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The research concerns energy saving issues at refrigeration plants in warm tropical areas. The object is to optimize operat-
ing cost of the cold stores for food industries by calculating the energy consumption of refrigeration systems for different
outside temperatures. The compressor energy consumption decreases as compression ratio becomes low for colder outside
temperatures. The determined energy consumption of the fans shows a very small increase when outdoor temperature
increases, thus it can be considered to be constant. The floating HP operating mode shows a better COP than the fixed HP
one. The calculation for several refrigerants i.e. R717, R404A and R22 having been made, the results show that the COP
is better for ammonia than for R22 and R404A. The annual energy gain is at least 600kWh/kW of cooling capacity com-
pared to the fixed HP operating mode. In terms of energy consumption the refrigerant R404A gives the best gain (17 %),
and ammonia does 13 %. Although temperature does not change a lot over the year in the humid tropical areas concerned,
15% energy saving can be predicted with floating condensation pressure control. For industrial refrigerating plant, the
method appears to be very promising and competitive in terms of energy saving, with investment being very small. It can
also permit the design and the management of more environmentally sustainable industrial refrigeration plants.
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HccaenoBanne miapawueil KOHISHCAINH 10 IHEProcoepekeH uio
HA XOJIOAMJIBHBIX YCTAHOBKAX B TPOIMYECKUX pailOHAX

Kano. mexn. nayx T. K. TYUU, kano. mexn. nayk B. LIETHUMOHXAH,
kanod. mexu. nayk I. K. CEMACY, 0-p mexn. nayx JI. B. TAJIMMOBA, xano. mexu. nayk K. JETAH

Hacmosauiee uccnedosanue noceauieno ynepzocoepezarouyum peueHuam 8 Xoua00UuibHblX CUCIEMAX, padomaruiux
6 ycnosusax yxcapkux mponukos. Llenv 3axkniouaemea ¢ onmumusayuu OnepayuoOHHbIX pacxo006 X0i100H020 XPAHEHUA
0713 NUWLEBOTI NPOMBILUIEHHOCHU, UCCNe0Ya ROMPedIeHUe IHEPZUL 6 CUCIEMAX OXTIANCOCHUA 01 PA3IUYHBIX 6APUAL UL
memnepamypul HApyHCHO20 6030yxa. [lompebdnenue Inepzun KOMRPeccopos ymenvuiaemcs, Ko20a KoIguyuenm cyicamus
CHUJICEMCA NPU XO0JI00HBIX HAPYHCHBIX memnepamypax. Pacuemnoe nompeonenue snepzuu 0nsa 6eHmMunAmMopo8 ygenudu-
6aemcs 04eHb HE3HAYUMENLHO C HOOLEMOM HAPYHCHOU MEeMNePamypsvl, HOINOMY, €20 MONHCHO CHUMANb HOCIMOAHHBIM.
Pestcum pabomel ¢ naasarouium oasjieHuem KOHOEHCAyUU NOKA3bleaem yuuiee 3HaueHue NompedieHus IHepZul Ha eou-
HUUY X0T1000NPOU3B00UMETbHOCIU, YeM PEXHCUM C (PUKCUPOBAHHBIM Oasnenuem. Pezynomamul peanuzayuu anzopumma
ona paznuunvix xaaoazenmos (R717, R404A u R22) nokazvieatom, umo eenuuunvl IHEPZONOMPEdIeHUS ABIACMCA JIYY-
WuMU 8 cIyuae UCnoNb308aHUA AMMUAKA O cpasHenuto ¢ xaaoazenmamu R22 u R404A. I'o0o6oe snepzocoepercenue
cocmaensnem, no menvuiei mepe, 600 kBmu/kBm xnaoonpouszeooumensnocmu. C smoit mouxu 3penus xaadazenm R404A
umeem ayuwiuii koagppuyuenm (17 %), a ammuax — 13 %. Xoma memnepamypa ne menaemcsa 3HaUUMeNbHO 6 meuenue
200a ¢ mponuueckux paionax, 15% sxonomusa snepzuu modxcem o6vimy NPEOCKA3AHA NPU UCHONL306AHUU PEYNAMOPA
naagarouieco 0agienus Konoencayuu. /lna npoMulIeHHBIX X0100UTLHBIX YCIAHOG0K INIOM MEmo0 NPedcmagiaencs
6ecoMa nepCcneKmMuHbIM ¢ MOYKU 3PeHUA IKOHOMUU IHEPZUU U KOHKYPEHMOCROCOOHOCIU NPU 04eHb HU3KUX 3AMPAMax.
OH maksice Modcem cnocodcneosams co30anuIo Hoee IK0N02UUecKU COAnNancuposanHblX X0100UIbHbIX YCHIAHOGOK.

Kniwoueewie cnosa: sueprocoepexenne, masatomue HP, oxpansl okpysKaromiei cpebl, OXJIaxIeHue.
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Introduction

With the increase of the world population, nutritional
needs naturally rise. Thus, various methods are used
for the conservation of food in order to reduce food waste. Among
those technologies, preservation by cold is one of the most
effective one, since other methods such as salting, smoking
and cooking can deeply modify the characteristics of the food.
Refrigeration better preserves the original qualities of foodstuffs.
But this induces a high cost: refrigeration industry is a large
electrical energy consumer. According to a report, it represents
almost 15% of the world power consumption [1]. Moreover
the electrical consumption of all the cold positions represent
30 to 50% of the power consumption of a supermarket [2].
It’s reported that supermarkets are the largest energy users
in the commercial sectors. Thus, commercial and industrial
refrigerations are also responsible for considerable Green
House Gas emissions [3, 4]. According to [5], supermarkets
and superstores in the UK are responsible for 3% of total energy
consumption and 1% of total GHG emissions. It’s worthy
noticing that a large part of the energy supply is associated
to refrigeration and lighting. There, the consumption due
to refrigeration is evaluated between 30% and 60% of the total
electricity used, but Heating Ventilation and Air Conditioning
accounts for 25%. Worldwide, 60% of the food cross the cold
during their life cycles. In the context of France this accounts
for 34 million tons of food annually processed by refrigeration
[6], and 10% of the national electricity consumption is for cold
applications in agribusiness. Moreover, for a plant, the power
requirement for refrigeration represents 40 to 80% of the activity.
The cooling capacities installed in the sector of industrial
refrigeration can be of the order of the Megawatt, the equivalence
of 10 000MWh or more for a year. So the agri-food industries
have such energy expenditure that an increase in the cost
of electricity or gas, has a direct impact on their performances
and can even engage their economic sustainability [7].

However in recent years, the problems of climate change
added to the increased of energy prices due to the depletion
of fossil resources, change the attitudes towards energy
expenses, particularly in the area of industrial refrigeration.
Manufacturers want to limit their expenditures, including those
on energy. In line with hat idea, the client will choose primarily

an installation with optimized carbon footprint and energy
consumption (in kWh/m?/year) because the cost of energy
is today, and again more tomorrow, a major component [8].

In African tropical areas cold chain is not always
maintained due to the high cost of energy, the low performance
of refrigeration equipments and, unfortunately, the lack
of cooling appliances.

Depending on energy resources and the economic
level of tropical countries, much care has to be turned
to the improvement of efficient refrigeration systems while
minimizing their operating cost in order to provide populations
with accurate and safe foodstuffs. To achieve this goal any
energy saving method on existent facilities has to be considered
and developed. Thus, the objective of this work is to study
the factors that impact most on the energy consumption
of a cold room and to analyse how to act on the latter to improve
energy efficiency.

We are particularly interested in the reduction of energy
consumption by the so-named floating condensation pressure
or variable high pressure (Floating HP) control. The method
consists in lowering the condensing refrigerant pressure of the air
condenser when the outdoor temperature gets low. The approach
proved effective for regions where temperature variation between
cold and warm seasons is really important, i.e. in Northern
Europe, etc. Therefore much energy saving is possible in winter
as the condensation temperature can be considerably reduced:
the compression ratio decreases resulting in less energy need
for the compression work (figure 1). Chan and Yu confirmed [9],
that reducing the condensing temperature improves the chiller
efficiency. They also reported that more condenser fans should
probably run to enhance heat transfer of the condenser in order
to low down the liquefaction temperature.

In winter time, the minimum condensation temperature is
generally limited to 20°C for technical reasons. Multi orifice
or, to a certain extent, electrical expansion valves are revealed
suitable for accurate control.

However, these considerations are not entirely applicable
for tropical areas because outside temperature variations are
weak all along the year (there is no winter). The literature
does not communicate about the feasibility of energy saving
in hot tropical countries by modulating the HP according
to the weather.

ozt Table 1
Decade report on outside temperatures
and sunshine duration
| — 1 Monts Min temperature, Max Times
°C temperature, °C of sunshine, h
? I I Januay 24 31 214
Ry : ! February 25 32 210
| March 26 32 223
£ April 26 32 219
| 1 May 25 31 214
£ June 24 29 141
, | h July 24 28 136
— August 23 28 149
—pl September 24 28 165
October 24 30 208
Figurel. Scheme of fixed and floating High Pressure: 1 — Fixed November 24 31 243
HP; 2 — Floating HP; 3 — compression works December 24 31 223
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A typical temperature variation is shown on tablel.
The report is the result of a recent decade observations
of the weather. The shape appears almost regular in the year
with two singularities for each month: a minimal temperature
corresponding to mornings and nights and the maximum
temperature is the one that appears with sunshine. The monthly
sunshine time is also mentioned on the table.

The mean temperature variation is about 6 °C and is met
almost every day in the year. As nights and mornings are
less warm, condensation pressure can be lowered to enhance
performances.

Description of the method

1. Overview of floating HP

The energy bill that is inherent in the operation of cool-
ing appliances, far from being negligible, can be lowered
(25% gain is expectable in European countries [10]) by drop-
ing the high pressure when outdoor conditions are favourable,
with potentially significant gains in winter and in mid-season.
Instead of maintaining year-round temperatures of conden-
sation from 40 to 42 °C, corresponding to summer operation
type (or «fixed» condensation pressure control), those tem-
peratures can be set from 25 to 28 °C a large part of the year.

The implementation of floating HP brings several ad-
vantages:

o
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Figure 2: Principles of floating HP control: 1 — Controller;
2 — fan motors; 3 — pressure sensor; 4 — air cooled-condenser;
5 — temperature sensor
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Figure 3. Control of HP (air condenser)

— increased refrigeration capacity, while compressors
need less energy.

— The improvement of the lifetime of facilities: com-
pressors operate under relatively smaller compression ratio.

— A decrease of the power released on the condenser;
linked to the variation of speed, it allows to limit the num-
ber of starts of the motors and to save on the consumption
of the fans.

— Less clogging of the condenser.

— The velocity variation and floating HP may be eligi-
ble to ECE (energy saving certificates) in France, an official
financial grant attributed to support the improvement of en-
vironmentally efficient equipments.

The implementation of floating HP is simple and cheap. It
just needs a controller, an external temperature sensor, a high
pressure sensor, some pressure switches or speed variators.
A scheme of the mounting is displayed on figure 2. Techni-
cally, on an air condenser, the control of HP results in the ini-
tiation in cascade (staged control) of the condenser fans, as
shown in the graph 3. However, in the industrial refrigeration,
air cooled condensers are little used for the benefit of evapo-
rative condensers due to their high power. Even in that case,
the control is also a cascade, but it’s the spray pump that makes
the first stage (till 50%). The performance from 50 to 100%
is achieved then by the fan via a speed variator (figure 4).

2. Implementation of floating condensation in tropi-
cal countries

Air cooled condenser are controlled according to two
principles:

— Fixed high pressure control (to maintain a large val-
ue of pressure difference between upstream and downstream
sections of the expansion valve for a good filling of the evap-
orators with refrigerant); but the huge energy consumption
of compressors even in cold weathers is a penalty.

— Another more interesting alternative is the float-
ing HP. The purpose is to set the HP as low as technologi-
cally possible according to the weather. A well proven val-
ue for this can be:

T.=T, .. 10K, with (T, >20 °C to permit technologi-

outside

cally a good ‘feeding’ of the evaporators, according to the law):
Py~ Po . — —
=K, |2 withp =f(T,) and p, =1 (T
0, =K, density p,=f(T)and p,=f(T))

A

100% =

50% |

>

Figure 4. Control of HP (evaporative) condensair) condenser)
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The lower limit 20 °C for 7, makes sure a correct oper-
ating of the system even for colder climate. At that limit val-
ue, the refrigerant’s volume flow through the expansion valve
Q,is minimum, but as 7, decreases, the trend for the cooling
capacity does not decrease.

As the temperature does not vary a lot in the considered
site, we made the following assumption: for a given month,
T corresponds to the temperature when the sun shines (its
mean duration has been measured and published by the lo-
cal meteorological station), otherwise 7= 7 . . Thus, the con-
trol of the high pressure can be considered, for a first eval-
uation, as a switch from HP__ (sunshine) to HP . (no sun-
shine) as following:

T +

- -+ T
if Toulsidc < %, then HP = pv(T;cmin) =HP . s

min

else HP = p (1,,.)=HP

max

The cooling capacity is set to the unit value 1 kW. We
did not feel the need to choose a large number even if we
were dealing with industrial or tertiary plants. The point was
to examine the feasibility of the concept and the behaviour
of parameters (COP, energy consumption for the unit cool-
ing capacity)

The algorithm of the calculations is presented on fig-
ure 5. We made further assumptions as:

— Evaporation temperature: — 18 °C (being constant);

— Useful superheat = 5 K and total superheat = 10 K;

— No pressure loss;

— Investigated refrigerants: R22 (still allowed in main-
tenance of equipments in Sub-Saharan Africa), ammonia
(R717) and R404A;

— Reciprocating compressors and air cooled condensers;

— The total energy consumption is the addition
of the consumptions of compressors and fans.

Results and discussion

The annual variation of the liquefaction temperature
shows an average value of 34 °C for 7, . with a standard val-
ue of 2°C,and 40.3°C+2°Cfor 7, _ (figure 4).

Converted into saturated vapour pressure, values vary
according to the nature of refrigerants (R717, R404A, R22).
On the graph, for each month, the long bar corresponds
to the temperature when sun shines. The gain in energy is
noticeable when the high pressure is reduced to HP . accord-
ing to outdoor temperature (figure 6). The longer bars are as-
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Figure 7. Energy gain with floating HP (with R4044)

Define for each month: Ty , fmin, Timax aNd Zrax

l

v

TKmin 5 Tmin, TKmax and Tmax

I

Nis = 0.9(1-0.04HP/LP)
then determine the refrigeration cycles

!

Qm 5 Pcp 5 PK: Pcvap+ Pcp and chnt

l

Pvent = (QventAP)/nyem B Pt()ta COP

A 4
WFlo = Ptot,min-tmin+ Ptot,max~t1nax B

Wrix=0.365%24*P, [kWh]

Figure 5. Algorithm of calculation
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Figure 6. Variation of T, over the year

sociated with HP . The phenomenon is recurrent all along
the year (figure 7), although duration of HP__, i.e. sunshine
time is smaller than the occurrence of HP . (night and early
in the morning, or with cloudy weather).

The power consumption of compressors increases with
the outside temperature, P, _changes very slightly (figure 8). This

f
feature strengthens the usefulness and the validity of the method.

A=
._—-._—" ,;‘\‘,—"-'
TS Sk dhuing

Y
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Outside temperature °C
o= @== Pcp KW o=y Pfans kW ==@ -Ptot kW

Figure 8. Evolution of powers vs. T

outside
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Figure 9. Influence of the nature of fluids on performances with
floating HP

Table 2
Energy consumptions and economic comparisons
Parameters R22 R717 | R404A

Annual consumption with floating
HP (KWh) 4110 3938 4420
Annual consumption with fixed HP
(kWh) 4794 4534 5312
Gain in kWh 689 595 892
Gain % 14 13 17
Gross profit XOF 137800 | 119200 | 178400

The COP of the refrigeration plant has been performed
for several refrigerants taking into account HP control as afore-
mentioned. For the three fluids investigated the coefficients
of performance vary between 1.65 and 2.34 (figure 9). Am-
monia achieved the best score, followed by the HCFC R22,
even if out of date today for new equipments. The COP de-
creases as outside temperature raises up, as predicted.

Comparisons are made between the fixed HP operating
and the modulate HP one (all over the year). The results are
summarized on table 2. Obviously performances are better with
floating HP. The annual energy consumption is lower for ammo-
nia. But the intrinsic energy gain is better for the HFC R404A.
The results, as expected, are not as good as it can be in colder
countries. However, a mean energy saving of 15% is expect-
able. It’s an interesting perspective for industrial refrigeration
plants. The estimated cost of the implementation of floating HP
by unit cooling power (1kW) is evaluated to 250 kXOF. Thus,
the return time for the investment can be less than 2 years.

Conclusion

In the current economic and environmental context,
energy saving solutions are becoming increasingly popular.
Throughout this study, it appears clearly that the floating HP

is an effective technique even in warm, humid African coun-
tries, and this all along the year.

The cost relating to the implementation of this method
varies, of course, according to the size of the installations.
However, very significant energy saving can be made with
the approach (— 15%). This is a solution with a good return
on investment for refrigeration plants, even in Africa. A proper
focus and a good management of floating condensation control
help to achieve a good continuity in the cold chain, to limit
food waste and thus provide a good alternative to the problem
of food insecurity. Moreover the method contributes to the re-
duction of the environmental footprint of equipments.

Subscripts:
Cp — Compressor; m — mass; evap — evaporator; min — minimum;
is — isentropic; max — maximum; Fix — fixed; 0 — for Low pressure;
Flo — floating; v — volume, vapour, or valve; k — condenser; vent —

fan.
Nomenclature
Symbols Units Denominations

h kJkg! Specific enthalpy
(0] m’s! or kgs™! (Volume or mass) flow
p Bar or Pa Pressure
P W or kW Power
t s Time
T °C Temperature
w kWh Energy consumption

XOF franc West African money
n — efficiency
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