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Abstract: Industrial compressed air systems are generally considered inefficient, with end users consuming only
10% to 30% of primary energy. Therefore, the inefficiencies of these systems must be minimized. By improving
compressed air components and systems and using them correctly, you can save 20% to 50% on electricity,
reduce costs, reduce downtime and increase productivity. A relatively large number of measures and activities
can be implemented to reduce energy consumption in compressed air systems. The purpose of the work is to
present the process of analyzing the use of waste heat from an air-cooled compressor for space heating in an
industrial company. The method is applied to a case study of an industrial company in the food industry. The
utilized waste heat presents 36.6% of the total electricity consumed by compressors in the facility. This energy
efficiency measure saves more than 3% of the total heat consumed in the company while the payback period is
less than 7 months.
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1 INTRODUCTION

Compressed air has a very wide application in industry. Many production plants, from small craft workshops to
large industrial plants, use compressed air in two ways: as an energy transfer medium and as a part of the
process when the air comes into contact with the product. Compressed air is widely used in industries such as
general manufacturing, automotive, food and beverage, plastics, chemicals, pharmaceuticals, semiconductors
and electronics, agriculture and farming, and construction [1].

Compressor operation requires a substantial quantity of electrical energy, and compressed air energy expenses
account for a significant portion of total energy costs in the majority of industrial companies [2]. Industrial
compressed air systems are generally considered inefficient, with end users consuming only 10% to 30% of
primary energy [3]. Therefore, the inefficiencies of these systems must be minimized. By improving compressed
air components and systems and using them correctly, one can save 20% to 50% on electricity, reduce costs,
reduce downtime, and increase productivity [4]. A relatively large number of measures and activities can be
implemented to reduce electricity consumption in compressed air systems [2, 5, 6, 7].

Besides, additional savings in heat energy consumption in industrial facilities can be achieved by using the waste
heat generated in the compressor cooling process. Using cooling fluids (water [8] or air [9]) in a well-designed and
constructed heat regeneration system, an industrial facility can utilize up to 50% to 90% of this waste heat for
various purposes [10]. It is estimated that about 15 kW of thermal energy is available for every 500 I/s of
compressor capacity (at full load) [11]. The most cost-effective technique to recover the heat is to use it for space
heating. It requires an air-cooled compressor through which the cooling air is introduced and heated. This heat
recovery method is cost-effective since it recovers all heat, including radiated heat in the compressor. The heated
cooling air must be routed through a duct system to the consuming area. In most factory environments, the noise
produced by compressors and any reduction in the freshness of the recovered air typically go unnoticed.
However, in more sensitive working areas, such as IT assembly zones, it may be necessary to consider sound
attenuation and air filtering measures [12]. This type of heat recovery can only be employed during the heating
season. In the non-heating season, the waste heat is discharged to the outside environment. In general, the
payback periods of using waste heat recovery for space heating in various industrial companies are usually very
short (often less than one year [13]).

Considering the above, this paper considers the utilization of waste heat from air-cooled compressors for heating
purposes in an industrial plant in Kragujevac, Serbia.
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2 METHOD

The method applied in the paper is presented in Figure 1.
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Analysis of waste heat recovery options
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Economic analysis
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Figure 1: The method for estimating the potential of waste heat utilization from industrial air-cooled compressors

The first step considers estimating annual electricity consumption E [KWh] of a compressor using the following

equation:
n
E=Zli-U-\/§-cos<pi-1i-1O_3 (1)
i=1
Where:
n[-] - number of working regimes of a compressor,
I; [A] - air compressor motor current (average measured value for all three phases) in the i-th operating
mode of the compressor,
U [V] - three-phase voltage (400 V adopted value),
cos; [-] - power factor at the i-th operating mode of a compressor,
7; [h] - estimated annual engagement of a compressor in the i-th operating mode.

Detachable Jaw True RMS AC/DC Clamp Meter Fluke 365 was used to measure the current (Figure 2). The
Fluke 365 is a robust handheld meter with detachable clamps, intended for measurements in facilities with difficult
access. Current (AC and DC), voltage (AC and DC) and resistance can be measured with this device.

Technical specification (current):
Range AC - DC 200 A
Resolution AC-DC 0,1 A
Accuracy 2%

Figure 2: Clamp Meter Fluke 365

The nominal value of the power factor is adopted based on the manufacturer's data shown on the nameplate of
the electric motor of the compressor. If the compressor load significantly deviates from the rated, the power factor
change is determined using the diagram typical for 3-phase induction motor shown in Figure 3.
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Figure 3: Variation of electric motor power factor with load change

The second step is to determine the thermodynamic properties of hot air at the outlet of the cooling system, which
involves measuring the air temperature and flow rate. The measurements were performed using an ALNOR
CompuFlow 8525 thermal anemometer, Figure 4. ALNOR CompuFlow 8525, enables the measurement of air
speed and temperature at several points in the ducts. Using measured air speed data in several points of the
cross section of the outlet cooling channel and knowing the geometry of the canal, the volumetric flow rate is
calculated.

Technical specification:

Temperature range 0-70 °C
Resolution 0,1°C
Accuracy +0,3 °C
Air speed range 0,1-10 m/s
Resolution 0,05 m/s
Accuracy +2,5%

Figure 4: ALNOR CompuFlow 8525 Thermal Anemometer

The analysis of waste heat recovery options first assumes the identification of a location where waste heat can be
utilized. The required temperature and heating period are specified for the location. The distance from the outlet
to the recovery location and the layout constraints are also determined. These parameters are necessary for
designing the duct layout considering the shortest and most efficient path. Finally, the SOLIDWORKS Flow
Simulation, a computational fluid dynamics (CFD) solution built into the SOLIDWORKS 3D CAD, is used to
analyze the pressure and temperature drop in the duct line. A temperature analysis is necessary to determine the
temperature of the air available at the location, while a pressure analysis should determine the necessity of
installing an additional fan in the system.

The total amount of available waste heat WH [kWh] can be calculated from:

n
WH=Zqi'p‘Cp‘(ti—tS)'Ti'%Ti'10_5 (2)

i=1

Where:

p [kg/m3] - air density (adopted value 1,1 kg/m? for the temperature range 20-50 °C),

q; [m3/s] - volumetric flow of cooling the air in the i-th operating mode of a compressor,

C,[J/kgK] - isobaric specific heat of air (adopted value 1000 J/kgK for the temperature range 20-50 °C),

t; [°C] - air temperature at the duct outlet (heated room inlet) at the i-th operating mode of the compressor,
ts [°C] - heated room temperature,
7; [h] - estimated annual engagement of a compressor in the i-th operating mode,

%t; [%] - percentage of compressor working time when a heat recovery system can be used.

The final step is economic analysis, which includes calculating investment costs, estimating energy savings, and
calculating a simple payback period.
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3 RESULTS WITH DISCUSION

The proposed methodology was applied in a margarine processing company located in Kragujevac, Serbia.
Compressed air is used in the company as an energy transfer medium for various pneumatic actuators, as well as
to package the finished product. Two oil-injected Atlas Copco GA11 d1 rotary screw compressors are used. Both
compressors operate in the load-unload mode. The waste heat generated during cooling is not utilized within the
facility but instead is released outside through an opening in the outer wall of the compressor station (Figure 5).

Figure 5: The compressors at the production facility

To estimate the amount of electricity required for compressor operation, data on their annual time of engagement
in full load and unloaded modes were taken from the control unit of the compressors. The currents were
measured on several occasions and then the measured values were averaged. Using equation (1), the estimated
annual electricity consumption of compressors is about 61.8 MWh (Table 1).

Table 1: Estimated annual electricity consumption of compressors

Compressor 1 2
Annual engagement - loaded [h] 1588 1518
Annual engagement - unloaded [h] 1121 1440
Total annual engagement [h] 2709 2958
Measured current - loaded [A] 22
Measured current - unloaded [A] 15

Nominal power factor (cos8) [-] 0.85

Power factor - loaded [] 0.85

Power factor - unloaded [-] 0.81

Annual electricity consumption - loaded [kWh] 20,574 19,667
Annual electricity consumption - unloaded [kKWh] 9,436 12,121
Total electricity consumption [MWh] 30.010 31.788
Total electricity consumption for both compressors [MWh] 61.798

The cooling system of the compressors includes an axial fan. The average measured speed at the outlet cross
section (0,6 m x 0,3 m) of the cooling system was 1,8 m/s regardless of the operation mode of compressors.
Therefore, the volumetric flow of hot air was 0.324 m3s in both of the regimes. The cooling air temperature
depended on the compressor operation mode. When the compressors were unloaded, it was 45 °C, but when
they were loaded, it was 50 ‘C. Considering the air temperature in the compressor room (22 °C on average), the
compressors consume about 85% of energy for cooling, which can be considered inefficient.
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Figure 6: The position of the compressor room and possible locations of waste heat use
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Two possible alternatives were analyzed for the selection of a location where waste heat can be utilized,
production rooms 1 and 2 from Figure 6. The length of the duct is 15 m for room 1, i.e., 40 m for room 2. The
ducts should be routed throughout the building, with the inside temperature of passing rooms estimated to be
18 °C. The results of pressure and temperature drop analyses in both cases performed in SOLIDWORKS Flow
Simulation (Figure 7) were presented in Table 2. Although the ducts in both solutions were not routed outside the
building, the performed simulation indicated an air temperature drop, especially in the case of room 2. The
pressure drop analysis indicated that, in both scenarios, the total pressure drop—including the 5 Pa local
pressure drop caused by the fully open damper—is below the maximum allowable pressure drop for the cooling
air ducts (30 Pa [14]). Therefore, there is no need to include a fan at the outlet of the cooling air ducts in both
cases.
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Figure 7: Temperature distribution in waste heat distribution duct (unloaded mode, 15 m duct)

Table 2: The results of pressure and temperature drop analysis

Production room 1 2

Duct length [m] 15m 40 m
Compressors’ working mode Load Unloaded Load Unloaded
Air temperature at duct outlet [°C] 44 39.8 35.9 335
Pressure drop in the duct [Pa] 2.2 2.2 4.2 4.2

Taking into account that both rooms should be heated to 20 °C and using equation 2, the total estimated annual
waste heat potential for heating the room 1 is 47.1 MWh, and for heating the room 2 is 31,6 MWh. In the case of
room 1, it presents about 76% of consumed electricity for compressing air, while for room 2, it is about 51%.
Nevertheless, the heat recovery system can be used only during the heating season. Therefore, it was estimated
that only at 48% of compressors’ working time the heat recovery system can be used. This gives 22.6 MWh for
the final total estimated annual waste heat potential for room 1 and 15.2 MWh for room 2. The three-year average
total annual heat energy consumption for process and space heating in the factory is 725 MWh. The total savings
of heat energy using waste heat from the compressors is 3.1% for heating the production room 1 and 2% in case
of heating the production room 2.

With a heat (natural gas) price of 4,200 RSD/MWh and an exchange rate of 117 RSD/EUR, the total saving of
811 € will be in case of heating the production room 1, i.e., 544 € in case of heating the production room 2.

The estimated costs were 20 €/m for duct construction and 70 € for a gravity-operated damper, so in case 1, the
total costs came to 440 €, or 940 € in case 2. There are no additional costs for adjustments or modifications of the
factory heating system. This finally gives the payback period of 0.54 years (6.5 months) for the shorter duct and
1.73 years (20.7 months) for the longer duct.

4 CONCLUSION

The solution for using the waste heat from air-cooled compressors for space heating is relatively simple. The only
needed modification in the system is the addition of ducting and associated dampers. The solution has a
significant potential for increasing energy efficiency in the industry, even though it is used for a limited period of
heating season.

The prerequisite for efficient application is the proximity of the space that is heated and the compressor.
Increasing the duct length has a negative influence both on pressure and temperature drops of hot air. The case
study reveals that in the case of a 15 m long duct line, which can be considered moderately long, the utilized
waste heat accounts for 36.6% of the total electricity consumed by compressors. This energy efficiency measure
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saves more than 3% of the total heat consumed in the company, while the payback period of the energy efficiency
measure is less than 7 months.

It should also be mentioned that a common issue with this heat recovery system is the absence of a clear
indicator showing that heat is being recovered. Often, it remains in its winter setting throughout the year, leading
to overheating during the summer. Similarly, it frequently releases heat when set to summer mode during the
winter months. To prevent these problems, installing a clear indicator on the compressor control panel that
displays the temperature of the recovered heat would be beneficial.
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