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4 – Exercises

4-1
Compressed air

This exercise makes the workshop participants familiar with typical losses occurring in compressed-air systems and the respective costs. In many companies and sectors, compressed air – a very expensive energy carrier – is used and often good housekeeping measures have to be implemented. 

In the first part (a), the participants do not have to carry out any calculations but simply to guess or estimate the values.

a) Please estimate the costs due to the loss of compressed air at leaks with a diameter of

1 mm
(
................................... USD per year
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5 mm
................................... USD per year

Assumption: 
A compressed-air system with 6 bar, system is under pressure all year,


Specific electricity costs of USD 0.12 per kWh.

b) Only in rare cases all leaks in the compressed-air system can be prevented. In practice, leakage losses can amount to 30% and more.

Please calculate the costs for air losses in the following plant:

Medium compressor with 36 kW power, 3 000 working hours per year, specific electricity costs of USD 0.12 per kWh;

Losses 25%.

Solution:

a) Please estimate the costs due to the loss of compressed air at leaks with a diameter of

1 mm
(
~ USD 300 per year

5 mm
~ USD 8 500 per year

Assumption:
A compressed-air system with 6 bar, system is under pressure all year;


Specific electricity costs of USD 0.12 per kWh.

b) Only in rare cases all leaks in the compressed-air system can be prevented. In practice, leakage losses can amount to 30% and more.

Please calculate the costs for air losses in the following plant:

Medium compressor with 36 kW power, 3,000 working hours per year, specific electricity costs of USD 0.12 per kWh;

Losses 25%.

Annual consumption:
36 kW x 3 000 h = 108 000 kWh

Costs:
108 000 kWh x USD 0.12 / kWh = USD 12 960 

Losses:
USD 12 960 x 0.25 = USD 3 240 
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Figure 1: Typical areas for losses

Air equals air: Does that apply to you?

Let us consider the example of the compressed-air supply of an industrial company: Where is it possible to save energy? It is rather easy to answer this question: everywhere – in the production, the preparation and especially in the distribution of compressed air. Unfortunately many compressors consume more than 50% of energy during no-load operation. 

The term “no-load operation” refers to compressed air as the motor of the compressor needs about 30% of its rated power to produce in idle mode. Therefore the acquisition of a control system, which is easier to handle, or a second smaller compressor or even both pays off within no time.

When the air is sucked into the compressor, a pressure drop occurs due to the resistance of the filter. This pressure drop increases, for example, if the filter is dirty. If the filter is changed at regular intervals, energy can be saved.

Just mentioning the word “distribution of compressed air” causes a headache to every energy-aware works manager. Huge energy losses are often caused by leaks or simply by too small pipe cross sections. If compressed air leaks through a hole with a diameter of 1 mm at an operation pressure of 7 bar, every second 1.2 litres of compressed air are lost which had to be produced and prepared at high costs. Those who do not believe that such high losses can occur should have a critical look at a compressed-air system.

If you walk around a company on a Sunday or holiday, you will get a clearer overview of the situation. Somewhere you hear a rush, somewhere a hiss and the compressor starts working now and then, although there are no compressed-air consumers in the system. The compressed-air system on its own consumes energy. Repairing the compressed-air pipes helps. Adapting the cross section of the pipes to demand is just as important as ensuring their tightness. Such a compressed-air system has a pressure loss of only 0.2 bar from the compressor and to the consumer. Unfortunately, in practice values of 1.5 bar or even higher are more common.

Losses due to leaks in compressed-air systems:
	Hole diameter 
in mm
	Air losses
in l/s
	Power requirement for compression in kW
	Costs in USD per year
for 8 760 h per year at 
USD 0.12 per kWh

	
	6 bar
	12 bar
	6 bar
	12 bar
	6 bar
	12 bar

	1
	1.2
	1.8
	0.3
	1.0
	280
	1 050

	1.5
	2.8
	4.4
	0.75
	2.5
	700
	2 334

	2
	5.0
	8.3
	1.34
	5.4
	1 250
	5 157

	3
	11.1
	20.8
	3.1
	12.7
	2 905
	11 854

	4
	19.5
	37.4
	5.4
	20.9
	5 140
	19 507

	5
	30.9
	58.5
	8.3
	33.7
	7 747
	31 454

	10
	123.8
	236.2
	33.0
	132.0
	30 800
	123 200


4-2
Evaporation losses

A food processing company treats fruits and vegetables and fills them into cans. The cans are heated in a hot-water bath for pasteurization. At present, the company uses three water baths with a diameter of 2 metres each, which are directly heated by steam. The baths are not covered thus causing water to evaporate.

Please calculate the water losses by evaporation and the annual amount of oil (including costs) that is needed to provide the energy for those losses using the following data and diagram.

Data:

Working hours: 250 days per year with 10 hours a day

Temperature at water surface: T = 68 °C, air velocity: v = 0 m/s

Area: A = ( x d2/4, d = diameter, ( = 3.141

Specific heat for evaporation of water: approx. 2 600 kJ/kg = 0.722 kWh/kg

Energy of one litre of oil: approx. 10 kWh/l

Efficiency factor of the heating system (burner, distribution): 80%

Costs for oil: USD 0.35 per litre

[image: image2.jpg]T

70

o{:'

60

50

40

30

il

;

20
0

3

3

A

S .
(amth? AVape tation of udec V= mrA“&.liD%,, ,




Figure 2: Water losses by evaporation

Solution:
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Figure 2: Water losses by evaporation

Evaporation at 68 °C:
5 kg/m² h

Area:



3 x ( x 22 / 4 = 9.4 m²

Water evaporation:
9.4 m² x 5 kg/m² h x 10 h/d x 250 d/y





= 117 500 kg/y

Energy losses evap.: 
117 500 kg/y x 0.722 kWh/kg = 
84 835 kWh/y

Oil consumption:

84 835 kWh per year /(80% x 10 kWh/l) = 10 604 l/y

Costs:

10 604 l/y x USD 0.35/l= USD 3 711 per year

4-3
Heat recovery with a heat exchanger

In this exercise, the participants learn to calculate the potential of heat recovery. The proposed heat exchanger technology is often used in the food industry (e.g. for the fermentation and distillation of fruits for liquor production) or in any other process where the wastewater contains solid parts.

Process description:

A big laundry works with several washing lines, ironing machines and driers, and consumes 380 m³ of so-called soft water daily. At the same time, 300m³ of wastewater are generated every day with a temperature of 45 °C – too hot to discharge into the sewer. Therefore the wastewater is cooled down to the allowed 35 °C with a shell and tube heat exchanger (Figure 3) preheating the soft water at the same time. 
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Figure 3: Shell and tube heat exchanger

a) Please calculate the daily amount of energy that is exchanged in the heat exchanger. What is the output temperature of the soft water taken from the well at an average temperature of 10 °C.

Comment: energy amount Q = m cp (T1-T2), cp, water = 4.2 kJ/kg K

But there are major problems, because the fluff filter in front of the heat exchanger does not work properly. In this way, too many textile fluffs enter the heat exchanger and block it. Cleaning and servicing is so labour-intensive that the management decides to stop operating the heat exchanger.

b) Please calculate the amount and costs of the oil required for heating the soft water from 10 °C, which was previously carried out by the heat exchanger.

Assumptions: 

· 1 l oil = 36 MJ or 10 kWh 

· 1 l oil = USD 0.33

· 1 l oil = 0.9 kg

· 250 working days per year

c) What percentage of the annual energy consumption of 800 l of oil does this represent?

d) Which improvement measures could be recommended and which investment costs are acceptable?

Solution:

a) Please calculate the daily amount of energy that is exchanged in the heat exchanger. What is the output temperature of the soft water taken from the well at an average temperature of 10 °C.

Comment: energy amount Q = m cp (T1-T2), 

cp, water = 4.2 kJ/kg K, 1 l water = 1 kg

Q = 300 000 kg x 4.2 kJ/kg K x (45°-35°)K = 12 600 MJ   
or   
12 600 MJ / 3 600 s = 3 500 kWh

12 600 MJ = 380 000 kg 4.2 kJ/kg K x (T-10°)K


(
T = 17.9°C

But there are major problems, because the fluff filter in front of the heat exchanger does not work properly. In this way, too many textile fluffs enter the heat exchanger and block it. Cleaning and servicing is so labour-intensive that the management decides to stop operating the heat exchanger.

b) Please calculate the amount and costs of the oil required for heating the soft water from 10 °C, which was previously carried out by the heat exchanger.

Assumptions: 

· 1 l oil = 36 MJ or 10 kWh 

· 1 l oil = USD 0.33

· 1 l oil = 0.9 kg

· 250 working days per year

Daily: 12 600 MJ / 36 MJ = 350 l oil   on 250 days = 87 500 l/y

87 500 l/y x USD 0.33 / l = USD 28 875 per year

At optimum efficiency of boiler and distribution: 
90% (assumption)

USD 28 875 / 0.9 = ~ USD 32 000 per year

c) What percentage of the annual energy consumption of 800 l of oil does this represent?

87 500 l/y x 0.9 kg/l = 78.75 t/y 



this is approx. 10% of 800 t (annual oil consumption)

d) Which improvement measures could be recommended and which investment costs are acceptable?

Possible improvement:

- New fluff filter or installation of a second filter;

- Check, if the existing heat exchanger can be altered to ensure that it is less often blocked;

- Installation of a new heat exchanger designed for solid-loaded wastewater (see picture below);

- Check, if the volume and temperature of the wastewater generated during the washing process can be minimized.

Total investment costs should amount to about:

USD 64 000, if a pay back period of two years is acceptable;

USD 200 000, if a pay back period of six years is acceptable

etc.
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Figure 4: Heat exchanger VESUV

Example: Heat exchanger VESUV for solid-loaded wastewater 

designed for up to 6 l/s, investment costs: USD 50 000 

4-4
Hot-water production, solar collectors 

This exercise can also be seen as a continuation of the water balance from the material flow analysis in Exercise 3-3. In this specific case, the hot water was produced with a very inefficient and oversized boiler.

(See also Exercise 3-3)

a) In June, the consumption of natural gas for water heating was recorded daily. On average 18.3 scm of gas were consumed. How much higher is this consumption than the minimum consumption of 1 360 litres per day calculated in Exercise 3-3?

Comment: energy amount Q = m cp (T1-T2), cp, water = 4.2 kJ/kg K

Assumption: 1scm gas = 33.8 MJ or 9.4 kWh, 1 scm gas = USD 0.33 

b) The management is now considering the installation of solar collectors for hot-water production (overall collector area between 20 to 40 m²). Please calculate/estimate, if this option is reasonable from the economic point of view. How much natural gas could be saved?



Figure 5: Hot water production for a single-family house

Annual energy input for hot water at 50 °C in Austria:
~ 400 kWh/m² a

Maximum performance per sunny day hot water at 50 °C:
~ 60 l/m²

System costs for solar collector units:
~ USD 600/m² for 10 m²







~ USD 400/m² for 100 m²







~ USD 200/m² for 1 000 m²

Solution:

a) In June, the consumption of natural gas for water heating was recorded daily. On average 18.3 m3 of gas were consumed. How much higher is this consumption than the minimum consumption of 1 360 litres per day calculated in Exercise 3-3?

Q = 1 360 kg x 4.2 kJ/kg K x (50°-10°)K = 228 MJ  

(  228 MJ / 33.8 MJ/m3 = 6.76 m3 gas

Actual consumption is 2.7 times higher, or efficiency in summer: only 37% 

b) The management is now considering the installation of solar collectors for hot-water production (overall collector area between 20 to 40 m²). Please calculate/estimate, if this option is reasonable from the economic point of view. How much natural gas could be saved?


Figure 5: Hot water production for a single-family house

Annual energy input for hot water at 50 °C in Austria:
~ 400 kWh/m² a

Maximum performance per sunny day hot water of 50 °C:
~ 60 l/m²

System costs for solar collector units:
~ USD 600/m² for 10 m²







~ USD 400/m² for 100 m²







~ USD 200/m² for 1 000 m²

For the production of 1 360 l of warm water a minimum surface of 1 360 / 60 = 22.6 m² is required if the demand is fully covered by solar energy.

Unit with 25 m²: 

USD 15 000 investment 



10 000 kWh heat = 

1 060 scm gas, 

2 860 m3 at ( 37%

~ USD 1 000 per year




Pay back period: 15 years 

Unit with 40 m²: 

USD 20 000 investment 


16 000 kWh heat = 

1 700 scm gas



4 600 m3 at ( 37%

USD 1 500 per year


 

Pay back period: 13.3 years 

4-5
Making coffee (hot water) 
This is an interactive exercise in which several groups of people (ideally groups of approximately four persons) have to analyse a concrete yet simple process.

Time: 10 minutes for the explanation, 40 to 60 minutes for the group work, 15 to 30 minutes for the presentation and evaluation.

Prepare the equipment beforehand and explain the objectives of the exercise.

Materials (see description below):
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Figure 6: Making coffee

(Not shown: measuring cup for ½ l of water)

The groups could work with different equipment. For example: 

- Group 1 with two or three different coffee machines of different power;

- Group 2 with different water kettles of different power; 

- Group 3 using the cooking plate (first cold – start-up losses, then warm start) with different pots.

Case study: Making coffee (hot water) 

Task: 


Please measure the energy consumption, the power input and the time needed to produce 0.5 litres of hot water for making coffee.

Carry out the measurements according to the evaluation table in the following order:

I. Energy measurement: equipment 1 (can be different for each group).
II. Energy measurement: equipment 2 or procedure 2 with equipment 1 (can be different for each group).
III. Energy measurement: equipment 3 or procedure 3 with equipment 1 or 2 (can be different for each group).
Now calculate the following values on the basis of the above measuring results:

1. The efficiency (in theory/measurement). The theoretical amount of energy used to heat up 0.5 litres of water from 10 °C to 100 °C is 0.0467 kWh.

2. The annual electricity costs based on the consumption. 1 kWh costs on average USD 0.10 per kWh.

3. The annual electricity costs based on the power peak load. Assume that the coffee machines will contribute to the maximum peak load and 1 kW peak costs USD 130 per kW.

4. Discuss the results and suggest improvements.

The calculation of the costs in a company should be based on the following: coffee is made on 210 days per year, three times a day at a rate of four pots per day (0.5 l = one pot). Four coffee machines are used for this purpose at the same time.

Energy case study




Evaluation table (proposal)
Group 1 (2, 3) 
	Measurement

	
	
	Equipment 1
	Procedure 2 with equipment 1
	Equipment 2

	Power 
	[kW]
	
	
	

	Consumption
	[kWh]
	
	
	

	Time
	[min]
	
	
	


	Calculation

	
	
	Equipment 1
	Procedure 2 with equipment 1
	Equipment 2

	Consumption
	[kWh]
	
	
	

	1. Efficiency
	[0.0467/ 
consumption]
	
	
	

	2. Consumption 
    costs per year
	[USD per year]
{USD 0.10/kWh}
	
	
	

	3. Power costs
	[USD per year]
	
	
	

	    per year
	{USD 130/kW}
	
	
	

	4. Total costs
	[USD per year]
	
	
	

	
	
	
	
	


Notes:
(depending on the used equipment)
Case study discussion:

In the previous example the energy consumption and costs of different ways of making coffee are compared. The resulting data were entered in the table on the previous page. Measurements were carried out with an electricity meter provided by the local energy supplier. It goes without saying that high-voltage measurements must be carried out by electrical engineering agencies. On the other hand, energy suppliers generally take back old meters, which can then be bought at a rather low price. It is recommended to install these meters at least for in-house purposes such as measurements of energy consumption of larger units (e.g. central refrigeration plants, etc.). Finally, results are interpreted in a way that valuable ideas for implementation in companies can be derived.

The set task was to examine the energy consumption, the power input and the time necessary to make coffee from 0.5 litres of water. In this case, the 0.5 litres refer to the quantity of water used rather than to the quantity of coffee made. The theoretical energy needed to heat 0.5 litres of water from 10 °C to 100 °C is 0.0527 kWh. Based on this value, the degree of efficiency is calculated.

As mentioned above, electricity is invoiced on the basis of two values, the price of the power provided and the price of the power used = work performed. The provided power usually costs USD 130 per kW per year. One kWh is invoiced at an average price of USD 0.12.

The assumption is that on 210 working days, 0.5 litres of coffee are made three times a day (one pot each time). All in all, three coffee machines or hot plates are used for this purpose. We also assume that the coffee from coffee pot A is not kept hot in a thermos flask (insulated) but on a hot plate, which remains switched on for one hour.

On the basis of these assumptions and the measuring results we can now calculate the annual costs of electrical energy. Please note the percentage of the power provided (kW) and of the power consumed (kWh). You will also find the calculated energy cost per pot (= 0.5 l).

The following table includes the main measuring results as well as the calculated values. Although they provide a rather detailed insight, they seem to be too complex to allow a first interpretation. Therefore the following table includes the main measurements together with comparisons and an interpretation.

Examples for the interpretation of the case:

	Compared items
	Saving potential/ technology
	Comments/interpretation

	Coffee machine with thermos flask (A) versus coffee machine with hot plate (B)
	Price of power provided 
	Coffee machine A has a far higher connected load and therefore causes higher total energy costs than coffee machine B (difference = 58%).

	
	Insulation
	To keep the coffee hot, a hot plate is used in case B, which consumes as much energy in one hour as the coffee making process itself. In case A, an insulated flask is used thus avoiding additional costs.

	
	Service performed
	The efficiency rate of coffee machine A is almost 100% because the comparison basis is 100 °C. In this machine only part of the water is heated to 100 °C although it yields the same result. (There are also machines with an efficiency rate of 115%).

	Cooking plate cold or warm
	Losses through start-up/heating
	Old steel cooking plates consume much energy for heating (losses through start-up). In this case, the energy used for heating the plate amounts to one third of the total consumption.

	Cooking pot covered or not covered
	Heat losses
	Adequate insulation reduces the energy consumption by more than 15%.

	Adequate pot, pot too small
	Heat losses
	If the pot is too small for the cooking plate, the heat is not optimally used. Most of it is reflected into the air causing additional problems due to overheated workplaces.

	Rapid heating plate versus normal cooking plate (not included in the example)
	Price of power installed
	In this case, the price of the connected load of the two coffee machines is relevant. More power is used during a shorter time. Very often time does not play a significant role in production, nevertheless a higher energy price has to be paid.

	In all cases
	Production scheduling
	In all cases it was assumed that the three machines were running at the same time. If it were possible to use the machines one after the other, only a third of the energy would be consumed reducing costs considerably (in this case about one third). This shows that a well-timed production schedule helps to avoid unnecessary peak consumption.


In practice, the following measures can reduce the energy consumption in a company and thus save energy costs:

· Avoiding losses through start-up;

· Using adequate machinery that is well adapted to the production;

· Adapting design to the required service;

· Building in insulation/protection measures against heat losses;

· Lower performance/production planning.

This very simple case study of making coffee shows highly interesting options for saving energy. Its results can be transferred to other applications.
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