
Guide A and TM52: The limits of thermal comfort), states that temper-
ature should not exceed 28 °C for more than 1 percent of the occupied
hours. This value is higher than a comfortable room temperature even
at night-time and early mornings. The solar panel would be located on
the roof of this building. The results for external surface incident solar
power yield on the roof’s surface are shown in Table 2.

5.2. Battery charging and discharging

The integration of solar photovoltaic (PV) and battery storage sys-
tems is an increasingly popular trend in the residential sector, mainly
because it helps to achieve major goals such as reducing grid depen-
dency and lowering emissions. In recent years deployment of PV and
battery powered installations in the residential sector has increased
(Khezri et al., 2022). The battery plays a crucial role in a solar — pow-
ered air conditioning system. It is charged by PV panels through a charge
controller that regulates the current flow in and out of the energy stor-
age. This device protects the battery from overvoltage, overcharging,
and controls its discharge rate hence improving its life, performance
and safety (Vignesh et al., 2019). Today’s market offers various kinds
of electricity storage technologies with different chemistries. However,
lead batteries are well — established technology for industrial applica-
tions and can be used successfully as utility energy storage. One of the
biggest advantages of lead batteries is their long cycle and lifespan. Ad-
ditionally, lead is the most widely recycled metal, and lead batteries are
almost fully recyclable, with nearly 99% of those batteries being col-
lected and recycled in the USA and Europe (May et al., 2018). Taking
into consideration those benefits, it was decided to use lead — acid bat-
teries as energy storage for this project. The electricity generated by two
PV panels throughout the day is stored in this battery and used at night
to power AC unit, which runs continuously for about five hours off —
grid and consumes around 3 kWh during that time.
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Table 2

Cleaner Energy Systems 5 (2023) 100077

The total annual solar power yield potential for the example building.

Direct Direct Surface incident, Total Solar
radiation Roof area radiation on solar energy, roof PV efficiency power yielded
Date (kWh/m?) (m?) roof (W/m?) (MWh) (%) (kWh)
Jan 01-31 26.75 12 321 0.2284 0.15 34.26
Feb 01-28 13.52 12 162.24 0.2965 0.15 44.475
Mar 01-31 84.36 12 1012.32 0.833 0.15 124.95
Apr 01-30 85.65 12 1027.8 1.149 0.15 172.35
May 01-31  118.78 12 1425.36 1.598 0.15 239.7
Jun 01-30 107.74 12 1292.88 1.6351 0.15 245.265
Jul 01-31 61.73 12 740.76 1.3186 0.15 197.79
Aug 01-31 96.67 12 1160.04 1.3339 0.15 200.085
Sep 01-30 74.23 12 890.76 0.9079 0.15 136.185
Oct 01-31 68.64 12 823.68 0.6316 0.15 94.74
Nov 01-30  23.87 12 286.44 0.2353 0.15 35.295
Dec 01-31 21.88 12 262.56 0.1621 0.15 24.315
Total 783.81 12 9405.72 10.3294 0.15 1549.41

Fig. 4. Room layout showing system layout, and 3D

view of a typical bedroom.

The annual solar power yield of the 3.5 m? panels simulated in IESVE,
was sufficient for the electrical storage used in the simulation comprised
of a 2 No. 130 Ah and 12 V lead acid batteries which were charged by
a two 400 W monocrystalline PV panels, the electricity consumption of
the AC unit was around 500 W.

Figure 6 illustrates a weekly profile of an air conditioning unit’s bat-
tery charging and discharging versus variations in total horizontal radi-
ation (red line) and ambient temperature (black line). The meteorologi-
cal data file was configured to reflect August weather conditions in Abu
Dhabi. The results showed that the unit’s battery was charged to a suffi-
cient level in approximately 8.5 hrs each day, as represented by the blue
line in the graph, to allow for seven hours of continued operation dur-
ing the night. The simulation demonstrated that the batteries charged
by the solar panels are capable of supporting the air conditioning unit
during the night.

5.3. Vapor compression cycle calculation

In the research’s theoretical section, three different software pro-
grams were utilised to demonstrate the system’s principle: IES, TRN-

SYS, and EES. The software EES was essential to simulate the VCC and
evaluate the energetic and exergetic efficiency of the system.

The thermodynamic efficiency of the working fluid is the primary
basis for creating a model of an air conditioning system. In order to se-
lect the suitable refrigerant for the system, a comparison simulation of
different refrigerants was performed to identify the suitable thermody-
namics characteristics for the A-C unit. The model was developed on
EES to design the system and carry out a simulation between different
refrigerants. The minimum superheat is required to get a dry compres-
sion and that is depends on the refrigerant type, isentropic efficiency,
and the condensation and evaporation temperature of the unit. The re-
sults show the energetic and exergetic performance of the VCC using
different refrigerants (see Table 4) that were subjected to the same as-
sumptions and input parameters as follows:

e The unit at steady state condition

o The pressure drops in the cycle component are neglected.

The heat loss in the piping, compressor, and expansion valve are

neglected.

¢ The isentropic efficiency of the hermetic compressor is assumed to
be 0.8.



A.Y. Sulaiman, G.I. Obasi, R. Chang et al.

Cleaner Energy Systems 5 (2023) 100077

45.0

40.0

35.0

30.0

25.0

20.0

15.0

10.0

Fig. 5. The annual internal air temperature for the IESVE apache simulation model.

¢ Expansion process is isenthalpic expansion h; = hy

The heat load on the AC unit (q,,,) can be divided into three sources:
the heat conducted through the canopy material (g.,), the heat con-
tained in the supplied fresh air (¢,) and the heat released by occupants
(qoec)> Which can be determined as follows:

4.a = UA(AT) (€))
m it

qq = My(AR) 3

Gtot = ded t sa T doce 4)

The material recommended for the canopy is aluminium foil/bubble
composites of 0.0392 W/(m-K) thermal conductivity (Uvslpkk et al.,
2017). The heat produced by occupants sedentary is 100W per per-
son and the recommended air supply to canopy is 8 1/s per person
(ASHRAE, 2004).

In addition, the specific work required to circulate the refrigerant (w)
can be obtained from the difference in enthalpy at the inlet and outlet
of the compressor, whilst the refrigerant effect (RE), on the other hand,
can be determined from the difference in enthalpy at the inlet at outlet
of the evaporator as shown in Egs. (5) and (6), respectively.

W= hcomp,out - hcomp,in (5)

RE = hevap,out—hevap,in (6)

By knowing the total heat load and the refrigeration effect, the re-

frigerant flow rate required can be therefore determined from:
Yot

m = 2E )

By assuming the isentropic efficiency (~ 0.8), the actual power
drawn by the compressor can be calculated as follows:
Proy = mr(hZ,ise - hl) ®)

Nise

The theoretical COP can be calculated based on the modelling re-

sults:
by —hy

COP, =
th hZ_hl

(©)]

The average temperature in condenser and evaporator can be ob-
tained by Egs. (10) & (11) in order to calculate the exergy efficiency by
the system,

hy — hy

TCond, ave = 55— 53 (10)
hy - hy

Teuap, ave = 5) — 54 (1

The rate of exergy output is calculated using Eq. (12), and the total
exergy destruction is calculated using Eq. (13)

Eqpy = [1 - o ] Ocona — [1 - ] (12
TCand,ave Tevap,euap
Exdest,total = TO [ QCond - RE ] (13)
TCond,ave Teuap,evap
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Fig. 6. Battery state of charge Vs diffused radiation and ambient temperature.
Table 3
Component dimensions and size provided by Eberspaecher.
Component Type Dimensions Weight Power Supply
Compressor A 1/3 horsepower brushless DC Variable Speed (154 x 130 x 152)mm. 4.8 kg 24/48V DC.
Compressor. Discharge, displacement 7.1 cm® Compression 3/8" ID Suction - 5/16" ID Discharge, and HBP
Ratio 8:1. A/C, Maximum.
Condenser A forced air condenser with a type of: COND 2501 MF 24V (458 x 367 x 132) mm 7 kg 24V & 4.5 Amps
Evaporator evaporator EV 4000 G1.5 - cooling only (390 x 235 x 135) mm 3.8kg 24V & 4.5 Amps.
TXV connection on right side (air flow direction): Air flow of
Suction no. 12; liquid no. 6. Drain water socket: 2 450 m? / hr
x ¢ 10.35 mm
Battery LAGM-130-12V 130 Ah WxHxD 28 kg 12Vx2/24V
(330 x 175 x 210) mm
Solar Panel 2 x SPR-MAX3- 400 Mono Solar panel W x Hx D 1690 x 1046 x 40 (mm) 2 x 19 kg 2 X 400W

The exergy efficiency of the vapor Compression cycle

out 14
W (14)

actl

Mex =
System daily Power consumption is calculated according to Eq. (15)

Dc = R, X Wy, (15)
The Battery charging voltage (If I >0) is obtained using Eq. (16)

mc(l_F)
Q.
oo~ U=F

m

V=ep—g(l=F)+1Ir,|1+ (16)

The Battery discharging mode (If I <0) is obtained using Eq. (17)

my(1 = F)
V=g = ga(1= F)+ Iryy| 1+ 5 an
oL-a-F

6. Experimental setup and procedure

Figure 7 illustrates the laboratory scale of the vapor compression cy-
cle of an air-conditioning bed unit. The VCC components were used are
commercially available and provided by Eberspaecher company with-
out any modifications. According to the technical specification pro-
vided by the design calculation agreed before, the following components
(Table 3) are selected carefully in order to carry out the final scale of the

experiment and thus the results. The compressor, condenser and evapo-
rator fan motor are using a 24V power supply. The reason for choosing
24V is that the 24V power supply is more compatible with AC appliances
and greatly reduces the wiring cost to almost half the original cost. Us-
ing a 24V power supply decreases the number of batteries that would be
used compared to a 48V power supply, this is because most of the bat-
teries are 12V. At 24V 2 batteries would be required in series whereas
for a 48V power supply would require 4 batteries to be connected in
series.

The product will be running during the summertime. Operating tem-
perature range for the product will be between 35°C to 40°C. The oper-
ating humidity range for this product during the summertime between
50% to 60%.

The experimental setup consists of a VCC, a tent to replace a room,
two heaters, double-bed, and a canopy above the bed. The components
are integrated as one unit in an HVAC workshop and charged with
the available refrigerant R134a which is used as a reference refriger-
ant. Heating up the tent up to 40°C using an electric heater was neces-
sary to get a similar environmental temperature of the middle eastern
countries. The AC/DC converter and battery supplied the unit by the
adequate energy to keep the unit running smoothly. The flexible ducts
worked as an intermediate connecter between the forced-air evapora-
tor and the canopy above the bed in order to supply a cold air to the
canopy. 2 X 100 W green- house heaters were placed inside the canopy
to replace two persons sleeping on bed. A digital thermostat and timer
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Fig. 7. The scale of VCC unit during the exper-
imental activities.

& Forced Air Evaporator

A

Forced Air Condenser

were placed to measure the temperature inside the canopy while the
unit is running which is necessary to obtain the temperature reduction
rate inside the bed canopy. After heating up the canopy and the tent to
45°C which is the maximum environmental temperature the unit will
run in middle eastern countries during the night-time, the AC unit was
operated in steady state conditions. The batteries were charged to the
maximum limit using the charging machine. A shunt meter was placed
between the batteries and the unit to measure the current to the load.
The unit is running, and the results are recorded.

7. Validation

The validity of the simulation results for the A-C bed unit model
was assessed by comparing experimental COP outcomes to statistical
indices within an acceptable level of tolerance. In addition, experimen-
tal results for R290 and R134a at condensation temperatures ranging
from 37 to 55 °C were validated. To ensure that the testing sets were
identically matched, the model was executed at the same experimental
condensation temperature as the experiment. In addition, three statisti-
cal indicators were used to verify and evaluate the reliability of simula-
tion results: Percent Error (% Error), coefficient of determination (R2),
and root mean square error (RMSE). The following equations define the
mathematical characteristics of the three statistical indices.

YNum -

% Error = ( ExP) x 100 (18)

YExp

R2 _ ;1 1 (YNum - Y_'Exp)

:—_ 19)
Zj:] (YExp - YExp)

RMSE = (20)

\/ZLO (YExp - YNum)2
n

where, Yy, are the numerical values, Yg,, the experimental values,
Ygy, the average experimental values and n is the number of reference
data.

Figure 8(a) and (b) illustrate the statistical results as the coefficients
of determination R? of COP for R290 and R134a at various condensa-
tion temperatures, which are 0.999 and 0.999, respectively. Further-

more, the statistical analysis reveals a close relationship between the
experimental points and the regression line, indicating that the simu-
lated COP values are consistent with the experimental values and that
the simulation model can be relied upon for future predictions.

The statistical analysis results depicted in Fig. 7(a) and (b) for the
two testing sets confirmed that the error percentage of the simulated
model employing R290 and R134a is less than 5%. In addition to the
statistical outcomes of R? and percentage error, the RMSE values for
R290 and R134a between empirical and simulated data for the two test-
ing sets are consistent, with values of 0.0042 and 0.0022, respectively.
Consequently, the simulation results validate the model’s high COP pre-
diction accuracy.

8. Results and discussion
8.1. Theoretical results

Table 4. depicts the theoretical results of the VCC simulated in EES at
various condensation temperatures and fixed evaporation temperatures.
Alongside the cycle’s energetic performance, the exergetic performance
outlines the feasibility and possibility of conducting experimental activ-
ity development.

The cycle’s COP is influenced by the values of the compressor dis-
charge temperature, the system mass flow rate, and the compressor isen-
tropic efficiency. The discharge temperature of the compressor is pro-
portional to the isentropic exponent of the refrigerant. The higher the
isentropic exponent of the refrigerant, the higher the discharge temper-
ature and thus the higher the compressor input power. R32 presented
the highest isentropic exponent value of 1.252 and thus very high dis-
charge temperature. R600a, on the other hand, demonstrated the lowest
compressor discharge temperature due to its lowest isentropic exponent
value and dry refrigerant type (Sulaiman et al., 2022), which requires a
specific minimum degree of superheat before the compression process
to ensure dry compression (Fig. 9(a)).

The system mass flow rate, which is a function of the heat load and
cycle REs, presented the highest value when R134a and R410A are em-
ployed as working fluids. The higher the system temperature lift the
higher the mass flow rate and thus the compressor input power, see
Fig. 10(a). Theoretical findings indicated that R32 and R410A required
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Table 4
The results of VCC Air conditioning bed unit using EES.
=36 K, T,q =37 °C ATy, = 54 K, Toppg = 55 °C
Refrigerant T, (°C) P, [-] W, (hP) RE(KJ/kg) COP[-]1 n,.% T, (°C) P.[-1 W, (hP) RE(KJkg) COP[]l 17, %
R134a 49.5 3.09 0.184 155.8 4.97 57.72 70.4 4.91 0.314 128.7 291 47.8
R22 63.7 2.77 0.185 167 4.95 57.42 90.8 4.23 0.311 142.8 2.94 48.3
R410A 61.1 2.73 0.195 171.5 4.68 54.34 87.7 4.17 0.351 137.1 2.6 42.77
R32 76.1 2.74 0.192 257.9 4.76 55.3 109.8 4.19 0.331 219.4 2.76 45.42
R290 49 2.61 0.187 293.4 4.89 56.8 69.59 3.9 0.32 240.5 2.83 46.6
R600a 44 3.02 0.18 285.3 5.08 58.92 60.85 4.76 0.303 239 3.01 49.49

the highest input power to the compressor due to higher values of the
isentropic exponent and pressure ratio, as shown in Fig. 10(b). In com-
parison to the other participants, the cycle employed R600a presented
the lowest input power. The theoretical results confirmed that the input
power for all participants was less than 1/4 hP at a condensation and lift
temperatures of 48 °C and 45 K, respectively. Whereas, at values of 56 °C
and 53 K, respectively, the compressor’s input power yielded less than
1/3 hP for all participants except the cycle utilised R410A as working
fluid. The results indicated that increasing the system temperature lift
increased the system pressure ratio and consequently the drawn power
of the compressor increased .

RE is an essential consideration of residential mini-split air condi-
tioning systems, and it is related to the value of refrigerant’s latent heat
of vaporisation. R290 represents the highest latent heat of vaporisation
and thus a higher refrigerant effect, followed by R600a. R134a, on the
other hand, demonstrated the least RE due to its low latent heat of va-

porisation (Fig. 9(b)). The results also revealed that the higher the re-
frigerant effect, the higher the system’s COP, and conversely. According
to the findings, increasing the temperature lift of the system decrease the
RE of the system . The system RE value, as well as the theoretical power
input, are the two most important factors in determining system COP.
Theoretical findings indicated that increasing the condensation temper-
ature reduces the system COP. This is due to the fact that increasing
the condensation temperature at constant evaporation temperature in-
creases the system temperature lift, thereby increasing the compressor’s
theoretical input power.

At different condensation temperatures, R600a presented the highest
COP value, while R410A showed the lowest COP value, according to the
theoretical results (Fig. 11(b)). This is due to the fact that R600a com-
bines the system advantages of low input power and high value of RE.
Correspondingly, the system employing R600a demonstrated the high-
est exergetic efficiency among the other refrigerant candidates. On other

120 320
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Fig. 9. (a) the discharge temperature Vs Condensation temperature and (b) the refrigerant effect Vs temperature lift.
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Fig. 11. (a) exergy efficiency Vs temperature lift and (b) the COP Vs condensation temperature.

hand, the system employing R410A and R32 as refrigerants showed the
least exergetic destruction and exergetic efficiency. The results indicate
that the higher the system temperature lift the lower exergetic efficiency
of the system (Fig. 11(a)).

8.2. Experimental results

The primary objective of this experimental setup was to demonstrate
the potential and dependability of running an off-grid A/C unit and pro-
viding a comfortable environment to bed-canopy occupants for at least
six hours. In addition, an eco-friendly refrigerant was tested and eval-
uated to effectively supersede the convectional working fluids used in
A/C units. R290 was used as a comparison refrigerant to R134a under
similar environmental and technical input parameters. The testing unit
was developed to operate at temperatures ranging from 33 to 45 °C in
order to simulate the extremely hot climate environmental conditions
reported in the Middle Eastern countries during the summer season.
Table 5 shows the practical performance of the VCC with the results of
R134a and R290 as eco-friendly suitable alternative refrigerants. Seven
runs were performed using R134a and R290 at a condensation tempera-
ture of 52 °C and a temperature lift of 51K. The COP standard deviation
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for R134a runs was +0.0395, whereas the COP standard deviation for
R290 runs was +0.0481.

Due to the reduction in practical isentropic efficiency of the compres-
sor compared to the calculated theoretical efficiency, the testing findings
for both refrigerants exhibited higher discharge temperatures than those
obtained from the theoretical results. As a result, the compressor’s prac-
tical input power rised, reducing the system’s practical COP. According
to the test results for both refrigerants, heat exchanger pressure drops
caused a minor decrease in the system’s suction pressure, resulting in
an increase in the system’s practical pressure ratio. The measured RE
of the unit, on the other hand, is greater than the values obtained from
the theoretical results. This is due to the fact that as the system’s prac-
tical pressure decreased through the heat exchangers, the evaporation
latent heat line on the P-h diagram shifts downward away from the crit-
ical temperature, resulting in a higher latent heat value represented by
the longer line on P-h diagram. Despite the fact that the practical RE is
slightly higher for both refrigerants, the COP is lower than the theoreti-
cal COP due to the unit’s considerable increase in practical input power.
According to the testing results, decreases in practical COP resulted in
a noticeable decrease in overall system exergetic efficiency of 4% to
6%. The findings demonstrate the significance of temperature lifts in



A.Y. Sulaiman, G.I. Obasi, R. Chang et al.

Table 5

The experimental results of the A/C test rig using two working fluids.
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Fig. 12. the percentage error of (a) COP and (b) the input power, as a function of condensation temperature and temperature lift respectively.

determining the COP, the lower the temperature lift, the higher the cy-
cle COP. According to the experimental outcomes, the unit draws less
than 1/3 hP at various condensation temperatures using R290. The find-
ings of the test results confirmed the theoretical results of the technical
and environmental advantages of using R290 as a replacement for the
banned refrigerants. The estimated percentage error values of the COP
at different condensation temperatures were found to be at a tolerance
of +11.6% for R134a. In comparison, the percentage error values for the
COP using R290 was around +7% (Fig. 12).

9. Conclusion

This paper provides a comprehensive numerical and empirical
analysis to assess the practicability of operating an off-grid air-
conditioning bed unit with low GWP refrigerants. The simulation analy-
sis and experimental activities has been carried out using a mechanically
driven single-stage VCC and at different condensation temperatures. To
identify the most efficient and optimal refrigerants, the analysis consid-
ered the energetic and exergetic performance of the mechanically driven
air conditioning unit under various cycle operational conditions. The
primary conclusions based on the experimental and numerical findings
are as follows:

e The thermodynamic and transport properties of the ecologically
friendly refrigerants R600a and R290 are comparable to those of
investigated candidates. In addition to their low GWP values, R600a
and R290 are confirmed as suitable replacement refrigerants for
R134a and R410A based on the higher values of COP and RE at
different operational temperatures.

e The VCC air-conditioning bed-unit system employing R600a as a re-
frigerant would require specific mapping for the minimum superheat
degree to the compressor, thereby necessitating the addition of an
internal heat exchanger to ensure a dry compression process.
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¢ The COP indicates the maximum value for all candidates as the tem-
perature lift decreases. Reducing the temperature lift between evap-
orator and condenser enhances the performance of the system.
Increasing the temperature lift will cause the condensation line to
shift closer to the critical point (dome), resulting in a shorter con-
denser line and a shorter evaporation line on the P-h diagram and,
consequently, a lower RE value.

Compared to R134a, the experimental COP of R290 improved by
2.42 %, with less input work of 2.31 % and greater exergetic effi-
ciency of 2.37 %.

¢ When the condensation temperature increased from 37 to 52 °C, the
experimental exergetic efficiency and the system COP declined by
13.6% and 36.1%, respectively.

After conducting both numerical and experimental tests using R290,
it was found that the system required less than one-third horsepower
to operate, and the 2 x 130 Ah batteries had enough charge to run
the system for 7 h after been fully charged. These results indicate
that the unit is practically feasible.
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