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Solar air conditioning systems
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Abstract

The solar photovoltaic air conditioning system
was built successfully with all of its part which
includes the inverter which converts the current
from direct current into alternative current to pass
it then to the transformer which increases the
voltage on the expense of the current to reach the
required voltage and definitely the power to
operate the sysiem.

The performance of any mechanical system must
be evaluated to make sure that the system works
successfully, in air conditioning design the COP
(Coefficient Of Performance) must be calculated
and here we got COP for the system about 5.1 and
comparing it with another works, the computer
program gave a result for the COP equals to 4.2
which is nearly the same taking in consideration
that our systems data were taken for a period of 24
hours and the average of them were taken as the
final results.f1-2]
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Fig. I Schematic Photovoltaic-air-conditioning
sysiems

A DC-t0-AC or AC-to-DC converter might
be needed, either to convert DC current from the
PV.-cells to AC for driving the heat pump, or if a
DC-powered heat pump is used, to convert AC
grid electricity to DC.

Some advantages of this architecture are that
off the shelf products can be used, even for very
small systems. COP,, can be rather high (0.25-

0.56) and since they often use high COP vapor
compression heat pumps their COF,,, is equal to

the COP of a conventional vapor compression
system. Excess power can easily be used in the
internal grid or sold to the public grid.
Deceniralized systems can be used. An already
existing  conventional  system, even if
decentralized, can easily be converted to a solar-
assisted system by simply adding PV.-cells to the
internal grid.

The great disadvantage of PV.-air-conditioning is
the high cost of the PV.-cells. At current prices
this system cannot economically compete with
heat driven systems other than for small-scale
systems. For small systems they are almost
equally expensive.[3-4]

The most attractive, where a public grid
exists, seems to be to build the system as a solar-
assisted system, especially since it would be very
expensive to cover the whole load with PV .-cells
because of their high cost. If the system would be
built as a solar autonomous system some kind of
storage, either batteries or cold storage, might be
needed. Because a vapor compression system can
produce temperatures below 0°C with rather good
efficiency an ice-storage could be considered.

Experimental work And Design

The A/C unit consists of four basic parts these
are; a compressor, an expansion valve, an
evaporator and a condenser, we also showed for
every part of them; how it works and what the
phase of the working fluid through every part is.
However, in designing this unit the designer must
know what is the usage of his wortk, for example
the size of the evaporator depends on the volume
of the room and the power needed for the
compressor depends on the size of the evaporator.

Our system contains also an electrical part; it
consists basically of a photovoltaic cell, an
inverter, a capacitor, a transformer and a power
storage unit (battery).



Mansoura Engineering Journal, (MEJ), Vol. 35, No. |, March 2010.

Here we designed this unit according to many
parameters; air conditioner is enough to maintain
a small room of 12 m3 volume under a
temperature range of 22-25 °C (according to the
outside temperature).

Mathematical model

As we mentioned that our work is not only an
air conditioning unit, it is also a zero operation
cost unit, we used the solar energy to operate this
system and the solar energy is free specially in the
days which the air conditioner must still working
to stay under a comfortable temperature.

The main part in the A/C which needs high
power to be operated is the compressor; it
consumes about 90% of the total electrical power
needed for the operation of the system, so we used
the photovoltaic cells to operate the compressor
and the other electrical parts of the system to
support its operation, when we designed it we
decided that the minimum capacity of the
compressor that would produce the maximum
power should be one fifth horse power, this
amount of power could be produced from a
photovoltaic cell but we still need to calculate the
area of the PV cell that will produce this power,
here is the calculations:[5-15}

Components background [12-15]

Mechanical parts.

In this section we will explain each
mechanical part and the principle of it and more
information which help the reader to understand
the system taking in consideration that the reader
doesn’t have to be a mechanical engineer.

1. Compressor: Leaving the evaporator the
refrigerant is a gas at a low temperature and
low pressure. In order to be able to use it again
to achieve refrigerating effect continuously, it
must be brought back to liquid at a high
pressure. The first step in this process is to
increase the pressure of the refrigerant gas by
using a compressor. Compressing the gas also
results in increasing its temperature.

2.Condenser:

Figl: The compressor used in the system

The condenser is also a heat
exchanger which used to liquidize the working
fluid coming from the compressor, through the
condenser the refrigerant ‘goes' from hot high
pressure mixture to hot high pressure liquid by a
condensation process happens by the rejection
of the latent heat from the refrigerant to the
outside atmosphere and then it is being sent to
the expansion valve,

Fig2: The condenser used in the system

Heat gain to the air that goes through the
condenser coils will be explained here;

The heat gain to the air equals:

Qm’r = "r”a:r * CPM ’ (I;.n - Tour}

Where; Qg is the heat gain to the air, My, is
the flow rate of the exit air from the condenser
fan, CP,, is the specific heat of the air at a
constant pressure, (Tin —Tou) 15 the tcmpera[ui‘e
difference between the inlet and the exit air
through the condenser. [11}

er?} = niﬂlua *CPR“H“ ’ (?:n - T:Jur)
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Where; Qriws is the heat removed from the
working fluid (R134a), Mg s is the flow rate of
the working fluid through the condenser coils,
CPRia4a is the specific heat of the refrigerant at a
constant pressure, (Tin — Tow) is the temperature
difference between the inlet and the exit of the
condenser.

3.Evaporator:If you set in front of an air
conditioner you will feel the cool air touching
your skin; this cool air comes from the
evaporator which absorbs the heat from room’s
air and drops its temperature. The evaporator is
a heat exchanging coil which the refrigerant
flows through in a mixture phase of gas and
liquid with a temperature range of (-8 to -10),
with a simple fan behind the evaporator we can
exchange heat between the cool coils and hot
room air to decrease its temperature, after the
evaporator the mixture become totally
vaporized.

Fig3: The evaporator used in the system.

Heat removed from the air that goes through
the evaporator equals the heat gain to the
refrigerant.

The heat removed from the air equals:
Qa.‘r = maufr * CP., ! (I;n - Tour)

Where; Qs is the heat removed from the air,
m,; is the flow rate of the exit air from the
evaporator, CPg; is the specific heat of the air at
constant pressure, Tin — Tou is the temperature
difference between the inlet and the exit air
through the evaporator.

Oz = Mpisae * Co, (T~ 1)

Where; Qriaa is the heat gain to the working
fluid (R134a), MRgj34. is the flow rate of the
working fluid through the evaporator, cpprjas, is
the specific heat of the refrigerant at constant
pressure, Ti, — Tou is the temperature difference
between the inlet and the exit of the evaporator.

Expansion valve: After the refrigerant being
compressed by the compressor its phase is
changed into the liquid state at a relatively high
pressure and high temperature then it flows
though a restriction, called the flow control device
or expansion device. The refrigerant loses
pressure going through the restriction, the pressure
after the expansion device is so low that a small
portion of the refrigerant vaporizes into a gas but
in order to vaporize, it must gain heat, thus
cooling the mixture and resulting in a low
temperature and that is the goal of the
refrigeration process.

Figd:Typical expanyion valve,

4.The filter: It is an important part of any

refrigeration unit which has a small parts of
silica gel, the silica gel is a desiccant used to
absorb the humid particles and impurities from
the working fluid and it also supports the
condenser to completely liquidize the
refrigerant. g

Fig5: The filter used in the system.
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Electrical part:

The clectrical part is very imporiant to
complete our work, so the explanation of the
electrical devices we used and the characteristic of
each one are shown here.

1. Photovoltalc analysis:{2]

We explained in a previous chapter the
photovoltaic cells and we showed how it works
and its components, here we will explain the
characteristics of the PV cells we used in this
system.

Fig 6: Photovoliaic cell characteristic.

Figure 6 shows the characteristic of o
cell, it produces 21 V in short circuit conta
17 V in full load contact ant it also shoy
corresponding current for each voltage.

The straight line shows that the suitabl
is that which the voltage been 17 V ar
current 3A.

Tranasformer

These data here are for one module, we used
in our system 8 modules each 4 modules were
connected in one array which have an area of |
square meter. In one array -as we said- every
module produces 17 V and 3A, so if we connected
the modules in one array together in paralie! form
we will produce 12A and 17V and if we
connected them in series form we will produce
68V and only 3A, but these data is not suitable for
our system because the characteristic of the other
components do not accept these data, so in each
array we have connected every two modules in
series to produce 34V and 3A and finally these
modules will be connected in parallel to have 34V
and 6A. Figure 11 shows the connection of the
modules in one array.

2. Inverter analysis:

PV mrmay

1, March 2010. M. 11

The basic function of a solar powered inverter
is to convert the direct cumrent into alternative
current. Solar panels generate “direct current”.
But the electric motor inside the compressor runs
on altemative current, current flows from a
battery or solar cell on one direction, but an
alternative cwmrent streamn reverses direction 50
times each second, then we get the alternative
current we need.

3. Transformer analysis: Electrical transformers
used to transform voltage from a lower voltage
1o a higher voltage or vice versa. The principle
of magnetic induction between coils makes it
possible.

A transformer  basically consists of a
ferromagnetic core and two coils called
"windings".

System block diagram:

System Block Diagram

Ww vy
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Expander
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"Compressor

Fig 8 Swstem block diugram
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Fig 9: Vapor compression cvele {2
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Refrigeration calculations

P‘;M;s . CRTCAL PONT
Calculations of refrigeration cycle
3 CONDENSER, 2
HEAT REJECTION
Qemp = Qc\ap = M(hl -h,) COuPRESSER
Where Qe is heat loss from the evaporator, 4—;“;";“;;10 f
Qcap is the refrigeration capacity, M is the mass G
flow rate , h)is the enthalpy of the gas exited from e o
the evaporator and hs is the enthalpy of the . ) o A TR _
refrigeration(liquid) entered to the evaporator Fig 10a: P-h diagram for a refrigeration cycle

Qeont = My ~ by} The process between position 1 & 2 is isentropic
Where Q. is the heat rejected from the Process (constant s) as we see in figure 10b.

condenser , h; is the enthalpy of gas exited from
the compressor and hy is the enthalpy of liquid

exited from the condenser. .
W, = My~ ) > -
=4 13
W is the specific work of the compressor. R ? CONSTANT ISERTROPIC PROCESS
A ’ B ermeloy CONSTANT ENTROPY
Power of compressor = specific work of compressor * L / Mg
M S L * [ l\\
Sample of calculation: i
Temperature of refrigerant in the condenser is Fig 10b: T-S diagram for a refrigeration cvcle
35°C and the temp of refrigerant the in evaporator )
is S, = 8,= 1.7319 From tables of thermo dynamic
-10°C. { super heated) and using interpolation method
Teona=35°C.  Tewap=-10°C. KJ

h ;= 420.6546 E
And from thermodynamics tables,

AL T | =-10°C the enthalpy at this point hj=h,= W‘""’P"= hy b = 420.6546 49228

392.28 KJ/Kg
L =728.374 K7
At T 3=35°C  the enthalpy at this point hs = hy Kg
=249.1 KI/KG
Refrigeration effect = h;-hy
And from fig 10a hz=hy
Refrigeration effect = 392.28 — 249.1

- 14318 &L
Kg

Compressor Power=( 1/5 )hp

And | hours power = 0.7457
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(1/5) hp =0 .14914 kw

Compressor Power = Compressor Work * M .

M= 0.14914 =0.00525—K£
28.374 5
Qnap:cho =M(h|—h4)

=0.00525 ( 392.28 - 249.1 )=0 . 75169 KW.
Knowing that 1 ton refrigeration = 3.517 KW
1 HP=0.75169/ 3.517 = 0.214 ion refrigeration

Refrigeration effect

CoefTicient of performance =
Compressor work

copohh _ 39228-249.1
hy~h  420.654-392.28

= 5.0461

That means that the quantity of refrigeration effect
equals 5,0461 times of the compressor work.

Design calculations:

eleciric parts analysis:

1. photovoltaic calculations:

module

34V
G A

Fig 11: The arrangement of one module.

We have two arrays, so if we connected these two
arrays in parallel form the overalf output from the
PV cells will be 68 V and 6 A.

M. 13

The arrangement shown in figl 1 could be written
mathematically as the following;

Vorey =V +V, 0t ¥y +V, ... the summation of the
series module voltages

=17+17=34V
lpgy =1+ 1 ... the summation of the parallel
module amperes

=3+3=6A
And,
v,

oot = 2%V, =2%34=68V,
Because we connected them in parallel.
And,

Iramf = I

array

= 6A , because we connected them
in parallel.

Power produced from these two arrays:

B = ey ¥V oy =6 %34=204 W
Ppy=2%F,., =2%204=408W

But here we had a problem which the current
produced from the PV is a direct current (DC) and
when we searched for a compressor works on a
direct current we found the characteristics of them
do not mach what we want to operate, now we
have either to find a suitable DC compressor or fo
convert this current into alternative cucrent (AC).

To convert the direct current inte aliernative
current we must use a device which called inverter
to make the current usable in the system.

2. I‘n verfer analysis: [9]

Efficiency of the inverter: Linv= 98 %
Final power = powergy * Liny
=408 * 98% = 400 W

408 W Inverter
98%
6A DC Efficienc

¥
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3. Transformer analysis:

When power goes through the primary winding
then it will generates in the secondary winding the
same power but in different values of voltage and
current according to the following equations:

VIi*N =V N,
Or V2=V|*(N1fN2)

(Ni/Ny) is the factor which converts the voitage
produced from the photovoltaic to 220 V but the
current will become low. [9]

Here we designed the transformer to have (N, /
N3) equals to 3.2353, by making the primary and
the secondary winding 220 and 68 respectively.

V,=68 *3.2353=220V
And,
Pin = Pou
U * (P V)ie= (I¥V)our . 0.98%6 * 68 =, * 220

low= 1.8182, for ideal transformer.

but in this case the efficiency of the transformer
could be calculated by:

llransformcr = Poul /P n

And when we passed a power of 400 watts
through this transformer we had 320 watls as an
output,

Uransfoemer =320 7 400 = 80%

we can now find the current output for the
transformer,

loul = ltransfonncr * ligen = 0.8 * 1.8182 = 1.4545
A

As Power is a constant, the current in the
secondary winding will be less.

Our system needs power to be operated and this
power is divided by each electrical device and it is
explained as following:

The compressor needs 149 W

Evaporator blower needs 85 W

Condenser fan needs 35 W

Total power is equal to 149 + 85 +35=269 W

And we have 320 watts so the electrical power can
operate the air conditioner and there is an excess
power could be used in other mechanical system
to support our air conditioner like flow leader to
move the air all around the room.

Fig 12: The transformer.

l Transfo | \

rHer

| 0.98 * 6 Ampere ¢ 1.4545
804’ Ampere
Efficien 20 Volt

68 Voli
| / cy

Mechanical parts analysis:
Condenser design:

To design the condenser we have to follow these
steps [1]

1. Calculate the heat rejection ratio (h.r.r).

h EL= errdenur

evaporator

h.r.r is the heat rejection ratio,

1
h.rr=1+4 "
c.0.p

c.0.p is the coefficient of performance.

1
hee=1+—
5.04
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harr=1.1984. The resistance of the tube = —/-Y— Lo ,
i D 2'(Din + Dom‘)
2. calculate  heal transferred  from  the % i the thickness of the tube
condcnser. . (0.01-0.008)/2 10
390 g+1c)/2
Q cond = h.r.r * Q evaporator, ) k( Y
_ = 0.000002849 -
Qconp = 1.1984 * 0.75169 ”
To calculate the air side heat transfer
Q conp = 0.9008 KW coefficient &1, , we use the air properties at T=
24° C.

3. Calculate the overall heat transfer & D ST

coefficient of the condenser h,, =0.023———(" P,,,,)o,s[ P#]
dinner  u k

1 X ! WD,

Us—¢-t 1.578x107%
b =0.023 ———
hmf mm harr Dom oir 0 023 0.008
L
H gy = 0.725. (gpzhfgk’ yi ( 4{0.008) (1.1 2))"‘B
" nd 1.857x10~%
=7 (1004( 1.857% 10““5))0'4
v
' -5
1-0.8571 at 35°. 1.578x10
1 = 0.3551. w/m2k
08571
=1.1668 Kg/L = 1168 Kg/m3 Where k is the conductivity of air, V is the air
is the density of refrigerant fluid ( r-134a). velocity, D is the inner diameter of the pipe ,  is
hg= 168420 3/Kg at 35° C from thermo dynamic the viscosity of air .and Cj; specific heat at
tables . constant pressure.

K =0.0741 is the conductivity for the gas r-134a ~ The overall heat transfer coefficient is.
from heat transfer tables. ‘
=1.7535 x 107 is the viscosity for the gas 1-
134a from heat transfer tables .
t= 5 is the temperature difference between the
vapor and the tube.

U, = (1/2584.6) +(0.000002849)

+(1/0.3551)*( 0.010/0.008)

N = 3.23 average number of tube . U.=390 wim™2.k

D =the r diameter .
the oute 4. Calculate the Area of the condenser| 12]

9.81*1166.8*168420* (0.0741)° *

Higgr = 0.725 !
hEF 7535107 *323% 001 Qs = Uy T
w
=2584.6 —
m’ k _((35-21.5)-(35~26.5)) .
ma 35-21.5 —1oL=C.
The conductivity of copper is 390 w/m .k In 35_26.5

0., =390* A* 10.1
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ot -_J008 0.2286 m’
390*10.1
Length of the tube.
0.2286

e = =0.4578 m.
16 tube *(0.010x#)

Payback period

Every useful work must return to his owner
his money back in a certain time; so in our case
we will get our money back by the reduction to
the electric power consumptions expenses.[l6-
18].

A successful work should provide a Retumn
On Investment (ROI) in a time frame that gives
the manufacturer a decent revenue. This work is
based on achieving this goal by the reduction of
the electric bill.

Here we show the average home used energy,
as we see from figure 13, the amount of energy
used for cooling is about 12 % of our (otal electric
consumption.

HIN0R MichasiBlusjey comifaleciriciny

Figure 13 Average home vsed energy

If we assume that we have an air conditioning
unit that has a power of 1440 watts (homogenous
window unit AC) and it is operated for a certain
period during the day, it will consurne an amount
of electricity proportional with the duration of
operation.

In Jordan the average cost of clectricity is
0.07 JD for each kilowatt hour, and the payback
period could be calculated from the following
equation.

4= T
C*¥D*N*pP*S

Where: A is the payback period in years, T is
the total coast of our work, C is the cost of
kilowatt hours in JD, D is the duration in hours
per day, N is the number of days in a month, P is
the power of the electric device we used in
kilowatts and S is the number of months we
operate this device.

in our work these variables are:

T=1200JD
C=0.071D.
D = calculated as variable in the table below.
N =131 days

P = 1.44 kilowatts
S = 4 months per year

And here we show in table 1 the payback
period for different working hours for the air
conditioning unijt assuming that we have 1440
watt unit.

Table 1: paybhack period for several duration
for operation of this system

Duration of Money Money Pay back
operation consumed for | consumed per | period
{hours per electricity season 4 (years)
day) per month months' (JD)
(JD)

10 31.15 124.6 9.6

12 37.38 146.52 8.02

14 4361 174.44 89
conclusioi:

The results of the calculations show closed
values to the theoretical values that was needed to
be obtained, and that shows that the system is
working properly and the needed results were
obtained.

The main objective of the work is to eliminare the
electrical cost used to run the air conditioner

The output of the PV cells will be 68 V and 6
A 50 we can use our result to run the air
conditioner.

" Assuming we use the conditioner 4 months a year,
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Afler running our air conditioner the result
were as efficient as we want, for example we had
a coefficient of performance equals to 5.046
which is very acceptable answer comparing with
other air conditioning systems, and we had a
refrigeration capacity equals to approximately one
fifth ton of refrigeration, knowing that our system
is a2 sample design for an air conditioner; this
answer is encourages us to enlarge this system to
use it in a bigger volume.
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